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Preface

This milestone book, Biotechnology to Combat COVID-19, includes contributions 
by authors from the United States, India, France, Azerbaijan, Russia, Chile, Peru, 
Turkey, Saudi Arabia, Egypt, Brazil, South Africa, Zambia, New Zealand, Tunisia 
and Mexico. We thank all contributors for making this book a comprehensive 
and inclusive platform on COVID-19 that covers almost all topics related to the 
pandemic and mitigation strategies to combat the disease.

With respect to discussions on the biology and science of SARS-CoV-2, this book 
has plenty to offer. For example, it includes topics ranging from transmission, epi-
demiology, genomic structures, and sequencing of the virus to diagnostics, antiviral 
drugs, repurposing of drugs, vaccines, and co-morbidity, just to name a few. This 
book also presents authoritative descriptions of the effects of COVID-induced 
lockdowns and public health measures on the meteorological and climatic aspects in 
big, industrialized cities in countries with high population density, such as India. It 
also discusses the societal impact of COVID-related government and public health 
measures. In addition, the book assesses the roles of media and governments in 
handling the pandemic.

This book is for a diverse and wide audience, including virologists, epidemiologists, 
biologists, pharmacists, biomaterial scientists and engineers, medical professionals, 
clinicians, therapists, public health and government professionals, and all global 
citizens who have endured and battled against the pandemic.

Dr. Megha Agrawal, PhD and Dr. Shyamasri Biswas, PhD
Biotechnology Kiosk,

Gainesville, Florida, USA
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Chapter 1

Epidemiology, Pathogenesis, and 
Healing Strategies of COVID-19
Basanta Bhowmik

Abstract

In the present chapter, some notable features (epidemiology, pathogenesis, and 
clinical characteristics) regarding recent outbreak COVID-19 have been reviewed. 
Most significant features related to COVID-19 such as (i) roots of infection and 
disease manifestation, (ii) shape and structure of viral S-protein, (iii) genome 
sequence study and replication in host cell, (iv) role of environmental factors, 
(v) diagnosis tools and (vi) role of biosensor have been critically investigated. 
The biological and behavioral risk factors for pregnant women before and after 
child birth have been dictated clearly. Pulmonary abnormalities due to COVID-19 
of the patient having diabetes, cancer etc. history have been clarified with help 
of CT imaging. Finally, prevention and cure strategies adopted by many health 
 professionals based on the existing drugs are mentioned with their side effects.

Keywords: COVID-19, transmission, genome, prevention, cure strategies

1. Introduction

Emergence of COVID-19 threatens human health and economy around the 
globe. Possibly, world populations have ever faces such crisis and will remain the 
witness of such incident. Each new day experiences number of new cases with 
increasing death toll since its first identification. However, suggested name of 
corona virus comes from Latin word corona, signifies crown or halo. Electron 
microscopy of corona virus reveals encapsulation of crown like fringe at outer 
surface [1]. Novel Corona virus known as different name such as COVID-19, 
HCoV-19 was outbreak in Wuhan, Capital of Hubei province, China in month of 
December-2019 and later become pandemic by quick spreading into the major 
countries in the globe [2, 3]. Outbreak has very high risk with potentiality of human 
to human transmission. Experts around the globe suggest that, the average incuba-
tion period of COVID-19 is ~5 days with a range of 2–14 days [2]. Symptom includes 
high fever, dry cough to severe respiratory acute disease and death (in some cases) 
[2]. Average fatality rate reported to be ~1–2% [1, 2]. Scientific community and 
researchers are at the midst of COVID-19 pandemic and have struggling to find 
out how much similarity with SARS-CoV. The study reveals that, COVID-19 is 
similar like SARS corona virus which is believed to be originated from either bats or 
civet cats or raccoon dogs [2, 3]. However, due to lack of evidence many scientific 
communities ruled out such report. As per WHO officials, COVID-19 is ten times 
more infectious than the 2009 pandemic H1N1 influenza virus. There is no effective 
drug or vaccine against the corona virus or similar infectious agents so far and it is 
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still unknown how many more month require to develop. However, one needs to 
understand the priority and treatment protocol based on the severity of the disease.

2. Transmission and cellular mechanism of COVID-19

COVID-19 is the seventh coronavirus which infect humans like earlier reported 
coronavirus SARS-CoV, MERSCoV, HKU1, NL63, OC43 and 229E. [4]. For an 
enveloped virus, primary mode of transmission is close contact with the infected 
individual. Transmission is appeared to be silently enter into the host body and 
no immediate onset symptoms have been evident. Therefore, before infected host 
tested positive, he/she already transmitted virus to many others (provided infected 
person does not maintaining isolation/social distancing). In most cases, human 
to human transmission occurs, though human to human transmission has been 
ruled out at the very early stage of the outbreak. However, probability of getting 
infectious becomes higher when an infected person or person in incubation stage 
comes closer to the healthy person. Alternative transmission medium might be via 
contact surfaces i.e. skin to skin touching or touching objects having COVID-19 
particles. Then direct or indirect entrance of that surface particles into one’s body 
through mouth, nose, or eyes. The other forms of transmission possibly through 
inhalation of particle aerosols emanated from exhaled breathe of infected person 
or via droplet due to cough/sneezes [4]. A recent study reveals that, COVID-19 
may survive in aerosols (size <5 μm) for at least three long hour in an open air 
ambient [1, 2]. Relative humidity, fomite material, and air temperature possibly 
are the factors for prolonging virus life. Long time survival at the outside of its host 
organism (surfaces such as aluminum, sterile sponges, or latex surgical gloves) 
will increase the opportunity to produce new host via touching or breathing [2, 4]. 
Facal transmission is another transmission path where COVID-19 has been found in 
stool specimen like aluminum, sterile sponges, or latex surgical gloves etc. [2]. The 
surface stability of S-protein of COVID-19 found to be more on plastic, stainless 
steel than the copper and card board [2]. It is worth mentioning that, some positive 
COVID-19 cases were also reported due to the nosocomial transmission. Recent 
study of Wang et al. reflects 29% health professionals and 12% hospitalized patient 
(associated with other disease history) becomes infectious due to nosocomial 
transmission [5]. It is worth to mention that, urine of infected one does not contain 
any COVID-19 particles and therefore does not have any role for transmission [6]. 
Study of Casanova et al. suggest that, corona virus may remain active even in pure 
water and pasteurized settled sewage for few days to one week [7]. Airborne dust 
particles or microorganisms or particulate matter (PM) are the potential transmit-
ter [6]. Some study finds the virus can transmit through air up to 1 m whereas 
another recent study find virus particles can transmit up to 13 ft. [6]. However, 
COVID-19 particles combined with airborne dust particles or microorganisms 
or particulate matter (PM) enters into the deeper alveolar and tracheobronchial 
regions of the host.

3. Role of environmental factors

The transmission, survival and characteristics of COVID-19 directly influenced 
by environment factors like temperature, pressure, pollution level [8]. In addition, 
outbreak further involved with the reproduction number (R0). The reproduction 
number (R0) defined as the number of healthy people getting infected from a single 
infectious living in a susceptible populated environment. Reproduction no (R0) 
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mainly governed by the factors like (i) stage of infection, (ii) transmissible strength 
of the pathogen, and (ii) the number of susceptible contacts. It is meaningless to set 
the exact value of R0 until otherwise the surrounding environment clearly speci-
fied. For example, Li et al. reported R0 value for COVID-19 as 2.2 (95% confidence 
interval, 1.4–3.9) [9]. However, in reality R0 for COVID-19 might be very higher 
than expected if one does not obey the rule of social distancing or home quarantine. 
Few governing factor are crucial for reproduction rate or newly infected cases in 
a particular area viz.; (i) isolation of infected person from the day of infection, 
(ii) availability of general needs for ones to remain in isolation like food and other 
necessities and (iii) availability of sufficient diagnosis tools in the area. Based on 
the above facts, a mathematical model proposed by Tang et al. [10] determines the 
reproduction rate or spreading rate by individual infected host per day. If the above 
factors favor in a particular region, then contact rate C(t) (assuming reproduction 
rate proportional to the number of new contact) in a certain period of time follows 
Eq. (1) leading to decreasing reproduction rate [10].

 ( ) ( ) 1
0

r t
b bC t C C e C−= − +  (1)

Where C0 initial contact rate, Cb is minimum contact rate under current control 
strategies, r1 is coefficient of contact factor, t is investigated time period. However, 
reproduction rate further depends on the diagnosis rate as shown in Eq. (2) [10].

 
( )

2

0

1 1 1 1r t

I I If If

e
t

 
= − +  
 δ δ δ δ

 (2)

Where δI (t) diagnosis rate and, δI0 is initial diagnosis rate with δI(0) = δI0, δIf is 
fastest diagnosis rate with ( )→∞ 0li 0mt I I=δ δ , and r2 is exponential decreasing 
contact rate factor and the value depends the recourses available in the infected 
region. However, if the aforementioned factors are not favorable in the investigated 
region, then it is expected that, the new infected cases (induced by individual 
infected host) will begin to rise. A time dependent (30 days lockdown period) 
contact rate C(t) and diagnosis rate δI(t) simulation study (from somewhere in 
Wuhan) have been reported based on adaptive Metropolis-Hastings (M-H) algo-
rithm and Markov Chain Monte Carlo (MCMC) procedure and the result is shown 

Figure 1. 
Showing simulation data of (A) contact rate C (t) and diagnosis rate (B) effective daily reproduction ratio for 
the period of 30 days somewhere in Wuhan [10].
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in Figure 1 [10]. The model shows how self isolation (decrease in contact rate) and 
increase in diagnosis rate in a region can stop community spreading significantly.

4. Symptoms

Many infectious remains asymptomatic and silently affected so many. Most 
of the mild cases symptoms such as, fever (83–100%), myalgia (11–35%), diar-
rhea (2–10%), fatigue, headache (7–8%) and cough (59–82%), and dyspnoea 
have been found predominantly [11]. However, severe infection outcome includes 
drastic reduction in average circulating lymphocyte and platelet counts etc. Other 
abnormalities are on chest radiographic imaging, lymphopenia, leukopenia, and 
thrombocytopenia [2]. Respiratory system is highly affected. Though age is still 
not be a proven critical risk factor for COVID-19 infection, but it was observed 
that, mortality rate were prominent for elderly having some previous disorder like 
hypertension, chronic obstructive pulmonary disease, diabetes, cardiovascular 
disease. Such prior disorder with COVID-19 particles in body quickly developed 
some dangerous malfunction like coagulation dysfunction, septic shock, metabolic 
acidosis and acute respiratory distress syndrome which are hard to correct eventu-
ally leading to the death. Further, few other malfunction like decrease in neutrophil 
count, D-dimer, blood urea, and creatinine levels etc. were prominent in severe 
infected patient [2]. However, all effects (including inhaled particulate matter 
combined with an immune response or cytokine storm induced by COVID-19 
infection) together exacerbate severe ill effect on respiratory system and increase 
the risk of patient life. In order to investigate the different organ disorder due to 
COVID-19, human protein database and distribution of antigiotensin converting 
enzyme 2 (ACE2) has been correlated. It would be appropriate to mention that, an 
ACE2 is a transmembrane enzyme, act as a receptor function in host body and help 
to enter COVID-19 in host cell [8–11]. Figure 2(b) and (c) shows the detection of 
ACE2 receptors over neurons and glial cells, further, how COVID-19 binds to ACE2 
receptor in brain cell. Figure 2(a) and (e), ensure presence of COVID-19 in general 
blood circulation with abundant number of virus in cerebral circulation. The pres-
ence of such virus possibly is the reason of slowing the blood circulation mecha-
nism in capillary endothelium which results in higher interaction probability of 
COVID-19 spike protein with the ACE2 [3]. Hence, there is a possibility of neuronal 
damage or endothelial rupture of cerebral capillaries in association with bleeding 
in cerebral tissue which increases the life risk of patient infected with COVID-19. 
Few evidence of neurotropic mortality caused by COVID-19 has been reported but 
proper explanation is yet to be established [12]. A study of 218 patients from recent 
outbreak reveals 78 patient (36.4%) having neurological malfunctions due to the 
COVID-19. Rest of the patients is either losing control over breathing or suffering 
from acute respiratory failure [3, 12]. However, evidence of virus in cerebrospi-
nal fluid is still under debate. Apart from blood circulation, entry of COVID-19 
through cribriform plate close to the olfactory bulb can be an alternative pathway to 
the brain. Further, indirect consequences of multi organ failure (pulmonary, renal, 
cardiac, and circulatory damage) caused in patient having COVID-19 appears to be 
more dangerous than expected. The study reveals that COVID-19 severely damages 
leucocytes which possibly are the reason of multi organ failure [13]. Older infected 
people having diabetes mellitus-2 are at more risk to mortality due to the uncon-
trolled glycaemia [14]. COVID-19 infection in diabetes patient raises the stress level 
and hence blood glucose levels and abnormal glucose variability. Increase in blood 
glucose possibly due to the release of hyperglycemic hormones (glucocorticoids and 
catecholamines) [14].
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5. Protein structure of COVID 19

The COVID-19 in the infected human body consists of critical virion which 
is a spike type glycoprotein known as S-protein [15]. The characteristics of spike 
protein or S-protein solely determine whether host cell is infected by corona virus 
or not. The spike protein has two subunit referred as S1 and S2 respectively. S1 
is responsible for virus-host range and cellular tropism with the help of recep-
tor binding domain (RBD) whereas S2 expedite the virus-cell membrane fusion 
with help of heptad repeats 1 (HR1) and heptad repeats 2 HR2 [16]. However, a 
polybasic cleavage site (RRAR) in between S1 and S2 influence the viral infectivity 
and host range with the effect of furin and other proteases [4]. O-linked glycans 
created by the proline, which possibly flank the cleavage site and shields epitopes 
or key residues on the SARS-CoV-2 spike protein [4]. However, the outermost part 
of critical virion cell is full of spike protein which helps to binding and subsequent 
fusion of antigiotensin converting enzyme 2 (ACE2) membranes in host cell. 
ACE2 is a transmembrane enzyme, act as a receptor function in human body and 
help to enter COVID-19 in host cell [1–9]. ACE2 exist at almost each organ of the 
body including arterial smooth muscle cells in the lungs, lymph nodes, stomach, 
colon, skin, liver bile ducts small intestine, kidney parietal epithelial cells, and the 
brain [14, 15].

Figure 2. 
Showing possible targets of COVID-19 (lungs, heart, kidneys, intestines, brain, and testicles); (a) COVID-19  
distribution and ACE2 receptor in human, (b) COVID-19 transmission to brain through upper nasal 
trancribrial path (c) inset image shows binding mechanism of spike protein at the site of neuron (d) showing 
COVID-19 distribution through blood circulation at lungs and (e) inset image showing bind of COVID-19 with 
ACE2 receptor at lungs cell (reproduced with permission ref. [3, 12]).
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The genome sequence of COVID-19 contains ~ 27 no of protein and almost 
~30000 nucleotides in length as shown in Figure 3(a) [17]. Open reading frames 
(ORFs) are found to be variable in COVID-19 gene. In first ORFs (ORF1a/b), 
almost 2/3 viral RNA have been found which encodes 16 non-structural protein 
(NPS) and translates two polyproteins (pp1a and pp1ab). Accessory and struc-
tural proteins encoded by remaining 1/3 ORFs. Most essential proteins are RNA 
dependent polymerase (RdRP) and four structural proteins viz.; matrix protein 
(M), nucleocapsid protein (N), small envelope protein (E) and spike surface 
glycoprotein (S) [17]. The function of S protein is to binding and fusion of ACE2 
membrane in host cell. On the other hand, M, N and E protein helps to budding, 
envelope formation, assembled, pathogenesis and RNA encasing in host cell 
[15–17]. Upper part of the respiratory tract has lower ACE2 results in less infec-
tion by S-protein whereas lower parts of the lungs have more amount of ACE2 
consequently higher tendency of getting infected by S-protein as confirmed by 
higher opacity in CT image as shown in Figure 4. ACE2 has high binding capability 
with COVID-19 spike protein and its initiates the infection process as shown in 
Figure 3(b) [5]. The interaction of S-protein and ACE2 in the host cell is as fol-
lows; COVID-19 genome encodes many structural protein (glycosylated spike (S) 
protein) and non-structural protein (RNA-dependent RNA polymerase (RdRp), 
protease (3CLpro), and papain-like protease (PLpro)) for inducing host immune 
response [19]. 3CLpro and PLpro are responsible for COVID-19 genome replication 
in host cell by proteolytic processing of non-structural proteins. As per National 
Center for Biotechnology1 (NCBI) database, with ID NC_045512, the COVID-19 
genome structure is 29,903 bp single-stranded RNA (+ss-RNA) coronavirus [3]. 
COVID-19 genome at the host cell releases it outer encapsulation and remain as 
single-stranded positive RNA (having 5′-cap structure and 3′-poly-A tail). RNA 
translated into viral polyproteins with help of host antigiotensin converting 
enzyme 2 (ACE2). Cleaving of polyproteins turns it to an effector protein by viral 
proteinases 3CLpro and PLpro [19]. Such mechanism reduces the host immune 
response drastically. Monte Carlo simulations by convolution contact maps suggest, 
receptor binding domain (RBD) area of spike protein shows various conformations 
with respect to the remaining portion of the protein structure [20]. The identified 
RBD area were then reassembled using pipeline method which produces a complex 
structure of spike trimer and the extracellular domain of human ACE2. Cryo-EM 

Figure 3. 
(a) Genome structure of COVID-19, (b) spike protein structure of COVID-19 constructed from C-I-TASSER, 
and (c) human antigiotensin converting enzyme 2 (ACE2) (yellow color) and spike protein trimmer (right side 
multicolor (magenta, cyan and blue)).(reproduced with permission [1]).
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structure analysis reveals that, the binding affinity of ACE2 with the S protein of 
COVID-19 spike protein is 10–20 times higher than that of the SARS CoV spike 
protein [3]. However, corona virus genome sequence study suggests that, RBD 
in spike protein is the most variable part and determines probability of getting 
infected based on the binding efficiency with host receptor. From reports of Wan 
et al. six RBD amino acid of COVID-19 viz; L455, F486, Q493, S494, N501 and Y505 
found to have high binding affinity with ACE2 receptor of human [21]. Possibly 
high binding capability of RBD with human ACE2 results in high rate of natural 
infection in human species.

6. Diagnostic tools

Diagnostics measure can play a major role for the screening of COVID-19 patient 
from the healthy ones. Initial identification of the COVID-19 have been carried 
out through molecular diagnostic approach viz.; metagenomic next generation 
sequencing (m-NGS), reverse-transcription PCR (RT-PCR) procedure and CRISPR. 
Rapid DNA alteration/genome structure of COVID-19 makes it difficult to detect 
by any specific method. Therefore, specific DNA sequence must be developed for 
early stage detection and subsequent alarming. A paper-based colorimetric assay 
for DNA detection based on pyrrolidinyl peptide nucleic acid (acpcPNA)-induced 
nanoparticle aggregation has been reported by Teengam et al. [22]. The oligonucle-
otide targets were detected by investigating different color measurement of silver 
nanoparticles (AgNP) with detection limit down to 1.53. Chen et al. followed real-
time polymerase chain reaction (RT-PCR) using nucleic acid analysis for detection 
of COVID-19 [4]. Measurement accuracy reported to be about 71% [4]. Pathogens 
from bronchoalveolar lavage (BAL) fluid analysis found to be an alternative of 
finding genetic sequence of corona virus. Swab test possibly have higher accuracy 
but insufficient kits impose to go for other techniques. In this section few diagnosis 
process discussed elaborately.

Protein testing: Biomarker like viral protein antigens can be used for detection of 
infected COVID-19. Variation in infection stages make it hard to find a particular 
protein antigens or antibody pattern in host cell. Study of Wang et al., confirms 

Figure 4. 
CT image of (A) 75 year male patient having fever and cough since 5 days (B) 55 year female patient having 
fever and cough since 7 days (C) 43 year male patient having fever and cough since 7 days [D] 43 year female 
patient having fever and cough since 5 days; the abnormalities in axial CT were [a] bilateral subpleural 
CGO [B] extensive CGO with consolidations [C] small bilateral areas of peripheral CGO with minimal 
consolidation [d] peripheral consolidation in right lung (reproduced with permission from ref. [18]).
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viral increases in salivary in the first week of onset symptoms and then decreases 
gradually with progress in time [23]. Saliva testing possibly show shedding from 
salivary glands and the upper and lower respiratory tract [23]. Author tested pos-
terior oropharyngeal (deep throat) saliva of 23 COVID-19 infected patients among 
which 13 were mild disease and 10 were severely affected. The findings reveals that, 
at initial stage of testing, posterior oropharyngeal saliva was 5·2 log10 copies per 
mL (IQR 4·1–7·0). The viral load decline to slope − 0·15, 95% CI –0·19 to −0·11; 
R2 = 0·71. Further, study finds relatively older aged patients having higher viral 
load of Spearman’s ρ = 0·48, 95% CI 0·074–0·75; p = 0·020. Due to non-invasive and 
painless procedure, posterior oropharyngeal saliva testing is more acceptable to 
the patients. Similar study of nasopharyngeal swab or bronchoalveolar lavage fluid 
testing by CRISPR-nCoV method carried out by Hou et al. [24]. The finding reveals 
better accuracy of testing with lower turn-around time about ~40 minutes and does 
not require thermal cyclers. CRISPR-nCoV method composes recombinase poly-
merase amplification (RPA) step followed by T7 transcription and Cas13 detection 
step. In a typical process, a mixture of 2.5 μl of tested sample, primer (0.4 μM), 
reaction buffer, magnesium acetate (14 mM of) and the RT-RPA enzyme have been 
prepared [25]. The prepared sample was incubated at 42 °C for half an hour. Again 
mixture of amplification product, 166 nM of ssRNA, 66.7 nM of Cas13, 1 μl T7 RNA 
polymerase, 5 mM of each NTP, and 33.3 nM of gRNA allow to reacts in CRISPR. 
The temperature during reaction was maintained about ~42 °C. Finally, Fluorescent 
signals were collected. The sensitivity of CRISPR were found to be 100%. Results of 
52 known infected sample showed positive COVID-19 with FC value ranging from 
5–66.3 [25].

Metagenomic next-generation sequencing (mNGS): Study of Hou et al. demon-
strated 52 confirm positive COVID-19 infected cases among 61 patients by mNGS 
method [25]. The rest are found to be negative. In this method, Qubit Fluorometer 
(Thermo Fisher Scientific, 99 Carlsbad, CA, USA) can be used to measure RNA 
concentrations and then transposase-based methodology with ribosomal RNA 
depletion approach might be useful for creating sequence libraries. 10 million 
single-end 75 bp reads must be generated for each sample followed by removal of 
read derived from host genome. The sequence libraries were generated by reverse-
transcribed of RNA into cDNA. However, taxonomic classification and identifica-
tion of sequence read may be performed by comparing with existing database 
of plasmid, bacteria, fungi, human, protozoa, univec, and virus sequences. It is 
worth mentioning that, a simultaneous testing of negative sample and its sequence 
generation must be carried out with each above sequence run for controlling 
contamination. Further, genetic similarity of all positive cases confirms Orf1ab and 
N gene are two potential sequences for identification of COVID-19 infection. The 
turnaround time ~ 20 hours (library preparation (8 hours), sequencing (10 hours) 
and bioinformatic analysis (2 hours)) and high cost makes this method limited use 
for COVID-19 detection.

Reverse-transcription PCR (RT-PCR): RT-PCR is widely used method using 
upper respiratory tract samples (including nasopharyngeal swabs, nasopharyn-
geal washes, nasal aspirates and oropharyngeal swabs) for COVID-19 testing. 
Probable test sample from lower respiratory tract might be sputum, BAL fluid and 
tracheal aspirates. However, BAL fluid and tracheal aspirates in general not used 
as sample for RT-PCR testing, because of aerosol formation from these samples. 
Mainly two steps followed in RT-PCR process; reverse transcription of viral RNA 
into cDNA and subsequent amplification of cDNA [26, 27]. Throughout RT-PCR 
diagnosis, crucial steps followed are sequence alignment, primer selection, opti-
mization of assay (like reagent conditions, incubation times, and temperatures) 
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and finally PCR testing. RNA-dependent RNA polymerase (RdRp) sequence and 
the open reading frame 1ab (ORF1ab) sequence has been used as gene target for 
COVID-19 detection. One step real time RT-PCR, where swab of the infected 
patient were mixed with following ingredients; reverse transcriptase, polymerase, 
magnesium, nucleotides, nuclease-free water, primers, a fluorophore-quencher 
probe [26, 27]. Whole mixture then transferred into PCR thermocycler which 
generates a fluorescent signal with help of fluorophore-quencher probe. Corman 
et al., uses three types of assay structure (RdRp gene, N gene and E gene) for 
testing 297 samples [27]. Result reveals that, detection probability ~97% for both 
assay RdRp gene and N-gene with 3.8 and 5.2 copies per reaction, respectively. The 
process turnaround time is about ~1.5 hours possibly due to the producing capa-
bility of many copies of specific gene sequence. Need of thermo cycler and use of 
sophisticated instruments hinders this method to use as diagnostic tool in limited 
resource setting. Accuracy of the method depends on sampling location, qual-
ity of RNA extraction and training of operators etc. However, still this method 
finds its application due to the faster nucleic acid amplification. Lower accuracy 
in RT-PCR results (negative result in infected sample sometimes) possibly due to 
the insufficient cellular material and improper extraction of nucleic acid from the 
specimen [27].

Computed Tomography (CT): Imaging technique like computed tomography 
offers easy capture of the cross sectional surface of the lung from many angles in 
non-invasive way. Analysis of such image modality by radiologist can offer insight 
about abnormal features that may come from COVID-19 infection. However, it 
should be noted that, abnormalities of pulmonary involvement may arise due to 
other viral disease as well. Note that, in some asymptomatic patients whose RT-PCR 
shows negative even he/she have travel history or closure contact to infected 
person, in that case CT imaging could be good approach of screening. Pattern 
change in peripheral ground-glass opacification (areas of hazy opacity), consolida-
tions (i.e. fluid or solid material in compressible lung tissue), bilateral involve-
ment, peripheral and diffuse distribution are found to be the responsible factor for 
abnormalities in pulmonary due to COVID-19 infection [28]. Further, it should be 
noted that, such marker may vary depending on the infected stages of COVID-19. 
For example, Bernheim et al. reported 56% pulmonary involvement after 2 days of 
onset symptoms whereas it researches to peak involvement on 10th day [29]. A CT 
imaging of asymptomatic patients reveals that, at the early stage of no symptoms 
only lesions in lungs and it gradually bilateral diffuse disease become prominent 
and then consolidation found on day of first or second week from onset of the 
symptoms [28]. Xie et al. reported five patients having negative RT-PCR result but 
their CT imaging confirms positive COVID-19 viral infection [30]. All the posi-
tive confirm cases does not had any prior abnormalities in pulmonary. However, 
same author also demonstrated 155 patients having positive RT-PCR which was 
found again positive by CT imaging method and 7 other patient who were positive 
in RT-PCR testing showed negative in CT imaging [30]. CT imaging of the five 
patients (who were tested RT-PCR negative) showed abnormalities in pulmonary 
like ground glass opacity (5 patients) and/or mixed CGO and mixed consolida-
tions (2 patients) [30]. A series of 51 patients test by CT imaging and verification 
of the same by RT-PCR method resulted sensitivity about ~98% for CT and ~ 71% 
for RT-PCR study, respectively [18]. A CT image of four patients is shown in 
Figure 4(a)–(d) [18]. The CT investigation of 21 patients (among which 6 male 15 
were male) from the onset of initial symptoms to recovery period were carried out 
by Pan et al. [28]. On an average, CT image capture and analysis of all the patients 
were carried out after every four days interval and all have been discharge after 
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17 ± 4 days. In most of the patients, maximum abnormalities were noted on or 
after 10th day since onset symptoms with R2 = 0.25 and p < 0.001. Based on the 
progress of infection level during complete hospital stay (~21 day) until recovery 
has been categorized into four stages viz.; stage 1(0–4 days), stage 2 (5–8 days), 
stage 3 (9–13 days), and stage 4 (>14 days). The most pulmonary abnormalities 
reported are (i) CGO in stage 1, in 17 among 24 (75%) patients (b) increased crazy 
paving pattern in stage 2, in 9 out of 17 (53%) patients (iii) consolidation in stage 
3, in 19 out of 21 (91%) patients and (iv) gradual resolution of consolidation with 
decreased crazy paving pattern in stage 4, in 15 among 20 (75%) patients [28]. The 
governing factor (ground-glass opacification, bilateral involvement etc.) for detec-
tion of COVID-19 employing CT imaging, sometimes became imperceivable due to 
the low severity or few symptoms in patients making this method more challeng-
ing. Use of artificial intelligence for screening the infected patient by CT imaging 
possibly can increase the sensitivity of the method.

Nucleic Acid Testing. This testing does not require sophisticated laboratory instru-
ments but dyes (malachite green, calcein and hydroxynaphthol blue) that utilize 
inherent by-products of the extensive DNA synthesis [31]. The testing based on 
the isothermal amplification at particular temperature for nucleic acid testing. The 
different isothermal techniques like polymerase amplification, helicase-dependent 
amplification, and loop-mediated isothermal amplification (LAMP) have been 
followed in nucleic testing [32]. Reverse transcription LAMP (RT-LAMP) is one of 
major techniques for detection of COVID-19 based on one-step nucleic acid ampli-
fication method [32]. In this method, few primer and DNA polymerase are essential 
to obtain insight about viral genome sequence. Yu et al. uses six primers to amplify 
the ORF1ab gene fragment [33]. The primer are as follows; forward inner primer 
(FIP), outer forward primer (F3), outer backward primer (B3), backward inner 
primer (BIP), loop forward primer (LF), and loop backward primer (LB) [34, 35]. In 
a typical process, the mixture of isothermic amplification buffer, dNTPs, manganese 
sulfate, FIP/BIP, F3/B3, FL/BL primers, Bst 2·0, antarctic thermolabile UDG, and 
Warm Start Reverse Transcriptase in ddH20 were transferred in ice bath. The ice bath 
then kept in enclosed room and allows incubation at 63 °C for half an hour. RNA 
detection started with simultaneous occurrence of reverse transcription and ampli-
fication process. The detection can be confirmed by several identification like color 
change from orange to yellow or laddering pattern of bands after electrophoresis on 
a gel or by fluorescent light in response to UV excitation [32]. Loop mediated iso-
thermal study of respiratory swabs employing pH-sensitive dyes and five primers for 
visual and colorimetric detection has been reported by Zhang et al. [31]. In conven-
tional method, patient swabs were mixed with BSA (1%), amphotericin (15 μg/mL), 
penicillin G (100 units/mL), and streptomycin (50 μg/mL). The mixture sample then 
deactivated at 56 °C and finally COVID-19 RNA was extracted from the deactivated 
sample. Average detection sensitivity was ~100 copies in each five primer. All the 
samples were further confirmed through RT-PCR testing. Similar study by Yang et al. 
[36] reported detection of ORF1ab gene, E gene and N gene employing RT-LAMP 
method. Testing of 208 samples reveals sensitivity similar to RT-PCR method 
whereas specificity was 100%. RT-LAMP technique has high sensitivity and specific-
ity. The turnaround time less than one hour and have flexibility to work at various 
pH level and temperature level. The cost of testing is relatively low compared to other 
techniques. However, optimum primer selection and producing suitable reaction 
environment are two major difficulties technician faces during sample testing.

Point-of-Care Testing: In point of care testing sample does not require to send 
in laboratory rather one can test with smaller device with turnaround time is less 
than one hour. One can either detect virus genetic content by nucleic acid based 
probes or by detection of toxin produced by pathogen or by epitopes of pathogen 



13

Epidemiology, Pathogenesis, and Healing Strategies of COVID-19
DOI: http://dx.doi.org/10.5772/intechopen.96200

membrane [37]. In later two approaches, antibodies or antibody derivatives can 
be used for easy diagnosis. However, specificity of the later two (antibody based) 
approaches is lower than the former (nucleic acid based) approach. Some of 
reported point of care techniques are (i) biosensors, (ii) gold nanoparticles as 
antibody for binding virus protein (lateral flow assay), (iii) mirofluidic devices, 
(iii) electrochemical sensors, (iv) paper based systems, and (v) and surface-
enhanced Raman scattering based systems [37]. Lab on chip point of care diagnosis 
offer portability, rapid detection time, and miniaturization. Further, testing require 
small sample volume [36–38]. The smart phone dongle attached with devices like 
mirofluidic device, electrochemical sensor or lab on chip can also be a point of care 
strategies for COVID-19 detection. Xiang et al. compared COVID detection by 
(i) ELISA test with IgG and IgM antibodies for 63 patients and (ii) colloidal gold-
immunochromatographic assay (GICA) for 91 patients and the sensitivity were 
found to be 87.3% and 82.4% [37].

7. Influence of COVID-19 on pregnant women

COVID-19 outbreak converges existing reproductive health and economic 
stability of the women’s and girl’s. The crisis reduced the access of family plan-
ning, and increase the unsafe abortion, miscarriage, unintended pregnancies, post 
traumatic stress disorder, intimate partner violence etc. [39]. Limited resources 
available for illness prediction of COVID-19 infected pregnant women but provide 
some insight based on the effects one encounter from similar type of corona virus 
infection (SARS) and MERS). COVID-19 can increase the rate mortality for the 
case of pregnant women and enhances the chance of transmission to new born 
baby via vertical transmission. A study of 33 new born baby from infected mother 
reveals vertical COVID-19 transmission in 3 babies [39]. US Centers for Disease 
Control and Prevention (CDC) sets few rule and regulation for women having new 
born babies are (a) sanitize the hands before touching the baby, (b) wash feeding 
bottles before and after use, (c) women are allowed to breast feed until evidence 
suggest otherwise, (d) use mask during breast feeding, (e) use of dexamethasone 
as an alternative to betamethasone for fetal lung maturation etc. [24]. Study of Liu 
et al., from January 20, 2020, to February 10, 2020 gives a clear picture of different 
symptoms and subsequent treatment of infected women having different stage 
of pregnancies [40]. The entire clinical study reviewed by three radiologist for 
15 pregnant infected women (diagnosis with reverse transcription–polymerase 
chain reaction (RT-PCR) at the time of admission) reveals that, 11 patient gave 
successful deliver of new born and 4 patient are still under observation (three are 
in second trimester and one in third trimester). They were not facing any natal 
asphyxia, neonatal death or abortion up to the end of the study. The CT imaging 
was carried out for infected women before and after delivery. All patients chest CT 
imaging shows pulmonary abnormalities. Similar chest diagnosis by CT scan and 
pulmonary abnormalities of all admitted patient has also been found in the report 
of Rasmussen et al. [41]. CT imaging reveals ground-glass opacity (GGO) in early 
stage of the infection and crazy paving pattern (denser, more profuse, and conflu-
ent) in patients having more infection than the images of healthy lungs [40, 41]. 
The most common symptoms were found to be fever (13 among 15 patients) and 
cough (9 among 15 patients). Lymphocytopenia was the most common abnormality 
found in 12 patients. CT scanning ensures no evidence of COVID-19 provocation 
after delivery. Among 11 patients. All were given antibiotic treatment before and 
after delivery whereas 4 patient who were still pregnant till end of the study period 
were treated only with antibiotics. Another study by Zhu et al., reported nine 
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pregnant women with 10 new born (one twin) babies [42]. The report says onset 
symptoms of COVID-19 were evident in four patients before 1 to 6 day of delivery, 
in two patients on the same day of delivery and in three patients after 1to 3 day of 
delivery. Two among the nine mothers had intrauterine fetal distress and 6 babies 
were born preterm. No mortality was reported [42]. As far as respiratory acute fail-
ure is concern, 40% pregnant women were given mechanical ventilation whereas 
it was 13% for non-pregnant women [31]. However, what treatment is actually 
applied is still unknown. Pregnant women’s are more likely to be affected due to 
the physical changes like diaphragm elevation, edema of respiratory tract mucosa, 
increased oxygen consumption etc. drive them to more complicated cases. What 
about the new born babies? Whether there is any vertical transmission of COVID-19 
to new born or not? If transmission takes place, then in what mode and is it when 
fetal is in the mother womb or during delivery time (by means of surface contact)?. 
This question mark is still in dilemma. Because some evidence proofs that, there is 
no vertical transmission takes place [41]. On the other hand, few study ensure posi-
tive cases in new born babies [43]. Vertical transmission case study of four mother 
and their new born have been investigated by Chen et al. with different parameters 
variation in mother as well as in the new born babies [44]. All four mothers were 
admitted in hospital at their trimester with positive COVID-19. Initial health coun-
seling of mothers was as follows; three among four have fever, two among four have 
myalgia or fatigue, two among four have cough. The fetal movement was normal 
except one mother who have dyspnea. Lymphocytes count (<1.1 × 109/L) found to 
be lower than in normal case and C-response protein was found to be significantly 
increased in level for all four mothers. Chest CT imaging before delivery confirms 
abnormalities. However, after antiviral treatment, COVID-19 test found negative in 
three mother and they were released after 3–5 days. One who suffer with dyspnea 
takes more time to recover from COVID-19. The states of babies are as follows; all 
four babies were isolated upon birth from their mother. For prevention of COVID-19 
perinatal and postnatal transmission, three mothers opted cesarean section and 
remaining one had vaginal delivery due to the sudden labor pain. The RT-PCR test-
ing were carried out after 72 hour of their birth and only three babies were tested 
since one among four were not given consent for testing.

8. Adopted cure strategy

Worldwide scientist and physicians started major campaign to understand the 
emergence of the disease and its possible antiviral treatment by drug development 
or therapeutic agents or developing vaccines. As of now there is no specific thera-
peutics agent or vaccine approved to cure COVID-19 patient in clinical procedure. 
Due to limited clinical and basic research information, most of the clinical trial/
manifestation follows basic symptomatic treatment protocol and supportive care 
which was followed for curing SARS and MERS patients [45]. The strategies of 
SARS-CoV and MERS-CoV therapy or antiviral drug have been extrapolated for the 
treatment of COVID-19 (Table 1). Most of the hospitalized infected patient have 
following status; (i) among the admitted patients, 23%–32% enters into ICU, (ii) 
17%–29% feels critical respiratory failure (iii) ~7–8% were discharged and (iii) ~1% 
reported death. S-protein of COVID-19 has much similarity (in structural as well as 
replication procedure) with SARS and MERS protein and hence most of the articles 
reported broad spectrum antiviral activity of remdesivir, baricitinib, and chloro-
quine as the clinical trial antiviral drug [19] (Figure 5). Remdesivir demonstrated 
effectiveness for curing COVID-19 in USA [46]. Nucleotide type of remdesivir drug 
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assisted to premature termination of RNA chain in host cell. On the other hand, 
ribavirin is a guanosine analogue mostly used for treating chronic hepatitis C [47]. 
However, study finds suitable dosage of ribavirin might stop the replication spike 
protein RNA [47]. Lopinavir (a viral protease inhibitor) with its pharmacological 
booster ritonavir (LPV/R) initially proved to be useful for HIV, SARS-CoV, MERS-
CoV treatment with the action of protease inhibitors. Recently study in South Korea 
reveals significant decrease in COVID-19 viral load after treating with (LPV/R) 
[46, 48]. Similar reduction in viral loading (associated with pneumonia related 
symptoms) was also observed after treating with arbidol [34]. Chloroquine and 
its hydroxy-analogue hydroxychloroquine demonstrated to be relevant for patient 
having diabetes with infected COVID-19 [14]. Researcher and scientific community 
stress more on 3CLpro, PLpro and RdRp protein target than other target possibly 
due to the most responsible proteases for COVID-19 replication and hence attractive 

Sr No Target Protein Possible Drug Ref

1 Angiotensin-converting enzyme 2 (ACE2) Arbidol [34]

2 Viral spike glycoprotein (S-protein) Arbidol [34]

3 Transmembrane protease, serine 2 (TMPRSS2) camostat mesylate [50]

4 Coronavirus main protease 3CLpro (3CLpro) lopinavir [46]

5 Papain-like protease PLpro (PLpro) lopinavir [48]

6 RNA-dependent RNA polymerase (RdRp) remdesivir, ribavirin, 
favipiravir

[47]

7 JAK kinas baricitinib [51]

8 Endosome/ACE2 Chloroquine, 
Hydroxychloroquine

[47]

8 RNA-dependent RNA polymerase (RdRp) IDX-184 [35]

Table 1. 
Target protein related to nCoV-19, SARS-CoV and MERS-CoV and possible drug proposed for prevention 
(data taken from reference [34–51]).

Figure 5. 
structure of viral entry inhibitor (a) remdesivir, (b) ribavirin, (c) IDX-184, (d) chloroquine,  
(e) hydroxycholoroquine, and (f) camostat mesylate.
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targets for antiviral therapies. Further, one needs to understand, the possible action 
mechanism of existing drug on COVID-19 before being used. For example, arbidol 
can be used for fusion of virus-host cells to prevent virus entry into the host. The 
clinical trial of arbidol is in process [34]. Clinically approved camostat mesylate a 
possible inhibitor used (to reduce activity of TMPRSS2) for blocking the COVID-19 
entry into human body [35]. Combination of tocilizumab and hydroxychloroquine 
found to be very effective for curing COVID-19 patient underwent kidney trans-
plant surgery [49].

9. Role of biosensor devices

Recently nanomaterial used for point of care diagnosis, therapeutics agent, or 
in vaccine development. Nanomaterial found to be the promising candidate for the 
modulation of viral infection cycle [4]. Especially, carbon quantum dots having 
size below 10 nm found to be a promising interferes for the viruses into the cells. 
Nanomaterial having different nanostructure offers multivalent character due 
to surface to volume ratio. Such multivalent properties facilitate several ligands 
to attach with virus. The viral-ligands interface blocks the entry of virus into the 
host cell [20]. Łoczechin et al. reported function of carbon quantum dot (CQD) as 
inhibitor for COVID-19 [52]. CQD synthesis itself from different precursor offer 
different level of inhibition strength to corona virus. Two different study of CQD 
synthesis from (i) citric acid/ethylenediamine and further conjugated by boronic 
acid, and (ii) 4-aminophenylboronic acid and phenylboronic acid offer 50% 
inhibition concentrations of EC50 = 52 ± 8 μg mL−1 and EC50 = 5.2 ± 0.7 μg mL−1, 
respectively [52]. CQD inhibit growth of s-protein by fusion mechanism and stop 
replication process of S-protein by signal transduction mechanism or by interaction 
with cytosolic proteins [52]. Nanomaterial particles as therapeutic agent for stop-
ping viral entry and subsequent replication of S-protein in host membrane may be 
an alternative of many existing treatment to avoid their side effects. For example, 
use of ribavirin and IFN as an antiviral drug for COVID-19 spike protein have many 
side effects including short-term memory loss, confusion, extrapyramidal effects 
and deficits in executive functions [20, 52].

Plasmonic biosensor working on the cumulative effect of plasmonic photother-
mal (PPT) and localized surface plasmon resonance (LSPR) transduction principle 
found to be another potential alternative diagnosis of COVID-19 [53]. Two dimen-
sional (2D) gold nanoislands (AuNIs) functionalized with DNA receptors exploited 
as sensing of RNA gene sequence. Sensitivity of material can be enhanced to some 
order by direct thermoplasmonic heating to biosensor chip. The usable plasmonic 
heat to the chip has been generated by setting a particular plasmonic resonant 
frequency. Photon generated oscillation frequency modulated the electrons behavior 
on the surface of plasmon material which might be the crucial factor for detection of 
selective COVID-19 gene sequence from multi gene mixture. Enhanced plasmonic 
field at the nanostructures surfaces increases sensitivity of sensor by suppressing 
local variation like refractive index and molecular binding. Employing field effect 
transistor as biosensor for fast and accurate spike protein detection through naso-
pharyngeal swab has recently been reported by Seo et al. [54]. Graphene coated 
specific antibody has been used as sensing material for spike protein detection [54]. 
The spike protein directly not attached with graphene surfaces rather 1-pyrene-
butyric acid N-hydroxysuccinimide ester was used as probe linker to conjugate 
protein structure on graphene surfaces. Such attachment of spike protein induced 
by 1-pyrenebutyric acid N-hydroxysuccinimide ester on graphene surface leading 
to changes in conductivity and subsequently in current through the FET structure 
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(shown in Figure 6 (a) and (b)). The sensitivity which was measured by current 
fluctuation due to presence or absence of spike protein is shown in Figure 6(c) 
and (d). The biosensor capable to detect down to 16 pfu/mL in cultural mode and 
2.42 × 102 copies/mL in clinical sample [32]. The diagnosis method does not require 
sophisticated laboratory equipment and provide very high sensitivity with instanta-
neous measurements employing small volume of nasopharyngeal swab.

10. Conclusions

Like other epidemic, COVID-19 may also become seasonal, but at present one can 
only predicted about it not for sure. Meanwhile, to reduce the outbreak, it is required 
to have international collaboration with data sharing policies. Because, of the limited 
information, one can reuse the existing drugs as clinical trial for curing COVID-19 
infection (based on the similarity of target protein with other coronavirus). Further, 
fight against COVID-19 requires the knowledge of computer science, medicine, 
health policy, environmental factors and risk management etc. Present situation 
imposes researcher and scientific community a number of research target viz.;  
(i) production of rapid point of care diagnosis (ii) enhancement in surveillance and 
monitoring (iii) design of new therapeutic agents and finally (iv) vaccine develop-
ment. We can only reduce the transmission level up to certain extent but cannot be 
demolished completely. For complete cure one has to develop vaccine.
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Figure 6. 
(a) showing conjugation of spike protein on to the surface of graphene via 1-pyrenebutyric acid 
N-hydroxysuccinimide ester (b) model showing spike protein on the surface (covered with graphene) of 
field effect transistor (c) FET sensor sensitivity in presence of SARS-COV-2 antibody and in absence of 
SARS-COV-2 antibody and (d) FET sensor sensitivity in MERS-COV and SARS-COV-2 (reproduce with 
permission [32]).
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Chapter 2

Control of an Epidemic of 
SARS-CoV-2 by Assessing 
Transmissibility of Its Infected 
Cases in Absence of a Suitable 
Vaccine
Bidisa Sarkar and Kamalesh Sarkar

Abstract

SARS-CoV-2 or Covid 19 and it’s pandemicity has been wreaking havoc in many 
countries worldwide. It is important to counter and contain the spread of Covid-19 
using some effective infection control policies as we await an effective protec-
tion such as vaccine. Ahmedabad Model of Covid-19 Control could be used as an 
established epidemic management protocol for COVID 19 infection. It relies on the 
Cycle Threshold (Ct) Value, which was used as a proxy marker for assessing initial 
viral load. It was evident that cases with higher viral load spread the disease at much 
higher rate as compared to that of low viral load apart from population mobil-
ity and/or population density. Therefore, Ct value based segregation of infected 
cases with higher viral load along with contact tracing of them of previous 5 days 
is an effective epidemic control policy. It needs to be remembered that a section 
of infected cases is asymptomatic and capable of spreading infection in the com-
munity unknowingly. Hence, infection control practices must be accompanied with 
standard precautionary measures such as physical distancing, hand hygiene and 
wearing face mask. Community awareness is an integral part of it. Newer biotech-
nology based researches may be encouraged based on felt needs.

Keywords: SARS-CoV-2, epidemic, cycle threshold value, RT-PCR, transmissibility

1. Introduction

SARS-CoV-2 or COVID-19 is a newly discovered coronavirus representing the 
third coronavirus associated epidemic to emerge from a species leap i.e. from the 
wild animals to the humans, after severe acute respiratory syndrome (SARS) in 
2003, and the Middle East Respiratory Syndrome (MERS) in 2012 [1]. COVID-19 
transmission dynamics is yet to be understood thoroughly. Basic Reproduction Rate 
(R0) is a term which is often used in an epidemic. It is the average number of sec-
ondary cases of an infectious disease that one case would generate in a completely 
susceptible population within its longest incubation period [2]. If R0 > 1, then the 
number of infected cases is likely to rise, while if R0 < 1 then the transmission will 
probably die out. The basic reproduction number is an important measurement 
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in infectious disease epidemiology, indicating the risk of an infectious agent with 
respect to epidemic spread. Estimated basic reproductive number of COVID-19, 
declared by the WHO (dated January 23, 2020) ranges within 1.4–2.5 [3].

A recent review by Liu et al. found the average R0 of COVID 19 infection to be 3.28 
and median to be 2.79, which exceed the WHO estimates [4]. It was observed in SARS 
that a few of the infected people in the community spread most of the infection, 
whereas most people, although infected, spread it to only a handful [5–12]. In addi-
tion to R0, scientists use a value called dispersion factor (K), a number that indicates 
the likelihood of a certain disease to spread in clusters [13]. Lower the K value, more 
is the transmission that occurs from a small number of people. In 2005, an article in 
Nature estimated that SARS had a K value of 0.16 [13]. In a recent publication, K value 
for COVID-19 was estimated to be as low as 0.1 [14] suggesting that probably about 
10% of the total number of infected cases will be spreading to about 80% of the cases.

Apart from Basic Reproduction Rate, certain other terminologies are just as 
important to understand the transmission pattern of infected cases in a community 
or in a defined geographical area. The term epidemic is used when there is occur-
rence of large number of infected cases in a community or in a defined geographic 
area and in a particular period, clearly in excess than the expected number of 
cases during the same time of previous years. When the occurrence of cases is less 
than that of the expected number of cases compared to previous years, it is called 
endemic. Epidemic may be common source epidemic (all cases occurring simulta-
neously from a single source such as food poisoning following consumption of a  
meal at a marriage party) or propagated epidemic (when few cases occur from 
a source and then they further infect some other people, who in turn spread to 
another group). Certain factors are associated with transmission of infection such 
as virulence of organism, organisms’ density in infectious material, lack of health 
seeking behaviour, population density, population movement, lack of awareness, 
lack of hygienic practices, etc. The infectiousness of an infectious disease is mea-
sured by Secondary Attack Rate (SAR) - defined as the occurrence of new cases 
among the susceptible population from the primary case within the longest incuba-
tion period of that disease. Usually it is expressed in percentage. Secondary Attack 
Rate depends on population density, population mobility, virulence of organism, 
organism density, behaviour of the individuals concerned, etc. in absence of any 
intervention such as vaccination or medication.

A review work was carried out by a group of researchers that raised several 
questions. COVID-19 via person-to-person contact had had spread like a wildfire, 
affecting almost every country in the world. In the past 100 years, the world never 
experienced a pandemic as cataclysmic as COVID-19. It is easily understood that 
both previous outbreaks of other members of the coronavirus family (severe acute 
respiratory syndrome (SARS-CoV) and middle east respiratory syndrome (MERS-
CoV)) did not produce even 2% of the global harm which has already been inflicted 
by COVID-19. There are also four other CoVs capable of infecting humans (HCoVs), 
which circulate continuously in the human population, but their phenotypes are 
generally mild, and these HCoVs have received little attention. These dramatic dif-
ferences between infection with HCoVs, SARS-CoV, MERS-CoV, and SARS-CoV-2 
raise many questions, such as: How quick transmission occurs in COVID-19? Does 
viral structure play any role in it? Any specific human (host) factors are involved? 
Any environmental factors involved? A review work was done by a group of 
researchers with the aim of having possible logical answers to above questions [15].

Data collected in above mentioned review clearly indicated that SARS-CoV-2 
uses multiple ways for efficient transmission. The virion structure is optimised to 
survive various environmental conditions, allowing this virus to use both respira-
tory and faecal-oral transmission modes. Its S protein has an amended structure 
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for efficient interaction with the ACE2 receptor and is optimised for furin cleav-
age. Moreover, S protein could be primed with activation by TMPRSS2, furin, and 
multiple non-furin proteases (e.g., plasmin). In addition to ACE2, SARS-CoV-2 can 
interact with other cellular peptidase receptors, such as ANPEP and DPP4, and also 
can utilise non-peptidase receptors, such as DC-SIGN1, CLEC4G, and CLEC4M. 
SARS-CoV-2 utilises multiple ways for cellular entry (both non-endosomal and 
endosomal) and potentially uses various means of epigenetic control to inhibit the 
initiation of the host innate immune response. During pandemic period continu-
ous genetic rearrangements occurs within the virus cell genetic structure, which 
enable the virus particles for immunological escape. SARS-CoV-2 is associated with 
intricate interplay involving various host genetic factors and pathways. Cytokine 
storm is the result of above interactions, which promotes cellular death programme 
of various cells, such as pyroptosis, apoptosis, and necrosis, which might contribute 
to the COVID-19 pathogenesis. This remarkably broad spectrum of means for the 
efficient SARS-CoV-2 transmission indicates that it is very unlikely that COVID-19 
can be cured by targeting just one segment of this complex mosaic [15].

2. Recent experience from India

India had had witnessed a tremendous rise in the daily number of COVID-19 
infected cases during its epidemic period. It started from January 2020 with single 
detected case in Kerala that reached its plateau in mid-September 2020 with 
almost 98,000 cases in a day during that period [16]. First Covid-related death was 
reported in March 2020 and on September 18 of the same year, 1195 reportedly 
died due to the very reason. Till September there was so sign of decline in the daily 
number of new cases. Reaching the plateau and subsequent decline then seemed to 
be a far-fetched dream in the absence of an effective vaccine or drug. On January 
4th, 2021, a total of 16278 new cases were detected while 200 deaths were reported 
country wide. Various models of COVID-19 were put forward to predict the trend 
yet no estimate had turned out to be even close to the reality.

Officials had claimed that increasing the number of tests would have had helped 
control the epidemic [17, 18]. Yet they could not provide with any effective strategy 
for reducing new infections which would have had helped flattening of the national 
Covid-19 epidemic curve. Several survey results established that a small percentage 
of the people in the country have had developed herd immunity even though they 
were unaware of their infection. Thus controlling the epidemic through reaching 
an adequate amount of herd immunity is a remote possibility. Taking these situa-
tions into consideration, public health experts of the country opined and rooted for 
effective public health measures including evidence-based epidemic control policy 
to be undertaken unless some safe and effective vaccines were available. As per the 
suggestions of the authority, testing was increased manifold, resulting in detection 
of more cases and, increase in treatment and quarantine. But the problem was that 
all the tests were concentrated in the metropolitan cities and the urban areas. Also 
a sizable number of cases were asymptomatic or pre-symptomatic; they perhaps 
unknowingly had spread the infection to others.

An epidemiological study was conducted by ICMR-National Institute of 
Occupational Health, Ahmedabad, in western India, to assess the distribution of 
infected cases in the community and whether initial viral load of COVID-19-infected 
case indicated by cycle threshold (Ct) value of reverse transcription polymerase 
chain reaction (RT-PCR) could predict about transmission pattern in the commu-
nity apart from population mobility and its density. The study revealed that only 
7% of the infected ones carried high viral load, while another 9% of the infected 
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population had moderate viral load and rest 84% were carrying low viral loads as per 
community distribution was concerned [19]. Viral load was categorised as high when 
cycle threshold value = <24, moderate = 24 to <31 and low = 31 & above (Figure 1).

Interestingly, most of the Covid-19 infected cases’ clustering happened around 
the houses of cases, infected with with high viral load. Also, the number of secondary 
cases was directly related to the increase in viral load. Higher the viral load, more were 
the secondary cases (Figure 2). On an average, each index case with high viral load 
spread to 6.2 secondary cases, case with moderate viral load spread to 2.7 secondary 
cases and same with low vial load spread to 0.8 secondary case. Conclusion of the 
study was that viral load is an important determinant for transmission of Covid-19 
infection in the community. It also advised, viral load based segregation of infected 
cases, with higher (high & moderate) viral load being quarantined away from their 
families along with contact tracing of all of them for previous 5 days and subsequent 
screening of the contacts, believing to be an effective strategy to combat the epidemic.

When the country was grappling in the dark, trying to come up with a suitable 
strategy to contain the epidemic, Ahmedabad COVID Control Model was devel-
oped based on previous study findings. The said model appears to be biologically 
plausible as the same holds true for other infectious diseases too, such as HIV, 
malaria, leprosy. Tuberculosis etc. Standing up to the expectations, execution of the 
Ahmedabad Model of Covid Control exhibited a reasonable reduction in the daily 
number of new cases within weeks of implementation in June 2020. This model of 
management did not add any extra cost to the existing health care delivery practices 
for managing COVID 19 cases. In it, Ct value obtained from the RT-PCR machine 
needed to be mentioned routinely on the all RT-PCR test reports; thereby indicat-
ing high, moderate & low viral load, that helped the healthcare personnel assess 
the transmissibility of the detected cases. It was assumed that on an average 50% 
reduction would happen which is largely dependent on dedication & motivation 
of grass root level community health workers, supportive & effective supervision, 
timely logistic supply of test facilities including contact tracing, timely referral 
for institutional quarantine etc. Fortunately, the model concerned had some extra 
added benefits. For instance, if the health care personnel are aware about who all 
the patients with high viral load are, they would take some extra precaution while 
dealing with the latter - thereby reducing the chances of infection among the 
health care providers. The following Figures 3 and 4 depict the decline & ascent 
of daily cases in intervention as well as non-intervention areas following initiation 
of Ahmedabad Model for COVID 19 Control, which was published as an original 

Figure 1. 
Distribution of cases with viral load (n = 138) in the studied community.
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article titled COVID control strategy – is there any light at the end of the tunnel? in 
the journal of Family Medicine & Primary Care, 2020; 9:5502-5.

Because of continuous influx of people from UK to India during December 2020 
& January 2021, resulting possible emergence of newly detected highly infectious 
viral strain of Britain in India, Indian Council of Medical Research (ICMR) has 
instructed various zone-wise Indian laboratories to search for the said infectious 
Covid 19 strain using cycle threshold (Ct) value of 30 or less considering the fact 
of their higher infectivity [20]. This again indicates that cycle threshold (Ct) value 
may be used as a marker of infectiousness or infectivity of Covid 19 transmission.  
If an appropriate measure is undertaken on time, it can reduce the transmission  
of cases as was observed in Ahmedabad based study (Figure 3), where it was  
implemented as a method of control.

Figure 2. 
Secondary cases observed in relation to index cases of high, moderate and low viral load with trend line.

Figure 3. 
Daily reported COVID-19 cases in Ahmedabad district 10 June till 07 July.
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Another study conducted by ICMR-National Institute of Occupational Health, 
India, showed that viral load is also an important determinant for fomites based 
transmission too [21]. The study was done on common surfaces such as packaging 
cardboard and stainless steel surfaces that were smeared with COVID 19 infected 
materials with known viral load. It showed that fomites contaminated with higher 
viral load remained infected for a longer period compared to that contaminated 
with low viral load material. So, viral load is a key factor for the presence of the 
infectious virus on the surfaces and possibly contributing to the transmission, even 
after a considerable duration. The viral RNA has higher chances of being identified 
post-90-min observation period on surfaces contaminated with higher viral load. 
Therefore surfaces with higher viral load are potentially contagious for longer period 
as compared to those with lower viral load. The study identified a positive relation-
ship between the viral load of samples used for contaminating the surfaces and 
viral load of the surfaces post-90-min observation period. The relation was stronger 
among cardboard surfaces than stainless steel surfaces. A probable explanation can 
be acquired from the fact that the moist surface of the absorbent cardboard could 
provide a better harbouring site for viral particles than a non-absorbent surface like 
stainless steel. The results however partly corroborate with a similar study, where the 
cultured viral titre was measured over a duration on various surfaces [22]. This study 
could not suggest the viability of viral particles on the surface but it only assessed 
the presence of amplifiable viral RNA for specific genes (ORF1ab, in this case). The 
mentioned study, suggested the viability of these viral particles for over 3 days on 
these surfaces [21]. The said study was perhaps the earliest from India, to document 
the relationship between viral load and their detectability on common surfaces. In 
addition, surfaces with contaminated with relatively higher viral load and with higher 
absorbability (cardboard) are independently associated with higher risk of COVID-
19 retention and transmission. Considering the rapidly evolving literature and 
experimental procedures, this study was limited by a single sample collection (post 
90-minutes observation duration) and did not indicate the viability of viral particle/
virion. Further, the results might be extended to emphasise the need for sterilising 
such fomite surfaces to prevent viral transmission. Considering the positive  
relation between viral load and the disease contagiousness [19, 23, 24], the sources 

Figure 4. 
Daily reported COVID-19 cases in rest of Gujarat State barring Ahmedabad district 10 June till 07 July.
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(spreader/positive subjects) with high viral load should be treated with great care, 
i.e., health care facility with possibly high viral load should adopt maximum pre-
cautionary measures. The study indicates that fomites could play an important role 
in the disease transmission in addition to human contact, particularly at COVID-19 
care facilities, market places etc. Awareness on fomite-based COVID-19 transmission 
and the persistence of virion on these surfaces among the health care workers could 
reduce their risk of contracting COVID-19. Viral load on fomites and the potential 
role in disease transmission have potential implications in limiting transmission of the 
recent viral infectious respiratory disease. The above finding has far-reaching public 
health implications for educating the public in adopting safer behaviour to avoid 
transmission through fomites. About a fraction of the infected population harbour 
high viral load and are designated as super spreader which is a matter of great concern 
[25]. Apart from person to person transmission, the above population would also 
spread the infection at a much higher rate through fomites unless effective public 
health controls are undertaken. Similarly, infected cases with moderate vial load 
would spread the said infection at a moderate rate both by person to person as well as 
through fomites. Consequently, there should be an effective mass awareness pro-
gramme using suitable mass awareness education tools by some experienced health 
care workers. This is more important in places like business areas, shopping malls, 
market places, tours and travelling, etc., where large gathering occurs with high popu-
lation mobility and there is every possibility of transmission through fomites apart 
from person to person spread. So, respective authorities must pay adequate attention 
to minimise the spread in the above areas as mentioned already.

3. Other factors related to transmission

In Wuhan, China, a novel and alarmingly contagious primary atypical (viral) 
pneumonia broke out in December 2019. It had since been identified as a zoonotic 
coronavirus, similar to SARS coronavirus and MERS coronavirus and named 
COVID-19. As of 8 February 2020, 33738 confirmed cases and 811 deaths were 
reported in China. Scientists investigated the basic reproduction number (R0) of the 
COVID-19 virus considering the fact that R0 is an indication of the transmissibility of 
a virus among adjacent population, who are coming in contact to the primary case/s. 
This investigation found that the estimated mean R0 for COVID-19 is around 3.28, 
with a median of 2.79 and IQR of 1.16, which is considerably higher than the WHO 
estimate of 1.95. The study concluded that the reproductive number of COVID-19 
was higher compared to SARS coronavirus. These estimates of R0 depended on the 
estimation method used as well as the validity of the underlying assumptions. Due to 
insufficient data and short onset time as mentioned by the authors, estimates of R0 
for COVID-19 were possibly biased as mentioned in a study [4].

Another study investigated the aerosol and surface stability of HCoV-19 and 
compared it with SARS-CoV-1, the most closely related human coronavirus. They 
also looked for the stability of HCoV-19 and SARS-CoV-1 in aerosols and on differ-
ent surfaces and estimated their decay rates using a Bayesian regression model. The 
study found that the stability of SARS-CoV-2 was similar to that of SARS-CoV-1 
under the experimental circumstances tested. The study concluded saying differ-
ences in the epidemiologic characteristics of these viruses probably arise from other 
factors, including high viral loads in the upper respiratory tract and the potential 
for persons infected with SARS-CoV-2 to shed and transmit the virus while asymp-
tomatic. The study results indicated that aerosol and fomite transmission of SARS-
CoV-2 is plausible, since the virus can remain viable and infectious in aerosols  
for hours and on surfaces perhaps for days (depending on the inoculum shed). 
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These findings echo those with SARS-CoV-1, in which these forms of transmission 
were associated with nosocomial spread and super-spreading events, and they 
provide information for pandemic mitigation efforts [26].

4. Basic requirements for controlling an epidemic in an area

4.1 Strengthening of inadequate Public Health System

Public Health is defined as a combined system of science & art of prevent-
ing diseases, promoting health and protecting lives in a defined geographic area 
through organised community based efforts. Primary health care is the backbone 
of public health. Primary health care is an essential health care that should be made 
available, accessible, acceptable and at a cost that every citizen of the country can 
afford. Primary health care is based on four principles – Equitable Distribution, 
Multi-sectoral Approach, Inter-sectoral Coordination and Appropriate Technology. 
This means resources for improvement of public health infrastructure need to be 
provided as per felt need of that area; underdeveloped area should receive more 
resources. In countries with weak public health infrastructure such as India, 
Bangladesh, Pakistan, Nepal, several African countries among others need their 
public health strengthened. This means increase of trained human resources 
(doctors, nurses, public health experts, field workers, etc.), construction of health 
establishments as per requirements, adequate supply of logistics, storage and 
transport facilities of vaccines maintaining appropriate temperature, strengthen-
ing of immunisation services, strengthening of maternal & child health services, 
improvement of malnutrition scenario, control of communicable and non-com-
municable diseases, improvement water and sanitation services etc. Improving all 
of the above together require an abundance of resources and appropriate planning 
for judicious usage. Most of the above mentioned countries are not in a position 
to afford them. Moreover, strong political will appears to be the most important 
determinant for the said improvement apart from having the resources. Mass 
awareness is another important issue that helps in generation of demand. Without 
demand generation by public, things do not move in right direction. A number of 
social activists, NGOs etc. work to mobilise people to be aware, understand their 
own needs and generate their demand. Policy makers of the country must be aware 
of major public health problems of the country so that they can prioritise while 
developing an appropriate policy for right place at right time. One wrong public 
health decision will incur heavy cost that the country could have had avoided 
altogether. Similarly, if an important public health decision is delayed particularly 
during a public health emergency situation, consequences are increased morbid-
ity & mortality along with other indirect consequences such as loss of job, loss of 
economy as is being observed in recent COVID 19 epidemic.

4.2 Epidemic preparedness for control of epidemic

4.2.1 Epidemic preparedness team

An epidemic preparedness team comprising an experienced epidemiologist as 
the chairman, a clinician and a microbiologist as members, is needed to be formed to 
review the situation of their designated area at regular interval. They need to assess the 
situation of different regions (based on previous years’ situation), the logistic supports 
needed by them and the services that are necessary for prevention & control of epi-
demics round the year. They ought to be responsible for arranging necessary training 
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of subordinate staff that will be required for epidemic control. They should develop 
a set of guidelines/standard operating procedure including dos and don’ts for use by 
the health workers while dealing with an epidemic. They are also to be responsible for 
taking necessary measures for tackling any emerging and re-emerging epidemics well 
in advance such as establishing an effective surveillance system for early detection, cre-
ation of a reliable diagnostic services, constructing temporary shelters for emergency 
evacuation of affected population during public health emergency if needed etc.

4.2.2 Integrated Disease Surveillance Programme

Integrated Disease Surveillance Programme (IDSP) is an important activity for 
early detection of an epidemic. Surveillance is defined as the process of continu-
ous collection of required information for necessary action such as prevention & 
control of diseases. Diseases under surveillance are usually classified into groups. 
Group A comprises diseases where immediate action is needed (within 24 hour), 
Group B diseases are less severe where necessary actions are taken usually within 
a week while Group C are diseases where actions are needed to be taken usually 
within a month. Continuous collection of information on occurrence of vari-
ous cases from the entire area are sent promptly at the IDSP office to cover the 
designated geographical area. Based on the reported case/s from a particular area, 
necessary actions need to be taken by the designated staff as per need of the situ-
ation. This is to be done continuously 24-hour x 7 days, round the year to enable 
early detection of epidemic with necessary intervention. With the advent of newer 
technology, surveillance can be strengthened further with the help of drones, 
mobile phone based applications, electronic communication system etc. to collect 
information from the remote areas.

4.2.3  Regular analysis of data with epidemiological interpretation to assess the 
situation

Regular analysis of data with epidemiological interpretation is an essential com-
ponent for early detection of epidemic in an area. Various soft wares are available 
and used for this purpose such as SPSS, Strata, Epi Info etc. If there is an evidence 
of existence of epidemic prone case(s) with tendency to increase compared to 
occurrence of them earlier, it must be brought to notice of IDSP authority/Epidemic 
Preparedness Team for immediate action/control measures. An all-time functional 
alert system needs to be generated to alert the authority whenever such a situation 
arises. This will help detect an epidemic at its early stage. Since timely intervention 
can reduce the damaging effect of an epidemic to a great extent, detection of an 
epidemic at its early onset is of utmost importance.

4.2.4  Early and prompt action for containment of epidemic immediately on 
detection

On receiving information, the epidemic investigation team must move to the 
spot immediately to verify the existence and magnitude of problem. Steps are 
needed initially towards controlling epidemic with verification of diagnosis and 
confirmation of epidemic. Diagnosis may be confirmed by isolating organism 
from the biological samples collected from the few cases from the affected area. If 
necessary, required assistance from a nearby laboratory may be sought for isolation 
of organism and confirmation of diagnosis with the help of microbiologist/virolo-
gist present in the epidemic investigation team. Confirmation of epidemic is done 
by comparing data of present situation with that of previous years. If it is clearly in 
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excess (>2 standard Deviation of average number of cases of previous 3 years), epi-
demic is confirmed. Once epidemic is confirmed, rapid searching of cases is needed 
by house to house visit through health workers for further management. While 
visiting houses and identifying cases, relevant information is collected using a 
relevant questionnaire to assess the possible source of infection. Once the source(s) 
are identified, every attempt is to be made to break the chain of transmission, so 
that epidemic starts to subside. Searching of more number of cases should continue 
in the community till cases cease to occur. Whenever new cases are identified, they 
need referral to appropriate health centre for further management. Disposal of 
infectious material must be taken care of to avoid further spread.

4.2.5 Development of suitable strategy based on felt needs

An important action is making the community aware about the disease, its preven-
tion measures, dos and don’ts, etc. Handling the media is an important aspect since 
rumours about the disease cause unnecessary panic. Epidemic team members will 
remain at the spot till epidemic subsides with regular communication to their coordi-
nation centre and higher management authority for necessary guidance and support.

4.3  Diagnostics, therapeutics and prophylactics using biotechnology for control 
of COVID 19

COVID 19 pandemic is complex problem, which needs trans-disciplinary 
studies. The development of medical biotechnology to produce pharmaceutical 
and diagnostic products is a need, which needs close collaboration with other disci-
plines. It should be emphasised that it has been clear that coronaviruses know no 
borders; therefore, border-less solutions are needed to fight COVID-19. Hopefully 
the lessons we learned from SARS-CoV-2 will help us to prevent possible pandemic 
in the near future. Regarding development of diagnostics, one of the crucial 
factors for control of epidemic is rapid and reliable detection of infected cases 
with some indication about assessment of its infectivity, if possible. A number of 
experts across the world have been trying to develop various kits, various machines 
for use of those kits for detection of causal organisms using various principles 
of biotechnology. Certain aspects need to be considered while developing kits & 
related items such as test results must have high sensitivity and high specificity 
apart from low cost, less time taken, user friendly technique that can be used by 
peripheral health workers without much fuss. Similarly, in therapeutics, one needs 
to develop low cost and efficacious drugs or other intervention agents targeting 
virus entry in the body, multiplication and rapid clearance from the body with 
minimum side effects.

Since it has been established that viral load is an important determinant for 
transmission of COVID 19 in the community, hence viral load may be considered 
an important factor of infectivity. Hence, rapid antigen detection kits that are 
being developed by various agencies for detection of COVID 19 may contain some 
indicator for assessing viral load or infectivity. Thanks to biotechnology, addition 
of indicators is possible and innovators must make sincere efforts towards that as it 
would help better control of epidemic caused by COVID 19, which was observed in 
Ahmedabad COVID control model.

4.3.1 Immunity

Following a natural infection, immunity develops through a series of pro-
cesses that typically takes some time over 1 – 2 week. Human body normally 
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responds to a viral infection immediately with a non-specific innate response 
in which macrophages, neutrophils, and dendritic cells slow the progress of 
virus and may even prevent it from causing symptoms. Non-specific response 
of this kind is usually followed by an adaptive response where the body makes 
antibodies that specifically bind to the virus. These antibodies are proteins called 
immunoglobulins. This is known as humoral immunity and B cells of our body 
are responsible for this process. Human body also makes another groups of cells 
called T-cells that recognise and eliminate other cells infected with the virus. 
This is called cellular immunity. Following this, virus may be cleared from the 
body by combined adaptive response, and if the response is strong enough, 
may prevent progression to severe illness or re-infection by the same virus. 
This process is often measured by the presence of antibodies in blood [27]. If a 
sizable portion of the community population (60 – 70% or more) get infected 
with COVID 19 infection, it is expected that most of them will develop antibody 
against COVID 19 infection. Some of the so called uninfected population will 
also develop antibody against COVID 19 virus, most likely due to subclinical 
or asymptomatic infection. If their antibody is able to prevent reinfection, it is 
known as herd immunity or community acquired immunity. Since the disease 
is new, community-based sero-survey for COVID 19 antibody and its titre can 
only tell us with certainty whether it is protective against reinfection or not. 
Similarly, if the cohort is followed up longitudinally with repeated sero-surveys 
for assessment of antibody titre, duration of protection would be ascertained. It 
is interesting to know that some of the naturally infected persons do not develop 
antibody following COVID infection.

4.3.2 Vaccination against COVID 19 Infection

Vaccination is a powerful tool for prevention/control of an epidemic provided 
it is safe, having a high protective efficacy and given in appropriate time. It is 
usually used for primary prevention which means it needs to be given before 
exposure to the infectious agent and occurrence of the disease. Across the world, 
several types of vaccines are being developed with the hope of combating the 
COVID-19 pandemic. Yet all the vaccines have the same primary impact - they 
stimulate the immunity system of the vaccinated individuals to grow memory 
B cells and T cells against the SARS-CoV-2 virus. These very memory B-cells 
and T-cells will protect the individuals against subsequent and serious Covid-19 
infections.

Vaccination with the first dose will mimic a primary immune response similar 
to that of being exposed to the virus for the very first time. Mild symptoms of 
the infection may appear as the immune system gradually develops antibodies 
against the virus concerned. As a result, if the person is exposed to the virus again 
or if the subject receives a second dose of vaccine, his or her immunity will flare 
up and develop what we call a secondary immune response. Initial memory cells 
get activated. This secondary immune response is faster and much stronger when 
compared to that of the primary response. This manifests as elevated concentra-
tions of antibodies and higher counts of T-cells. These together help in getting rid 
of the virus rapidly and thereby prevent occurrence of symptoms, severity and 
morbidity related to Covid-19. The individual, thus will have more memory B and 
T cells generated in his or her body; therefore, will have strong immune memory of 
the Covid-19 virus. It is this immune memory of the individual that will help him or 
her battle against the infection.

Vaccination and immunity development can be categorised into two types: 
ACTIVE IMMUNITY and PASSIVE IMMUNITY.
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4.3.2.1 ACTIVE immunity

DNA Vaccines, RNA Vaccines, Viral Vectors, Viral Sub-units, Live Attenuated, 
Inactivated Virus, VLP or Virus-Like Particles, Split Virus Vaccines, RNP 
(Ribonucleoprotein) Vaccines.

4.3.2.2 PASSIVE Immunity

Antibodies (MONOCLONAL and POLYCLONAL), Convalescent Serum, mRNA 
induced Antibody.

Considering the chaos and the panic this pandemic has ensued, developing 
vaccines and immunising the population as soon as possible, is of immense impor-
tance - especially folks belonging to high risk groups, vulnerable groups and pockets 
that have been badly affected by this infection. This would help contain the disease 
and reduce not only spreading of the infection but also the morbidity and mortality 
associated with it. Thus vaccines happen to be an important tool in public health 
control of pandemic and epidemic. Substantial research is being undertaken to 
develop effective vaccines that would help check the disease spread adequately.

Since in a highly populous country or in resource poor setting, availability of 
vaccines may not be adequate compared to its number of recipients, particularly in 
the beginning, certain categories of people may be considered for immunisation on 
priority basis depending on country’s situation:

a. Health care personnel

b. Essential workers such as law & order maintenance workers (police personnel)

c. Patients with comorbidities like Diabetes, Hypertension, Bronchial Asthma

d. Subjects over the age of 65 years

e. Street residents and slum dwellers

Manufacturing agency such as PFIZER and MODERNA have been working to 
develop mRNA Covid-19 vaccines where genetically sequenced spike proteins of 
COVID 19 virus is injected in body as vaccine and molecules of the virus’ messenger 
RNA will be recognised and targeted by our immune systems as the antigen. Then 
the immunity system will get triggered enough to produce antibodies against the 
said virus [28].

Serum Institute of India, Pune has teamed up with British-Swedish OXFORD-
ASTRAZENECA to launch COVISHIELD in India. It is a viral vector vaccine where 
viruses are being modified to hold the target pathogen and then these modified 
organisms are administered via the vaccines. These in the human body, will initiate 
and develop immunity against covid-19. Chimpanzee Adenovirus is being used to 
deliver the corona virus antigen in this SII vaccine. Participant enrolment and vac-
cination of Phase III Human Clinical Trial COMPLETED [29].

COVAXIN - Whole-Virion Inactivated SARS-CoV-2 Vaccine (BBV152) is India’s 
indigenous Covid-19 vaccine and is being developed by India based manufacturing 
agency, BHARAT BIOTECH, in collaboration with ICMR - National Institute of 
Virology, Government of India. It is in its Phase III Human Clinical Trial. ZyCoV-D 
is a plasmid DNA vaccine being developed by ZYDUS CADILA, another Indian 
manufacturing agency and is on its Phase II Human Clinical Trial [29].
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SPUTNIK V - DR. REDDY’S LABORATORIES LIMITED [Russian and Indian 
collaboration] and SPUTNIK LLC are jointly conducting Phase II Human Clinical 
Trial to assess safety and immunogenicity of Gam-COVID-Vac combined vector 
vaccine [29].

Biological E. Limited has developed a vaccine and is conducting studies to assess 
the safety, reactogenicity and immunogenicity of the vaccine containing Receptor 
Binding Domain of SARS-CoV-2 for protection against Covid-19 disease when 
administered to healthy volunteers on days 0 and 28, intramuscularly [29].

COVISHIELD has demonstrated efficacy of 70.4% against symptomatic Covid-
19 and 100% efficacy against hospitalisation due to severe Covid-19. The Sputnik 
vaccine has demonstrated 92% efficacy. According to FDA, the Moderna vaccine 
was 94.1% effective at preventing symptomatic cases. The Pfizer vaccine has 
claimed 95% effectiveness.

The mentioned vaccines have undergone/are undergoing immunogenicity, 
efficacy and safety trials in 18 Years and above and hence will be allowed to be used 
in adults under “Emergency Use Authorisation.” Only Pfizer’s vaccine was autho-
rised for people ages 16 and up in USA. Trials are underway for age group 12-18 and 
in due course of time the vaccines may be allowed to be used in this age group. Also 
no conclusive study in pregnant women have been conducted - so safety during 
pregnancy cannot be ascertained yet. Since surveys have not been conducted to 
establish the need or the lack of need for vaccines in individuals who already have 
had the disease, these recovered individuals may be considered last for vaccination.

As seen till now, one would require to get two shots of the same vaccine - 
0.5 ml each dose, to attain a desired level of protection. The 2 doses Moderna and 
Covishield are to be taken 28 days apart while the 2 doses of Pfizer and Sputnik V 
are to be taken 21 days apart. Usually it takes about 14 days for the antibody forma-
tion but the mRNA vaccine of Pfizer has demonstrated response as early as 10 days 
after the 1st dose. One should remember two shots of the vaccine is not enough to 
protect one completely. Covid-19 is a brand new disease; the scientists, doctors, 
society and humankind are all learning more about it as days pass by. A vaccinated 
person most likely will not develop the disease or be severely ill but he may get 
infected if hand hygiene, respiratory hygiene, physical distancing and proper mask 
usage are not maintained. And if infected, chances of him spreading the infection 
will increase manifold. Therefore, it is important to follow the rules of the new 
normal even after vaccination.

4.4 Research to explore effective mechanisms to contain at an affordable cost

More operational and translational research works are needed to explore alter-
native control mechanisms such as newer diagnostics, therapeutic and prophylactic 
agents at an affordable cost. We also need to have various environmental measures 
where virus does not survive or virus transmission chain could be broken using 
bio-technology principles. Personal protective devices such face masks, various 
hand hygiene devices, disinfection devices may be made using novel techniques 
without major health hazards based on bio-technology principles. Disposal of used 
face masks, many of which are made of synthetic/non-bio-degradable materials is 
a threat to our environment. Hence suitable material that are bio-degradable and at 
the same time protects from virus without hampering oxygen supply to our body 
should be thought of. Suitable disinfection devices for disinfecting used non-
disposable/re-usable items of health care personnel is needed particularly for rural 
health system of developing countries. Mobile van fitted with disinfection devices 
using engineering expertise along with bio-technology skill could be helpful as it 
could cover a number of health centres in a day for disinfecting their used items. 
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Necessity is the mother of invention – appears to be true as it is observed that many 
medical, engineering and bio-technology students are coming up with brilliant and 
innovative ideas for interrupting COVID virus transmission. Innovations of this 
kind must be encouraged.

5. Suggested measures for controlling an epidemic of COVID 19

One needs to understand about how an imported epidemic starts and progresses 
its course as time passes by. Based on our understanding it may be categorised as:

1. Stage I: Imported transmission - Initially cases occur only in people return 
from foreign countries, foreign visitors came to a country for business or tour-
ism purpose etc. and their contacts.

2. Stage II: Cluster transmission – The disease spreads from above infected group 
to nearby local population usually confined to smaller geographic area where 
source of infection is by and large traceable.

3. Stage III: Community transmission – A large number of people are infected 
simultaneously in different parts of the area within a large geographic area and 
where source of infection is not identifiable for a large section of population

4. Stage IV: Declined and low level transmission – When epidemic curve declines 
after reaching plateau but cases still continue to occur in areas at much lower 
level involving relatively fewer populations.

It may be noted that incubation period of COVID 19 infection ranges between 2 
to 14 days with an average incubation period of 5–7 days. Maximum colonisation of 
virus occurs in oropharynx and naso-pharynx on second or third day from the onset 
of symptoms of an infected person. Hence maximum chance of transmission of 
virus from an infected person in his/her early days following development of symp-
toms. As a result, chance of transmission is relatively higher following detection by 
RT-PCR (considering the fact that patient usually comes on second day following 
onset of symptoms), when there is an opportunity of intervention. If that opportu-
nity is missed, infection will keep on spreading in nearby population. On the other 
hand, it is easily understood that an epidemic is easy to control if it is detected early 
when very few people are affected. In the event of any delay in detection and/or 
lack of required intervention at the beginning due to any reason, the community/
country needs to pay a heavy price for that. COVID 19 epidemic is the best example 
of it in recent time. Apart from direct consequences of high morbidity and mortal-
ity, indirect consequences are havoc such as downfall of country’s economy, loss of 
jobs, loss of wages, poverty, starvation leading to malnutrition, increase of mental 
diseases etc. It may be kept in mind that because of high global population move-
ment, any infectious disease with pandemic or high epidemic potential, it may 
spread to people of other parts of the world with the passage to time unless strict 
vigilance and control activities are undertaken rigidly.

COVID-19 test detects genetic material of the virus using a laboratory technique 
called real time RT-PCR reaction (Real-Time Reverse Transcription – Polymerase 
Chain Reaction). RT-PCR testing can tell us whether there is a detectable virus 
present in an individual. Still, it does not accurately tell us whether that individual 
is infectious or is capable of spreading the disease. Cell culture is the standard 
technique for determining whether a patient is contagious or not. In the absence of 
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viral culture data, one can use viral load or cycle threshold (Ct) values derived from 
RT-PCR as a proxy for the likelihood of transmission. RT-PCR is a sensitive tech-
nique for mRNA detection and quantification currently available. It is a laboratory 
technique facilitating reverse transcription of RNA into DNA and amplification of 
specific DNA targets using polymerase chain reaction (PCR). It primarily wants to 
measure the quantity of a selected RNA. This is achieved by the amplification reac-
tion using fluorescence, a way called real-time PCR or quantitative PCR (qPCR). 
Combined RT-PCR and qPCR are routinely used for analysis of organic phenom-
enon and quantification of viral RNA in research and clinical settings. Compared to 
the two other commonly used techniques for quantifying mRNA levels, Northern 
blot analysis and RNase protection assay, RT-PCR wants to quantify mRNA levels 
from much smaller samples. In fact, this system is sensitive enough to enable quan-
titation of RNA even from one cell. In a real time PCR assay a positive reaction is 
detected by accumulation of a fluorescent signal. The Ct (cycle threshold) is defined 
as the number of amplification cycles required for the fluorescent signal to cross 
the limit (i.e. exceeds set detection level). In other words, The Ct is the number of 
replication cycles required for a signal of RT-PCR product to cross a determined 
threshold. Ct values are inversely proportional to the quantity of target nucleic acid 
within the sample (i.e. the lower the Ct level the greater the quantity of targeted 
nucleic acid within the sample).

Considering above, it appears with reasonable certainty that viral load during 
early infection is an important determinant for transmission in the community by 
various routes including fomites based transmission. If viral load is high, chance of 
transmission is higher among nearby susceptible population with lack of proper pre-
caution. Medical fraternity caring COVID 19 patients must take it seriously as many 
of the patients attended by them are with higher viral load with increased transmis-
sion potential and any lapse of precautionary measures on their part would make 
many of them infected as was observed in several countries. It is understood that 
virus multiplication occurs within first few days inside the body of an infected per-
son. Antiviral agents such as Remdesevir may be beneficial not only for the patients 
but also for the attending health care personnel as it helps in reducing transmission 
to them by reducing viral load if given early in the disease. It is understood that there 
is hardly any benefit if anti-viral agents are given in late phase of the disease.

It is now evident that magnitude of viral load may be obtained easily from 
RT-PCR test of a COVID 19 positive case without any extra cost. More the cycle 
threshold (Ct) value, lower is the viral load (inversely related). Similarly, lower is 
the Ct value, higher is the viral load. Any Ct value of 35 and higher is considered as 
non-infectious although infected. Similarly, Ct value of 20 or below may be con-
sidered as highly infectious with higher transmission potential. Recently a number 
of qualitative COVID 19 detection kits are available in the market (such as rapid 
antigen detection kit) that does not indicate Ct value based viral load. Further stud-
ies are required to add viral load assessing facility in those rapid antigen detection 
kits for assessing infectivity of an infected case. Apart from viral load, it is now 
obvious that transmission will occur if favourable conditions are available such lack 
of protection measures, population density, population mobility, lack of awareness 
about the disease etc. So, mass awareness is an essential component of any public 
health control measures.

It is a fact that many countries in the world do not have an effective public 
health infrastructure such as required number of doctors, nurses, field workers, 
health technicians etc. as per WHO set guidelines, required number of various 
tiers of health establishments such as primary. Secondary and tertiary level of 
health establishments, diagnostics facilities, cold chain maintenance facilities and 
epidemic/infection control policy & strategies etc. Unless proper logistics supports 
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are available, vaccination is not possible even if it is made available. Hence, preven-
tion of occurrence of cases much before it turns to an epidemic proportion should 
be a better choice. Appropriate infection control policy with an effective infection 
control strategy must be made available with experienced public health experts.

To summarise, COVID control strategies may include (based on already  
established evidence) the followings:

1. Viral load indicated by Ct value could be used as an indicator of infectiousness 
of an infected person. Cases with high and moderate viral load must be kept 
away from the family/community even if they are asymptomatic or mildly 
symptomatic to avoid further transmission particularly in under-privileged 
areas, rural and slum areas.

2. Ct value based segregation identifying higher infectious cases along with 
contact tracing of them of previous 5 days appears to be an effective strategy as 
was observed in Ahmedabad Covid 19 infection Control programme.

3. Health care workers need to know their patients’ Ct value on admission to  
hospital/health centre to enable them to remain more careful about the  
transmission potential of patients.

4. Effective implementation of it in primary health care set up would better  
utilise country’s rural public health infrastructure.

5. Asymptomatic and mild symptomatic cases with low viral load may be kept at 
home with standard precaution.

6. Moderate and severe symptomatic cases need to be referred to Covid hospital 
for further management.

Home quarantine for cases with higher viral load is expected to facilitate intra-
familial transmission of COVID 19 cases in other family members, hence it is not 
suggested. On the other hand, same with low viral load may be quarantined at home 
with standard physical distancing, hand hygiene and face mask. Presently COVID 19 
epidemic is largely concentrated on cities & urban areas that are gradually approach-
ing towards semi-urban/rural areas through population movement. More number 
of rural population are expected to become infected in coming days since 60 to 70% 
of developing country’s population reside in villages. Considering above, primary 
health care physicians must prepare themselves on Ct value-based segregation of 
COVID 19 infected cases with contact tracing of cases with high & moderate viral 
load of previous five days to reduce transmission of cases in the community. This will 
also reduce hospitalisation of cases & deaths and help improving bed availability, 
thereby better utilisation of public health infrastructure would be possible. Extensive 
community awareness about prevention & control of COVID 19 infection along with 
role of viral load. Ct value is essential for that. One needs to remember that success of 
Ct value based segregation will largely depend on dedication and motivation of grass 
root level field workers. If they work sincerely with supportive supervision by their 
immediate supervisors and higher leaders, cases are expected to decline soon, lead-
ing to control of epidemic. Proper training of various categories of health workers 
as well as logistic support must be in place. Moderate to severe symptomatic persons 
need to be referred to nearby hospital/health centre for management of COVID 19 
infection. Asymptomatic and mild symptomatic may be sent to home or institutional 
quarantine as per their reported viral load as mentioned already.
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We need to understand that to control an epidemic with high transmission 
potential such as COVID 19, multiple strategy based attacks are needed to break the 
all possible transmission chains. Vaccines whenever possible must be considered 
in addition to other public health measures. Safety & protective efficacy must be 
assured of a vaccine before going for mass vaccination in a community. Since the 
disease is new and vaccine(s) are also new, continuous monitoring & supervision of 
the recipients of vaccines are needed. Cases with vaccines failure must be identified 
early for their alternative protection against this disease. Detailed epidemiological 
information may be collected about possible factor/s that are associated with vac-
cine failure. Since, COVID 19 is originated from RNA virus, frequent genetic muta-
tion is possible over a period with consequent changes of its virulence and also its 
epidemic transmission potential. Herd immunity may be another important factor 
that develops from earlier infection or due to vaccination to a section of population 
of the community. Monitoring of above issues from time to time will be helpful for 
taking a judicious decision about vaccination strategy for a particular community. It 
may also be noted that most epidemics undergo a natural decline as time passes by, 
irrespective of intervention measures undertaken or not. That does not mean that 
intervention is not important as delay in intervention measure increases morbidity 
and mortality. Last but not the least, there is no single strategy or a straight forward 
pathway to control the epidemic. Rather it is a diversified and complex mechanism 
which is based on various situations and interplay of agent, host and environmental 
factors. A judicious planning, timely intervention and efficient management with 
required logistic support services can reduce human sufferings to a great extent.

Lastly, it was observed that an overall 35% (21 out of 60) asymptomatic infected 
cases got detected while doing contact tracing in a community based study in 
western India (unpublished data). The magnitude of asymptomatic cases was 
higher with cases of low viral load (46.6%), whereas it was about 20% with cases of 
high viral load. Asymptomatic cases of higher viral load would spread the disease 
at higher rate, similar to that of symptomatic cases. Hence, precautionary measures 
such as hand hygiene, face mask, physical distancing etc. are extremely important 
and required to be practiced by all considering the fact that everyone around us is 
potentially infected and could transmit the disease. So, community people need to 
be educated about transmissibility of asymptomatic infection and about ways of its 
prevention. Similarly, awareness about safe disposal of their used items considering 
the possibility of transmission from them is equally important too.

6. Continuous vigilance for variant of mutant strain of COVID 19 if any

Recently, mutation of SarsCov2, namely N501Y, has been reported in the 
United Kingdom and linking it to further increased transmissibility. It is a matter 
of great concern, especially at a time when the emergence of vaccines has brought 
joy and expectation for the mass population. The new UK strain designated as 
VUI2020/12/01 (variant under investigation, year 2020, month 12, variant type 01) 
has recorded over 20 mutations, mostly silent, causing no change in the protein. 
Biologically, mutations represent steps in virus evolution under selection pressure 
of the host immunity. Scientists view these as a process evolved by the virus to 
escape immunity or to enhance transmissibility. As the virus replicates, mutations 
happen in its genes continually through a process called “antigenic drift”, causing 
minor changes in the surface protein. However, changes of this kind could accumu-
late over time, and result in newer viruses that could become antigenically differ-
ent such that the existing antibodies mounted by the host immune system to the 
original virus fail to recognise and neutralise them [30].



Biotechnology to Combat COVID-19

40

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

‘Biotechnology to Combat COVID-19’ is a collaborative project  
with Biotechnology Kiosk

Author details

Bidisa Sarkar1 and Kamalesh Sarkar2*

1 Department of Community Medicine, Kalinga Institute of Medical Sciences, 
Odisha, India

2 ICMR-National Institute of Occupational Health, Gujarat, India

*Address all correspondence to: kamalesh.sarkar@gmail.com

Scientists wish to have the answer about mechanism of these mutations and 
whether there is a role for host immunity in driving them? More importantly, could 
antibody treatment or other therapies have an influence in the process? The preprint 
of a recently submitted paper to medRxiv portal by the group in Cambridge, UK, 
led by Dr. Ravinder Gupta, has focused exactly on these issues [31]. The above study 
is based on a single case report of an immune compromised individual with chronic 
SARSCoV-2 infection, lasting over 100 days and treated with three units of conva-
lescent plasma, two on day 65 and one on day 95 in an effort to neutralise the virus 
and treat the chronic infection. The virus was detectable in all his nasal swab samples 
collected at least 23 times over a period of 101 days, despite the plasma therapy. The 
authors investigated the SARS-CoV-2 evolution and found important changes in 
its genome caused by two new mutations in the spike protein, one a deletion of AA 
Histidine and Valine at positions 69 and 70 and, two, one AA replacement at posi-
tion 796 (D796H). The authors state that while the two mutations did not increase 
infectivity of the virus, these might have been responsible for decreased sensitivity 
of the patient to convalescent therapy. Since it is a single case report, the results 
of the study is not generalizable. But, it raises an important issue of generation of 
“escape mutants” of the virus in patients with persistent infection. The virus escaped 
attack by neutralising antibodies present in the convalescent plasma. Continuous 
vigilance of such newer strains is needed particularly for both their transmissibility 
and potential to evade vaccine-mediated immunity. The emergence of new mutants 
of the coronavirus further emphasises the need for observing infection-control 
practices even more strictly and until the protective herd immunity is developed.

Epidemiologically, continuous collection of pertinent information is required 
to look for evolution of any variant or mutant strains over a period particularly 
with higher virulence and more destructing effect to human. Investigation facili-
ties such as ability to perform genetic sequencing for matching newer strain with 
original virus is needed to identify them. It is obvious that earlier the detection, 
better actions to control the epidemic is possible. Finally, we wish to conclude that 
Ahmedabad COVID Control Model appears to be an important evidence in docu-
menting the purpose of this chapter [32].
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Chapter 3

Whole Genome Sequencing: A 
Powerful Tool for Understanding 
the Diversity of Genotypes and 
Phenotypes among COVID-19  
Infected Patients to Help in 
Controlling Outbreaks
Rayan A. Ahmed

Abstract

In Wuhan, China (December 2019), viral pneumonia cases of uncertain origin 
have been reported. The emergency has drawn global attention. To determine the 
pathogenic potential, joint efforts were conducted by Chinese Multidisciplinary 
Task Forces. An integral component of wide range of research applications is not 
only determining the causative agent but also the nucleic acid bases order in bio-
logical samples. Research techniques determining genetic material features and its 
order is called “sequencing”, classified into three generations. Moreover, the first 
sequencing attempt was conducted and a genetic link identified between samples 
isolated from China and other previously sequenced Coronaviruses. However, there 
was patient to patient diversity in terms of clinical and laboratory manifestations 
and diseases severity. After the genetic material of the causative agent was success-
fully sequenced, it was named the novel coronavirus causing COVID-19. Here, we 
review the genome sequences of novel coronavirus infected patients from different 
countries such as India, Bangladesh and Ecuador compared to China (first reported 
case), seeking not only to recognize similarities and differences between genome 
sequences of novel coronavirus, but also to compare them with other forms of coro-
naviruses family. Utilizing this data will assist in making right decisions minimizing 
negative consequences of the outbreak.

Keywords: whole genome sequencing (WGS), sequencing, sequencer genotype, 
phenotype, novel-coronaviruse, SARS-CoV-2, COVID-19

1. Introduction

A number of viral pneumonia cases of uncertain origin arose in late of 
December 2019 (Wuhan, Hubei Province of China). These cases have gained 
public attention and considered an emergency. The Public Health Emergency 
of International Concern and the World Health Organization (WHO) have 
declared “epidemic” [1]. Thereafter, the Multidisciplinary Task Forces under the 
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organization of the National Health Commission of the People’s Republic of China 
undertook collective efforts to define the causative agent. At the beginning, a group 
of researchers from the Chinese Academy of Medical Sciences has announced their 
study on the causative agent identification. Basically, they conducted a metage-
nomic study of specimens of the respiratory tract collected from five patients who 
had pneumonia. After they have successfully isolated the virus and carried out the 
genomic sequencing, the results have revealed that it belongs to the beta-coronavirus 
family [1, 2].

In more details, the results from their project showed that the genomic analysis 
of the specimens have approximately 79 percent homology to the Acute Respiratory 
Syndrome (SARS) Coronavirus (SARS-CoV) genome, approximately 52 percent 
similarity to the Middle East Respiratory Syndrome Coronavirus (MERS-CoV), 
and approximately 87 percent similarity to two bat-derived SARS-like coronavirus 
genomes (Zhoushan, 2015) [2]. Likewise, identical findings were published by a 
team from the Chinese Center for Disease Control and Prevention [3]. Such proof, 
the isolated virus was proposed to be a novel coronavirus and this novel coronavirus 
later dubbed the novel coronavirus 2019 (nCoV 2019), quickly recognized by the 
WHO as the pathogen accountable for this transmissible illness [1].

2. Sequencing

The arrangement of nucleic acids inside the chains of polynucleotides provides 
the details of inherited and biochemical characteristics of life. Determining the 
order of nucleic acid sequences in biomolecules is a crucial part of a wide range of 
research applications. Huge numbers of researchers have spent the last fifty years 
developing technological approaches to simplify sequencing of (DNA and RNA) 
molecules. During this time span, significant changes were being seen ranging 
from short to very long oligonucleotide sequencing, from struggling to deduct 
a single gene’s coding sequence to quick and widely available sequencing of the 
whole genome [1]. In this section we will go over the several generations of the 
nucleic acids sequencing indicting the major discoveries, impact of researchers 
and the major characteristics of (first, second and third) generations sequencing 
technology.

2.1 First-generation nucleic acids sequencing

James D. Watson and Francis H.C. Crick are two scientists who were able to 
discover the three-dimensional structure of DNA (1953). Watson and Crick were 
working on crystallographic data provided by Maurice and Rosalind Franklin 
Wilkins, contributed to both DNA replication conceptual frameworks and the 
transcription of proteins in the nucleic acids. However, reading the sequence is 
not achieved yet [1, 2]. The initial efforts were concentrated on sequencing RNA 
molecule which is not as complicated as the DNA molecule.

Frederick Sanger said “knowledge of sequences could contribute much to our 
understanding of living matter.” In a collaboration with other scientists, Sanger was 
able to create a new technology based on the determination of radiolabeled partial-
digestion fragments after two-dimensional fractionation (1965) [3], allowing 
the scientists to continuously build on the growing pool of RNA (ribosomal and 
transfer) sequences [4–8]. In the same year, Robert Holley and colleagues gener-
ated, for the first time, the whole nucleic acid sequence of alanine transfer RNA 
isolated from Saccharomyces cerevisiae [9]. Utilizing these techniques enabled Walter 
Fiers and colleagues, in the period of 1972–1976, to produce the first complete 
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protein coding gene sequence and then the whole genome of bacteriophage MS2 
[10, 11]. In the mid of seventies, a strong impact was produced to get much greater 
resolution by replacing two steps two-dimensional fractionation with one step as 
single electrophoresis separation through polyacrylamide gel (considered the birth 
of 1st generation) [3, 12, 13]. Using this procedure, in 1977, Sanger and colleagues 
were able for the first time to sequence the bacteriophage X174 or (PhiX) genetic 
material, becoming a positive control in sequencing genome laboratories [14]. In 
the same year, establishment of Sanger’s “chain-termination” or dideoxy method 
produced a huge advancement in DNA sequencing technology [15]. Subsequently, 
tremendous efforts were made to generate an automated DNA sequencing technol-
ogy and the first commercially available machine was made for sequencing the 
highly complex species genome [1, 16–22].

One of the major drawbacks of the first-generation nucleic acids sequencing 
machines is reading short base pairs below a kilo base (kb); however, scientists tried 
to overcome this issue by techniques an example of which is Shotgun sequencing 
method in which individual cloning and sequencing of two parts of DNA will be 
carried out and then compiled into a long sequence [23, 24].

Nonetheless, many improvements were made to the sequencing of first-generation 
nucleic acids that eventually ended with new dideoxy sequencers an example of 
which is the ABI PRISM created by Applied Biosystems from Leroy Hood’s research. 
This sequencer allowed hundreds of samples to be sequenced concurrently and was 
used in the generating the first draft of Human Genome Project completed years 
ahead of schedule [25–28].

2.2 Second-generation nucleic acids sequencing

The luminescent method for measuring pyrophosphate synthesis was the 
starting point for the second generation of DNA sequencers. Basically, it is a 
two-enzymes reaction where ATP sulphurylase converts pyrophosphate to ATP 
as a luciferase substrate. Light generation is thus proportional to the amount of 
pyrophosphate [29].

Pyrosequencing was later licensed to 454 Life Sciences, a Jonathan Rothburg-
founded biotechnology corporation, which grew into the first major successful 
technology as a commercially available next-generation sequencing (NGS). The 
454-sequence equipment, later bought via Roche, were a paradigm shift allowed 
sequencing reactions to be mass parallelized, considerably raising the amount of 
DNA sequenced in a single experiment [30].

The parallelization technique rises the yield of sequencing efforts by order of 
magnitudes, enabling scientists to fully sequence a whole human genome belonging 
to the developer of the DNA structure, James Watson, with much low-priced and 
faster than a similar effort exerted by the team of DNA sequencing entrepreneur 
Craig Venter exploitation Sanger sequencing method [31, 32]. The novel 454 
machine, called the GS 20 later replaced by the 454 GS FLX which provides not only 
better-quality data but also higher numeral of readings attributed to having more 
wells in the pico-titer plate. Indeed, it was the first high-throughput sequencing 
machine (HTS) broadly accessible to customers. Moreover, the concept of hav-
ing massive numbers of parallel sequencing reactions on a micrometer measure 
improves microfabrication and high-resolution imaging and this is actually what 
defined the second-generation of DNA sequencing [26, 33].

Furthermore, after the success of 454, there were several parallel sequencing 
methods suddenly emerged. Arguably, the most vital one is the Solexa technique of 
sequencing developed by Illumina [33]. The concept of this process based what they 
call bridge amplification. Basically, adapter-bracketed DNA molecules are passed 
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over a complementary oligonucleotide attached to a flow cell. Then a solid phase PCR 
generates neighboring groups of clonal populations from each of the single original 
flow cell attached to the DNA strands [34–36]. Moreover, the HiSeq has emerged 
after the standard Genome Analyzer version (GAIIx). It is a machine characterized 
by its ability to huger read length and depth of a sequence. Then, the MiSeq was 
discovered. One of its drawbacks is having a lower-throughput. On the other hand, it 
is the lower price, quicker turnaround and longer read length instrument [37, 38].

Analogously to 454 sequencing, beads containing cloned DNA fragment popu-
lations produced by an emPCR are washed over a pico-well plate proceeded by 
each nucleotide in turn. Nevertheless, nucleotide integration is determined not by 
the production of pyrophosphate; however, the alteration in pH produced by the 
protons (H+ ions) production through polymerization facilitating a quick sequenc-
ing during the actual detection time [39, 40].

Alongside 454 and Solexa/Illumina, (SOLiD) system from Applied Biosystems 
was the third major choice at the early time of second-generation sequencing. Its 
sequencing concept is based on oligonucleotide ligation and detection. (SOLiD) 
system turn out to be Life Technologies following merged with Invitrogen [41, 42]. 
Even though the SOLiD platform is unable to manufacture Illumina system read 
length and depth and makes its assembly more difficult, it continued to be a cost-
competitive instrument [39, 43].

One more important sequencing which utilizes the ligation technology was the 
DNA nanoballs method, in which sequences are similarly attained from probe-
ligation. However, the generation of clonal DNA population is innovative. Instead 
of bead or bridge amplification, rolling circle amplification is used to produce 
extended DNA chains comprising of repetition units of the template sequence 
bordered by adapters. Then the sequence is self-assembled into nanoballs attached 
to a slide in order to be sequenced [44].

Lastly, an outstanding sequencing system of the second-generation sequencing 
is the one that Jonathan Rothburg created after leaving 454. It was the first so-called 
post-light sequencing technology “Ion Torrent” (another Life Technologies prod-
uct), neither fluorescence nor luminescence is used in this technology [40].

The frequently mentioned “genomics revolution” has dramatically changed the 
cost and effort accompanying with DNA sequencing guided in large part by these 
extraordinary improvements in nucleotide sequencing technology. The Illumina 
sequencing platform; however, has been the most effective and valuable in recent 
years, and can therefore probably be considered having made the strongest impact 
to the second-generation of DNA sequencers [45].

2.3 Third-generation nucleic acids sequencing

There were substantial arguments to characterize the various generations of 
technology for DNA sequencing, particularly in regard to the division from the 
second to the third generation. However, a suggestive distinguishing characteristic 
of the third generation should be single molecule sequencing (SMS), real-time 
sequencing, and simply deviated from the earlier technologies [46–49].

The first SMS technology was developed in Stephen Quake’s laboratory, later 
marketed by Helicos BioSciences, and worked broadly like Illumina does, but 
excluding bridge amplification step [50, 51]. Basically, the DNA templates are 
linked to a planar surface and then deoxyribonucleotide triphosphate (dNTPs) 
called virtual terminators, proprietary fluorescent reversible terminators [52]. 
Although it is relatively slow, costly and generating short reads, it was considered 
the first technology enabling non-amplified DNA to be sequenced evading biases 
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and mistakes that might occur. Other businesses picked up the third-generation 
baton, as Helicos bankrupted early in 2012 [1, 46, 48]. Moreover, the most com-
monly used third-generation technology was possibly Pacific Biosciences single 
molecule real time (SMRT) platform (PacBio range) [53]. In a very brief period of 
time, this method sequences a single molecule. Some other beneficial features avail-
able in the PacBio range and not commonly shared by other commercially available 
machines are producing kinetic data, which enables the detection of changed bases, 
also capable of generating an extremely long read more than 10 kilo bases (KB) 
 suitable for de novo genome assemblies [46, 53, 54].

Nanopore sequencing, an offshoot of a giant field of utilizing nanopores for the 
determination and quantification of all kinds of biological and chemical samples, is 
perhaps the most waited for area to develop of the third-generation DNA sequenc-
ing [55]. For example, Oxford Nanopore Technologies (ONT), the first corporation 
to deliver nanopore sequencers, created a lot of exuberance about their GridION 
and MinION nanopore platforms [56, 57]. MinION nanopore platforms is small, 
cell phone sized USB device, which was first launched in an early access trial in 
2014 to end users [58]. In spite of the undoubtedly poor-quality data produced with 
GridION and MinION nanopore platforms, it is wished that such sequencers reflect 
an authentically disruptive DNA sequencing technology, delivering much cheaper, 
faster and extremely elongated, not-amplified reads of sequence data than previ-
ously possible [55, 57, 59].

To sum up, the value of DNA sequencing for biological research is hardly to 
overstate; however, it is the determination way of one of the vital features by which 
our lives forms can be identified and distinguished from one another. Hence, 
numerous investigators from all over the world have spent a countless time and 
money over the last half century just to improve and enhance the technologies 
of DNA sequencing and also to combine many features from different sequenc-
ers generations coming up with outstanding capabilities for new one. Using the 
experience of all generations of sequencers will offer new perspectives for future 
generations, as lessons learn from the prior generations guide the next generations’ 
development.

3. Coronaviridae family: structure and classification

Coronaviridae family members are large, enveloped, single-stranded positive-
sense RNA types of viruses. Their genomic material made up of nucleotide sets 
ranging from 25 to 32 kb and the virus diameter varies from 118–136 nm [30, 60]. 
The virus is roughly spherical in shape and has obvious proteins on its cell mem-
brane such as the large spike (S) protein extended 16–21 nm from the virus enve-
lope, membrane protein (M-protein) plays a major role in promoting membrane 
curvature, envelope protein (E-protein), in low quantity, and hemagglutinin-
esterase (HE) as shown in Figure 1 [27, 61].

Coronaviridae family divided into two subfamilies: the Coronavirinae and the 
Torovirinae. Coronavirinae is categorized into four geniuses, alpha-coronavirus, 
beta-coronavirus, gamma-corona-virus and delta-coronavirus. On the other hand, 
Torovirinae has only one genus which is Torovirus. In contrast to Coronavirinae 
subfamily, Toroviruses have a helical, doughnut-shaped nucleocapsid in their 
structure. Unlike Toroviruses, Coronavirinae subfamily is prevalent among mam-
mals which cause mild respiratory illnesses such as Severe Acute Respiratory 
Syndrome 1–2 (SARS-1-2) and Middle East Respiratory Syndrome (MERS) or 
enteric  infections [30, 64].
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4.  Coronavirinae: severe acute respiratory syndrome-2 (SARS-2) and 
corona virus disease-19 (COVID-19)

As mentioned before, Coronavirinae subfamily is categorized into four geniuses, 
known as alpha-coronavirus, beta-coronavirus, gamma-coronavirus and delta-
coronavirus. The beta-coronavirus, in particular, has four lineages (A, B, C, and D)  
[62]. The lineage B of beta-coronavirus has a subgenus known as Sarbrcovirus 
under which SARS-CoV-2 goes [63]. Moreover, (novel coronavirus) or (Severe 
Acute Respiratory Syndrome Coronavirus-2) (SARS-CoV-2) is known as the 
causative microorganism associated with coronavirus disease-2019 (COVID-19). 
COVID-19-suffered patients are manifested with respiratory illnesses examples of 
which are pneumonia and breathing failure [61].

5. Country-wise genomic sequencing of SARS-CoV-2

Sequencing the genomic materials helps to discover the identity of the causative 
microorganism. Continues sequencing of the genomic materials is essential to 
discover changes that may happen during transcription and transmission process of 
the microorganism genomic materials. Utilizing this information helps in studying 
the nature of the causative agent whether it is altered or not and if these changes 
help determine severity of the infection and making right decisions to reduce the 
impact of the outbreak on several aspects of life consequently.

First of all, a case of pneumonia of unidentified cause has been registered in 
China, Hubei Province, Wuhan City (December 2019). Additional evaluation for 
these incidences was conducted to detect the pneumonia causal microorganism 
[64, 65]. The isolated virus identified and named as (SARS-CoV-2) after genomic 
characterization by next-generation sequencing (NGS) of the complete sequence 
has been carried out [66]. The genomic analysis of the virus showed that it is an 
enveloped RNA virus (sized of 29,903 bp). The phylogenetic sequence analysis 

Figure 1. 
Structural features shared by Coronaviridae family.
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displayed that the virus categorized under the subgenus Sarbecovirus of the genus 
beta-coronavirus and to the Coronaviridae family. Moreover, it was found that 
around 87.5 percent of genomic material was similar two bat-derived SARS-like CoV 
strains (bat-SL-CoVZC45 and bat-SL-CoVZXC21) commonly affected humans, 
including the virus that contributed to the outbreak of SARS-CoV-1 (2003) [62].

The Government of India has reviewed and introduced multi-sectoral initiatives 
to address this emerging public health problem following the first SARS-CoV-2 
study from China. They started with monitoring country boarders at 21 interna-
tional airports, strengthening state-level surveillance systems and preparedness 
in designated hospitals for the management of clinical cases. The reported and 
confirmed cases in India (January, 2020) were then sequenced (next-generation 
sequencing). The phylogenic analysis, compared with other published SARS-CoV-2 
sequence in the database, were carried out to monitor and understand their rela-
tionships. The sequences of two out the first three confirmed cases in India were 
found to be high (about 99.98 percent) identity with Wuhan seafood market pneu-
monia virus (accession number: NC 045512). The phylogenetic analysis displayed 
that there were two distinct introductions to India. Therefore, continuous surveil-
lance of the sequences and review shall be crucial to consider the genetic evolution 
and substitution rates of SARS-CoV-2 from the affected countries [60].

In Bangladesh, the first three cases were detected (March, 2020). However, the 
Bangladeshi complete genome sequence of novel coronavirus (SARS-CoV-2) isolate 
was accomplished by Illumina iSeq100 sequencer (April, 2020). Findings from 
these results showed that 9 mutations in the genome of this sample, compared to 
the Wuhan strain, reference genome (GenBank accession no. MN908947.3) [67].

In Ecuador, the first reported cases of COVID-19, which was on March, 2020 for 
a traveler came from Netherlands, and the three other confirmed cases were gnomi-
cally sequenced using the MinION platform (Oxford Nanopore Technologies) 
and ARTIC network protocols respectively. Results from these studies showed 
that the cases in Ecuador transmitted from three different European countries. 
The sequences of the confirmed cases in Ecuador were found to have high simi-
larity (99.68 percent) with Wuhan strain reference case (GenBank accession 
number MN908947). The information discussed in this section is summarized in 
Table 1 [68].

Numerous countries all over the world have also sequenced the viral genomic 
material of confirmed COVID-19 cases and have compared their results with refer-
ence cases sequence in China such as Nepal, Australia, USA and Turkey etc.

Country Sequencer generation used for 
analysis

Sequence similarity (%)

China Next-Generation Sequencing 
(NGS)

87.5% to bat-derived SARS-like CoV strains

India Next-Generation Sequencing 
(NGS)

About 99.98% to the Wuhan strain

Bangladesh Next-Generation Sequencing 
(NGS)
-Illumina iSeq100 sequencer

9 mutations found compared to the Wuhan 
strain

Ecuador Third-Generation Sequencing
-MinION platform

99.68% to the Wuhan strain

Table 1. 
Genomic analysis of COVID-19 confirmed cases from several countries.
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6.  Precautions and control measures globally taken by governmental 
authorities against COVID-19 outbreak

Several countries around the world have adopted precautionary and control 
measures (either registered COVID-19 cases centuries or not). These listed actions 
below, as examples, have been taken to avoid the introduction of SARS-CoV-2 to the 
countries or to limit the spread of the virus:

• Stopping domestic and international flights.

• Shifting schools and colleges to remote learning and virtual classrooms from 
in-person classes.

• Suspending all social and governmental gatherings and events.

• Activation online shopping and home delivery services for all shops and 
markets.

• Compulsorily wearing masks and gloves and using hand sanitizers.

• Issuing a lockdown on city to city and country to country levels.

• Implementing mass vaccination program

In this section, we will shed some light on the mass vaccination approach and 
logistics needed to implement such a program. In addition, its promising effects 
could end the pandemic of COVID-19 will be discussed. Mass vaccination dur-
ing COVID-19 outbreaks or pandemics, against which (AstraZeneca, Moderna, 
BioNTech and Sputink V) vaccines are recently marketed, is a possible crucial 
public health intervention. The mass vaccination policy, as previously reported, was 
an important countermeasure against many infectious diseases, such as polio and 
smallpox [69]. Mass vaccination against COVID-19 is therefore an urgent option 
for the current emergency and rapidly spreading SARS-CoV-2, eventually might 
leading to herd immunity induction. The program is started with selection of the 
most susceptible groups of population such as immunocompromised patients due to 
underlying medical conditions and elderly people etc. [70].

In term of logistics, implementing this program requires huge mental and 
physical efforts starting with vaccine and locations availability, vaccinators and the 
unique roles and responsibilities taken by both private and public sectors partner-
ship [71]. On one hand, the private sector must warrant compliance with CDC 
guidance and follow cold-chain management rules to ensure inoculation feasibil-
ity upon arrival, storage, and delivery [71]. On the other hand, the public sector 
ensures cold-chain management and CDC guidance too; in addition, to fill the gaps 
in delivery service particularly to those who live in nursing homes, assisted living 
facilities, etc. Furthermore, a facility is a place where clinical staff stay and need 
vaccine and consultation services to complete logistical requirements. Collectively, 
the public health sector in support to the private sector entity provide consultation, 
vaccinator training, and pandemic protocol guidance [71].

In fact, vaccine requests are more than certain to consume the resources available 
and necessitate the marshaling of resources to meet need. COVID-19 vaccine clinics, 
for example, include not only usual walk-through clinic sites at doctor’s offices, 
pharmacies, departments of public health and big box stores, but also college 
campuses, worship houses, drive-through, public centers, and outdoor camps [71].
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7. Conclusions

Even though the genetic diversity of SARS-CoV-2 is currently low, the combina-
tion of genetic, clinical, and epidemiological data is highly successful in generating 
outbreak management action plans. Genetic information, in particular, aids in 
tracking the viral introduction to countries, classifying the lineage of the ancestral 
origin of the virus, and recognizing the pattern of population spread during the 
outbreak. In addition, the information obtained from the genome sequencing tools 
of the SARS-CoV-2 virus identifies rates of substitution (mutation) that occurred in 
the viral genome.

Integration of genetic, clinical, and epidemiological information seems to be a 
vital step to understand the SARS-CoV-2 (genotype and phenotype) and contribute 
to the global landscape. The combination of this knowledge not only aids in deci-
sion-making process for the implementation of precautions and control measures, 
but also to the comprehension of virulence and severity, transmissibility of virus 
response to treatment, and effectiveness of vaccines for disease prevention.

Finally, it is doubtful that the current pandemic will be the last one, and it is 
therefore important to strengthen the responsiveness of our public health systems 
and to introduce and enhance ongoing scientific research programs combining 
preclinical, clinical and epidemiological information.
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Abstract

Newly identified beta-coronavirus i.e. the 2019 novel coronavirus is associated 
with a contagious transmittable respiratory disease called COVID-19. This disease 
has been declared as a “pandemic” by the World Health Organization (WHO). The 
entry of coronavirus in the human respiratory epithelial cells depends upon the 
interaction between host cell receptor ACE2 and viral S-glycoprotein. However, 
this type of molecular recognition in between cell surface receptors and envelope 
glycoproteins are mediated by specific glycan epitopes and attribute to viral entry 
through membrane fusion. Glycans are essential biomolecules made by all living 
organisms, have roles in serving structure, energy storage, and system regulatory 
purposes. The glycan shield plays a crucial role in concealing the surface S protein 
from molecular recognition. The immunomodulatory properties of Glycan-binding 
proteins (GBPs) like Lectins, build them as an attractive candidates for vaccine 
adjuvant. Investigations involving the complement system activation by the lectin 
pathway in COVID-19 and diseases are in need of the hour. The innate immune 
response involving complement system could have varied biological effects against 
an array of microbial infections. The advances in glycoprotein style methods 
especially immunomodulatory action of some lectins are necessary to boost the 
effectiveness of treatment of COVID-19 and other pandemics.

Keywords: Glycan, S-glycoprotein, ACE2 receptor, Glycan binding protein (GBP), 
COVID-19

1. Introduction

A new virus called the 2019 novel coronavirus (an enveloped beta-coronavirus) 
is identified in December 2019 and associated with a de novo contagious respiratory 
disease. The coronavirus disease 2019 (COVID-19) has been declared as a “pan-
demic” by the World Health Organization (WHO). Previous reports have recog-
nized various human coronaviruses, like in 2003 SARS-CoV, in 2004 HCoVNL63, 
in 2005 HKU1, in 2012 MERS-CoV, and now in 2019 pathogenic SARS-CoV-2. In 
humans, the effects of these viruses are correlated with severe respiratory tract 
infections. COVID-19 disease has signs that are similar to a common cold. However, 
this infection can lead to serious respiratory failure, as well as compromised and 
harmful immune responses. Increased monocyte-neutrophil ratios and exacerbated 
release of inflammatory mediators particularly IL-6, characterize this condition, 
which can contribute to organ dysfunction. Given the fact that other coronavirus 
outbreaks have occurred, there is no known treatment or vaccination for COVID-19.
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Another major problem is the urgent need for easy and fast instruments to 
detect viruses in clinical and environmental samples. Early identification of SARS-
CoV-2 in asymptomatic and/or presymptomatic individuals is crucial for stopping 
the transmission chain [1]. Plasmapheresis is also essential for extracorporeal 
removal of SARS-CoV-2 from blood in order to present alternative therapies. These 
dynamic pictures have imposed a fight against time through numerous fields of 
knowledge such as biomedical research, biotechnology, drug production, and 
molecular analysis in order to find as many resolutions as possible to these and other 
complications presented by the pandemic.

Viral members of the CoVs family restrain a positive-sense, single-strand RNA 
genome, which are 26 to 32- kilo bases in length [1]. The infectivity and immeasur-
able distribution capacity of CoVs have been established them as an important 
pathogen. In addition to numerous avian hosts, various members of CoVs have 
been recognized in a range of mammals, like masked palm civets, bats, dogs, mice, 
camels, and cats are responsible for disease related to gastrointestinal systems, 
hepatic, respiratory, and nervous system in humans. The outer surface membrane 
(M), envelope (E), and spike (S) structural proteins are coupled within the enve-
lope of coronavirus which consists of a lipid bilayer. It is believed that glycosylated 
SARS-CoV-2 spike (S) protein, mediates host cell entry by binding to the angioten-
sin- converting enzyme 2 (ACE2) and establish the host tropism. Similar to many 
other viral fusion proteins, the SARS-CoV-2 spikes also utilize a highly dense coat-
ing of non-immunogenic or weakly immunogenic complex carbohydrates - glycan 
shield to thwart the host immune response [2]. Glycans are carbohydrate-based 
polymers made by all living organisms. The heavily glycosylated SARS-CoV spike 
protein suppresses almost 23 putative N-glycosylation sites, amidst 12 of them are 
effectively glycosylated [3]. In viral fusion proteins presence of N-glycan coating is 
correlated with protein glycosylation and plays a decisive role in viral pathogenesis. 
The N-glycans expressed on the surface of viral envelope glycoproteins have very 
diverse biological roles and are all inextricably linked to their nature. However, 
molecular recognition in between cell surface receptors and envelope glycoproteins 
are mediated by specific N-glycan epitopes and attribute to viral entry through 
membrane fusion. Moreover, an extremely dense coating of non-immunogenic or 
feeble immunogenic complicated carbohydrates on otherwise perilously exposed 
viral proteins constitutes an ideal camouflage (or shield) to evade the system [4].

The glycan shield plays a crucial role in concealing the surface S protein from 
molecular recognition. However, to effectively perform, the spike has to acknowl-
edge and bind to ACE2 receptors as the primary infection route. For this reason, the 
RBM should become absolutely exposed and accessible. During this situation, the 
glycan shield works as one with an outsized conformational modification that per-
mits the RBD to emerge higher than the N-glycan coverage. Each the S-glycoprotein 
and ACE2 receptor are proverbial to be extensively glycosylated, i.e. they contain 
covalently linked complex oligosaccharides referred to as glycans. Recently pub-
lished studies have shown that the spike glycoprotein contains sixty-six glycosyl-
ation sites with forty-four of them being enclosed within the model. Another recent 
study analyzed site-specific N-linked glycosylation of MERS and respiratory illness 
SARS S glycoproteins, indicating that every of those glycosylation sites is occupied 
by up to 10 totally different glycans (called glycoforms), which greatly extends 
epitope diversity [4, 5].

The synthesis, folding, and glycosylation (as alternative PTMs) of infectious 
agent proteins depend upon host organelles (ribosome, endoplasmic reticulum, 
and Golgi apparatus) and enzymes (glycosyltransferases and glycosidases). 
The present experimental knowledge relating to the glycosylation of viral 
proteins depends on the carbohydrate processing enzymes present within the 
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biological systems accustomed to propagate the viral strain. During this sense, 
our data regarding the natural pattern of viral protein glycosylation is incredibly 
restricted. It’s conjointly vital to think that viral proteins could follow totally 
different pathways than those discovered from host glycoproteins [5, 6]. Attribute 
to their chemical complexity and restricted sensitivity of existing analytical 
instruments, glycans are left neglected. This can be unfortunate as they verify 
a major part of the structure and performance of the many glycoproteins. This 
can be very true within the field of host/pathogen interactions, wherever glycan 
diversity is employed by each host to evade recognition by pathogens and there-
fore the pathogens to flee the system response. Moreover, glycans, and specifically 
their outmost components, have vital conformational flexibility. This contributes 
to the overall conformational dynamics of the molecule that may each generate 
novel potential drug binding sites or shield binding sites predicted mainly from 
polypeptide-only models [7].

Beyond a function in shielding the underlying proteins from recognition by 
antibodies, the glycans on infective proteins may additionally attenuate the flexibil-
ity of the host system to lift antibodies against any epitopes that embrace the glycan. 
In an exceedingly T-cell-dependent adaptative immune reaction, peptides from the 
infective agent are presented on antigen- presenting cells by major histocompatibil-
ity complex II molecules, conjointly referred to as human leukocyte antigen (HLA) 
complexes. HLA complexes have the most popular peptide antigen motifs, and sup-
ported data of those preferences it’s doable to predict that peptides in exceedingly 
infective proteins are probably to be HLA antigens [8]. However, once that peptide 
contains a glycosylation site, the probability of the peptide to be presented in an 
HLA complex could also be compromised, if as an example the peptide cannot bind 
to the HLA molecule owing to the steric presence of the glycan. However, glycopep-
tides could also be presented in HLA complexes if the glycan is compact enough or 
if it’s found on the end of the peptide antigen wherever it does not interfere with 
HLA binding. The glycan-mediated shielding of predicted HLA antigens derived 
from the S glycoprotein is conjointly containing a glycosite. Glycosylation system-
atically decreases the surface exposure of the residues proximal to the glycosites 
however conjointly junction rectifier to non-sequential changes in exposure, as a 
result of the 3D topology of the protein surface within the close proximity of every 
glycosite [8, 9].

The SARS-CoV-2 envelope glycoproteins are involved in the viral adhesion and 
entry processes. The presence of glycoproteins in the viral envelope opens up a 
world of possibilities for using carbohydrate-binding agents like lectins to fix some 
of the pandemic’s most pressing issues. Lectins can recognize glycans, allowing 
them to be used in a number of biotechnological applications. The presence of 
glycoproteins on the viral envelope unfolds a large vary of prospects for the applica-
tion of lectins to deal with some urgent issues concerned during this pandemic. The 
growing popularity of glycans enables the use of lectins for many biotechnological 
applications. Significantly, these agglutinins block the viral adhesion to the host 
cells by targeting the sugar moieties in surface proteins, and are considered as 
broad-spectrum inhibitors of viral invasion. The interaction with glycoproteins 
conjointly allows the use of lectins within the development of devices for identifica-
tion and characterization of glycoproteins in a viral envelope or alterations in host 
glycoproteins throughout virus infection. Lectins are natural proteins that focus on 
the sugar moieties of a large vary of glycoproteins [10]. They are prevailing among 
higher plants and are divided into seven families of structurally and evolutionarily 
connected proteins. Over a decade ago, studies revealed that through inhibition of 
virus-cell fusion, plant lectins were reportable to inhibit HIV replication in lympho-
cyte cell cultures [9].
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Sugar-binding proteins that are neither antibodies nor enzymes are known as 
lectins. To be labeled as a lectin, a glycoprotein must meet three distinct criteria. To 
begin, lectin is a carbohydrate-binding protein or glycoprotein (s). Second, lectins 
aren’t the same as immunoglobulins (antibodies). Finally, lectins do not alter the 
biochemistry of the carbohydrates they bind. Plant lectins are a specific type of 
carbohydrate-binding proteins which are capable of specific recognition and revers-
ible binding to carbohydrates. Since lectins can recognize specific carbohydrate 
structures such as proteoglycans, glycoproteins, and glycolipids, they can control 
various cells through glycoconjugates and their physiological and pathological 
phenomena via host-pathogen interactions and cell–cell communications.

Initially, it had been reported that plant lectins inhibit virus replication by 
forestalling virus adsorption however studies had been later shown that they 
prevent the fusion of HIV particles with their target cells. Additionally to the 
antiviral impact of mannose- and N-acetylglucosamine-specific agglutinins on HIV, 
the associate repressive impact of those plant lectins was reported on respiratory 
syncytial viral infection, CMV infection, and influenza A virus infection in vitro. 
Carbohydrate-binding agents are thought of as anti-CoV agents that focus on spike 
protein and restrain CoV entry [10]. They’re proficient to bind specifically with 
the oligosaccharides on virus surfaces like HIV and S glycoprotein. In mouse model 
and additionally, in vitro condition they inhibit a large variety of CoVs, as well as 
SARS-CoV, HCoV NL63, HCoV 229E, and HCoV OC43. Plant lectins, such as those 
present in leeks, have been shown to be effective coronavirus inhibitors by interact-
ing with two targets in the viral replication cycle. The first target was discovered 
early in the replication cycle, most likely during viral attachment, while the second 
was discovered toward the end of the infectious virus cycle. Depending on the 
nature of their sugar specificity, the antiviral activity spectrum of plant lectins var-
ies considerably. In general, the plant lectins which were mannose-specific found 
to be highly effective against coronaviruses. Mannose-binding glycoprotein (MBL; 
additionally called mannan-binding lectin) could be a pattern-recognition molecule 
that plays a critical role in spacing and orientation of the carbohydrate-recognition 
domains [2, 10].

In several expression systems, glycosylation act as a live to gauge antigen quality. 
For styling appropriate immunogens for vaccine development, it is important to 
have basic understanding concomitant with the RBD domain of the SARS-CoV-2 
spike protein which is able to incorporate complicated sialylated N-glycans and 

Figure 1. 
Potential role of MBL in prevention of SARS-CoV2. 1. Attachment of MBL at the glycosylation site of spike 
protein by “Lock and Key” mode. 2. Prevent ACE2 mediated entry of viral pathogen. 3. Lectin pathway-
mediated phagocytosis of intracellular pathogens (adapted from reference [2]).
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sialylated glycoprotein O-glycans. The interaction with glycoproteins addition-
ally permits the utilization of lectins within the development of devices for the 
identification and characterization of glycoproteins in infectious agent envelopes or 
alterations in host glycoproteins throughout virus infection. MBL could be a serum 
C-type glycoprotein, that is in a position to bind SARS-CoV intrinsically or infected 
cell and additionally capable to inhibit the infectivity of the virus. Hence, with this 
background knowledge, we could to anticipate that glycosylation of infectious agent 
peptides by “Lock and Key Technology” may be considerate as a novel therapeutic 
strategy against the current COVID-19 pandemic (Figure 1) [2, 10, 11].

2. Glycosylation and its role in onset of disease

The “glycome biology” or “glycobiology” studies the thorough repertoire i.e. the 
structure, biosynthesis, and biology of glycoconjugates composed of carbohydrate 
chains, or glycans, which are covalently, linked to lipid or protein molecules. The 
formation of glycoconjugates, differences in their glycan sequences, their length, 
and the connection between them depends upon on a process called glycosylation. 
Synthesis of glycoconjugate is a dynamic process that relies on the sugar precursors, 
the local milieu of enzymes, structures of organelle as well as cellular signals, and 
the cell types. Studies of rare genetic disorders that have an effect on glycosyl-
ation 1st highlighted the biological importance of the glycome, and technological 
advances have improved our understanding of its heterogeneousness and quality. 
However the replication process of secreted and cell-surface glycomes, overall cellu-
lar standing in health and sickness requires a detail research and assessment. In fact, 
changes in glycosylation will modulate inflammatory responses, alter viral immune 
escape, promote neoplastic cell metastasis, or regulate apoptosis; the composition 
of the glycome conjointly affects urinary organ operate in health and sickness. 
Easy and extremely dynamic protein-bound glycans also are well endowed within 
the nucleus and living substance of cells, wherever they exert restrictive effects. 
In fact, additionally to forming vital structural options, the sugar elements of 
glycoconjugates modulate or mediate a good form of functions in physiological and 
pathophysiological states. Glycoproteins and polysaccharides have vital functions 
in viral cells, and even glycoproteins have central roles within the biology of most 
viruses [10, 12]. Glycoconjugates are measured by the addition of sugars to proteins 
and lipids. A huge range of naturally occurring sugars will be combined to make a 
variety of distinctive glycan structures on lipid and protein molecules that modulate 
their activity. Multiple enzymatic site preferences, similarly because the use of 
stereochemical α or β conjugations, produce diversity in wherever and the way these 
sugars are linked to every alternative. In fact, altogether, these options imply the 
potential existence of ~1012 completely different branched glycan structures.

Protein glycosylation includes the addition of N-linked glycans, O-linked 
glycans, phosphorylated glycans, glycosaminoglycans, and glycosylphosphati-
dylinositol (GPI) anchors to amide backbones similarly to C-mannosylation of 
essential amino acid residues. Glycolipids are glycoconjugate which include glyco-
sphingolipids (GSLs) formed through the addition of sugars to lipids. Glycosylation 
of proteins and lipids happens within the endoplasmic reticulum (ER) and with 
most of the terminal processing occurring within the cis-, medial- and trans-Golgi 
compartments. In these organelles, glycosidases, and glycosyltransferases form 
carbohydrate structures in a series of steps that are dominance by the availability 
of the enzyme activity, substrate, levels of gene transcription, and enzyme loca-
tion. In fact, the glycome of a specific cell reflects its distinctive gene-expression 
pattern that controls the level of the enzymes responsible for glycoconjugation. 
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The glycome is created in a non-templated manner and is in an elaborate way con-
trolled at multiple levels within the ER and cyst, unlike exome or proteome [12, 13].

3. Different type of glycosylation in human

3.1 N-linked glycosylation

The covalently N-linked glycans are superimposed co-translationally to native 
polypeptides within the endoplasmic reticulum (ER) as blocks of fourteen sugars 
(Glc3Man9GlcNAc2). These glycans are measure then subject to extensive modi-
fication throughout their transport through the ER and also the Golgi body before 
reaching their final destinations within or outside the cell. Within the ER and also the 
early secretory pathway, the sugar repertoire is still very little. Within the Golgi body, 
however, the glycans acquire complicated and extremely numerous structures by ter-
minal glycosylation, which ends up in a very tremendous heterogeneity. Such diversity 
differs between cell sorts, tissues and species, and helps to additional increase micro-
heterogeneity in the presence of the same genetic polypeptide background. This leads 
to the creation of new functionalities and specificities. The N-glycans may also have a 
very important role in correct macromolecule folding and degradation, and solubility, 
by avoiding the precipitation that’s caused by lipophylic aminoacid stretches within the 
emergent polypeptide. The presence of a glycan protect on the peptides additionally 
allows the protection of the glycoproteins against degradation by proteases [13, 14].

3.2 O-linked glycosylation

Glycosylation will occur on amino acids with functional hydroxyl group teams, 
that is most frequently Ser and Thr. In humans, the foremost common sugars joined to 
Ser or Thr are GlcNAc and N-acetylgalactosamine (GalNAc)7. GalNAc-linked glycans 
usually referred to as mucin-type O-glycans, are abundant on various living things 
and secreted glycoproteins together with mucins, which type an important interface 
between animal tissue cells and the external tissue layer surfaces of the body. Mucins 
are characterized by a variable range of tandem repeats with Ser and Thr that create 
many sites for O-glycosylation. O-glycosylation performs various functions, such as 
providing resistance to proteolysis of stem regions of membrane proteins, creating 
specific recognition phenomena, and selection of ligands for selectins. Masking of 
immunogenic epitopes on the protein is in need to special mention [13, 14].

3.3 Glycosphingolipids

GSLs comprise a sphingolipid to which a glycan is connected at the C1 group 
position of a ceramide; they are one in every of the foremost plentiful glycolipids 
in humans are generally found within the lipid bilayers of cellular membranes. GSL 
glycosylation starts with the addition of glucose or galactose to the lipid moiety at 
the protoplasm facet of the ER or the Golgi body; however, the structure is then 
flipped to the luminal side for the additional process. The enzymes that initiate GSL 
glycosylation are specific for lipids, but an additional process of the sugar chain is 
performed by additional general glycosyltransferase [13, 14].

3.4 Proteoglycans and glycosaminoglycans

Proteoglycans are glycoproteins within the extracellular matrix that, in addition 
to containing canonical N-glycans and O-glycans, are characterized by the presence 
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of long sugar repeats connected via O-linked glycosylation motifs [13, 14]. These 
extended sugar chains are termed glycosaminoglycans and contribute to a consider-
able proportion of the proteoglycan’s molecular mass. Whereas N-glycans generally 
embrace 5–12 monosaccharides, a glycosaminoglycan motif will simply contain 
more than eighty sugars (for example, keratan salt is a poly-N-acetyl lactosamine 
chain that contains up to fifty oligosaccharide units). These long chains are con-
structed through oligosaccharide repeats fashioned by GlcNAc or GalNAc, com-
bined with associate uronic acid (that is, glucuronic or iduronic acid) or brain sugar. 
Glycosaminoglycans are functionally various and include heparan salt, chondroitin 
salt, keratin sulfate, and hyaluronan. Glycosaminoglycans are crucial to the forma-
tion of the glycocalyx, an important structure for the upkeep of the cytomembrane 
that conjointly functions as a reservoir for sequestered growth factors [13–15].

3.5 Role of glycans in immunity and inflammation

Cells of the immune system, equally to any or all different cells, express cell 
surface-associated glycoproteins and glycolipids that, besides glycan-binding pro-
teins and different molecules, sense environmental signals. Many immune recep-
tors that are expressed on innate and adaptive immune cells acknowledge glycans 
found on the surface of microorganisms that are referred to as pathogen-associated 
molecular patterns. Examples of such glycan-containing molecules embrace bacte-
rial lipopolysaccharides, peptidoglycans, teichoic acids, capsular polysaccharides, 
and fungal mannans. The recognition of those glycosylated microbial patterns by 
the immune system has been exploited for the vaccine’s development, example 
diplococcus vaccines, are developed employing a mixture of capsular polysac-
charides. The recent progress in HIV-1 immunogen development has conjointly 
been driven by a far better understanding of the HIV-1 envelope (Env) conjugated 
protein and the effects of its glycan composition on immune responses and immune 
evasion [15, 16].

Pro-inflammatory cytokines may contribute to inflammatory vascular diseases 
by inducing changes in cell-surface N-glycosylation of epithelial tissue cells. In 
the adaptive immune system, glycans even have crucial and multifarious roles in 
B lymphocyte and lymphocyte differentiation. These functions involve multiple 
cell-surface and secreted proteins (such as CD43, CD45, selectins, galectins, and 
siglecs), differing kinds of cell–cell interactions, and also the recognition of glycan-
containing antigens. The regulation of cellular glycosylation and its impact on the 
molecules that perform as ligands and receptors throughout associate inflammatory 
response is controlled through numerous mechanisms and is dependent on the 
inflammatory insult. These mechanisms, that embrace ERK, and p65 signaling are 
vital to understanding the failure to regulate chronic inflammation in multiple dis-
ease states. Immunoglobulins, for instance, are crucial parts of humoral immunity, 
and altered glycosylation patterns of some antibody isotypes are known in chronic 
inflammatory reaction, and infectious diseases, like arthritis (RA), systemic lupus 
erythematosus (SLE), and HIV infection [16, 17].

The glycoproteins CD43 and CD45 are profusely expressed on the surface of B 
cells and T cells and contain each O-glycans and N-glycans. Glycosylation of those 
proteins is modulated throughout cellular differentiation and activation and regu-
lates multiple T cell functions, as well as cellular migration, T cell receptor signal-
ing, cell survival, and apoptosis. CD45 has an active receptor-like protein tyrosine 
phosphatase domain that interacts with Src family kinases in B cells and T cells to 
control the signaling threshold for the activation of B lymphocyte receptors (BCRs) 
and T cell receptors. CD45 additionally has non-catalytic functions, for instance, in 
modulating the function of the repressive co-receptor CD22 on B cells [17, 18].
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Siglecs are sialic acid-binding proteins expressed on several cells of the system 
that perform varied functions, as well as the regulation of antigen-specific immune 
responses and cell homing. CD22 is one in all sixteen siglec proteins character-
ized in humans and is expressed on B cells, wherever it specifically binds α-2, 
6-linked sialic acid-containing ligands; this interaction is crucial for the formation 
of nanoclusters within the cell wall that manage BCR signaling following antigen 
binding [17, 18].

The selectin family of proteins consists of E-selectin, P-selectin, and L-selectin 
that are chiefly expressed on epithelium cells, platelets, and leukocytes, respec-
tively. These cell adhesion molecules are vital for white cells rolling on the epithelial 
tissue before tissue extravasations. Another study demonstrates that targeting 
selectins could be helpful in some inflammatory diseases. Immunoglobulin iso-
types disagree within the variety of N-glycans present on their serious chains. 
Some immunoglobulin, such as IgA1 and immune globulin, additionally contain 
O-glycans, which are sometimes clustered within the hinge-region segments 
of these antibodies. Immunoglobulin glycans impact the effect or functions of 
antibodies counting on the branching of N-glycans and/or the terminal sugars of 
N-glycans or O-glycans that embody brain sugar and sialic acid. In fact, immu-
noglobulin glycosylation can verify glycoform is pro-inflammatory, like Ig with 
galactose-deficient N-glycans, or anti-inflammatory drug, like Ig with sialylated 
N-glycans [17–19].

3.6 Glycan and COVID-19

Coronavirus illness 2019 (Covid-19) has a broad clinical spectrum, not never-
theless absolutely delineate or understood, with a regarding the potential for severe 
respiratory illness, multiorgan involvement, and death. As a result of containment 
of the virus has verified to be very troublesome, mitigation efforts like mask-wear-
ing, physical distancing, confinement, and quarantines are enforced worldwide 
leading to restricted exposures/contagious events with also a robust social, health, 
and economic burden [2]. Since ideal preventive ways like repurposing of known 
medication to treat Covid-19, and vaccines associated with inevitably long testing, 
development, and producing time emerges as an attractive approach to timely fulfill 
the continued need.

Glycoproteins of SARS-CoV-2 are concerned with cell adhesion and invasion, 
maturation, and modulation response processes. Though alternative SARS-CoV-2 
proteins have foreseeable glycosylation sites (such as M-protein, E-protein), the 
bulk of experimental knowledge is presently accessible on the S-protein. This might 
be a trimeric protein that mediates viral adhesion through binding to the human 
angiotensin-converting accelerator two (hACE2) and conjointly interacts with the 
host immune defense [19, 20].

The S-protein from SARS-CoV-2 has 2 practical subunits (S1 and S2) with 23 
potential sites for N-glycosylation and O-glycosylation. Some variations within the 
glycosylation sites repertoire and famed epitopes are rumored for the SARS-CoV-2 
spike protein, despite it’s similarity with the SARS-CoV spike (approximately 
87.2%). The oligo mannose-type glycans were predominant in 2 sites (N234 and 
N709). Complex-type glycans were preponderantly exhibited in fourteen organic 
compound residues (N17, N74, N149, N165, N282, N331, N343, N616, N657, N1098, 
N1134, N1158, N1173, and N1194), whereas six sites showed a combination of 
oligomannose- and complex-type glycans (N1074, N801, N717, N603, N122, and 
N61). The foremost common configuration of oligomannose-type glycans was 
Man5GlcNAc2. Afucosylated and fucosylated hybrid-type glycans were detected 
in a minimum of 9 sites. Studies highlighted that the glycosylation profile of the 
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SARS-CoV-2 S-protein was completely different from those discovered for host 
glycoproteins or for alternative engulfed viruses. Another experimental study 
revealed the configuration of the N-glycosylation and O-glycosylation of spike 
protein subunits, even in the HEK293-based expression system. The authors have 
solved the structures of N-linked glycans in seventeen foretold sites and rumored 
the presence of three categories of N-glycans. Significantly, this study discovered 
O-glycosylation modifications on 2 residues (Thr323 and Ser325) present within 
the receptor-binding domain (RBD) of the S1 monetary unit. Recently, the charac-
terization of the glycosylation profile of the S-protein expressed in BTI-Tn-5B1–4 
insect cells was rumored to show the presence of high-mannose N-glycans alto-
gether twenty two foretold sites. Apparently, these glycans cowl most of the RBD 
space [17, 20].

The glycan shield plays a vital role in hiding the S protein surface from molecular 
recognition. However, to effectively operate, the spike has to recognize and bind to 
ACE2 receptors as the primary host cell infection route. For this reason, the RBM 
should become totally exposed and accessible. During this state of affairs, the 
glycan shield works in concert with an oversized conformational amendment that 
permits the RBD to emerge on top of the N-glycan coverage. The glycans protect the 
RBD region that does not directly act with ACE2 by “up” and “down” conforma-
tions. Ultimately, this analysis shows that the RBM is often accessible once RBD 
is “up”, whereas it’s terribly well camouflaged when “down”. This implies that the 
glycan shield of this vital domain is effectively paired with its “down-to-up” con-
formational amendment, allowing the RBM to transiently emerge from the glycan 
shield and bind to ACE2 receptors [16, 19, 20].

Protein glycosylation plays a crucial role in the infective agent pathological pro-
cess, as incontestable by the characteristically thick N-glycan coating of the infec-
tive agent fusion proteins. Within the HIV-1 envelope spike (Env), as an example, 
the protein-accessible expanse is nearly entirely coated in N-glycans. These are thus 
densely packed that they account for quite half the protein’s mass. The N-glycans 
present on the surface of viral envelope glycoproteins show terribly diverse type 
of biological roles. Infective agent entry through membrane fusion is initiated by 
envelope glycoproteins through molecular recognition events involving cell surface 
receptors, which are usually mediated by specific N-glycan epitopes. Furthermore, 
an extremely dense coating of nonimmunogenic or frail immunogenic advanced 
carbohydrates on otherwise perilously exposed infective agent proteins constitutes 
a perfect camouflage (or shield) to evade the immune system. To the current study, 
the HIV-1 Env glycan defends, which is essentially structured by oligomannose 
(Man5–9) N-glycans, has been shown to be quite effective in allowing the virus to 
thwart the system [16, 17, 19].

4. Therapeutic approach of glycomedicine

Developments within the field of glycobiology have enabled the development 
of a range of glycan-based medical specialties. As an example, envelope conjugated 
protein gp120 is expressed on the surface of HIV-1, and its variable glycosylation 
facilitates viral escape from immune detection. Adding new glycan-dependent 
epitopes to the recombinant gp120 used for vaccination inflated the ability of 
broadly speaking neutralizing being antibodies to recognize HIV-1, suggesting that 
this approach is used to optimize vaccination protocols and antigens. Moreover, 
HIV-1 envelope glycoproteins not solely differentiate HIV-1 clad however can even 
be wont to estimate the efficacy of vaccine regimens on the premise of protein bind-
ing to a panel of gp120 glycan-dependent epitopes 240. As printed antecedently, 
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glycosylation plays an important role in regulating purposeful immune responses 
through complex receptor–glycan motif interactions. This site is currently being 
exploited in Ig therapies [20].

4.1 Role of lectins in COVID 19 and activation of complement pathway

Lectins, are glycan-binding proteins (GBPs) that are present in plants and lots of 
alternative species, are known to act with various glycan molecules either attached 
or released to a peptide backbone. This distinctive property has been explored 
within the development of analytics for glycan determination. Many relevant 
platforms are according to which lectin-based microarray has incontestable a utility 
in capturing glycan profiles of therapeutic compound glycoprotein [21].

As antecedently mentioned, the S-protein of SARS-CoV-2 encompasses a crucial 
role in infectious agent adhesion by binding to hACE2. Therefore, the disruption 
of this interaction is taken into account as a gorgeous target for antiviral medi-
cal care. Some non-mammalian-derived lectins (from plants and bacteria) are 
pointed as various antiviral agents against swallowed viruses thanks to their ability 
to acknowledge the glycans present within the structural proteins and to impair 
the initial steps of the infectious agent pathological process. Given the recent 
emergence of SARS-CoV-2, solely the glycoprotein isolated from Indian bean [Flt3 
receptor-interacting glycoprotein (FRIL)] has been according up to now as an 
antiviral against this virus. FRIL may be a glucose/mannose glycoprotein conjointly 
called DLL-I. This protein molecule utterly inhibited the cytopathic result of 
SARS-CoV-2 (strain hCoV-19/Taiwan/NTU04/2020) toward Vero cells at higher 
concentrations [17, 21].

According to a study, evaluation of the in vitro antiviral activity of thirty three 
plant lectins toward coronaviruses (SARS-CoV and feline infectious redness virus). 
Mannose-binding agglutinins showed the best anti-SARS-CoV effects. Among 
the studied lectins, the upper selective indexes (SIs) were found for those isolated 
from alliaceous plant (APA; SI > 222.2), black mulberry (Morniga M II; SI > 62.5), 
and helleborine (EHA; SI > 55.5). Nettle (UDA) and common tobacco agglutinins 
(NICTABA), each specific for GlcNAc, conjointly showed promising activity. 
NICTABA and FTO have conjointly shown restrictive activity against different 
swallowed viruses as well as respiratory disease A/B, breakbone fever virus kind a 
pair of (DENV-2), herpes simplex virus varieties one and a pair of (HSV-1 and HSV-
2) and human immunological disorder viruses (HIV-1/2). Other plant lectins are 
shown to exhibit restrictive action toward different coronaviruses. Some mannose-
binding lectins: concanavalin A (Con A), amaryllis hybrid antibody (HHA), 
Galanthus nivalis antibody (GNA or GNL) one in every of these studies highlighted 
the importance of glycosylation within the sensibility of 2 kinds of coronaviruses 
(mouse liver disease virus and feline infectious redness virus) (Figure 2) [17, 21].

Non-plant-derived agglutinins also are pointed as promising agents 
against coronaviruses, e.g. the mannose-binding-lectins cyanovirin-N (from 
Cyanobacterium protoctiste) ellipsosporum and griffithsin (GRFT) (from red 
marine alga Griffithsia sp.) However, solely GRFT has been evaluated against 
SARS-CoV and MERS-CoV. This protein molecule binds to multiple sites of 
SARS-CoV and MERS-Cov glycoproteins with high affinity and inhibits infec-
tious agent entry. In addition, this glycoprotein conjointly reduced the mortality 
and therefore the severity of fatal pneumonic infection iatrogenic by SARS-CoV 
in mice. This result is related to the decrease of pro-inflammatory cytokines in 
infected respiratory organ tissue [17–19, 21].

The mitogenicity and pro-inflammatory properties of lectins raise many que-
ries relating to their worth to treat clinical conditions with severe inflammatory 
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elements, as seen in COVID-19. The broad-spectrum activity of those agents and 
therefore the techniques utilized in their style ought to be thought of within the 
hunt for anti-infective compounds toward SARS-CoV-2. These compounds ought 
to enhance the response iatrogenic by the immunogen, whereas keeping the equi-
librium between body substance and cellular immune responses. Noteworthy to say 
that even the right induction of Th1-biased response, which is very important for 
defense against infectious agents, still remains a limitation for a few adjuvants.

Lectins are well-known to push the proliferation of lymphocytes and modulate 
the discharge of effectors molecules (cytokines and gas oxide) by immune cells. 
For example, many lectins are potent inducers of IL-12 and IFN-γ production 
that are key cytokines in the establishment of the Th1 axis. Some lectins may 
also bind to toll-like receptors and/or increase their expression levels, which can 
conjointly modulate the discharge of pro-inflammatory cytokines and increase 
the receptor’s ability to acknowledge the pathogens. In fact, the improvement of 
Th1-based response is very important for protecting immunity against viruses and 
different intracellular pathogens thanks to the activation of cytotoxic cells (natural 
killer cells and TCD8 lymphocytes) and production of neutralizing antibodies 
concerned in immunologic memory. During this sense, the immunomodulatory 
properties of lectins build them attractive candidates for vaccine adjuvant. Some 
studies involving glycoprotein as an adjuvant for respiratory disease vaccines need 
special mention [21].

Innate immunity plays an essential role against numerous pathogens, in that, 
physical barriers complement components, coagulation cascade, antigen-presenting 
cells, and immunoglobulins synergistically regulate opsonisation, inflammation, 
and phagocytosis. Although the innate system might not determine each antigen 
getting into the host, it will acknowledge numerous microorganisms mainly based 
on pathogen-associated molecular patterns (PAMPs) present on the cell surface. 
The notable examples of PAMPs are bacterial peptidoglycan, lipopolysaccharides, 
mannans, lipoteichoic acids, bacterial DNA, double-stranded ribonucleic acid, 
glucans, and infective agent surface macromolecule. Duly, the complement system 
could be a wing of an innate immune response having varied biological effects 
against a good vary of bacteria, fungal, and infective agent infections [22].

The complement cascade consists of soluble factors and cell surface recep-
tors which will sensitize and counteract against both invading and self-antigens. 
The complement system bridges the innate and accommodative reaction through 

Figure 2. 
Crystal structure of different mannose specific lectins (structures adapted from RCSB PDB).
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humoral immunity, and by modulating T- and B-cell functions. Complement 
pathways, which, once activated, lead to consecutive protein reactions, breakdown 
of complement components C3 and C5, and end in by-products formation (C3a and 
C5a). These anaphylatoxins elicit an excessiveness of physiochemical responses that 
successively activate phagocytic cells, and release cytokines, chemokines, reac-
tive element species (ROS), adhesion molecules, and inflammation at the site of 
infection. Immunoglobulin and cytokines are essential parts of antiviral immunity. 
In fact, there are 3 main phases of complement activation - (1) foreign molecule 
recognition, (2) convertase enzyme formation which will cleave C3 and C5, and (3) 
fabrication of MAC for cell lysis. The alternative, classical, and mannose-binding 
lectin (MBL) pathways are activation cascades of assorted host-pathogen interac-
tion conditions, joining at the juncture C3, from wherever the central complement 
cascade proceeds. Among the 3 pathways of complement activation, the MBL 
pathway is primary in infective agent infections to induce a pro-inflammatory 
response. Detail Investigations involving the complement system activation by the 
lectin pathway in COVID-19 and diseases are in need of the hour [22, 23].

5. Conclusion

Glycosylation could be a common modification of proteins and lipids that 
involves non-template dynamic and complex processes. Glycans have multiple cru-
cial roles in cellular responses to environmental stimuli likewise as cellular growth 
and differentiation; specific changes in glycan composition are directly joined 
to several diseases. Technological advances are commencing to overcome many 
of the challenges display by the complexities of glycoconjugates, improving our 
understanding of the physiological and pathological processes that are regulated by 
glycans.

The application of lectins to unravel differing types of issues involved in viral 
infections like COVID-19 depends upon the presence of glycoproteins within the 
viral envelope. Within the therapeutic space, the lectins can be thought-about lead-
ing molecules for the event of the latest antiviral approaches because of their ability 
to inhibit microorganism entry within the host cell. The advances in glycoprotein 
style methods are necessary to spice up the clinical application of those agents 
thought-about for the treatment of SARS-CoV-2 and alternative microorganism 
infections. The immunomodulatory action of some lectins may also be exploited to 
boost the effectiveness of immunization schemes for microorganism infections.

On the opposite hand, lectin–carbohydrates interactions will be accustomed 
style devices for diagnosing targeting microorganism glycoproteins or host glyco-
proteins alterations throughout microorganism infections. This kind of apparatuses 
hold the promise of producing sensitive, quick, and cost-effective identification of 
infected people and are of important would like throughout the pandemic things, as 
obligatory for COVID-19.
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Abstract

The outbreak of Coronavirus Disease-2019 (Covid-19), caused by a novel and 
highly pathogenic coronavirus (severe acute respiratory syndrome coronavirus-2, 
SARS-CoV-2), is a persisting global health concern. Research so far has successfully 
identified the molecular mechanisms of viral entry, alterations within the host cell 
upon infection, and the stimulation of an immune response to fight it. One of the 
most important cellular regulatory machineries within the host cell to be affected 
by the SARS-CoV-2 infection is epigenetic regulation, which modulates transcrip-
tional activity by DNA sequence-independent factors such as DNA-methylation, 
RNA interference and histone modifications. Several studies in the literature have 
previously reported epigenetic alterations within the host due to infections of the 
Coronaviridae family viruses including SARS-CoV and MERS-CoV that antago-
nized immune system activation. Recent studies have also identified epigenetic 
dysregulation of host metabolism by SARS-CoV-2 infection, linking epigenetic 
mechanisms with the pathophysiology and illness severity of Covid-19. Therefore, 
this book chapter aims to provide a comprehensive overview of the epigenetic regu-
lation mechanisms in viral infections with a special focus on SARS-CoV-2 infection.

Keywords: Coronavirus infection, Covid-19, epigenetic regulation, host repression, 
immune evasion, cytokine storm, susceptibility

1. Introduction

Coronavirus Disease-2019 (COVID-19), which is caused by a newly emerged, 
highly pathogenic coronavirus (severe acute respiratory syndrome coronavirus-2, 
SARS-CoV-2), has been one of the gravest global health concerns of the last century. 
Previous infections of Coronaviridae family, including MERS-CoV and SARS-CoV 
resulted in human diseases and were associated with the spread of MERS (Middle 
East respiratory syndrome) and SARS, respectively. SARS-CoV-2 is an enveloped, 
positive-sense RNA virus. It has a large genome, which consists of six major open 
reading frames encoding four structural proteins S (spike), E (envelope), M (mem-
brane), N (nucleoprotein) and sixteen non-structural proteins (Nsp1–16).

Epigenetic mechanisms are vital for the regulation of transcriptional activity. 
Alterations within the epigenetic landscape affect gene expression via influenc-
ing chromatin accessibility rather than changing the underlying DNA sequence. 
Therefore, epigenetic modifications provide a reversible and flexible mechanism 
of directing cellular function in response to environmental stimuli. Viral infections 
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are important sources of such stimuli that cause drastic changes in the gene expres-
sion patterns of the host. While epigenetic reprogramming ensures transcriptional 
activation that is required for the induction of a proper immune response against 
viral infections, factors of the epigenetic regulation mechanisms are also hijacked 
by viruses to subvert the host antiviral defense machinery. This establishes a bidi-
rectional relationship between the host cell and the virus, as depicted in Figure 1, 
controlling the viral life cycle and the dysregulation of the host gene expression [1].

Herein, we unfold the complex regulatory pathways of epigenetic mechanisms 
affecting the host cell and the virus. Particularly, we discuss the epigenetic basis of 
viral entry and cytokine storm induction in relation to SARS-CoV-2 infection, as 
well as epigenetic susceptibility to Covid-19 from a molecular point of view.

2. Epigenetic regulation mechanisms

Epigenetics was first introduced to the scientific community as a term to 
describe the molecular mechanisms that cause heritable phenotypic changes, which 
are independent of the genetic material [2]. Since then, regulation of DNA acces-
sibility through chromatin condensation has been identified as the main mechanism 
of epigenetic regulation, implicating them in several cellular processes like cell 
cycle, cellular proliferation, transcriptional memory, and DNA damage repair [3]. 
The level of chromatin compaction in a given genomic locus determines its tran-
scriptional activity as genes within the loosely packaged euchromatin regions are 
actively transcribed and the highly condensed heterochromatin regions are tran-
scriptionally silent [4]. The interplay between euchromatin and heterochromatin 
enables the establishment of differential gene expression patterns and is essentially 
regulated by epigenetic mechanisms involving DNA methylation, non-coding 
RNAs and RNA interference (RNAi), DNA replication-independent incorporation 
of histone variants and histone post-translational modifications (Figure 2).

In eukaryotic cells, chromatin condensation is achieved by packaging the DNA 
into chromatin by wrapping the naked DNA onto octamers of core histones H2A, 
H2B, H3, and H4 [5]. Deposition of the linker histone H1 leads to the formation 
of higher-order chromatin and is associated with transcriptional silencing [6]. 
Histones can be covalently modified by the post-translational addition of a variety 
of functional groups including but not limited to methyl-, acetyl-, phosphoryl-, 
ubiquitin and ADP-ribose that altogether constitute an epigenetic signature of 
transcriptional activity [7]. Histone acetylation is generally associated with an 

Figure 1. 
Summary of the interplay between the host epigenetic regulation machinery and viral infections.
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open chromatin conformation and active gene expression. H3K9ac, H4K16ac and 
H3K27ac are the most abundant histone acetylations found at the promoters and 
enhancers of actively transcribed genes [8, 9]. On the other hand, the impact of 
histone methylations on gene expression strictly depends on their degree and 
location. For instance, H3K4me1–2-3 and H3K9me are marks of active transcription 
sites, while H3K9me2–3 and H3K27me2–3 are found in heterochromatin and are 
indicators of repressed gene state [10].

The main constituents of nucleosomes are canonical histones and share only 
a certain level of similarity with their corresponding “replacement” variants. 
These differences in amino acid sequence affects gene expression both by causing 
conformational alterations of chromatin and disruption of existing interactions 
between histones and their chaperons, while establishing new ones (reviewed in 
[11]). Histone variants are involved in several chromatin-related processes such as 
transcriptional regulation (H3.3 and macroH2A), DNA damage signaling (H2A.X), 
nucleosome positioning (H2A.Z) and the formation of centromeres (CENP-A).

RNA interference (RNAi) is another mechanism of epigenetic regulation that 
facilitates heterochromatin formation and transcriptional silencing by the action 
of non-coding RNAs. X chromosome inactivation is a significant example of RNAi 
mediated transcriptional repression, which results in the random heterochromati-
nization and silencing of one of the X chromosomes in females to provide dosage 
compensation [12]. X-inactivation is initiated by the long non-coding RNA Xist 
(X-inactive specific transcript) and via the recruitment of histone modifiers and 
corepressor complexes, an inactive gene state throughout the X chromosome is 
achieved [13]. Furthermore, small non-coding RNAs including micro-RNAs (miR-
NAs), small interfering-RNAs (siRNAs) and Piwi-interacting RNAs (piRNAs) are 
important contributors of transcriptional regulation mediated by RNAi [14–17].

DNA methylation is a reversible post-translational modification of DNA that cause 
repression of gene expression when present at CpG islands in promoter regions. CpG 
denotes cytosine residues followed by a guanine nucleotide, where the methyl-group 
is covalently attached to the 5th carbon of cytosine, giving rise to 5-methylcytosine 
(5mC). DNA methylation is catalyzed by DNMT enzymes in mammals. 5mC marks 
that the de novo DNA methyltransferases DNMT3A and DNMT3B set during embry-
onic development are inherited in every cell division semi-conservatively [18] and 
the maintenance DNA methyltransferase DNMT1 methylates the newly synthesized, 
hemi-methylated strand [19]. Heterochromatin exhibits high levels of 5mC that cor-
relates with lower levels of gene expression led by transcriptional silencing [20, 21].

Recent studies identified a number of RNA modifications that play a wide 
range of regulatory roles in various cellular processes and embryonic development. 

Figure 2. 
The conformational transition between euchromatin and heterochromatin is mediated by epigenetic 
mechanisms.
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The list of RNA modifications comprises of N7-methylguanosine (m7G), 
2′-O-methylation (Nm), 5-methyl cytosine (m5C), N1-methyladenosine (m1A), 
N6-methyladenosine (m6A), and 3-methylcytidine (m3C). All these epigenetic 
modifications of RNA constitute a complex regulatory network over several aspects 
of mRNA metabolism such as translation efficiency, mRNA splicing and nuclear 
export [22].

3. Epigenetic regulation during viral infections

As intracellular parasites that lack critical cellular components for replication, 
protein synthesis, metabolism, and energy production, viruses are incapable of 
self-maintenance. Therefore, they strictly rely on the cellular machineries of the host 
cell for their propagation, including the host’s epigenetic factors [23]. Viruses hijack 
the epigenetic regulation mechanisms for multiple reasons. Firstly, several molecu-
lar processes such as viral genome replication, transcription of viral proteins and 
the packaging of new viral particles may simultaneously take place within a single 
host cell. The existence and coordination of distinct viral genome states allowing 
these molecular processes are often orchestrated by the machineries of epigenetic 
regulation [1]. Secondly, as key regulators of gene expression, epigenetic factors are 
required for the transcription of viral proteins. Especially for viruses encompassing 
large genomes such as Herpesviruses, epigenetic regulation ensures that only the 
relevant set of genes are expressed in accordance with the stage of infection [24]. 
Lastly, the genetic material of DNA viruses is either found in a eukaryotic chromatin-
like state in the viral particle or gets packaged within the host cell, making it a target 
for epigenetic regulation. For instance, the DNA of polyomaviruses (such as Simian 
Virus 40 – SV40) exists as chromatin throughout their life cycle and is regulated by 
histone modifications, RNAi, and nucleosome positioning [25, 26]. Similarly, the 
linear DNA of adenoviruses is packaged by viral proteins that are similar to histones, 
namely protein VII, which then get replaced by histones upon viral entry into the 
host [27].

There are three main outcomes of viral exploitation of epigenetic mechanisms, 
which are the restriction of viral replication by the host immunity and its evasion, 
regulation of viral latency and the enhancing of viral mRNA function.

3.1 Epigenetic mechanisms of host repression and viral immune evasion

Epigenetic mechanisms can alter gene expression patterns in the cell in response 
to environmental stimuli, enabling them to quickly adapt to external changes. As 
important external stimuli that induce cellular response, viral infections are often 
confronted by epigenetic alterations within the host cell to repress viral replica-
tion and gene expression [28]. Upon entry into the host cell, viral DNA rapidly 
gets packaged and heterochromatinized, inhibiting viral gene transcription. The 
epigenetic restriction of viral activity is considered as an innate immune response, 
which further participates in inducing adaptive immunity and apoptosis in the 
infected cells [23]. On the other hand, viruses have also developed epigenetic strate-
gies to counteract and evade the cellular antiviral response both by suppressing host 
immunity and by creating a suitable environment for viral replication [28].

Viral DNA is distinguished and targeted for epigenetic repression by two 
main mechanisms involving pro-myelocytic leukemia nuclear bodies (PML-NBs) 
and interferon-inducible protein 16 (IFI16). PML-NBs consist of PML proteins 
and several epigenetics factors such as transcriptional co-repressors and histone 
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chaperons, which constitute a regulatory hub for gene expression. In alpha-herpes 
virus HSV-1, histone variant H3.3 carrying repressive histone modifications (e.g. 
H3K9me3) is incorporated into the viral DNA via PML-NB-associated histone 
chaperons HIRA, Daxx and ATRX [29, 30]. In hepatitis B virus, Smc5/6 proteins, 
together with PML-NBs, provide viral inhibition. In overcoming host repression, 
both herpesviruses and the hepatitis B virus target PML-NBs for degradation and 
dispersion of the effector proteins. In herpesviruses, the viral protein VP16 interacts 
with host proteins HCF-1 and Oct-1 to recruit histone demethylases LSD1 and 
JMJD2 for the removal of previously established repressive H3K9me3 marks [31, 32]. 
Next, activating H3K4me3 marks are deposited by histone methyltransferases Set1 
and MLL1 to allow the transcription of viral immediate early protein ICP0 [33]. As 
an E3 ubiquitin ligase, ICP0 targets PML-NB for ubiquitylation and degradation, 
which subsequently releases Daxx and ATRX from the vicinity of viral DNA [34]. 
Likewise, pp71 protein in beta-herpesvirus HCMV, BNRF1 protein in Epstein–Barr 
virus and HBx protein in hepatitis B virus exert similar functions in disassembling 
the PML-NBs and avoiding the repressive mechanisms of the host [35–37].

Foreign DNA is recognized by several factors in the host cell, which trigger the 
induction of innate immunity and the secretion of cytokines and chemokines. IFI16 
acts as an innate immune DNA sensor for viral DNA and induces inflammasome 
activation [38]. In addition to its key role in stimulating interferon-β secretion, 
IFI16 contributes to the restriction of viral propagation via deposition of repressive 
histone marks to the viral DNA and displacing transcription factors from viral gene 
promoters [39, 40]. Similar to the viral evasion of PML-NB-mediated host repres-
sion, IFI16 can be degraded by the ICP0 protein in HSV-1 and its repressive activity 
can be blocked by HCMV proteins [41, 42]. Furthermore, IFI16 itself is subjected to 
epigenetic regulation, in which its acetylation by p300 may provide another layer of 
modulating transcriptional activity [43].

Another viral mechanism that provides escape from recognition and elimina-
tion by the host immune system makes use of viral miRNAs that share sequence 
homology with cellular mRNAs and miRNAs. By specifically targeting and silenc-
ing transcripts for host proteins that might function as inhibitors of viral replica-
tion, such as regulators of antiviral immunity, viruses can avoid host repression 
[44]. Viral miRNAs have also been attributed additional roles in regulating viral 
protein expression and controlling viral replication [45]. The biogenesis of viral 
miRNAs relies solely on the cellular machineries of the host; whereby the host 
RNA polymerases, ribonucleases and endonucleases act in cohort to transcribe and 
process the viral miRNA precursors into mature viral miRNAs [46]. Viral miRNAs 
are detected in several types of viruses, including but not limited to the frequent 
human infectors such as Epstein Barr virus, herpes B virus, human cytomegalo-
virus, human immunodeficiency virus 1, herpes simplex virus 1 and 2, Kaposi 
sarcoma-associated herpesvirus and simian virus 40. Currently, there are more 
than 300 viral miRNA precursors and more than 500 mature viral miRNAs avail-
able in the miRBase collection [47].

Lastly, viral infections can induce global alterations in histone modifications or 
the chromatin composition of the host, resulting in distinct epigenetic landscapes. 
For instance, E1A protein in adenoviruses interacts with lysine acetyltransferases 
p300/CBP to preferentially block histone acetylation and to repress a set of genes 
that would normally inhibit infection [48]. Likewise, protein VII can act as a histone 
mimic due to its structural resemblance to histones and change the host chromatin 
composition. It also binds to high-mobility group proteins (HMGBs) and tethers 
them to chromatin, inhibiting their release that typically acts as a danger signal to 
activate immune system in response to inflammatory stimulus [49].
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3.2 Epigenetic regulation of viral latency

Viral invasions often fail to achieve successful propagation and production of 
infectious progeny due to several reasons such as host repression, deficiency in host 
resources and failure to replicate the viral genome properly [50]. In contrast to the 
lytic infections that produce and release infectious progeny via host cell lysis, latent 
infections result in the stable maintenance of viral genome within the host cell 
without expression of viral antigens and production of viral particles. When viruses 
infect non-permissive cells, they repurpose the epigenetic mechanisms of host 
repression to enter a dormant state, which would allow establishment of long-term 
infections while avoiding the host adaptive immune response [51]. The majority of 
viruses that can achieve latency belongs to the families of herpesviruses and retro-
viruses. While herpesviruses accomplish latency by means of epigenetic repression, 
retroviruses reverse transcribe their RNA genome into DNA and integrate it to the 
host genome for viral persistence.

Latent infections are reversible, as it is possible to reactivate viral replication 
and switch to lytic infection under permissive conditions. The decision between 
a lytic and a latent infection requires the expression of distinct sets of genes, 
indicating epigenetic regulation [1]. During the establishment of latency, viral 
gene expression is tightly controlled in a temporal manner, in which the latency 
genes are first turned on and then partially turned off to limit the production of 
viral antigens while the lytic gene foci are heterochromatinized for transcriptional 
repression [23]. The silencing of lytic gene expression in latent infections is mainly 
orchestrated by the action of transcriptional corepressor complex Co-REST and 
the Polycomb complex [52–54]. Consequently, the viral genome is enriched in 
repressive histone marks such as H3K27me3 and H3K9me3, which are excluded 
from the latency related genes [50]. Likewise, activating histone methylations 
(e.g. H3K4me3) are found at the transcript start sites and the regulatory regions 
of latency genes [55]. Interestingly, viral genomes can harbor bivalent chromatin 
states consisting of both activating and repressive histone marks that enable transi-
tion between latent and lytic phases [56]. Formation of higher-order chromatin 
structures via chromatin organizing factor CTCF is implicated in the regulation 
of latency as well [57]. In addition to the host-driven mechanisms, viral proteins 
BNRF1, HCF1 and VP16 participate in the recruitment of histone chaperons and 
histone deacetylases to prevent lytic gene expression [58, 59].

In order to be stably maintained within the host cell through several rounds of 
cell division, the viral genome forms minichromosomes (episomes) and segregates 
along the host chromosomes following replication [1]. For this purpose, the viral 
episome is tethered to the host metaphase chromatin via viral proteins, replicated 
by the host replication machinery and the newly synthesized episomes are equally 
divided between the daughter cells prior to the completion of cell division [50]. The 
cellular targets of viral episome tethering includes AT-rich DNA, histones and other 
chromatin associated factors [60–62]. The formation of episomes also serves to 
protect viral genome integrity via formation of “endless” i.e., circular genomes [50].

3.3 Enhanced viral mRNA function

Viral RNAs are heavily modified by the covalent addition of functional groups 
that are similar to cellular mRNAs; however, some of these modifications are found in 
significantly higher levels in viruses than eukaryotes. Recent studies attributed impor-
tant roles for RNA modifications in promoting viral replication, through enhanced 
stability of viral transcripts, increased efficiency of translation and escaping immune 
recognition [1]. N6-methyladenosine (m6A) constitutes a major source of RNA 
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modifications, which is deposited by METTL3 and recognized by the YTH domain of 
YTHDC1, YTHDC2, YTHDF1, YTHDF2 and YTHDF3 proteins [63]. m6A has been 
shown to promote viral gene expression and replication, as well as to enhance immune 
evasion [64–66]. Mutations that alter m6A deposition sites and thereby reduce 
m6A levels result in a substantial decrease in viral pathogenicity, suggesting a novel 
strategy that could be used in engineering vaccines based on attenuated viruses [65]. 
5-methylcytidine (m5C) is another abundant RNA modification. It is catalyzed mainly 
by NSUN2 and its loss causes decreased translation efficiency of HIV-1 transcripts 
[67]. N4-acetylcytidine (ac4C) is set by NAT10 and is found both in viral and cellular 
RNAs. Previous reports have established a link between ac4C and improved stabil-
ity and translation efficiency of viral transcripts and indicated that its loss at even 
3′-untranslated regions of viral mRNAs leads to reduced levels of viral transcription 
and protein synthesis [23]. 2ʹO-methylation is a distinct type of RNA modification, 
in the sense that it can be deposited by the nucleolar protein FTSJ3 on either one of 
the three types of ribonucleotides (A, U and G) and on cytidine residues possibly by 
an unknown mechanism. Viruses that lack 2ʹO-methylation due to depletion of FTSJ3 
activity trigger the cytoplasmic viral RNA sensor MDA5, implicating 2ʹO-methylation 
as a viral mechanism of escaping recognition by the host immune system [68].

4. Epigenetic regulation in relation to Covid19

4.1 Role of epigenetic mechanisms in the induction of cytokine storm

As detailed in the previous section, epigenetic regulation plays a significant role 
during viral infections. Viruses of the Coronaviridae family that previously caused 
MERS (Middle East respiratory syndrome, MERS-CoV) and SARS (SARS-CoV) 
have previously been shown to dysregulate the host immune system by inducing 
epigenetic changes that antagonize antigen presentation or activate interferon-
stimulated genes (ISGs) [69, 70]. These viruses have also been implicated in 
blocking pathogen recognition and immune system signaling [71]. Due to this tight 
link with the host immune response, patients suffering from infections of coronavi-
ruses, including SARS-CoV-2, are characterized by an abnormal induction of acute 
inflammation, namely cytokine storm. The excessive secretion of proinflammatory 
cytokines and recruitment of immune cells at the site of infection often leads to tis-
sue damage and organ failure, which are hallmarks of Covid-19-related deaths [72].

The transcriptional regulation of cytokine production is under tight control of 
epigenetic mechanisms. Promoters of interferons (IFNs), tumor necrosis factors 
(TNFs) and ISGs that are drastically upregulated in Covid-19 patients are enriched 
by histone marks of open chromatin in activated macrophages and dendritic cells 
[71, 73, 74]. In addition to the common histone modifications, Covid-19 patients 
exhibit elevated levels of arginine citrullination on histone H3 [75]. Citrullination, 
which is a marker of a specific type of immune response to infection, namely 
neutrophil extracellular traps (NETs), is associated with chromatin decondensation 
and transcriptional activation [76]. Induction of NETosis is hypothesized to lead 
to sustained inflammation during SARS-CoV-2 infection and the subsequent cell 
death due to cytokine storm [77].

4.2  Regulation of SARS-CoV-2 entry-associated factors by epigenetic 
mechanisms

The novel coronavirus SARS-CoV-2 interacts with and requires the action of 
multiple host proteins for viral entry. Spike (S) protein, which is anchored into the 
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viral envelope, binds to angiotensin converting enzyme 2 (ACE2) on the host cell 
surface [78]. ACE2 is a membrane protein found in a wide variety of cell types. The 
interaction between ACE2 and the receptor binding domain (RBD) within the S1 
subunit of the spike protein initiates entry, while S2 subunit triggers direct mem-
brane fusion or endocytosis upon cleavage and activation by host proteases FURIN 
and TMPRSS2 [79]. Two members of the cathepsin family, namely CTSB and CTSL 
are also involved in the viral glycoprotein processing and the fusion between viral 
and endosomal membranes [80].

Among all SARS-CoV-2 entry-associated host factors, ACE2 is the best 
characterized protein in terms of epigenetic regulation. ACE2 is located on 
the X-chromosome, which typically gets heterochromatinized and undergoes 
X-inactivation in females to achieve dosage compensation. In line with this, higher 
ACE2 expression was observed in males than in females, accompanied by marks of 
open chromatin [81]. The heterozygosity of ACE2 alleles, hence the lower levels of 
ACE2 expression in females is considered as a significant advantage in counteract-
ing SARS-CoV-2 infection [82]. However, X-inactivation is often incomplete, and 
a significant proportion of X-linked genes, including ACE2, escape silencing [81]. 
Therefore, ACE2 seems to show a rather heterogeneous sex bias [83].

Several epigenetic factors such as DNA methyltransferase DNMT1, histone 
acetyltransferases p300 and HAT1, histone deacetylases HDAC2 and SIRT1, histone 
methyltransferase EZH2 and histone demethylase KDM5B have been reported 
as potential regulators of ACE2 expression [84, 85]. Accordingly, histone marks 
H3K27ac, H3K27me3, H3K4me1 and H3K4me3 were detected within the ACE2 locus. 
Furthermore, studies have shown that ACE2 is under tight regulation of DNA 
methylation. In all tissues tested, lung epithelial cells exhibited the lowest levels of 
DNA methylation in ACE2 promoter, which positively correlated with high expres-
sion [86]. It was also claimed that the CpG methylation pattern of ACE2 promoter 
is associated with age and gender, suggesting a possible explanation for increased 
mortality in elderly men during SARS-CoV-2 infection [84, 86].

Other SARS-CoV-2 entry-associated factors are subject to epigenetic regulation 
as well. A recent study identified a regulatory region upstream of FURIN gene 
that is heavily occupied by the histone acetyltransferase p300 in T cells [87]. Also, 
DNMT1-mediated hypermethylation of TMPRSS2 was associated with its down-
regulation [88]. Moreover, loss of DNA methylation was implicated in increased 
levels of CTSL/CTSB in pancreatic adenocarcinoma, which could cause greater sus-
ceptibility to SARS-CoV-2 infection [89]. In accordance with this finding, silencing 
of CTSL/CTSB was shown to inhibit SARS-CoV-2 replication and virally induced 
apoptosis [90]. Additionally, significant hypomethylation of CTSL promoter was 
observed in chronic myeloid leukemia [91].

4.3 Interaction between the host epigenetic factors and viral proteins

Interactome analysis of SARS-CoV-2 proteins has provided experimental 
evidence of physical interaction between several viral proteins and human factors, 
implicating them in a variety of cellular processes such as epigenetic regulation of 
gene expression, RNA processing, DNA replication, trafficking and transport of 
proteins, mitochondrial function, cellular structure, and cell signaling pathways 
[92]. Viral envelope protein E interacts with bromodomain proteins BRD2 and 
BRD4 via its C-terminal end that mimics the N-terminal tail of histone H3. As spe-
cific binders and readers of histone acetylation, bromodomain-containing proteins 
are associated with transcriptional activity [93]. By disrupting BRD2/4 binding to 
histone H3, protein E can induce genomic alterations that affect host gene expres-
sion. Another inhibitory link with histone acetylation was established between 
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Nsp5 and HDAC2, which could potentially influence the host immune response 
against SARS-CoV-2. HDACs are commonly classified as transcriptional repres-
sors since their main task is the removal of histone acetylation, a mark of active 
chromatin. However, HDAC2 plays an activating role during the transcriptional 
elongation of ISG expression via regulating BRD4 availability at newly activated 
promoters [94]. Similarly, Nsp8 was identified as a binding partner of histone 
lysine methyltransferase NSD2, which sets H3K36me3 at the gene bodies of actively 
transcribed genes [95]. H3K36me3 is suggested as an epigenetic mark of tran-
scriptional memory in ISGs, indicating another layer of innate immune response 
regulation [96]. Viral proteins Nsp13 and Orf10 interact with ubiquitin specific 
peptidase USP13 and the components of the Cullin-RING E3 ubiquitin ligase 
complex, respectively. USP13 has previously been attributed significant immune 
response-related roles in interferon-induced signaling by STAT1 targeting and 
deubiquitination [97] and increased immune cell infiltration in several types of 
cancers [98]. Interestingly, USP13 antagonizes antiviral response via ubiquitination 
of STING, an important effector of innate immune signaling in response to viral 
infections [99]. Likewise, Cullin-RING E3 ubiquitin ligase complex members are 
often hijacked by viruses, inducing the proteasomal degradation of host restriction 
factors, and promoting viral replication [100]. Nsp13 also interacts with TLEs and 
TBK1/TBKBP1 proteins which are modulators of NF-kB-dependent inflammatory 
response and IFN signaling [101].

The list of interactions between SARS-CoV-2 and the epigenetic factors of the 
host cell that are based on experimental evidence has also been extended by in silico 
approaches that identified p53 as a binding partner of spike (S) protein [102] and 
several human miRNAs targeting SARS-CoV-2 transcripts [103]. Conversely, an 
interplay between SARS-CoV-2 miRNAs and the immune signaling pathways of the 
host was suggested, which could contribute to the prolonged latency of the virus 
leading to asymptomatic individuals.

4.4 (Epi)genetic susceptibility to Covid-19

Certain risk groups have been associated with increased susceptibility and 
disease severity since the emergence of the SARS-CoV-2 outbreak. Age is one of the 
main risk factors for Covid-19, as evident by its high occurrence and mortality rates 
in elderly patients [104]. Epigenetic machineries often become defective during the 
process of aging as well, which results in increased genomic instability, altered gene 
expression profiles and loss of resilience [105]. These age-related epigenetic changes 
could hamper the activation of innate and adaptive immune responses, which 
could also be manipulated by viruses to evade host repression. Coronaviruses have 
previously been linked with accelerated rate of host immune system aging through 
epigenetic mechanisms such as DNA methylation and transcriptional silencing 
that impede with host antigen presentation and the expression of major histo-
compatibility complexes [70]. Moreover, age-dependent fluctuations in the levels 
of glycosylation and NAD+, which have epigenetic associations, are implicated in 
predisposition to SARS-CoV-2 infection [106, 107].

There is a growing body of evidence pointing towards the role of DNA methyla-
tion in Covid-19 severity. Analysis of genome-wide DNA methylation profiles of 
severe COVID-19 cases revealed increased methylation of IFN-related genes while 
inflammatory genes were hypomethylated [108]. Likewise, a genome-wide associa-
tion study identified a total of 44 CpG sites, most of which were located to coding 
genes including the components of the inflammasome complex and the major 
histocompatibility complex HLA-C as potential markers of COVID-19 severity and 
respiratory failure [109]. Furthermore, in lupus patients, loss of DNA methylation 
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in ACE2 and interferon/cytokine-regulated genes, together with enhanced NF-kB 
expression were defined as contributors of severe COVID-19 [110]. Lastly, SARS-
CoV-2 can demethylate and activate the expression of Syncytin-1 and Syncytin-2 
genes of the host that are required for the creation of giant multinucleated cells, a 
process known as syncytium formation [111]. Syncytin genes are normally methyl-
ated and silenced during development, except for the mammalian placenta, where 
induction of multinucleated cells provides tissue impermeability in aid of immune 
tolerance between mother and child [112]. Syncytium formation followed by 
extensive cell death is suggested as an underlying cause of the detrimental effects of 
cytokine storm in COVID-19 patients [113].

5. Clinical implications and future perspectives

Until the successful development of the first Covid-19 vaccine in December 
2020, one of the greatest challenges in fighting the disease was the lack of spe-
cific medication and vaccination. To this end, epigenetic mechanisms have been 
considered as promising targets for novel therapeutic approaches due to the 
important role of epigenetic regulation during viral infections including viruses 
of the Coronaviridae family. Several epigenetic modifier enzymes such as DNMTs, 
HATs, HDACs, HMTs and KDMs are proposed as candidate targets for the treat-
ment of Covid-19. For instance, histone demethylase KDM5B could be targeted for 
the prevention of Covid-19 as its inhibition stimulates interferon production and 
provides resistance to viral infections [84]. Targeting epigenetic modifiers could 
open up a new revenue for the inhibitors against these enzymes, which are already 
in the market for therapeutic purposes, as potential antiviral agents to be used 
in drug repurposing attempts. In line with this, Decitabine, an inhibitor of DNA 
methylation (NCT04482621) and Dipyridamole, an inhibitor of NET formation 
(NCT04391179) are currently in clinical trials for Covid-19 therapy [28, 114]. Other 
clinical trials based on epigenetic markers aim to study microRNAs and DNA meth-
ylation patterns in relation to Covid-19 (NCT04403386 and NCT04411563) [28].

In conclusion, it is critical to characterize the molecular pathways that take 
part in SARS-CoV-2 infections to the best of our knowledge to have a better under-
standing of Covid-19 and to develop better therapies and vaccines for treatment. 
Epigenetic regulation machineries are involved in several virus-related cellular 
processes, suggesting epigenetic factors as promising targets for therapy. In this 
book chapter, we provided a comprehensive overview of epigenetic mechanisms in 
viral infections with a special focus on SARS-CoV-2 infection, which we believe will 
be useful for future studies.
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Abstract

The global SARS-CoV-2 outbreak has been accompanied with severe socio-
economic and health burdens that will ripple through history. It is now known that
SARS-CoV-2 induces a cytokine storm that leads to acute respiratory distress syn-
drome and systemic organ damage. With no definitive nor safe therapy for COVID-
19 as well as the rise of viral variants the need for an urgent treatment modality is
paramount. Mesenchymal stem cells (MSCs) and their extracellular vesicles (EVs)
have long been praised for their anti-viral, anti-inflammatory and tissue regenera-
tive capabilities. MSCs and their EVs are now being studied for their possible use as
a treatment modality for COVID-19. In this review we explore their capabilities and
outline the evidence of their use in ALI, ARDS and COVID-19.

Keywords: COVID-19, Coronavirus, SARS-CoV-2, Mesenchymal stem cells,
Extracellular vesicles, Exosomes, Regenerative medicine

1. Introduction

Over the past several months, the world has had to endure another global
outbreak, the likes of which have not been seen since the Spanish flu pandemic of
1918 [1]. Coronavirus disease 2019 (COVID-19) caused from the virus now known
as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is understood to
undergo human-to-human transmission by respiratory droplets and known to cause
a broad range of symptoms contributing to its rapid spread [2]. As of February 14,
2021, there have been over 109 million reported cases and over 2.39 million deaths
worldwide, with the United States having over 27.6 million reported cases along
with over 484,000 deaths [3]. As cases continue to accumulate and cause significant
strain on medical resources and society, the need for an urgent, effective and safe
treatment is paramount. Current measures to curb the COVID-19 pandemic revolve
around a broad range of pharmaceutical remedies and the distribution of a vaccine
[4]. With vaccines being a prophylactic measure, current treatment options being
unproven, non-definitive and suboptimal, and the emergence of new viral strains,
attention needs to be placed on alternatives.
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Investigations have identified that the majority of Intensive Care Unit (ICU)
patients with COVID-19 have high plasma levels of granulocyte colony-stimulating
factor (GCSF), tumor necrosis factor-alpha (TNF-α), interferon gamma inducible
protein-10 (IP-10), monocyte chemoattractant protein-1 (MCP1) and macrophage
inflammatory protein 1-alpha (MIP1A) [5]. These factors have been shown to be
interconnected with the recruitment of proinflammatory cells and the production
of a cytokine storm. A cytokine storm is a large and abrupt increase in
proinflammatory cytokines that is suggested to be the main cause of acute respira-
tory distress syndrome (ARDS) and other severe pathophysiological effects seen in
COVID-19 patients [6]. The cytokine storm induces a vast signaling cascade that
recruits immune cells such as humoral B-cells, T-cells, and macrophages (MOs) as
well as shifts most of these cells into a proinflammatory state [7]. Interestingly,
clinicians have found that through the attenuation of the cytokine storm with
mesenchymal stem cells (MSCs) patients have been able to recover even in severe
cases [6].

MSCs have been successfully and safely used to treat pneumonia, acute lung
injury (ALI), and ARDS in the past [8, 9]. Their effectiveness has been attributed to
their ability to be directly antiviral, immunomodulate, induce tissue regeneration,
inhibit apoptosis/fibrosis and clear alveolar fluid [10]. MSCs have also been shown
to aggregate within the lung microvasculature when intravenously (IV) adminis-
tered, affecting the local environment in an efficient manner [11]. MSCs are able to
be so affective by inhibiting the function, recruitment and activation of MOs,
dendritic cells (DCs), T-cells and B-cells, subsequently reducing proinflammatory
cytokines such as interleukin-6 (IL-6) and TNF-α among others [12]. MSCs have
also been shown to differentiate into a multitude of tissues, and secrete cytokine
(CKs), growth factors (GFs) and extracellular vesicles (EVs), all of which play an
integral part in their mechanism of action [13, 14]. MSCs can be derived from
various types of tissues from both allogenic and autogenic sources. These tissues
include: adipose, bone marrow, placenta, amniotic fluid, umbilical cord, and
umbilical cord-derived Wharton jelly [15–18].

Extracellular vesicles (EVs) are composed of hypoimmunogenic properties that
resemble amphipathic structures such as the lipid bilayer that allow the vesicles to
migrate rapidly as well as harmlessly towards the target organs, without the occur-
rence of blood flow coagulations [19]. EVs can be obtained from any MSC source
and act in a paracrine manner delivering enclosed biological molecules such as
DNA, RNA, proteins, and lipids [20]. These EVs include microvesicles (MVs) and
exosomes and provide microenvironment that further decreases inflammation,
promotes tissue regeneration, and overall enhance the effects of MSCs [21].

In the face of the COVID-19 pandemic, scientists rush to generate and success-
fully distribute viable therapeutics and vaccines. Due to the urgent need and limi-
tations with the current options, MSCs and their EVs may be a viable option. The
cooperative mechanism of actions of MSCs and their EVs that include their ability
to be directly antiviral, immunomodulate, induce tissue regeneration, inhibit apo-
ptosis/fibrosis and clear alveolar fluid as well as sequester into the lung microvas-
culature make them an exciting alternative therapy.

2. Current treatments and therapeutic status

The scientific and medical community have been quick to adapt and have
explored a plethora of therapeutic approaches. Treatments originally known for
their efficacy against prior viral infections such as corticosteroids, and convalescent
plasma (CP) have been repurposed for SARS-CoV-2 [22–24]. Recent novel
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treatments and vaccines have emerged such as the monoclonal antibodies
casirivimab and imdevimab (REGN-COV2) and the Pfizer and Moderna mRNA
vaccines [4]. Unfortunately, these current treatments have limitations and poten-
tially dangerous adverse effects and although vaccinations are an effective preven-
tive measure, they do not treat COVID-19 [4]. Considering these limitations and
emergence of new viral strains there is an urgent need for a safe and effective
therapeutic option [25].

Corticosteroids have long been used due to their immunomodulation and they
have been a therapeutic option in many autoimmune diseases and in conditions
such as ARDS [26]. Although they have a long history, their use in COVID-19 still
remains controversial. Data from their prior use in viral infections indicated that
they were associated with increased mortality, longer hospitalizations and increased
tendency for mechanical ventilation [27–29]. In addition, observational studies in
patients with SARS and MERS suggested that the use of corticosteroids delayed viral
clearance, increased rates of secondary infections and had somewhat severe adverse
effects of psychosis, hyperglycemia, and avascular necrosis [27, 30, 31]. Thus,
similar adverse effects and outcomes can be expected in pateitns with COVID-19.
Passive immunity with convalescent plasma has also been used and has been shown
to improve the survival rate of patients with prior viral epidemics [32]. CP is a
therapy that utilizes artificial passive immunity from pooled plasma of patients with
resolved SARS-CoV-2 infections [32, 33]. Although the science is sound, there are
several limitations associated with CP [34]. The efficacy of CP is highly reliant on
the time of its administration, as it seems to only be beneficial to patients a week
after infection when viremia is at its highest [35]. Additionally, the effect of CP on
SARS-CoV-2 is highly dependent on the neutralizing antibody titer which has to be
>1:160, seen 12 weeks after onset of disease [34].

CP infusions can also have severe adverse effects such as anaphylaxis, transfusion-
related ALI and cardiac overload. Additionally, there are several limitations to the
collection of CP such as age, weight, state of health, and informed consent all of
which make CP a limited treatment option to the current pandemic [34].

Recently attention have been geared towards novel treatments such as REGN-
COV-2, which is a cocktail of two human antibodies (casirivimab and imdevimab)
using both transgenic mice and B cells from recovered COVID-19 patients [36].
REGN-COV-2, although approved by the FDA, has specific criteria that have to be
met before a patient can receive it. REGN-COV-2 is authorized for use in mild to
moderate COVID-19 in adults, pediatric patients (12 years or older) with a weight
of 40 kg and who have had a positive SARS-CoV-2 test with a high risk of
progressing to severe COVID-19. Patients are not indicated for treatment if they are
hospitalized, require supplemental O2, and/or currently using chronic supplemental
O2 due to another underlying condition [37].These criteria are limitations and
important obstacles associated with REGN-COV-2.

Currently, the emergence of new vaccines against SARS-CoV-2 have drawn
much excitement. There are several vaccine candidates that are subdivided into five
general categories: protein subunit, virally vectored, nucleic acid (mRNA),
inactivated and live attenuated [23]. The Pfizer and Moderna vaccines utilize
nucleic acids (mRNA) and are composed of a lipid particle with nucleoside-
modified RNA, encoding for the S protein [38]. These two vaccines have the most
data and have been the most widely used [4]. Although the data suggest that these
vaccines are 95% effective at preventing SARS-CoV-2 infections they fail to actively
treat disease once patients develop symptoms leaving a substantial amount of the
population without a safe and efficacious treatment [38, 39].

Considering the limitations and adverse effects associated with current treatments
as well as vaccines being only a preventative measure the need to develop a safer and
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more efficacious therapy is vital. MSCs and their EVs lack severe adverse effects and
studies suggest they have high efficacy making them a potential candidate for
COVID-19 treatment. MSCs and their EVs immunomodulatory effects and regenera-
tive capabilities make them an exciting new option combating COVID-19 [12].

3. Mesenchmal stem cells (MSCs)

3.1 Origins of MSCs

In 1968, Friedenstein et al. isolated stem cells from the bonemarrow (BMSCs) of
mice [40]. The study showed that BM contained clonogenic progenitor cells and adher-
ent cells similar to fibroblasts, termed as a colony forming unit-fibroblast [40]. These
cells were found to have the ability to differentiate into chondrocytes, osteocytes,
osteoblasts and adipocytes in vitro [40]. In 1991, Arnold Caplan changed the terminol-
ogy to “Mesenchymal StemCell”, due to their similarities with stem cells frommeso-
dermal origins in embryonic tissues [41]. Later in 2017 Caplan suggested that the name
MSCbe alerted to “medicinal signaling cells” to accurately reflect their in vivo abilities of
acting as an in situmedication [42]. Currently, “Mesenchymal StemCell” is themost
common nomenclature, however Caplan didmanage to emphasize their function.

With the variations in nomenclature as well as controversy surrounding their
characteristics, the need for an official and concise criterion was needed. In 2006,
The International Society of Cellular Therapy (ISCT) established parameters with
four minimum criteria should be used to define MSCs. The criteria were quickly
accepted by the medical community and are the status quo currently [43, 44].

The ISCT criteria for MSCs: 1) Plastic adherence in standard culture condition,
2)Positive expression (≥95%) of CD105, CD90, CD73 cell surface antigens, 3) Low
expression (≤ 2%) of CD45, CD34, CD14, CD11b, CD79, CD19 and HLA-DR cell
surface antigens, 4)Potential to differentiate into osteoblasts, adipocytes and
chondrocytes in vitro.

3.2 MSC sources

MSCs can be differentiated by either being totipotent, pluripotent, multipotent,
or unipotent [45, 46]. Totipotent MSCs for example, can form both embryonic and
extraembryonic structures and proliferate indefinitely into cell types from all three
embryonic germ layers [45]. Multipotent MSCs or adult stem cell are the most
widely used and can differentiate into cell types from their respective source tissue
[46]. MSCs can then be further subdivided by their source tissue. Two of the most
common sources of MSCs are BM and adipose tissue. These are autologous sources
that have been studied substantially and have the most associated data. Both of
these sources require the patient to undergo an invasive procedure and are consid-
ered the first and second most reputable sources respectively for MSCs [47, 48].
Allogenic birth derived tissues such as umbilical cord (UC), UC-derived Wharton’s
jelly, amniotic fluid and placenta are also viable sources for MSCs. These sources
have advantages in relation to their availability, lack of invasiveness, and presence
of more pluripotent cells [12, 49, 50]. However, these sources have less data and do
not have such an extensive history of use in comparison with allogenic sources.

3.3 MSC’s mechanisms of action

MSCs have a long history of use in the treatment of viral lung infections,
pneumonia, ALI and ARDS [6, 12]. This prior literature has been used to support
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their current use in COVID-19. Studies have showed that when IV administered,
MSCs have specific and optimal mechanisms of action for the treatment of COVID-
19. MSCs are able to evade the body’s immune system and accumulate within the
lung microvasculature enabling them to act locally [51, 52]. They have direct anti-
viral activity, as well as anti-inflammatory, anti-apoptotic, and anti-fibrotic prop-
erties [47]. MSCs have also been touted for their ability to induce tissue regenera-
tion, transdifferentiate into cells and produce EVs [53].

IV infusion is the one of the most commonly used route for MSC delivery with
hundreds of clinical trials showing evidence of its safety [54]. A systematic review
and meta-analysis by Lalu et al. summarized the results of IV administered MSCs in
over 1000 patients [55]. The review indicated that there were no associated adverse
events within any of the studies and no patient developed any organ system com-
plications, infusion related toxicity, infections nor death [55]. In a study by Hwa Lee
et al. IV infused MSCs were shown to accumulate into emboli within the lungs with
no negative physiological effects [51]. In fact, the cells were noted to secrete TSG-6,
a potent anti-inflammatory, the effects of which were amplified due to the seques-
tration within the lung [51]. As immune privileged cells, MSCs can be used either
allogenically or autologously, due to their low levels of class I major histocompati-
bility complex (MHC) and class II MHC [52]. MSCs have also been shown to lack
the associated co-stimulatory molecules (B7–1, B7–2, CD40, CD80 and CD86)
needed to activate antigen presenting cells and the inflammatory process [52]. With
these factors in mind MSCs are primed to act locally within the lungs to effectively
and efficiently carry out their functions.

3.4 MSCs and immunomodulation

3.4.1 Innate immune response

In addition to the therapeutic potential of MSCs in regenerative medicine, for
which they been most known for, they have also shown promising results in the
regulation of immune responses [47]. MSCs through their ability to secrete
various soluble factors are able to suppress both the innate and adaptive immune
responses [47].

NOs and MOs both play a vital role in the innate immune response with DCs
being the gate keeper to the adaptive response [56]. MOs can be subdivided into M1
or M2 subtypes each with their own distinct functions [57]. The M1 subtype are well
known to be classically activated and responsible for phagocytosis, antigen presen-
tation to DCs and secretion of pro-inflammatory cytokines such as TNF-α, ΙL-1α,
IL-β, IL-6, IL-12 ultimately promoting a Th1 response [57]. The M2 subtype are
known for their high secretion of IL-10 promoting an anti-inflammatory Treg and
Th2 response along with inducing tissue remodeling and wound repair [57]. MSCs
have been shown to secrete prostaglandin E2 (PGE2) and induce a switch in the MO
population into an M2 subtype as well as substantially decreasing levels of IL-1β and
IL-6 [58]. Wahnon et al. further elucidated this anti- inflammatory switch by
reporting that the transcription factor signal transducer activators of transcription-3
(STAT3) activated in MSCs through cell to cell interactions between MOs produced
IL-10 and promoted an M2 phenotypic switch [59]. NO activation and function
have also been shown to be inhibited by MSCs. NOs are known to be a key compo-
nent of the innate immune response and in pathophysiology of ARDS. NOs when
activated release harmful reactive oxygen species, superoxide anions, peroxidases
and proteases that lead to diffuse alveolar damage, and accumulation of alveolar
fluid that underlie ARDS [60]. MSCs have been shown to secrete a potent antioxi-
dant enzyme, SOD3 that has been shown to decrease the release of peroxidases,
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proteases and the oxidative burst of NOs [61]. They have also able to directly engulf
dead NOs through ICAM-1 thereby further inhibiting release of their toxic contents
[61]. Secretion of tumor necrosis factor-inducible gene 6 protein (TSG-6) via MSCs
has also been shown to bind to IL-8 and CXCL8, inhibiting further migration,
extravasation and recruitment of NOs [62].

Immature DCs patrol peripheral tissues for foreign antigens and are activated by
cytokines (TNF-α, IL-1β, and IL-6) from M1 MOs [63]. Once immature DCs are
activated they mature into conventional DCs and present their cleaved epitopes on
their HLA complexes, inducing a pro-inflammatory Th1 and Th17 response [63].
PGE2 from MSCs has been shown to decrease CD38, CD80, CD86, IL-6, and IL-12
thereby decreasing DC function and pro-inflammatory T cell responses [64].
Preventing the maturation of these conventional DCs is vital in order to prevent this
T cell response and the associated pro inflammatory state. Furthermore, DC matu-
ration was inhibited by the inactivation of MAPK and NF-κB signaling cascades via
the secretion of the TSG-6 [65]. In a study by Chen et al. DC maturation was
induced from a conventional (pro-inflammatory) DC into a plasmacytoid DC pop-
ulation by PGE2 from MSCs, shifting the T cell population into a Th2 (anti-
inflammatory) subset [66]. In addition, specific miRNAs (miR-21-5p, miR-142-3p,
miR-223-3p, miR-126-3p) within EVs of MSCs have shown to further attenuate the
DC maturation process [67].

3.4.2 Adaptive immune response

MSCs role in modulating T and B cell responses begins with their attenuation of
MO and DC functions and continues with PGE2 from MSCs. PGE2 has been proven
to increase the production of cAMP in T cells down regulating IL-2, and the IL-2
receptor as well as inhibiting the release of intracellular Ca2+ resulting in the direct
inhibition of T cell activation [68]. PGE2 has also been shown to inactivate T cells
via the hydrolysis of phosphatidylinositol, diacylglycerol and inositol phosphate
[68]. In addition, PGE2 promotes a Th2 and a T reg shift in the T cell population
overall influencing immunosuppression and an anti-inflammatory response
[13, 69]. MSCs through their secretion of IDO, PGE2, TGF-β1, and Hepatocyte
growth factor (HGF) have also been shown to induce G0/G1 cell cycle arrest in T
cells and B cells [70, 71]. Nitric oxide (NO) from MSCs has shown to play a role in
this by suppressing the phosphorylation of signal transducer and activator of tran-
scription 5, thereby inhibiting TCR activated T cell proliferation and production of
cytokines [72]. Studies have also suggested that MSCs can induce T cell and B cell
apoptosis through direct cell to cell contact. Utilizing their interactions with the Fas/
Fas ligand, TNF-related apoptosis-inducing ligand/death receptor signaling and
programed death ligand-1/programmed death-1 pathways have shown to promote
T and B cell apoptosis [73, 74]. This process was especially seen in CD4+, CD8+ and
Th17 cells with a synergistic increase in T reg cells [75]. The down regulation of
CXCR4, and CXCR5 via MSCs has shown further evidence of inhibiting B cell
migratory abilities towards chemoattractant agents such as CXCL12 and CXClL13
[74]. Lastly, GM-CSF from MSCs have been recognized as having inhibitory actions
on the production of CXCR4, CXR5, IL-6, and IL-7 while having no negative effects
on IL-4 and IL-10 from B cells with a net anti-inflammatory affect [74].

3.5 MSC’s additional mechanisms of action

Studies have shown that MSCs have been effective in inhibiting the viral repli-
cation of influenza, hepatitis B, herpes simplex, cytomegalovirus and the measles
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virus [76–79]. In a study by Khatri et al. MSCs had the ability to inhibit viral
replication, shedding and lung damage in a porcine model with influenza induced
pneumonia [76]. MSC-derived EVs were shown to be the key players in this process
via their transfer of RNAs to virus infected epithelial cells. Lung epithelial cell
apoptosis, hemagglutination and viral shedding were all significantly reduced in the
study [76]. MSC-derived EVs have also demonstrated to decrease pro-inflammatory
cytokine while increasing IL-10 and increase T regs [76]. IDO via MSCs has also
been shown to directly decrease viral replication in most of the viruses that have
been studied [76–79].

The secretion of various CKs, GFs and EVs have been reported to promote tissue
regeneration and inhibit apoptosis, tissue fibrosis and alveolar fluid accumulation.
As previously elucidated, M2 MOs promote anti-inflammatory Treg and Th2
responses while inducing tissue remodeling and wound repair [57]. Direct tissue
regeneration from MSCs has been attributed to keratinocyte growth factor (KGF),
vascular endothelial growth factor (VEGF), and hepatocyte growth factor (HGF) all
of which have also been known to contribute to the in decrease collagen build up
and fibrosis [80, 81]. In an in vivo bleomycin-induced pulmonary fibrosis model,
Aguilar et al. noted that KGF was the key factor in the inhibition of collagen
accumulation, promoting endogenous type II pneumocyte proliferation and overall
attenuation of lung damage [82]. Previous studies have also further characterized
KGF as being a potent factor in lung epithelial cell proliferation, while simulta-
neously being capable to increase matrix metalloproteinase-9 (MMP-9), IL-1RA and
promoting clearance of apoptotic cells and inhibiting fibrosis [82, 83]. Gazdhar et al.
used an in vivo bleomycin induced lung injury model in which he found that MSC-
derived HGF was able to inhibit lung fibrosis and induce alveolar epithelial repair
by decreasing TGF-B and α-smooth muscle actin expression [84]. The positive
effects of HGF was further studied by Wang et al. who showed that MSC-derived
HGF was responsible for increasing endothelial cell proliferation, intercellular
junction proteins (VE-cadherin and occludin), and IL-10 while decreasing IL-6 and
overall apoptosis [85]. MSC-derived VEGF and HGF have also shown to be able to
stabilize Bcl-2 and inhibit pro-apoptotic factors hypoxia-inducible factor-1α pro-
tein, Bnip3 and CHOP contributing to their anti-apoptotic and anti-fibrotic effects
[86]. In addition to the intracellular stabilization via these aforementioned GFs,
factors such as MSC derived aniopoietin-1, and EVs have shown to induce alveolar
fluid clearance within the lungs adding in their therapeutic benefits in ARDS [87].
In a study by Zhu et al. using an E.coli endotoxin-induce ALI model, MSC-derived
EVs showcased their ability to transfer mRNA encoding for KGF inhibiting NOs,
pulmonary edema and lung permeability [88].

4. Extracellular vesicles

Extracellular vesicles (EVs) are currently being studied as potential
therapeutic agents for immune related pathologies due to their
immunomodulatory and regenerative properties [89]. Interest in EVs has grown
due to their ability to have similar therapeutic effects as MSCs as a cell free therapy
[89]. What was once viewed as cellular waste products, may now have the potential
to treat one of the largest natural disasters in modern history that is the COVID-19
pandemic.

The field of EVs has grown significantly in the recent years leading to the
formation of the International Society for Extracellular Vesicles (ISEV) [89]. ISEV
defines EVs as particles naturally released from a cell that are delimited by a lipid
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bilayer and cannot replicate [90]. EVs are further subclassified as exosomes
(40-120 nm), microvesicles (50-1000 nm), and apoptotic bodies (500-2000 nm).
Both microvesicles and apoptotic bodies bud-off directly from the cellular mem-
brane and participate in two distinct cellular pathways: apoptotic bodies are prod-
ucts of cell mediated death whereas microvesicles are involved in paracrine
communication [89, 91]. Exosome biogenesis, however, differs greatly in that it
involves cell membrane invagination and formation of an intraluminal vesicles that
undergoes modification in what is called a multivesicular body (MVB) [92]. Once
modifications are performed, the MVB fuses with the cell membrane and the ILV’s
are secreted into the extracellular space as exosomes [92].

Once secreted, EV’s carry a variety of nucleic acids, proteins, and lipids that
can regulate or alter a plethora of biological processes through effects on cell recep-
tors, adhesion molecules, cytokines, and other cell signaling molecules [89, 93–96].
They have attracted significant attention for their ability to inhibit tumorigeneses,
suppress immune responses, promote tissues repair, and have therapeutic effects on
neurological disease [96]. A recent study by Schultz et al. performed bioinformatic
analysis of mRNA and miRNA cargo of EV’s using Gene Expression Omnibus
(GEO) database and miRWalk 3.0 servers. The study found that 266 miRNA’s
within exosomes have the ability to attenuate cell death by inhibiting TNF-a, IFN-y,
JAK2, and JAK1 among others. Similarly, 148 miRNA’s were identified with 1 or 2
targets of molecules involved in the intrinsic and extrinsic coagulations cascade
pathways [97]. Continually, EV’s also have the capability of replenishing glycolytic
enzymes such as glyceraldehyde 3-phosphate dehydrogenase (GAPDH), phospho-
glycerate kinase (PGK), phosphoglucomutase (PGM), enolase (ENO), and pyru-
vate kinase m2 isoform (PKm2), and phosphorylated PFKFB3, all of which are
involved in the production of glycolytic ATP. It was proposed that secretions of
these enzymes can reduce levels of reactive oxygen species and consequently
halt cellular death [96]. In addition, matrix metalloproteinase (MMP)-9,
vascular endothelial growth factor (VEGF), extracellular and matrix
metalloproteinase inducer (EMMPRIN) have also been found within exosomes
further postulating their regenerative effects through angiogenesis stimulation and
tissue repair [96].

In preclinical trials, EV’s have already demonstrated their immunomodulatory
capabilities. In a study by Monsel et al. [98] on pneumonia induced mice, EV’s
reduced neutrophils and macrophages by 73% and 49% respectively, while
decreasing edema and permeability of the endothelial-epithelial barrier to protein
[99]. In fact, a recent study demonstrated that EV’s reduce levels of inflammatory
interleukins: IL-8, IL-6, IL-17 and TNF-α, when transferring anti-apoptotic miR-
21-5p to target cells which resulted in reduced edema and lung dysfunction [100].
Additionally, EV’s have also demonstrated their efficacy against acute lung injury
(ALI) through downregulation of TLR/NF-κB signaling in rat models [101]. A
recent study assessed the safety and efficacy of EVs on patients with severe
COVID-19 infections. 24 patients were recruited under the specified trial criteria
and followed for 14 days [102]. In addition to not having any notable adverse
effects to the 15 mL IV dose of exosomes, the experimental group exhibited
lower neutrophil count, c-reactive protein, ferritin, and D-dimer indicating
an immunomodulatory effect [102]. Additionally, the overall survival rates
were 83% with 17/24 patients fully recovered and 3/24 in stable conditions
[102]. The study actively demonstrated EVs ability to safely attenuate the
cytokine storm associated with severe COVID-19 infections. To fully appreciate
the impact of EVs on COVID-19, further studies should be developed. As of
February 18, 2021, applying the search word “exosomes” or “extracellular vesicles”
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and “COVID-19” on clinicaltrials.gov, results in 9 and 5 listed clinical trials, respec-
tively. One of these trials, (NCT04491240) evaluated the safety and efficacy of
exosome inhalation in SARS-CoV-1 pneumonia. Although results are published in c
linicaltrails.gov, publication of the article is pending. The same experiment, how-
ever, has been approved for phase 2 and is currently enrolling participants
(NCT04602442).

The field of EV’s continues to show increasing promise as a therapeutic in the
battle against COVID-19 based on their ability to carry a variety of cellular and
nuclear components in a stable and hypoimmunogenic bilayer [6, 19].

5. MSCs and COVID-19

Due to the mechanisms of action of MSCs as well as their success as a therapy in
ALI and ARDS, MSCs have attracted the attention now for their possible use in
COVID-19. Leng et al. conducted one of the first studies exploring the case for
MSCs in COVID-19 [103]. Ten adult patients with a positive real-time reverse
transcription polymerase chain reaction assay and that meet the clinical classifica-
tion for COVID-19 by the National Health Commission of China were enrolled in
the study. Of the ten patients seven patients were in the treatment group, of those
seven one was categorized as critically severe type, four were severe, and two were
common types. MSCs were administered via IV infusion with 1 x 106 cells per
kilogram and patients were assessed for a 14 day period. Two-four days after
infusion all patients with symptoms of a high fever, weakness, shortness of breath
and low oxygen saturation resolved. None of the patients experienced any infusion-
related nor allergic reactions with no delayed hypersensitivity reactions or infec-
tions. Three of the patients that subsequently recovered were discharged 10 days
after treatment with one of them being characterized as a severe subtype. In regard
to the patient having a critically severe type of COVID-19, their C-reactive protein
(CRP) decreased from 19.0 g/L to 10.1 g/L, and their oxygen saturation (SaO2)
increased from 89–98% without supplemental O2. The critically severe patient also
had significant improvements in lymphopenia, as well as in indicators of liver,
myocardial and kidney damage/disease (aspartic aminotransferase, creatine kinase
and myoglobin). Chest CT imaging with the characteristic ground-glass opacity
and pneumonia infiltration were also reduced by the 9th day after MSC infusion.
Overall levels of pro-inflammatory CD4+/CD8+ T cells, TNF-α and conventional
DCs all decreased while IL-10, VEGF, HGF and TGFβ increased, promoting a tissue
regeneration state. It was also concluded that MSCs were ACE2R and TMPRSS2
negative, theoretically making them immune from possible SARS-COV-2 infection
[103]. Additionally, evidence by Sanches-Guijo et al. indicated similar results [104].
Adipose-derived MSCs were used as a treatment for 13 COVID-19 patients. There
were no adverse events in the MSC treatment group with no worsening of respira-
tory or hemodynamic parameters. Clinical improvement was seen in 70% of the
patients, seven of them extubated and discharged, and two showing signs of
improvement in their ventilatory and radiological parameters, two resulting in
fatalities and the rest of the patients in stable condition. Overall levels of CRP,
IL-6, ferritin, and D-dimer were decreased [104].These positive effects of
MSCs in COVID-19 were further elucidated by Tang et al., the study included
two patients with COVID-19 which received three separate IV infusions of
menstrual blood derived MSCs [105]. The first patient (Patient 1) was a 37 year
old woman with a past medical history of hypertension. Patient 1’s levels of
CRP, TNF-α, and IL-6 decreased while their SaO2 dramatically increased from 98%
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on 100% fraction of inspired O2 (FiO2) to 97% SaO2 on 55% FiO2. Initial CXR
findings revealed large, patches of high density lesions in bilateral lungs that
resolved with treatment along with viral RNA testing. Patient 2 was a 71 year
old male that similar improvements in inflammatory markers, SaO2 and CXR
findings [105].

Recently, a study conducted by Shi et al. used UC-derived MSCs as a therapeutic
in 101 patients diagnosed with severe COVID-19 [106]. The study was a double-
blind, placebo-controlled phase 2 trial with 101 patients randomized in a 2:1 ratio
with sixty six patients, with one patient withdrawing, in the treatment group and 35
in the placebo group. Overall chest CTs, age, sex, BMI, and onset of symptoms
matched between the groups. The occurrence of adverse events during the study
was similar between the treatment (55.38%) and the placebo group (60%) with
none directly related to the MSCs. Three IV infusions of UC-derived MSCs with 4 x
107 cells per infusion were administered. High resolution chest CT images were
assessed using both radiologist and artificial intelligence software to estimate the
total lesion proportion (TLP) via the Hodges-Lehmann estimator of the entire lung.
The median change in the TLP was �19.40% in the treatment group �7.30% in the
placebo group with the overall difference of �13.31%. Solid lesions were found to
decrease by �57.70% in the treatment group with an overall decrease in the ground-
glass lesions. A 6-minute walk test (6-MWT) was used to assess the restoration of
lung function and reserve capability in both groups. The median 6-MWT was 420
meters in the MSC treatment group in comparison with 403 meters in the placebo
group [106]. In a similar study using UC-MSCs for COVID-19, Lanzoni et al.
conducted a double-blind, phase 1/2a, randomized controlled trial [107]. Twenty-
four patients hospitalized for COVID-19 were randomized 1:1 into either the treat-
ment or control group. Two infusions of UC-derived MSCs with 100 � 20 x 106
MSCs in each were administered. There were two serious adverse events (SAEs)
observed in the treatment group while the control group had 16 SAEs, the inter-
vention was deemed safe as it did not lead to an increase in specified infusion
related AEs. Overall, the survival rate in the treatment group was far greater than in
the control group with 91% of subjects in the treatment group surviving 31 days
post first infusion in comparison with 42% in the control group. The time of
recovery was also shorter for the MSC group, with a hazard ratio for recovery in the
control group vs. the MSC group of 0.29 indicating a lower rate of recovery in the
control group. Concentrations of GM-CSF, IFN- y, IL-5, IL-6, IL-7, TNF-α, TNF-β,
were also statistically decreased in the MSC treatment group in comparison with
control [107].

With the current supporting data surrounding the use of MSCs in COVID-19 as
well as their historical efficacy in lung injury models the case for their use on a
compassionate basis can be made. In the future more randomized, controlled,
multi-centered clinical trials are needed in order to increase the knowledge of the
use of MSCs in COVID-19.

6. Ongoing clinical trials

Clinical trials that utilize MSCs and EVs and that are registered on
ClinicalTrials.gov can be seen in Tables 1 and 2 respectively. The data from current
studies are promising and promotes the use of MSCs and EVs as a possible treat-
ment for COVID-19. However, more multi-center, controlled, randomized clinical
trias are needed to further solidify the use of MSCs and EVs in COVID-19.
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Study
Identifier

Exosome
Source

Study
Phase;
Estimated
Enrollment
(N)

Primary Outcome
Measure(s)

Recruitment
Status

Country

NCT04602442 Mesenchymal
stem cells

Phase II;
N = 90

Number of participants
with non-serious and
serious adverse events
during trial (Time Frame:
through study, an average
of 2 months); Number of
participants with non-
serious and serious adverse
during inhalation procedure
(Time Frame: 10 days
during inhalation
procedures)

Enrolling by
invitation

Russia

NCT04491240 Mesenchymal
stem cells

Phase I/II;
N = 30

Number of participants
with non-serious and
serious adverse events
during trial (Time Frame:
30 days after clinic
discharge); Number of
participants with non-
serious and serious adverse
during inhalation procedure
(Time Frame: after each
inhalation during 10 days)

Completed Russia

NCT04389385 T cell derived
exosomes

Phase I;
N = 60

Adverse reaction (AE) and
severe AE (SAE) (Time
Frame: 28 days); Efficacy
Assessment – Time to
Clinical Recovery (Time
Frame: 28 days); The rate of
recovery without
Mechanical Ventilator
(Time Frame: 28 days)

Active, not
recruiting

Turkey

NCT04384445 Human
Amniotic
Fluid

Phase I/II;
N = 20

Incidence of any infusion
associated adverse events
(Time Frame: 60 days);
Incidence of Severe Adverse
Events (Time Frame:
60 days)

Recruiting USA

NCT04493242 Bone Marrow Phase II;
N = 60

All-cause mortality (Time
Frame: 28 days); Median
days to recovery (Time
Frame: 28 days)

Not yet
recruiting

USA

NCT04276987 Allogenic
adipose
Mesenchymal
stem cells

Phase I;
N = 24

Adverse reaction and severe
adverse reaction (Time
frame: up to 28 days); time
to clinical improvement
(Time frame: up to 28 days)

Completed China

NCT04657458 Bone marrow
Mesenchymal
stem cells

Expanded
Access

N/A Expanded
Access
Available

USA

Table 2.
Clinical trials registered on ClinicalTrials.gov till January 5, 2021 utilizing extracellular vesicles and/or
exosomes for the treatment of COVID-19.
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7. Conclusion

The current pandemic we are encountering has placed an unprecedented burden
upon the world and is likely to leave an everlasting impact for generations to come.
With the lack of definitive and safe treatment along with the congruent rise in
unknown viral variants the demand for a safe source of mitigation is urgently
needed. Clincial studies have specified tht patients who suffer from SARS-CoV-2
related ARDS have an indued cytokine storm composed of a large and rapid surge in
pro-inflammatory cytokines and inflammatory cells. MSCs and their EVs have a
long been touted for their safty and effectiveness in the treatment of immune
related diseases, ALI and ARDS. MSCs and EVs have are now being repourposed for
COVID-19 due to their antiviral, anti-inflammatory and tissue regenerative capa-
bilities. Data from clinical trials using MSCs and EVs have shown promising results
that warrant their use on a compassionate basis for COVID-19. Eventually more
pre-clinical and clinical trials are needed to further establish the safety and efficacy
of MSCs and their EVs as a potential treatment for COVID-19.
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Chapter 7

Application of Ex-Vivo/3D 
Organoid Models in COVID-19 
Research
Allen Thayakumar Basanthakumar

Abstract

COVID-19 treatment methods based on 3D organoids and ex-vivo platforms 
are analyzed in this chapter. Initially, the platforms available for cell culture and its 
working characteristics are explained. Subsequently discusses the organoids with 
their definition and included their uses in various applications. Further, the chapter 
extends to describe the uses of different organoids with their use in different stages. 
Most of these methods utilized the 3D ex-vivo cell culture method to develop organ-
oids and test them over infected tissues. Based on the study in this chapter, it is 
found that the demonstration of active replication of the human organoids culture 
system of lungs is found to be more helpful for COVID-19 treatment.

Keywords: COVID-19, 3D exvivo, 3D Organoid models, invivo, cell culture

1. Introduction

COVID-19 and SARS, such treatment drugs and vaccines, remains a challenge 
to predicting clinical reaction. Predicting clinical response to vaccines and drugs 
remains a challenge in any viral treatment such as COVID-19 and SARS. COVID-19,  
a sort of corona disease, created a pandemic danger situation caused due to 
newly raised virus. Predicting novel virus biology lies majorly in vitro models, as 
it permits viral replication. Animal and human organoids had raised their value in 
the experimental virology platform. COVID-19 is a killing disease that increased 
the death rate of human beings higher than influenza. The number of reported 
cases is more or less equal to the number of deaths. Similarly, the infection mortal-
ity rate tends to increase deaths to 1%. This disease was most leniently spread from 
person to person through contacts or even through the respiratory system. There are 
different approaches taken to solve this dreadful disease which took away the lives 
and livelihood of millions worldwide. One such research approach is by gearing 
towards the direction of 3D organoids and ex-vivo platforms. 3D organoid models 
and ex-vivo platforms are known to recreate the disease-specific and organ-specific 
microenvironment in the lab. These models are well studied in cancer research [1].

Studies indicated that using 3D organoid and ex vivo models at an early stage 
of virus research might help them from failure. Most organoids can be established 
from induced pluripotent stem cells (IPSC), commonly containing 3D structure. 
Also, it consists of cell types for the specific organ, and multipotent adult tis-
sue stem cells can create an organoid. To predict tissue tropism of this emerged 
COVID-19, various research groups ought to get the help of an organoid approach 
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for preventing gastric tract and kidney failure. COVID-19 directly infected capil-
lary organoids and kidney organoids. This chapter describes 3D ex-vivo organoid 
enabled stem cell culture for prediction, helping to combat COVID-19. Using ex 
vivo platforms to predict the response for vaccines is important before it reaches 
clinical trials. Subsequently, treatment for tumors with an inhabitation induced 
activation, but all tumors failed to induce an antitumour response in a subset; 
likewise, COVID-19 drugs fail to give antiviral activity. Thus, it is important to use 
precision ex vivo models [2].

While new infection disease emerged, virologists expose indicator cell lines 
panel. From a typical human origin or monkey origin to patient materials and find 
for viral replication signs. Species barriers get complicated due to this trial-and-
error approach. In the indicator panel, it was also done by the potential absence of 
a target. Recently severe acute respiratory syndrome due to coronavirus, organoids 
termed research emphasizes the value of more physiological in vitro models. In 
Wuhan city novel coronavirus disease 2019 (COVID-19) outbreak began that 
quickly transmitted everywhere china and to various parts of the domain in all 
countries. This spread of COVID-19 resulted in an extensive pandemic. Numerous 
treatment methods have been established for these diseases. As stated, earlier 
vaccines for this disease were not yet developed. Organoids are newly generated 
patterns developed from human stem cells, ex vivo duplicating process drug, and 
viral screening process for infection models. Self-categorized tissues are commonly 
seen in human organoids, which contain the different structure of cells. Cells that 
contain the same structure of cell functions as real organs for a human being. This 
pattern permitted viral infection efficiency and resulted in experimentation.

Areas unmet with COVID 19 research about leveraging this organoid method 
tends to help us predict the effect of this disease in tissues concerning organs. It 
will be an efficient tool for assisting researchers in predicting disease in the lab and 
helping to improve in development of a drug for COVID 19. It deciphers pathways 
for biomarker by keeping in mind that coronavirus is the fastest spreading disease, 
particularly for those with a weak immune system. Studying and understanding 
the effect of COVID 19 with the help of this platform in this increasing population 
is essential for regular therapeutics improvement in this field. They are focusing on 
miniature organ research at the lab to study coronavirus’s progress in the human 
body. These organoids suggested that virus versatility for organs invading gut, 

Figure 1. 
COVID-19 diagnosis.
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kidney, and lungs to the liver. Experiments are conducted using drugs with the help 
of these mini tissues for identifying the working of these therapies would be can-
didates for treating people. Experts understand that SARS-Cov-2 might have a side 
effect on organs in the human body from residing infected persons. Unfortunately, 
there is no proper statement about this damage directly affected by the virus to 
secondary complications of infection. Various groups with the help of organoid 
to represent in body virus, cell infects that cause damages [3, 4]. Splender of 3D 
ex vivo organoids recreates human microenvironment in true lab morphology of 
tissues. An overview of COVID-19 diagnosis and management is shown in Figure 1.

2. Nuts and bolts of 3D organoid and ex-vivo models

3D structures of organoids are placed from induced pluripotent stem cells, 
and also multipotent adult tissue stem cells are substituted. Organize themselves 
via spatially restricted for containing specific-organ cell types and cell sorting 
lineage commitment to creating cell assembly with permanent tissue architec-
tural and functional characteristics. Typically, it consists of complement varied 
cell types that are present in interesting organs. Standardized organoid models 
since designed from cell sources that is extended from a wide amount of time. 
Organoids that depend on ipsc initially during cell population that permits certain 
extension. For generating organoids, given that ipsc permitted to form a human 
body and signals that takes through an execution developed to duplicate continu-
ous improvement, brain or kidney organs are interested terms followed in vivo. 
Fully identified stem cells that taken straight from tissue, so the Establishment of 
ASC extracted organoids is complex. Smoothly design whole organoid structure 
several growth factors like tissues such as culturing and mouse gut in one cocktail. 
It involves active stem cells of relevant kinds of cells. Mainly organoids in other 
tissues are expanded by the proliferation of the progenitor cells and the ASCs in 
rich growth factors. The cell structure necessary to reduce the growth factor levels 
can be driven to adopt them [5].

3. Current approach on combat COVID 19

Some low-limit nations with similarly powerless wellbeing frameworks and 
restricted ability to balance the monetary and social expenses of populace level 
physical removal, incorporating a few nations with wellbeing framework deli-
cacy and very weak populaces, presently announce inconsistent cases, bunches 
of cases, and network transmission. The window for control at the subnational 
and public level might be shut in many of these nations. Individuals living in 
aggregate destinations are powerless against COVID-19 to a limited extent as a 
result of the wellbeing hazards related to development or uprooting, stuffing, 
expanded climatic presentation because of the unacceptable sanctuary, and 
poor nourishing and wellbeing status among influenced populaces. Albeit, a few 
variations of site plans may not be achievable. Augmenting site getting ready for 
better removing among occupants and group the executives, adherence to con-
tamination counteraction and control principles, solid danger correspondence 
and network commitment, and a decent observation framework to distinguish 
starting cases early can significantly decrease the inclination for COVID-19 to 
spread inside such settings. Proper case, the board can lessen mortality among 
those tainted with the infection. The Interim Guidance plots the essential strides 
to guarantee these limits are set up.
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3.1 COVID-19 diagnosis

3.1.1 Saliva test

Samples of saliva often included more SARS-CoV-2 copies than swab samples, 
and up to 10 days after initial diagnosis, a larger fraction of Saliva samples were 
positive. And in 495 health care professionals’ testing, two more asymptomatic 
cases were recognized as Swab’s. The scientists concluded in their letter that these 
data confirm the potential for detecting SARS-CoV-2 infection are used saliva speci-
mens. At least saliva seems comparable with nasopharyngeal swabs in regulated 
health care environments. However, COVID-19 is a global epidemic, with rural, 
disadvantaged or otherwise under deployed communities most afflicted. And such 
situations can affect the way saliva-based tests perform [6].

3.1.2 Polymerase chain reaction (PCR) test

PCR tests were also taken while affected by the Covid-19 virus. PCR accurately 
discover the occurrence of an antigen instead of bodily presence antibodies or 
immune responses. PCR test will find out at the initial stage of health patients has 
affected by virus based on recognizing the viral RNA, before antibodies generation, 
which will be available in the body illness signs occur. The general welfare authori-
ties might better understand the transmission of disease, like Covid-19, among a 
population by using PCR testing to monitor huge bundles of Nasopharyngeal swab 
tests from within a populace.

3.1.3 Serologic testing

After Covid-19, how long immunity retro will be staying in the body is indeter-
minate. Previous numerous researches have illustrated, who survived the epidemic 
of SARS (Acute Rapid Air Syndrome) those peoples had antibodies in their body for 
long eons afterwards retrieval. In several cases, after affected diseases, immunity 
will be increased naturally. Still, if Covid-19 causes a comparable immunological 
reaction, it would be untimely to say that coronaviruses produce Covid-19 and 
SARS. Nowadays, specific patients again affected by covid-19. This represents that 
these patients did not get immunity in their body naturally, which was displayed in 
several kinds of research. For antibody tests, such as the PCR tests, which usually 
use swabs to identify Covid-19, blood samples are normally needed. There seems to 
be little coronavirus but substantial and quantifiable antibody presence, circulating 
throughout the blood linked with the respiratory tract.

3.2 Antibody treatment

A SARS-CoV-2 alteration that enables the virus to avoid detection using differ-
ent COVID-19 therapies produced antibodies which are proved by much research. 
Modern medicines termed monoclonal antibodies are shown with immunological 
molecules that are naturally produced. Jesse Bloom and his team mapped all prob-
able SARS-CoV-2 mutations at the Fred Hutchinson Cancer Research Laboratory 
in Seattle, Washington, that were likely to impede binding with three monoclonal 
antibodies. One was made by Indiana, Eli Lilly in Indianapolis, and the second was 
made in a cocktail prepared in Tarrytown, New York by Regeneron. The receptor-
binding element is the Alterations that impair a protein fragment interacting and 
entering cells by the virus. The researchers detected an alteration that caused the 
virus to elude the identification of one of the three antibodies with Regeneron’s 
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antibodies cocktail. Not many of these changes are generally circling in tainted 
individuals. In every case, one is frequent in Europe and one in Denmark and 
Netherlands, where cases of mink and individuals working in mink ranching have 
been reported in SARS-CoV-2. The discoveries have not yet been peer-inspected.

3.3 Antiviral drugs

Fluvoxamine, Umifenovir, camostat, ritonavir, Famotidine, Nafamostat, 
Lopinavir, hydroxychloroquine and chloroquine are drugs that are testing for 
medication of COVID-19. The treatment for SARS-CoV-1 and the Covid, which 
induce respiratory disorders for the Middle East, was successfully proved in vitro 
tests. However, there was no testing that confirmed that equal SARS-CoV-2 activity 
component. Nafamostat and camostat are antagonists of serine proteases. Camostat 
was already reported to prevent SARS-CoV entrance by acting as a researcher and 
serine protease inhibitor TMPRSS2 suggest together camostat, and nafamostat may 
inhibit SARS-CoV-2. Russia and China have licensed for use only as Umifenovir, 
and this is a tiny prophylactic indole derivative compound for influenza A and 
B viruses. Thiazolidine is Nitazzoxanide used in parasitic, bacterial and viral 
contamination as a viable enemy of an infectious disease. Several bio-informatics 
approaches can be used in detecting the sequence of the virus [7]. Scientists are also 
working to counteract potential “cytokine storms” in some patients that cause lung 
harm and severe respiratory discomfort. As stated early, for covid-19, there is no 
vaccines or drugs for the treatment. Hence some methods may predict this disease 
and take treatments to reduce its severeness and stop spreading to other persons. 
Some of them are discussed below.

3.4 COVID-19 interferons

Interferons are anti-inflammatory proteins and natural broad-spectrum anti-
viral that induce signaling pathway followed by transformation of IFN-stimulated 
genes and bind to their receptors on the surface of various cells [8]. It includes an 
antiviral enzyme and also pro-inflammatory components. These are a group of 
cytokines and are primarily developed from infected cells and immune cells. These 
activated immune cells perform the killing of infected cells and also deactivate 
movement of the virus in the human body. This method is helpful during the 
early prediction of diseases, and hence treatment can happen with ease. While 
implementing interferon at the early-stage amount of infections in the beginning 
stage prompts decreases, disease duration is short. However, as mentioned earlier, 
there are no vaccines for Covid-19. Hence prevention is the only way to safeguard. 
Covering mouth during cough, wearing mask, washing hands rapidly, and a safe 
distance from each other might help. However, this method helps an average person 
with a better immune system and does not favor elderly persons and infants.

4. Combat COVID-19 using emerging organoids and ex vivo platforms

A human ex-vivo model affirmed the significance of NK cells in medication 
prompted demise under pressure in formerly led tests [9]. These discoveries 
focussed on an intermingling between drug-initiated obstruction and tumor-
resistant contexture. Be that as it may, sympathetic to the science behindhand 
this viral reproduction, infection system medication disclosure endeavors are 
restricted because of the absence of an appropriate test model. Previously, single-
cell RNA sequencing data of human organoids to explore explanations of ACE2 and 
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TMPRSS2, despite an assortment of RNA receptors to investigate their capacity in 
SARS-CoV-2 pathogenesis, were used. ACE2 is abundant in all organoids, besides 
the prostate and brain, and TMPRSS2 is omnipresent [1]. Natural, secure pathways 
in all organoids with the exception of the lungs are expanded in ACE 2(+) cells. 
Inquisitively, ACE2 (+) of the digestive tract, lung and retinal organoids have an 
extending low-thickness lipoprotein receptor with a more prominent joint in lung 
organoids. This investigation uncovers that organoids could be utilized for the 
review of this new pollution component and for the improvement of medications as 
a logical stage. General organoid application is shown in Figure 2.

4.1 3D organoids and virology

For acute gastroenteritis, human norovirus is the main cause. The primary 
drawback for the development of efficient therapy for norovirus is the absence of 
a powerful in vitro contamination model. Co-workers of Estes find the transfer 
of virus to gut enterocytes and its cell type is unavailable from cell lines intestine. 
Rather it was found in organoids. In ASC inferred enterocytes, little intestinal 
societies allowed development with different human norovirus strains. It ended up 
being an extra mind boggling factor. Mechanism of pathogenesis find organoids, 
where ipsc based organoids techniques are unique, and also it permits key aspect 
modeling for human brain development. While it happened during the Zika virus 
epidemic, it notably had an association between severe abnormalities and ZIKV 
infections. It does not affect the brain, and sequential studies used human cerebral 
organoids handled over causation proof. Replication of ZIKV in brain development 
and preferably affects and killed neural precursors.

It caused obstacles to microcephaly4 and cortical extension4. Similarly, 
organoids may be employed to reveal explicit species powerlessness differences. 
Pig H1N1 and Avian H7N2 flu infections mostly contaminate winged animals and 
pigs, separately, yet purported ‘reassortant’ flu infections. H1N1 virus (H1N1pdm) 
spread out speedily through human populaces. In the last periods, robust in vitro 
models are not available. The uses of ex vivo bronchus manipulating organizations 
to evaluate the seasonal infection of humans. The specimens of excision established 

Figure 2. 
Applications of organoids.
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by these transitory bronchus explant cultures. Hui et al. [10] the expected rep-
lication capacity, tropism in the tissue and the generation of cytokines inducing 
bronchi- and human-aviation pathways organoids from human and avian strains 
of flu. These tests provide appropriate findings by using organoids and explants. 
Considering organoids may be enlarged over the eons and removed from airways 
and frozen, organoids were considered to be beneficial for assessing the pandemic 
risk of animal flu infections. This end was confirmed by an equal report. Zhou et al. 
[11] human aviation ways organoids generate wide tug cultures, here it involves a 
few considerable aviation ways epithelial cells categories such as club cells, basal 
cells, ciliated cells and flagon cells. Two sets of infections with a clearly identified 
infectiveness in individuals were provided to these organoids. The coordinated 
contagions that ineffectually infectious in peoples by imitated two infections of 
people were further comprehensive.

4.2 Organoid types

4.2.1 Gut organoids

Multiple organs are joined to generate the spinal tract, which arises from a 
rudimentary general tube that is elaborated between the mouth and the anus. 
The gut tube [10] has endodermal layer pillage, which has a three-region subdivi-
sion. Hindgut, midgut and Foreskin, where each location in the development of 
the embryonal layer produces certain organs throughout specific intervals. The 
Pancreas, stomach, liver, esophagus, Pharynx and part of the duodenum have also 
been raised by foregust. This portion is generated as 3D organoids from a mouse 
that depicts intestinal SC, which arise in a rich lamina madrigal from the structures 
of crypt-villus and all the primary cell types of the gut [12]. The biomedical plat-
form uses Intestinal organoid technology for forskolin-induced human organoid, 
which permits the cellular structure of drug investigation. By isolating the colon, 
organoids grow superficially into a single-layer epithelium with notions of auto 
surgery that have injured the mouse colon [13, 14].

4.2.2 Organoids of liver

The liver comes from the extension of the foregut ventral wall that has been 
conceived to the structure of the liver bud. Hypoblasts described as hepatic endo-
derm cells formed from this bud, and both sinusoidal endothelial cells provide an 
estimate of the surrounding environment and mesenchyme. Hepatic vasculature 
is developed in conjunction with the development of liver bud, which forms a 
vasculogenesis and angiogenesis combination. It turns into a primary hematopoietic 
foetal organ. Therefore, the liver is designed based on the sensitive orchestration 
of signals between mesenchymal, endothelial and endodermal signals before the 
perfusion of the blood. 3D liver organoids designed for the treatment of liver failure 
are produced and assisted. The development of 3D organoids contributes to the 
development of epithelial liver bodies [15–17].

4.2.3 Organoids of kidney

Mesodermal origins are mostly in the metanephric kidney and generate the back 
of the trunk. The organogenesis starts with the defined intermediate mesoderm of 
the kidney precursor tissue, leading to mesonephric and epithelial mesenchyme 
and monitoring the rostral-caudal direction. Uteric bud is a new epithelial protru-
sion in the development of a branched collecting tube structure that invades and 
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interacts with the neighboring MM. In the same way, mature nephrons and other 
MM derivatives cause MM differentiation, epithelization and condensation through 
progressive MM. The signals and branches are regulated. It is obvious before the 
other organs that the kidney tissue can be self-organized from previous research 
with reaggregation.

4.2.4 Organoids of brain

The neural ectoderm formed a neural plate system, which generates a flat lamina 
of ectodermal cells positioned in close contact with the embryo and gradually builds 
a cylindrical epithelial structure called a neural tube [11]. The stringent spatial–
temporal gradient of morphogens allows for the epithelial tube to be separated into 
four prosencephalons, mesencephalon and rhombencephalon areas with rostral-
caudal axes and ventral-dorsal axes. Here prosencephalon emerges from secondary 
vesicles and creates the diencephalon and telencephalon. Neural stem cells that 
are followed by organoids generate glia and CNS neurons. Rostro caudally resides 
in the neural tube, and symmetrical simulation also asymmetrical simulations 
are continually initialized. NSC also provides more segmented cell structures to 
self-renewing progenitors, which include interim progenitors and neurons. Mostly 
distinct cells move outside the NSC domain, creating multi-layered structures such 
as the cerebral cortex, optic tectum and the medulla [18–20].

4.2.5 Organoids of retina

The retina is a light open area of the eye and digests from neural ectoderm, and 
retinal primordia emerge from the diencephalon that evaginates along the side. This 
produces pseudo-stratified neuro-epithelia, called optical vesicles, which turns into 
a sensory neural retina in its distant section. Proximal segment offers to begin to cash 
layered tissue and melanin delivered retinal shade epithelium, and OVs go through 
invagination at their distal part that frames an optic cup with RPE and NR as its external 
and internal dividers as for one another. NR comprises PC that is isolated from ganglion 
cell design, cones and bars alongside strong cell types. This vertebrate retina is created 
as 3D organoids and utilized as a most remarkable reaggregation model in tissue design-
ing for examining the neural layer at its fundamental. This examination was led in chick 
embryos and archived that supplanted retina performed with a surprising limit with 
respect to reassembling them as different round types with the entire plan [21–23].

Since COVID-19 has an extremely rapidly distributed worldwide channel for 
infection, it is still not favorable for pathogenic mechanisms. A disease model 
is essential for the study of the pathological characteristics of virus infection 
or drug prediction. In viral infection research, 2D models are most frequently 
utilized. However, in an ex vivo context, it was unable to imitate and search 
reliability was limited. The large distance between human beings and primates is 
a disadvantage for these species. Broncho-alveolar resections using lavage mate-
rial are extracted from airway organoids. The procedure was helpful and can be 
modified for drug screening for beyond 1 year. The system includes mesenchy-
mal cells, human-derived and endothelial. In the human liver environment, it 
was highly stimulated. For a consistent structure, intercellular interactions such 
as tight connections are needed. Additional organoids are notified that not only 
microvilli, bile capillaries and lipid droplets in hepatic cells are dedicated to more 
human organoids in LO. It is substantially more distinct from LO than in cells 
like the liver generated by human beings [24].

A precondition for suspect ability due to viral infection without considering as in 
vivo or in vitro. A prerequisite for questionable ability to develop in vivo or in vitro due to 
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viral infection. Human pluripotent stem cell reveals lung markers, extracted from 3D 
LBO’s 

, , . , , , , ,8 2 1 1 1 10 63EPCAM KRT NKX FOXA FOXJ CC mucins and P .
These LBOs showed growing, detachment and wretchedness tantamount to 

human lungs when the respiratory syncytial infection is contaminated. Contrasted 
with essential human hepatocytes, Na + −taurocholate co-shipping polypeptide, an 
HBV section receptor, was higher in human iPSC-LOs, which showed high helpless-
ness to HBV contamination. Factors also increase the efficiency of infection, such as 

, ,5GPC PPARA and CEBPA, which were higher in human iPSC-Los. 
, , , ,HBV pgRNA intercellularvDNA cccDNA and supernatantvDNA  are the 

infection in human iPSC-LOs. It is present at a higher level than human iPSC-like 
cells [25].

During previous periods the improvement of organoids has shown as a 
revolution. Lung organoids, the invention of human intestinal organoids and 
human organs, are assent with the help of adult stem cell (ASC). The ASC also 
proved by the above-indicated organs. Once the separated intestinal organoids 
are produced, the multi-cellular structure and efficient complication of human 
intestine epithet are precisely mimicked for more than a year. The human 
gastrointestinal system is the widely used path of microbial attack. In vitro 
models for the study of intestinal illnesses have been shown to be popular in 
humans. In past studies, many studies were done to show an ASC culture of 
an intestine organoid epithelial bat. The possible source of SARS-CoV-2 is 
empirically linked to suggested bat organoids [26, 27]. The likelihood of enteric 
disease is investigated using SARS-CoV-2 in human intestinal organoids. The 
use of Crypts separated from the intestines in R Sinicus bats has been explored 
in SARS-CoV-2 and SARSr-breakout CoV’s in fecal horseshoe bat species to 
evaluate high distinguishing features of SARS-CoV and SARSr-CoVs. It devel-
oped bat small bowel organoids (enteroids), which use the methodology to 
make human bowel organoids. In the environment expanding and in a ratio of 
1:2 every seven days, the indistinguishable bat entereroids are grown. In order 
to facilitate separation, the expansion medium was converted into a differentia-
tion media during which enteroids are incubated for 4 days. The developed 
enteroids in bat replicate the multicellular structure of the native bat’s small 
intestinal epithelium. Employing electrical transmission microscopy, cells 
with typical characteristics of four important bat-enteroid intestinal cell kinds 
such as, enteroendocrine (EE) cells, paneth (P) cells, goblet (G), and includ-
ing enterocytes (E) were found. Although one line of bat entereroids has been 
spread sequent for 12 weeks, the other lines, unlike human intestine organoids, 
stopped active production for at least 1 year following the passage for 4 or 
5 weeks. It recognized the first bat intestinal organoid to imitate the bat intesti-
nal epithelium cellular makeup [28].

4.3 Culturing of organic airways and isolation of human lung cells

The non-tumor lung tissue generated from patients in resection with pulmonary 
fluids was extracted from human lung stems. Human spherical organoids of 50 to 
200 μm have been produced from pulmonary stem cells and lung parenchymatic 
cells. Rganoid and ex-vivo cultures belonged to the same 3 donors aged between 
55 and 69 years. Every single donor was produced from a single line. Scalpel lung 
tissue with a laundry of 10 ml of DMEM, 10 mm HEPES and 1% of Glutamax media 
and F12 media penicillin–streptomycin solution. The ling tissue type 2 mg/mL ling 
tissue has been digested for one hour at 37°C on a shaking platform (St. Louis, MO, 
USA, Sigma-Aldrich).
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The residual tissue parts and the Filter suspension were repeatedly sheared 
with Glutamax, 10 mM HEPES, and 1% penicillin streptomycin solution using a 
100 μm filter with 10 mL complete DMEM and F12 media. The filtrate was then 
collected in a 50 mL bottle with 2% foetal serum bovine. Then the remaining 
volume is centrifuged for 5 minutes at 4°C at 600rcf. Lysis buffer Red blood cells 
lysed at room temperature for 5 min (Roche, Basel, Switzerland). Cut the whole 
DMEM/F12 media into a 10 mL cell pellet and centrifugate the pellet at 600rcf 
for 5 min. Matrigel will obtain human airway organoids during 14 days using cul-
tivated. The Cultrex growth factor of cellular membrane type 2 matrix Culturex 
cell membrane (Gaithersburg, Trevigen, MD, United States) is reduced by the 
40 μL droplet from cell membranic membrane extract cell suspension at 35°C 
for 15–30 min to solidify pre-heated 24-well suspension platforms with a 10 mg/
mL lung cell. Each well was filled with 500 μL of organoid media and incubators 
with 5 percent CO2 at 37°C. The new organoid medium has taken on mechanical 
cutting with a 1000uL pipette and flamed Pasteur pipettes every four days. Every 
two weeks, the organoids were transported. The entire DMEM/F12 medium was 
added 10 mL, and organoids were centrifuged for 5 min at 450 rcf. The fragments 
are seeded in 1:1–1:6 proportions, and the fragmented organic fragmentation is 
replaced in a cold matrigel [29–31].

Human airway organoids are ready for infection at 37°C after 14 days at 5 
percent CO2. Organoid matrigel with organoids comprising a number of organoids 
of the growth agent. Reactive substances and concentration for each growth factor. 
While less common than respiratory symptoms, gastrointestinal disorders have 
occurred in a considerable proportion of people with COVID-19. For a group of 
73 COVID-19 patients, 53% had SARS-CoV-2 RNA in stool, with stool remaining 
positive even if breathing trials were negative with RNA viruses in 23% of patients. 
Viral NP-positive cells have been found in the gastrointestinal epithelial cells of 
these biopsy patients’ tissues. Persistent fecal disposal was especially prominent 
in pediatric patients. Taken together, these clinical findings show that COVID-19 
patients may get enteric infections. This shows, however, that a new pathway for the 
virus can be the human digestive system [32, 33].

5. Advantages and disadvantages of ex vivo and 3D platforms

Does not need animal care after operation in an ex-vivo instrument is valu-
able, permits more duplicability between lesions and gives the regeneration 
experiment a rigorously regulated artificial air [26]. Ex vivo models of the spinal 
cord include cultivation for up to three weeks of several hundred micron-sized 
crosspieces. Ex vivo methods specifically secluded perfused lung enjoys a benefit 
of generally controlled dosing complex multicellular reaction physiological 
openness productive utilization of material. It additionally shows certain restric-
tions. For example, it was, in fact, requesting, and it has a short perception 
time. Another method, to be specific accuracy cut lung cut, enjoys the benefit of 
controlled cell portion, complex multicellular reaction, and effective utilization 
of material. It additionally has certain weaknesses of non-physiological open-
ness and short perception time. Impediments of ex vivo treatment incorporate 
incidental unite mass of numerous cell types like fibroblasts and astrocytes. 
One more prevalent constraint of ex vivo is that hereditary change is proper 
for secret modules that can digest cellularly information and does not help for 
remedial modules that assisted with entering objective cells. It is comparably 
huge not to make sham longings, and moreover to address two indispensable 
issues that swarm the majority of the current organoid systems: a shortfall of 
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reproducibility and, coupled to this, our shortfall of cognizance of the cycles that 
deal with their development.

6. Future perspective of 3D culture, organoid models in COVID research

In its earliest phases, the creation of 3D organoid products from human PSCs 
has now advanced rapidly. Soon human organoids can be produced for organisms 
already developed in the mouse or when re-aggregation investigations have already 
demonstrated a source of self-orientation. The skin, mammary gland, muscle and 
bone are part of it [27]. Organ expansion models since organoids show a model 
approach that is plainly available and allow them to open up doors to increasingly 
complicated or unachievable issues that have been resolved through conventional 
approaches. This applies in particular to biological concepts specific to people. For 
particular, the particular class approach of human neural stem cells has already 
been studied with human brain organoids. Retinal organoids have also been used 
for testing changes between morphogenesis and timing of human and rodent tissue. 
In addition, GI tract organoids can also be employed to investigate the organized 
promotion of GI bodies, a method that shows crucial human change combined with 
animal laboratory. Organoids are also promising to model homosexuality for adults. 
The relevance of the crypt niche in stem-cell self-renovation and differentiation was 
previously studied by intestinal organoids. This applies primarily to organoids from 
adult progenitors such as the liver and stomach, which closely recreate regeneration 
processes seen in the adult organ. Although if numerous options of organoids are 
clear, it is important to remember their existing limitations. In the recapitulation of 
in vivo development, all organoid approaches that have been shown so far remain 
meticulously defined. For example, whereas retinal organoids finely show classical 
laminar composition, external parts do not shape; photoreceptors, for example, are 
short of being entirely developed to become light sensitive.

Consequently, brain organoids [34] recapitulate fast brain growth outcomes, 
but future features, for example, in cortical platelets, are not fully formed. The 
development issue appears to be a common impediment to organoid technologies 
and whether this will limit their research and therapeutic opportunities greatly 
is still to be explored. In the end, the lack of vascularization is usually an in vitro 
problem for organoids. Organoids have limited growth capacity, which may also 
impact their development because of nutrition supply restrictions. A whole subject 
of tissue engineering that has been tackled by the various techniques of vasculariza-
tion. Spinners can provide healthier nutritional swaps with a size of up to a few 
millimeters in this example of organoids. Instead, endothelial cell co-culture can 
create systems like vascular systems. However, the transplantation of these tissues 
is possibly the most hopeful problem-solve, as was done with liver buds and kidney 
organoids that fosters hosts invasion [35, 36].

Organoids have significant potential as a way of drug testing and therapy for 
development and disease modeling. Potential initiatives will certainly get them 
closer to this prospect.

7. Conclusion/summary

In this chapter, a discussion about COVID-19 treatment methods based on 3D 
techniques was briefly analyzed. In the first section, platforms that are available 
for cell culture and its working characteristics were discussed. Later, it continu-
ously discussed organoids, their definition, and their uses in different applications. 
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Further, its use as different organs is described with its use in different stages. 
Prediction, as well as treating COVID-19, was found to be crucial and also, research 
plays a major role to put forth hybridizing of any two methods for accurate cur-
ing of COVID-19 from a human body. This method utilized 3D exvivo cell culture 
method to develop organoids and replace them over infected tissues. 3D disease 
models are previously available invitro and invivo technologies. However, they 
showed certain limitations and hence, treating viral infection using any stem cell 
culture and 3D technologies are quite helpful. Summarizing this chapter is based on 
the demonstration of active replication of human organoids culture system of lungs 
are found to be more helpful in the treatment of COVID-19. An organoid culture 
system is previously proposed and then used in a variety of applications. Rather it 
implemented 3D technologies for the development of cell culture and then replaced 
defective cells for an effective cure of viral infection.
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Abstract

There have been tremendous advances in in vitro diagnostics (IVD) for 
coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2). Although the confirmatory clinical diagnosis is made 
by real-time reverse transcriptase polymerase chain reaction (RT-PCR), lateral flow 
immunoassay (LFIA) based viral antigen (Ag) detection is used for mass population 
screening at point-of-care (POC) settings. The rapid RT-PCR tests (such as from 
Cepheid and Bosch) have an assay duration of less than 40 min, while most rapid 
Ag tests (such as Abbott’s BinaxNOW™ COVID-19 Ag card) have an assay duration 
of about 15 min. Of interest is the POC molecular test (ID NOW™) from Abbott 
that takes less than13 min. Similarly, many immunoassays (IAs), i.e., automated 
chemiluminescent IA (CLIA), manual ELISA, and LFIA, have been developed to 
detect immunoglobulin G (IgG), immunoglobulin M (IgM), and immunoglobulin 
A (IgA) produced in subjects after SARS-CoV-2 infection. Many IVD tests have 
been approved by the United States Food and Drug Administration (FDA) under 
emergency use authorization (EUA), and almost all IVD tests are Conformité 
Européenne (CE) certified.

Keywords: COVID-19, pandemic, in vitro diagnostics, mobile healthcare, antigen, 
antibodies, molecular assays, CT scans

1. Introduction

SARS-CoV-2 is a positive-sense single-stranded ribonucleic acid (RNA) virus 
with characteristic spikes on its surface that provide its crown-like appearance. It 
comprises different structural proteins, namely nucleocapsid protein (NP), spike 
protein (SP), membrane protein (MP), and envelope protein (EP), which play an 
important role in the manifestation of SARS-CoV-2 infection (Figure 1). The World 
Health Organisation (WHO), on February 11, 2020, coined the term COVID-19 for 
the lung disease that SARS-CoV-2 causes. The WHO declared COVID-19 as a public 
health emergency of international concern (PHEIC) and a pandemic on January 
30, 2020, and March 11, 2020, respectively. The pandemic’s epicenter shifted from 
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China to Europe and then to the United States of America (USA) and many  
countries during 2020.

SARS-CoV-2, discovered in the Hubei province of Wuhan city in China in 
December 2019, has spread to 219 countries and territories. The confirmed 
COVID-19 cases exceed 129 million [2], while global deaths exceed 2.82 million. 
USA accounts for the most COVID-19 cases, i.e., over 31 million, representing 
about 24% of global COVID-19 cases. With 12.6 and 12.2 million cases, Brazil and 
India have the subsequent highest incidence of COVID-19. Some nations, such as 
Singapore, New Zealand, and China, have effectively controlled the COVID-19 
incidence by acting proactively and taking the desired measures at the right time.

The origin of SARS-CoV-2 is still unclear and contradictory, but the early 
reports mention its transmission to humans at the Wuhan’s live animals market 
in December 2019 [3]. Some researchers claim its origin in bats, although the 
intermediate hosts are still not identified [4]. The genomic sequence of SARS-
CoV-2 has ~82% homology with human SARS-CoV and ~ 89% homology with bat 
SARS-like CoVZXC21 [5]. The most vulnerable groups at higher risk of developing 
severe COVID-19 are persons over 65 years of age; persons with chronic diseases, 
such as diabetes mellitus, hypertension, cardiovascular diseases, lung disease; 
and decreased immunity. The intensive large-scale testing of the population to 
identify and quarantine COVID-19 infected persons is essential to avoid the spread 
of infection. Rapid LFIAs have played a phenomenal role here, and many of such 
tests have also been approved for self-use [6]. The use of face masks and social 
distancing measures has played a significant role in preventing COVID-19 infection 
[7–9]. There has been considerable improvement in the RT-PCR tests, which are the 
accepted gold standard for confirmatory COVID-19 clinical diagnosis. However, 
several deficiencies have also been reported where they were unable to detect 
COVID-19 during the early stages of infection and provided false negatives results 
to subjects [10, 11]. The false negative results could be due to the improper extrac-
tion of nucleic acid from clinical materials or insufficient cellular material for detec-
tion. The chest computerized tomography (CT) scan has further helped physicians 
detect COVID-19 infection in such RT-PCR false-negative subjects [12, 13]. The last 
year has also seen the emergence of many mutations in SARS-CoV-2 [14–17], which 
can only be diagnosed by next-generation sequencing (NGS). There are continuous 
efforts to develop POC biosensor devices for rapid diagnosis of COVID-19. Further, 

Figure 1. 
Schematic of the SARS-CoV-2. Reproduced with permission from MDPI [1].
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many IVD companies and researchers are working on new IVD approaches, such as 
detecting specific biomarkers that will enable the detection of COVID-19 infection 
at a very early stage. There is a need for continuous improvement in IVD assays to 
ensure reliable detection of SARS-CoV-2 infection without being impacted by the 
SP mutations.

2. Structure of SARS-CoV-2

SARS-CoV-2 has a characteristic crown-like appearance due to the spikes formed 
by a major glycoprotein (Mol. Wt. ~180 kDa), i.e., SP, which has two subunits, S1 
and S2 [1] (Figure 1). S1 has the receptor binding domain (RBD) that recognizes 
and binds to angiotensin converting enzyme 2 receptor (ACE2) in the lower 
respiratory tract of SARS-CoV-2 infected subjects [18]. In contrast, S2 has other 
basic elements needed for membrane fusion. The amino-terminal region of S1 
subunit is the most variable immunogenic antigen. SP is the most widely studied 
viral protein as it is responsible for the SARS-CoV-2 infection. It is the target of all 
SARS-CoV-2 neutralizing antibodies and COVID-19 vaccines. On the contrary, NP 
(Mol. Wt. ~40 kDa) is another viral structural protein, which is the most abundant 
viral phosphoprotein produced and shed during the first two weeks of SARS-CoV-2 
infection, with peak shedding around 10 days after infection. It exhibits high 
immunogenicity and can be detected in either nasal/nasopharyngeal swabs, saliva, 
stool, serum or urine samples [19]. The sandwich ELISA is used for the detection 
of NP as it is a large protein with multiple epitopes. The other structural proteins of 
SARS-CoV-2 are the MP and EP. MP is the most abundant protein on SARS-CoV-2, 
while EP is the smallest structural protein of SARS-CoV-2 that plays a role in viral 
assembly, release of virions, and pathogenesis [1].

3. In vitro diagnostics for COVID-19

Various IVD assays have been developed for the detection of SARS-CoV-2 viral 
RNA, antibodies, and antigens, which encompass assays performed in certified 
COVID-19 diagnostic laboratories and rapid tests employed at POC settings. The 
various IVD assays, together with their characteristic features and bioanalytical 
performances, are specified in this section. Almost all the IVD assays for COVID-
19 are CE IVD certified, while several are also approved by the FDA under the 
EUA. As shown in Figure 2, the RT-PCR is positive for about 3 weeks after the 
onset of symptoms in COVID-19 patients, while the rapid tests for viral antigen 
work best during the first week after the onset of symptoms [20]. On the contrary, 
the serology tests for detecting antibodies work best after seroconversion at the 
end of 3rd-week post onset of symptoms, when the COVID-19 patients enter 
convalescence [20, 21].

3.1 Molecular diagnostics

RT-PCR is the gold standard for the confirmatory clinical diagnosis of 
COVID-19 and the most used IVD assay globally. The first real-time RT-PCR 
assay, highly specific for SARS-CoV-2 RNA and no cross-reactivity to other 
coronaviruses, was developed by Tib-Molbiol, Germany, in January 2020 [22]. 
The assay involved the detection of SARS-CoV-2 RNA by employing envelope 
(E) and RNA-dependent RNA polymerase (RdRp) gene assays, where E-gene 
assay enabled the first-line screening and RdRp gene assay did the confirmatory 
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testing. An alternative format, one-step RT-PCR assay, was developed to detect 
ORF1b and N regions of SARS-CoV-2 in less than 1.5 h [23]. It employed the N 
gene assay for screening and Orf1b gene assay for confirmatory analysis. But the 
assay could also detect SARS-CoV and other closely-related viruses as ORF1b and 
N regions are highly conserved among sarbecoviruses. The authors distinguished 
SARS-CoV-2 from SARS-CoV via sequence analysis of positive amplicons if 
the RT-PCR results are positive. A prospective development was the real-time 
RT-PCR assay to detect RdRp/helicase (H) genes of SARS-CoV-2 [24]. The assay 
has high sensitivity and detects COVID-19 in low viral load samples, saliva, 
plasma, and upper respiratory tract samples. Moreover, it showed no cross-
reactivity with other human coronaviruses and respiratory viruses. Subsequently, 
many innovative RT-PCR assays were developed by many IVD companies and 
research groups.

A prominent test is the CE certified and FDA EUA approved rapid, real-time 
RT-PCR test, i.e., the Xpert® Xpress SARS-CoV-2 test, by Cepheid, USA [25]. The 
assay, requiring GeneXpert Dx or GeneXpert Infinity Systems, enables the qualita-
tive detection of SARS-CoV-2 ribonucleic acid (RNA) in specimens collected from 
the upper respiratory tract [25]. These include nasopharyngeal, oropharyngeal, 
nasal, or mid-turbinate swab or nasal wash/aspirate specimens. The rapid RT-PCR 
test is run on GeneXpert Instrument Systems that have automated and fully inte-
grated process steps, i.e., sample preparation, extraction of RNA, amplification 
of RNA, and detection of the target sequences. The systems employ single-use 
disposable cartridges, which have all the RT-PCR reagents together with a sample 
processing control (SPC) and a probe check control (PCC). SPC controls the 
sample processing and monitors the presence of potential inhibitors in the RT-PCR 
reaction. It ensures the presence of adequate RT-PCR reaction conditions for the 
amplification reaction and the proper working of RT-PCR reagents. On the other 
hand, PCC ensures reagent rehydration, filling of PCR tube, and the presence of 
all reaction components in the cartridge. It also monitors the integrity of the probe 
and the stability of the dye. The procedure involves the sample collection and its 
placement into a viral transport tube that contains 3 mL transport medium or 3 mL 
of saline. The specimen in the tube is mixed by rapidly inverting it 5 times, followed 
by transferring the sample to the sample chamber of the Xpert Xpress SARS-CoV-2 

Figure 2. 
An overview of the COVID-19 biomarkers’ longitudinal response and the utility of various IVD tests at 
different stages of COVID-19.
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cartridge. The cartridge is then loaded onto the GeneXpert Instrument System for 
the automated sample processing and real-time RT-PCR. The kit comprises freeze-
dried beads, lysis reagent, binding reagent, elution reagent, and disposable transfer 
pipettes, which are sufficient to process 10 specimens or quality control samples. 
The positive predictive agreement (PPA) and negative predictive agreement (NPA) 
of the test relative to the expected results were 97.8% and 95.6%, respectively. 
Cepheid has developed the same test on GeneXpert Xpress System, a POC system, 
with similar bioanalytical performance. The SARS-CoV-2 diagnosis is positive if 
the signal for the N2 nucleic acid target or signals from both nucleic acid targets 
(N2 and E) have a cycle threshold (Ct) within the valid range. But the diagnosis is 
presumptive positive if the signal for only the E nucleic acid target has a Ct within 
the valid range. It may require additional confirmatory testing. The overall assay 
duration is less than 45 min.

Cepheid has further developed another FDA EUA approved real-time 
multiplex RT-PCR test, Xpert® Xpress SARS-CoV-2/Flu/RSV, which is performed 
on GeneXpert Dx or GeneXpert Infinity Systems. It qualitatively detects and 
differentiates SARS-CoV-2, influenza A, influenza B, and respiratory syncytial 
virus (RSV) viral RNA in nasopharyngeal swab, nasal swab, or nasal wash/
aspirate specimens. The principle of the assay is very similar to that of Cepheid’s 
SARS-CoV-2 test. Cepheid recommends the use of external controls in the form of 
inactivated viruses that are provided by ZeptoMetrix, USA. They should be used 
to perform external quality control with each new lot and shipment of reagents. 
The PPA and NPA of the test relative to the predicate RT-PCR tests (FDA EUA 
approved) for SARS-CoV-2, Flu A, Flu B, and RSV were 97.9% and 100%; 100% 
and 100%; 100% and 99%; and, 100% and 100%, respectively. The company has 
developed the same test on GeneXpert Xpress System (a POC system) with similar 
bioanalytical performance.

The Simplexa™ COVID-19 real-time RT-PCR assay from DiaSorin Molecular, 
Italy, is another prospective assay for the qualitative detection of SARS-CoV-2 RNA 
in nasopharyngeal swabs, nasal swabs, nasal wash/aspirate, and bronchoalveolar 
lavage specimens from COVID-19 suspects. It contains reagents that are sufficient 
for 24 reactions. The assay targets the ORF1ab and S gene regions of the SARS-
CoV-2 genome and is run on the LIAISON® MDX instrument using the Direct 
Amplification Disc and other accessories. It employs fluorescent probes together 
with corresponding forward and reverse primers for the amplification of SARS-
CoV-2 RNA and internal control RNA. The company provides Simplexa™ COVID-19 
Positive Control Pack, which may be used as an external control for quality control 
testing. The PPA and NPA in various sample matrices were both 100% w.r.t. an 
established comparator.

The cobas® SARS-CoV-2 is a real-time RT-PCR assay from Roche, which quali-
tatively detects SARS-CoV-2 RNA in clinically-collected nasal, nasopharyngeal, 
and oropharyngeal swabs specimens from COVID-19 suspects. The assay is also 
approved for clinically-instructed self-collected nasal swab specimens. It is per-
formed on cobas® 6800/8800 Systems, which comprise a sample supply module, a 
transfer module, a processing module, and an analytical module. The cobas® SARS-
CoV-2 employs fully automated sample preparation involving RNA extraction and 
purification, which is followed by PCR amplification and detection. It targets the 
ORF1 a/b and E gene regions of the SARS-CoV-2 genome. The company provides 
the assay controls, i.e., cobas® SARS-CoV-2 Control Kit and cobas® Buffer Negative 
Control Kit. The PPA and NPA determined in the clinical evaluation with nasopha-
ryngeal swab samples were both 100%.

The Vivalytic COVID-19 test developed by Bosch, Germany, in collabora-
tion with Randox Laboratories, UK is another prospective assay [26]. The 
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fully-automated POC test can detect SARS-CoV-2 and nine respiratory viruses, 
including influenza A and B, within 2.5 h. The procedure involves sequentially 
taking the swab sample from the nose or throat of COVID-19 suspects, placing the 
swab inside a Vivalytic cartridge containing all the COVID-19 assay reagents, and 
plugging the cartridge into the Vivalytic analyzer.

The most prominent and rapid POC molecular test is the Abbott ID Now™ 
COVID-19 test [27], which qualitatively detects the viral RNA from SARS-CoV-2 
specimens, i.e., throat, nasal, nasopharyngeal, or oropharyngeal swab samples, 
in just 5 min [27, 28]. It is a POC molecular test for the RdRp gene, which requires 
just a portable, touchscreen-operated, lightweight (6.6 pounds) and compact (the 
size of a small toaster) instrument called ID Now. It enables COVID-19 testing in 
hospitals, clinics, physicians’ offices, or other POC settings. The test kit comprises 
24 tests, positive and negative controls, pipettes, and swabs for sample collection.

3.2 Antigen detection

The LFIA-based rapid Ag tests for SARS-CoV-2 have played a phenomenal role 
in the COVID-19 pandemic response. They have been extensively used to screen a 
large population at POC settings as physician office laboratories, offices, schools, 
businesses, and homes. They have been approved for professional IVD use and self-
testing by the FDA and several countries such as Germany. Germany has allowed 
the use of tens of rapid Ag tests for self-testing via approval provided by the Federal 
Institute for Drugs and Medical Devices (BfArM) [6]. The US FDA has granted 
EUA to several rapid Ag tests for SARS-CoV-2, which can be used for professional 
IVD use, home use, or both. Almost all the approved rapid Ag tests detect the 
NP of SARS-CoV-2 and have got good analytical performance. Although several 
reports have shown the contradictory analytical performance of rapid Ag tests, 
there is no doubt that such tests are of extreme importance as they have extended 
the outreach of SARS-CoV-2 testing enormously. The most widely used rapid Ag 
tests are those from Abbott, Becton Dickinson (BD), and Quidel, which have been 
further approved by FDA recently under EUA for the serial screening of COVID-19 
suspects by testing them twice over 3 days with 24–48 h between tests.

The BinaxNOW™ COVID-19 Ag Card from Abbott Diagnostics is an LFIA 
that enables the qualitative detection of NP antigen from SARS-CoV-2 in 
direct anterior nasal (nares) swabs without viral transport media [29]. It is an 
immunochromatography membrane assay that employs highly sensitive and 
specific antibodies to detect NP from SARS-CoV-2. A test strip is constructed by 
immobilizing SARS-CoV-2 specific antibodies and a control Ab onto a membrane 
as two distinct lines and combining it with other reagents/pads. The COVID-19 Ag 
card is cardboard, book-shaped hinged card that has a well to hold nasal swab and 
the test strip mounted on opposite sides. The assay procedure involves taking the 
nasal swab specimen from the COVID-19 suspects and mixing it with the extraction 
reagent. The extraction agent disrupts the virus particles and exposes internal 
viral NP. It is followed by closing the card, which brings the extracted sample in 
contact with the test strip that starts the LFIA assay. The test results are detected 
visually by naked eyes after 15 min, where the presence of a pink/purple sample line 
shows the presence of NP in the sample. The test is intended for use in COVID-19 
suspects who are within 7 days of symptoms onset. The PPA and NPA of the test 
were 97.1% and 98.5%, respectively, against the comparator method. FDA also 
approves it under EUA for the serial screening of COVID-19, where the individuals 
are tested twice over 3 days with at least 36 h between tests. However, the test does 
not differentiate between SARS-CoV-2 and SARS-CoV, and the positive results do 
not rule out bacterial infection or co-infection with other viruses. The negative 
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test results should be treated as presumptive in patients beyond 7 days post onset 
of symptoms, where further confirmation with a molecular assay is required. It is 
essential that the results of the test should be read within 30 minutes, and the nasal 
swab specimens are used immediately after collection. Apart from the test cards, 
extraction reagent, and nasal swabs, the BinaxNOW™ COVID-19 Ag Card provides 
positive and negative control swabs. The positive control swab is a dried swab 
containing non-infectious recombinant SARS-CoV-2 NP, while the negative control 
swab has the sample matrix without any NP. It is recommended to test the positive 
and negative control swabs after each shipment of Ag tests and at least once for each 
untrained operator.

The BD Veritor™ System [30] for Rapid Detection of SARS-CoV-2 is another 
prospective rapid LFIA-based test that detects qualitatively the presence of SARS-
CoV-2 NP in direct anterior nasal swabs from COVID-19 suspects within the first 
five days of the onset of symptoms. FDA also authorizes it under EUA for the serial 
screening of COVID-19 where the subjects are tested twice over 2 or 3 days with 
24–48 h between tests. The swab specimens are placed in the extraction reagent 
tube for sample processing, and the processed sample is then added to the BD 
Veritor System test device. The SARS-CoV-2 NP in the sample form Ag-conjugate 
complexes by binding to antibodies conjugated to detector particles in the test strip. 
The complexes are then captured by the specific antibodies bound to the membrane 
at the test line. The BD Veritor™ System test device’s test results are read after the 
completion of test in 15 min using the BD Veritor™ Plus Analyzer Instrument. The 
SARS-CoV-2 test kit includes BD Veritor™ System test devices, extraction reagent, 
nasal swabs, SARS-CoV-2 (+) Control Swab, and SARS-CoV-2 (−) Control Swab. 
Most of the assay characteristics in terms of interferences, specificity, and analysis 
are similar to that of Abbott’s BinaxNOW™ COVID-19 Ag Card test. The specimens 
should be tested immediately after collection. The PPA and NPA of the test were 
84% and 100%, respectively, against the RT-PCR method.

The QuickVue At-Home OTC COVID-19 Test from Quidel Corporation is 
another rapid test to detect SARS-CoV-2 NP qualitatively in direct anterior nasal 
swabs from COVID-19 suspects within the first six days of the onset of symptoms. 
FDA also authorizes it under EUA for the serial screening of COVID-19 suspects 
where they are tested twice over 2 or 3 days with 24–36 h between tests. The test 
procedure is very similar to that of the BD Veritor™ System for Rapid Detection 
of SARS-CoV-2 test except that the test strip is read visually by naked eyes after 
10 min. The presence of a pink/purple-colored test line indicates the presence of 
SARS-CoV-2 NP in the specimen. Most assay characteristics are like that of Abbott’s 
BinaxNOW™ COVID-19 Ag Card test. The PPA and NPA of the test were 83.5% 
and 99.2%, respectively, against the EUA molecular comparator assay.

All other SARS-CoV-2 rapid Ag tests detect the NP antigen qualitatively and 
have demonstrated good analytical performance. However, some SARS-CoV-2 rapid 
Ag tests, such as that from Sensing Self, Singapore, have also shown good analytical 
performance for the qualitative detection of SP antigens. But as most of these tests 
targeting the SP were developed last year, there is a need to demonstrate that they 
can work in subjects affected by various spike mutations. The preference for clinical 
decision-making is certainly the NP detection-based rapid Ag tests. Apart from 
nasal swabs, several companies have demonstrated the use of saliva, sputum, and 
stool samples to detect SARS-CoV-2 viral Ag.

3.3 Antibodies detection

Various IVD companies have developed serological IAs to detect anti-SARS-
CoV-2 Ab in the serum, plasma, or whole blood samples. They enable identifying 
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individuals with an adaptive immune response to SARS-CoV-2 either due to prior 
or recent infection [31]. Despite several reports stating the persistence of immunity 
after SARS-CoV-2 infection for several months [32, 33], it is still unclear how long 
the anti-SARS-CoV-2 Ab persists and whether they confer protective immunity. 
Therefore, serology tests are not used to diagnose acute SARS-CoV-2 infection. 
In the case of SARS-CoV-2, IgM, IgG, and IgA antibodies appear in the subjects 
at nearly the same time and have the seroconversion between 14 and 23 days 
post onset of symptoms. SARS-CoV-2 IgG and IgM antibodies may be below the 
detectable levels in COVID-19 patients who are within 14 days after the onset of 
symptoms. However, the COVID-19 samples should be handled with care as there 
is a possibility of detectable SARS-CoV-2 in samples even after seroconversion. 
Almost all assays have a poor PPA with RT-PCR in patient samples taken from 
subjects within 14 days from the onset of symptoms. But they have good PPA for 
samples taken from subjects more than 14 days post onset of symptoms. However, 
there is always a risk of false-positive results due to the presence of pre-existing 
antibodies or other possible causes. The most widely used IAs to detect anti-SARS-
CoV-2 Ab are automated CLIA, manual ELISA, and rapid LFIA tests that are 
specified in more detail below.

3.3.1 Automated CLIA

The magnetic particles-based CLIAs are the gold standard in clinical diagnostics 
for the automated high-throughput analysis of many disease biomarkers on a 
random-access CLIA analyzer. The desired throughput can be customized from 
low- to high-throughput by selecting an appropriate CLIA analyzer. Many IVD 
companies have developed several SARS-CoV-2 serology tests for the detection of 
IgG and IgM. Most of these assays have an overall assay duration of less than 30 min 
and employ SP, NP, or both for the detection of anti-SARS-CoV-2 Ab.

The DiaSorin LIAISON® SARS-CoV-2 S1/S2 IgG assay [34, 35], used on the 
LIAISON® XL Analyzer, detects the anti-SARS-CoV-2 IgG qualitatively in human 
serum or plasma (sodium heparin, lithium heparin, and potassium EDTA). The 
assay employs the specific recombinant S1 and S2 antigens coated magnetic 
particles, which detect the anti-SARS-CoV-2 IgG in the patient sample. This is 
followed by subsequent binding to mouse monoclonal Ab to human IgG linked to an 
isoluminol derivative (isoluminol-Ab); adding the starter reagents to induce flash 
chemiluminescence (CL) reaction; and, measuring the CL signal of isoluminol-Ab 
conjugate via a photomultiplier. The assay employs two calibrators, one containing 
low and another having high anti-SARS-CoV-2 IgG levels. The assay has a PPA 
of 97.6% in samples taken from COVID-19 subjects ≥15 days after diagnosis by 
RT-PCR. DiaSorin also developed LIAISON® SARS-CoV-2 S1/S2 IgM assay for the 
qualitative detection of anti-SARS-CoV-2 IgM in human serum or plasma (sodium 
heparin, lithium heparin, and dipotassium EDTA). The assay principle is similar to 
that of IgG assay except that magnetic particles were coated with spike receptor-
binding domain (RBD) antigen and mouse monoclonal IgG antibodies were 
linked to an isoluminol derivative, N-(4-Amino-Butyl)-N-Ethyl-Isoluminol (ABEI 
isoluminol-Ab conjugate). It employs two calibrators, one containing anti-SARS-
CoV-2 human IgM monoclonal Ab while the other has no IgM. The PPA to PCR was 
92.6% in samples taken from COVID-19 subjects between 15 and 30 days after PCR 
diagnosis.

The Elecsys anti-SARS-CoV-2 S cobas® [34, 36] is an electrochemilumines-
cent IA developed by Roche for the qualitative and semi-quantitative detec-
tion of Ab against the SP RBD in human serum and plasma (lithium heparin, 
dipotassium-EDTA (K2-EDTA), tripotassium EDTA (K3-EDTA), and sodium 
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citrate). The IA is performed on cobas® e analyzers and has a total assay duration 
of just 18 min. It employs double-antigen sandwich principle, where the antigens 
present in the reagent capture mainly anti-SARS-CoV-2 IgG but also IgM and 
IgA. The assay procedure comprises of two incubations and a measurement 
step. The 1st incubation of the sample with biotinylated SARS-CoV-2 SP RBD-
specific recombinant antigen and biotinylated SARS-CoV-2 SP RBD-specific 
recombinant antigen labeled with a ruthenium complex leads to the formation of 
a sandwich complex. It is followed by the 2nd incubation, during which the addi-
tion of streptavidin-coated magnetic particles binds to the sandwich complex via 
streptavidin-biotin interaction. Subsequently, the reaction mixture is aspirated 
into the measuring cell where the electrode magnetically captures the magnetic 
particles and the unbound substances are removed. Finally, a voltage is applied to 
the electrode, which induces the CL signal that is measured by a photomultiplier. 
The results are determined using a calibration curve with 2-point calibration and 
a master curve. The assay demonstrated a PPA to PCR of 96.6% in samples taken 
from COVID-19 subjects ≥15 days after PCR positive result and a NPA to PCR 
of 99.98%.

Another prospective assay is the IDS SARS-CoV-2 IgG assay developed by 
Immunodiagnostic Systems, United Kingdom (UK), which detects the anti-SARS-
CoV-2 IgG antibodies qualitatively in human serum and plasma (lithium heparin, 
K3-EDTA, and sodium citrate). The assay involves the incubation of magnetic 
particles coated with recombinant SARS-CoV-2 NP and SP antigens with the patient 
sample (4 μL), which is followed by a wash step and subsequent incubation with 
anti-SARS-CoV-2 Ab labeled with acridinium. The magnetic particles, having 
the specific immune complexes, are then captured by a magnet, and a wash step 
removes the unbound substances. Subsequently, the addition of trigger reagents 
induces the CL signal that is measured by a photomultiplier. The IA employs two 
calibrators, one calibrator having low anti-SARS-CoV-2 IgG level while other cali-
brator has high anti-SARS-CoV-2 IgG level. The assay demonstrated a PPA to PCR 
of 97.6% in samples taken from COVID-19 patients ≥15 days after symptoms onset 
and a PPA to PCR of 100% in samples taken from COVID-19 subjects ≥15 days after 
PCR method. The NPA to PCR was 99.6%.

Of interest is the SNIBE’s MAGLUMI 2019-nCoV IgM/IgG assay [37], which 
employs the 2019-nCoV recombinant antigen, expressing the full-length SP and 
NP. The assay employs two separate cassettes; one cassette detects IgM via a capture 
CLIA while another cassette detects IgG via an indirect CLIA. The CL signal 
detection mechanism is similar to that of DiaSorin. It employs two calibrators and 
two controls both for the IgG as well as IgM assays. One calibrator and control have 
high anti-SARS-CoV-2 IgG/IgM levels, while another calibrator and control have 
low anti-SARS-CoV-2 IgG/IgM levels. The results are generated by a calibration 
curve generated by 2-point calibration for a specific SNIBE’s analyzer and a master 
curve. The IgG and IgM assays demonstrated PPAs to PCR of 100% and 77.46%, 
respectively, in samples taken from COVID-19 patients ≥15 days post symptoms 
onset. The combined PPA to PCR was 93.94% in samples taken from COVID-19 
patients ≥15 days post symptoms onset.

There are several other CLIAs developed by Siemens, Abbott, Beckman Coulter, 
Ortho Clinical Diagnostics, etc., which employ similar assay formats and have high 
analytical performance.

3.3.2 ELISA

Many IVD manufacturers have developed several CE-certified ELISA kits for the 
detection of anti-SARS-CoV-2 IgG and IgM antibodies. The most prominent ELISA 
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kits from Euroimmun, InBios, Wantai, Epitope Diagnostics, and Thermo Fisher 
Scientific, have been approved by FDA under EUA.

The most widely used ELISA kit is the EUROIMMUN Anti-SARS-CoV-2 ELISA 
(IgG) kit [35, 38], which enables the qualitative detection of anti-SARS-CoV-2 IgG 
antibodies in human serum and plasma (K+-EDTA, Li+-heparin, and Na+-citrate). 
The test kit contains microplate strips, where each strip has 8 break-off reagent 
wells that are pre-coated with S1 domain of SP of SARS-CoV-2, which is expressed 
recombinantly in the human cell line HEK 293. The assay procedure involves 
incubating reagent wells with diluted patient sample (diluted 1:101 in sample 
buffer), which leads to the binding of anti-SARS-CoV-2 IgG antibodies (and also 
IgA and IgM) with the coated viral Ag. It is followed by subsequent incubation 
with HRP labeled anti-human IgG detection Ab and TMB substrate reaction. The 
absorbance of the colored solution after stopping the enzyme-substrate reaction 
with a stop solution is measured at the wavelength of 450 nm with a reference 
wavelength of 620–650 nm. The provided two controls, i.e., a positive and a 
negative control, and calibrator must be used with each run. The overall assay 
duration is about 2 h and 15 min. The test is evaluated by calculating a ratio of the 
OD of the control/patient sample over the OD of the calibrator. The results are 
interpreted as negative, borderline, or positive if the ratio is <0.8, 0.8–1.1, or > 1.1, 
respectively. It is recommended to retest the patient after 1–2 weeks if he has a 
borderline result. The assay demonstrated a PPA to PCR of 100% in samples taken 
from COVID-19 patients ≥21 days post onset of symptoms and a PPA to PCR of 
81.1% in samples taken from COVID-19 patients ≥11 days post PCR confirmation. 
The NPA to PCR was 98.6%. The independent validation study by Frederick 
National Laboratory for Cancer Research (FNLCR) determined the PPA to 
comparator method of 90% and NPA of 100%.

The SCoV-2 Detect™ IgG ELISA from InBios International, Inc., USA employs 
indirect ELISA for the qualitative detection of anti-SARS-CoV-2 IgG antibodies 
in diluted serum samples (diluted 1:100 in sample dilution buffer). The assay 
procedure and steps are similar to that of Euroimmun ELISA kit, and the overall 
assay duration is about 2 h. The kit has a positive and a negative IgG control and a 
cut-off IgG control. All the controls should be run whenever an assay is performed. 
The assay achieved a PPA to PCR of 100% in samples taken from COVID-19 
subjects ≥22 days post onset of symptoms and a PPA to PCR of 100% in samples 
taken from COVID-19 subjects 0–28 days post PCR confirmation. The PPA to PCR 
was 95.45% in samples collected from suspects ≥15 days post onset of symptoms. 
The NPA to PCR was demonstrated to be 98.95%. The independent validation study 
by FNLCR showed both PPA and NPA to the comparator method to be 100%.

InBios has also developed the SCoV-2 Detect™ IgM ELISA that enables the 
qualitative detection of anti-SARS-CoV-2 IgM antibodies in human serum and 
plasma (K2-EDTA) from individuals that are 7–64 days post symptoms onset. The 
assay procedure is similar to that of Euroimmun and InBios IgG kits, except that 
detection is done by HRP labeled anti-human IgM. The IA involves dilution of 
the patient sample, i.e., 1:100 in sample dilution buffer, and has an assay duration 
of about 2 h. It employs a positive and a negative IgM control, and a cut-off IgM 
control, which must be run for every assay. The assay achieved a PPA to PCR of 
93.75% in samples taken from COVID-19 subjects ≥15 days post onset of symptoms. 
The NPA to PCR was demonstrated to be 98.95%. The independent validation 
study by FNLCR showed PPA and NPA to comparator method of 96.7% and 98.8%, 
respectively.

Bio-Rad has developed the Platelia SARS-CoV-2 Total Ab ELISA that enables 
the qualitative detection of total Ab (IgM/IgG/IgA) against SARS-CoV-2 in human 
serum and plasma (K2-EDTA, K3-EDTA, lithium heparin, acid citrate dextrose, 
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or sodium citrate) [39, 40]. It is a one-step antigen capture format that employs 
the addition of pre-diluted patient samples to recombinant SARS NP coated 
wells, and the simultaneous addition of HRP labeled recombinant SARS NP. 
The mixture is incubated for 1 h at 37°C that leads to the formation of immune 
complex. Thereafter, the TMB substrate is added, and after 30 min, the colorimetric 
reaction is stopped by adding a stop solution. The optical density is read by a 
spectrophotometer at 450 nm with a reference wavelength of 620 nm. The assay 
employs a positive control, a negative control, and a cut-off control that should be 
run for each assay. The positive and cut-off controls comprise rabbit polyclonal 
anti-SARS NP antibodies in human serum and buffer, respectively, with other 
components. The analysis of results is similar to that of Euroimmun IgG ELISA. 
The assay has a PPA to PCR of 100% in samples taken from COVID-19 suspects 
≥15 days post onset of symptoms while the NPA to PCR was 98.3%. A similar ELISA 
kit is the WANTAI SARS-CoV-2 Ab ELISA that enables the qualitative detection 
of total antibodies against SARS-CoV-2 in human serum and acid citrate dextrose 
plasma. The PPA to PCR was 98.72% in samples taken from COVID-19 suspects 
≥15 days post onset of symptoms while the NPA to PCR was 98.3%. The FNLCR’s 
independent validation showed PPA and NPA to comparator method of 96.7% and 
97.5%, respectively.

A novel ELISA is the cPassTM SARS-CoV-2 Neutralization Activity Detection 
Kit from GenScript USA, Inc., which detects qualitatively the total anti-SARS-
CoV-2 neutralization Ab in human serum and K2-EDTA plasma (diluted 1:9 in 
sample dilution buffer) in just less than 1 h 15 min. The test mimics the virus-host 
interaction in a test tube or microplate by coating the surface of the well with 
human ACE2 and analyzing its specific binding to the purified recombinant SARS-
CoV-2 SP RBD protein conjugated to HRP (HRP-RBD). The specific interaction 
between human ACE2 and HRP-RBD is blocked when the neutralization Ab against 
SARS-CoV-2 SP-RBD are present in the patient sample. The patient samples and 
controls are diluted and incubated with HRP-RBD so that the neutralization Ab 
could bind to HRP-RBD. It is followed by the addition of mixture to human ACE2 
protein coated capture plate, where the unbound HRP-RBD and HRP-RBD bound 
to non-neutralizing Ab is captured on the plate. The neutralization Ab HRP-
RBD immune complexes in the supernatant are removed during the washings. 
Subsequently, the TMB substrate is added, and the enzymatic reaction is stopped 
by adding a stop solution. The absorbance of the solution is read at 450 nm in a 
microplate reader. The assay employs a positive and a negative control that should 
be run for each assay. It has PPA and NPA of 100% with the comparator Plaque 
Reduction Neutralization Test at 50% viral neutralization (PRNT50) and 90% viral 
neutralization (PRNT90). The PRNTs employ the SARS-CoV-2 virus (WA01/2020 
isolate).

3.3.3 Rapid LFIA

Numerous rapid LFIA-based POC tests have been developed to detect and 
differentiate anti-SARS-CoV-2 IgM and IgG antibodies produced in individuals 
after SARS-COV-2 infection. They provide the test results in less than 20 min using 
only a few microliters of the sample.

The COVID-19 IgG/IgM Rapid Test Cassette (Whole Blood/Serum/Plasma) test 
from Healgen Scientific LLC, USA, is rapid LFIA for the qualitative detection and 
differentiation of anti-SARS-CoV-2 IgM and IgG antibodies in human venous whole 
blood, serum, and plasma from anticoagulated blood (Li+ heparin, K2-EDTA, and 
sodium citrate) [41]. It employs anti-human IgG, anti-human IgM and rabbit IgG 
coated on a nitrocellulose strip at the test line IgG, test line IgM and control line C, 
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respectively. The colloidal gold particles conjugated to recombinant SARS-CoV-2 S1 
antigen (COVID-19 conjugates) are stored in the burgundy-colored conjugate pad. 
The assay procedure involves the addition of patient sample and assay buffer to the 
sample well. The presence of anti-SARS-CoV-2 IgM and/or IgG antibodies in the 
sample will lead to the formation of immune complex with COVID-19 conjugates, 
which will migrate through nitrocellulose membrane via capillary action and forms 
a burgundy-colored band at the test line IgM and/or IgG. The absence of colored 
test bands indicates a negative result. The control line C serves as a procedure 
control, which will change from blue to red if the proper volume of sample has 
been added and membrane wicking has occurred. The manufacturer recommends 
using positive and negative controls as a good laboratory practice to confirm the 
test result. These are not provided by the company but need to be identified by 
the laboratory themselves. The assay takes only 10 min and must be read visually 
within 15 min. The PPA and NPA for the detection of anti-SARS-CoV-2 IgG and 
IgM antibodies were 96.7% and 98%; and, 86.7% and 99%, respectively. The 
independent clinical study determined the overall PPA of 100% and NPA of 97.5%.

Another rapid test, the BIOTIME SARS-CoV-2 IgG/IgM Rapid Qualitative Test 
from Xiamen Biotime Biotechnology Co., Ltd., China, detects and differentiates 
anti-SARS-CoV-2 IgM and IgG antibodies in human serum, potassium EDTA 
venous whole blood and plasma (potassium EDTA) [35]. It takes only 20 min and 
must be read visually within 30 min. The company has SARS-CoV-2 IgG/IgM 
Control Set, which can be purchased separately by customers. The PPAs to PCR for 
the detection of anti-SARS-CoV-2 IgG and IgM antibodies in serum and plasma 
were 100% in samples collected from COVID-19 patients ≥15 days post onset of 
symptoms. The NPA to PCR for the detection of anti-SARS-CoV-2 IgG and IgM 
antibodies in serum and plasma were 98.46% and 100%, respectively. The FNLCR 
validation study demonstrated sensitivity and specificity for anti-SARS-CoV-2 IgM 
and IgG to be 100% and 98.8%; and, 96.7% and 97.5%, respectively. The combined 
sensitivity and specificity were 100% and 96.2%, respectively.

Of interest is the SGTi-flex COVID-19 IgG rapid LFIA from Sugentec, Inc., 
Korea, for the qualitative detection of anti-SARS-CoV-2 IgG antibodies in human 
serum, plasma (sodium heparin, lithium heparin, sodium citrate, and K3-EDTA), 
and venous whole blood (sodium heparin, lithium heparin, sodium citrate, and 
K3-EDTA). The assay principle is very similar to that of Healgen’s test except that 
recombinant SARS-CoV-2 NP and SP RBD protein is used in the conjugate. The 
assay takes only 10 min, and must be read visually within 30 min. Sugentec also 
provides a separate SGTi-flex COVID-19 IgG Control, which contains a positive and 
a negative control that are prepared from processed human plasma or serum. The 
sensitivity (PPA) and specificity (NPA) of the test to PCR were 92.43% and 99.15%, 
respectively. The sensitivity (PPA) was 98.6% in samples taken from COVID-19 
patients ≥15 days post onset of symptoms.

The INNOVITA 2019-nCoV Ab Test (Colloidal Gold) (IgM/IgG Serum/Plasma/
Venous whole blood Combo) from Innovita (Tangshan) Biological Technology Co., 
Ltd., China detects and differentiates anti-SARS-CoV-2 IgM and IgG antibodies 
in human serum, plasma (lithium heparin, sodium citrate, and K2-EDTA), and 
venous whole blood (lithium heparin, sodium citrate, and K2-EDTA) [36]. The assay 
duration is 10 min, and results must be read visually within 15 min. The test strip 
has two windows, with their distinct sample wells, to selectively detect anti-SARS-
CoV-2 IgM and IgG antibodies. The assay principle is similar to that of Healgen’s test 
except that recombinant SARS-CoV-2 NP and S1 antigen is used in the conjugate. 
The T lines in the IgM and IgG result windows are coated with mouse anti-human 
monoclonal IgM (μ chain) antibodies and mouse anti-human monoclonal IgG 
(γ chain) antibodies, respectively. The control C lines in both IgG and IgM result 
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windows are coated with goat anti-mouse IgG antibodies. Innovita provides separate 
2019-nCoV IgM Positive Control, 2019-nCoV IgG Positive Control, and 2019-nCoV 
IgM/IgG Negative Control, which can be purchased separately. The positive controls 
are lyophilized humanized anti-SARS-CoV-2 IgM and IgG antibody in negative 
control serum matrix while the negative control is lyophilized negative control 
matrix. The PPAs to PCR for detecting anti-SARS-CoV-2 IgG and IgM antibodies in 
K2-EDTA plasma samples collected from COVID-19 patients ≥15 days post onset of 
symptoms were 97.78% and 97.67%, respectively. The NPA to PCR for the detection 
of anti-SARS-CoV-2 IgG and IgM antibodies was 100%. The FNLCR validation 
study showed sensitivity and specificity for anti-SARS-CoV-2 IgM and IgG w.r.t. the 
comparator method to be 93.3% and 98.8%; and, 93.3% and 98.8%, respectively. The 
combined sensitivity and specificity were 100% and 97.5%, respectively.

WANTAI SARS-CoV-2 Ab Rapid Test is a novel LFIA for the qualitative detec-
tion of total anti-SARS-CoV-2 Ab in human serum, venous whole blood, and plasma 
(K2-EDTA, sodium citrate and lithium heparin). The assay format is similar to that of 
Healgen test except that SARS-CoV-2 SP RBD antigens are coated at the test (T) and 
control (C) zones, and colloidal gold particles are conjugated to recombinant SARS-
CoV-2 SP RBD antigens. The company provides separate lyophilized positive and nega-
tive controls that can be bought separately. The positive control comprises monoclonal 
mouse anti-SP RBD antibodies in newborn calf serum buffer. The assay duration is 
15 min, and results must be read visually within 20 min. The PPA and NPA to PCR were 
94.7% and 98.89%, respectively. The PPA to PCR in samples collected from COVID-19 
patients ≥15 days post onset of symptoms was 91.67%. The FNLCR validation study 
showed sensitivity (PPA) and specificity (NPA) to be 100% and 98.8%, respectively.

4. Challenges and future directions

Various novel IVD assay formats, based on reverse transcription loop-mediated 
isothermal amplification (RT-LAMP), lab-on-a-chip, microfluidics, biosensor, 
multiplex detection, and POC technologies, are being chased by many groups. An 
automated, fully integrated POC COVID-19 assay, which can perform molecular, 
Ag, and Ab testing on a single bioanalytical platform, would be a breakthrough. 
The smartphone-based POC electrochemical test for SARS-CoV-2 biomarkers, 
similar to the iHealth Align device developed by iHealth, USA, for blood glucose 
monitoring [42], would be a very useful test for pandemic response. The rapid and 
accurate early-stage diagnosis of people infected with the SARS-CoV-2 is critical to 
decreasing the spread of COVID-19.

Apart from the RT-PCR based IVD tests performed in central clinical 
laboratories, the rapid Ag tests have played a significant role in extending the 
outreach of COVID-19 diagnostics to remote, decentralized, and POC settings [43]. 
Many well-performing rapid Ag tests have been approved by FDA under EUA and 
many countries for the self-testing of COVID-19. There are concerns regarding the 
performance of rapid Ag tests and it has been shown that they are not as accurate 
as RT-PCR tests. But there is no doubt that they are still very useful in pandemic 
response as they have enabled the mass screening of the population and helped in 
identifying many COVID-19 positive cases. The serology tests to detect anti-SARS-
CoV-2 Ab provide the desired information to the healthcare providers about the 
immune status of the COVID-19 patients and convalescent subjects.

The clinical accuracy of all COVID-19 tests needs to be stringently evaluated and 
constantly checked. The regulatory bodies and clinical authorities should analyze if the 
approved IVD tests are still working properly in all the patients or they are impacted 
by any specific SARS-CoV-2 mutation(s). Several safety alerts have been issued by 



Biotechnology to Combat COVID-19

162

the FDA where certain molecular tests impacted by SARS-CoV-2 mutations have been 
recalled from the market. Additionally, FDA has recalled a large number of COVID-19 
tests due to the lacking clinical validation data or performance. The discovery and use 
of novel biomarkers for the diagnosis of SARS-CoV-2 infection at an early stage could 
further lead to a novel IVD assay that would be ideal for pandemic response.

There is a need for more extensive research so that novel rapid and highly 
sensitive diagnostic technologies for the POC detection of SARS-CoV-2 infection 
with good analytical performance could be developed. The early-stage detection of 
SARS-CoV-2 infection would enable the healthcare professionals to intervene early 
and prevent the spread of infection.

The sensitivity of rapid LFIA tests could be further enhanced by employing new 
nanomaterial labels [44], which could lead to much lower limit of detection for the 
detection of specific analytes in the patient sample. Colloidal gold nanoparticles 
(NPs) has been the most used in commercial LFIA rapid tests due to the availability 
of large number of conjugation and immobilization chemistries, easy synthesis and 
low cost. However, many prospective nanomaterial labels have been demonstrated 
to provide much higher sensitivity. These include quantum dots, up-conversion 
NPs, time-resolved fluorescence NPs, surface enhanced Raman scattering active 
NPs, magnetic NPs, carbon nanotubes and carbon NPs. In case of COVID-19, there 
is a need to detect very low concentrations of NP at pg/mL level, which is just at the 
limit of detection of conventional LFIA formats that are being used commercially 
in rapid tests. It is possible to increase the accuracy of detection at such low levels 
by employing such novel nanomaterial labels, which have been demonstrated by 
several researchers [44]. Several other biomarkers that are being investigated for 
the early-stage detection of COVID-19, such as cytokines, are also present at very 
low levels in the patient samples. Therefore, there is a requirement of very high 
sensitivity for analyte detection. Further, a large number of smartphone-based 
colorimetry, fluorescent and chemiluminescent readers for rapid LFIA have already 
been developed by many companies and groups [45–47], which would be ideal for 
POC readout of rapid tests and rapid transmission of test results to a dedicated 
healthcare server or Cloud. The current generation of smartphones have advanced 
imaging, processing, connectivity, and other characteristic features, which would 
be highly effective in the development of next generation of innovative IVD and 
healthcare technologies for pandemic response.

5. Conclusions

Several IVD assays have been developed for the diagnosis of COVID-19. The 
gold standard for the confirmatory clinical diagnosis is the RT-PCR assay, while the 
mass population screening has only been feasible with rapid Ag tests. The rapid 
molecular tests have further extended the RT-PCR based COVID-19 diagnosis at 
POC settings. The POC molecular test (ID NOW™) from Abbott is a breakthrough 
in IVD testing. A large number of serology IVD tests, such as automated CLIA, 
manual ELISA, and LFIA, have further enabled the detection of anti-SARS-CoV-2 
Ab in COVID-19 patients and suspects. The ongoing research efforts and continu-
ous advances in the field and complementary technologies will lead to improved 
IVD tests for COVID-19 in the near future.
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Chapter 9

Molecular Biology of PCR Testing 
for COVID-19 Diagnostics
Vinita Chittoor-Vinod

Abstract

COVID-19 cases were first reported in December 2019, and since then it has 
spread quickly to create a global pandemic. This respiratory disease is caused by the 
SARS-CoV-2 virus. A major contributing factor for the fast spread of this virus is 
that the infectivity by the asymptomatic carriers is similar to symptomatic patients. 
Thus, to identify the asymptomatic individuals and to provide the essential treat-
ment and care to COVID-19 patients, we rely heavily on diagnostic assays. Efficient, 
reproducible and accessible diagnostic tests are crucial in combatting a pandemic. 
Currently, there are few key detection tests which have been successfully employed 
to field-use. However, there are constant efforts to enhance their efficacy and acces-
sibility. This chapter aims at explaining the basic principles of the current molecular 
diagnostic tests, which determine the presence of the virus through the detection 
of its genetic material. This chapter will aid the readers in understanding the basic 
workings of these molecular diagnostic tests.

Keywords: molecular diagnostic tests, PCR assays, SARS-CoV-2, COVID-19, 
RT-PCR, RPA, LAMP, CRISPR-based assays, LFA

1. Introduction

In December 2019 primary cases of COVID-19 were reported in Wuhan (China), 
which was later declared as a pandemic by WHO in March 2020 [1]. The COVID-19 
is caused by the contagious virus SARS-CoV-2 (Severe acute respiratory syndrome 
coronavirus 2), belonging to the same family as MERS-CoV (Middle East respira-
tory syndrome coronavirus) and SARS-CoV-1 [2]. Typical symptoms of COVID-19 
span a wide range, including fever, dry cough, sore throat and shortness of breath 
[3]. These symptoms are similar to flu and other respiratory illnesses. In order to 
provide appropriate care and treatment for COVID-19, it is critical to diagnose 
SARS-CoV-2 (referred to as CoV-2 hereafter) infections distinctly from other simi-
lar diseases. Another complexity to this is that some CoV-2 infected individuals do 
not exhibit exaggerated symptoms, termed as asymptomatic carriers [4]. It has been 
shown that the asymptomatic carriers can spread the virus to the same extent as the 
symptomatic individuals, in the absence of appropriate precautions [4]. Thus, it is 
imperative to identify all infections efficiently, quarantine and treat appropriately 
to cease the spread of CoV-2. To achieve this, many diagnostic tests (assays) have 
been developed and improved by multiple referring (participating) laboratories 
and CDC (Centers for Disease Control and Prevention). This chapter is focused on 
simplifying the basic principles of these diagnostic assays. Many scientific review 
articles which dive deep into the science of CoV-2 diagnostic testing have been 
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published [1, 3, 5–7]. This chapter, however, aims at explaining the same in non-
technical terms, intended for a general audience.

2. Biology of SARS-CoV-2

SARS-CoV-2 belongs to the family Coronaviridae, similar to SARS-CoV-1. CoV-2 
consists of a spherical protein structure of ~80–160 nm diameter [8] (Figure 1). 
This sphere is composed of two lipid layers placed face-to-face close to each other 
(bilayer). This bilayer is embedded with proteins, collectively referred to as the 
structural proteins. They include the envelope (E), membrane (M) and spike (S) 
proteins [2]. The E, M and S-proteins are embedded in the lipid bilayer forming 
the sphere [9]. The S-proteins stick out of the sphere prominently, giving a spiked 
crown-like appearance to the virus and thereby conferring the name ‘corona’ 
(crown) [2]. They bind to the ACE-2 (human angiotensin-converting enzyme 2) 
receptors on the host cell membrane to initiate fusion, and therefore are key in the 
invasion of host cells [10–12]. Encapsulated inside this sphere is the virus genome, 
which in the case of CoV-2, is a plus (or positive) single-stranded (ss) RNA (ribo-
nucleic acid, ss RNA) [2]. This genetic material is spooled around the nucleocapsid 
(N) proteins, which are also accounted as structural proteins [2].

The genome of CoV-2 was successfully sequenced by January 2020 [13]. The ss 
RNA is ~30 kb (kilobases) in length [2], encompassing all the information for pro-
tein syntheses and assembly of the new virus particles (virions). There is another 
group of non-structural proteins (NSPs) which are involved in non-structural func-
tions such as genetic material replication or the assembly of virions [2]. There are 16 
such NSPs identified in the CoV-2 genome, which include an RNA-dependent RNA 
polymerase (RdRP), ExoN (exonuclease) and ORF proteins [2]. RdRP synthesizes 
new viral genetic material, while ExoN is responsible for genome stability and for 
removing any errors in the newly synthesized genetic RNA sequence. ORF proteins 
act as accessory proteins [2].

Viruses have been traditionally categorized in a separate class, from the biotic or 
living organisms. This is due to their inability to replicate in the absence of a host. In 
general, the virus invades the host cell, releases its genetic material and hijacks the 
host machinery for synthesizing its own macromolecules (nucleic acid and pro-
teins) [14]. Upon assembly of virions (new viruses), the host cell is lysed (broken 
open) to release the new infectious particles [14]. The host cells try to combat the 

Figure 1. 
Cartoon representing the human SARS-CoV-2 virus structure. (Left) Sphere showing the outside of the virus. 
(Right) A cross-section of the virus sphere depicting the membrane structural proteins (S, M and E), along 
with the ss RNA genetic material which is wound around the nucleocapsid (N) proteins.
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invasion by evoking an immune response specific to the virus (adaptive immunity) 
[15]. This is attempted through the presentation of fragments of the foreign macro-
molecules on the host cell surface. These non-indigenous particles, called antigens, 
are sensed by the immune cells which initiate the production of antibodies against 
them [15]. Thereafter, any particle resembling the antigen is attacked and cleared 
by the host immune cells. Antibodies are broadly classified into 5 main immuno-
globulin (Ig) classes: G, A, M, E and D. They differ in their structures, capacity to 
recognize the antigen and occurrence in the course of immune response [15]. These 
antibodies encompass a structural region which is specific to binding the antigen 
(called the variable region). The immune response and components are much more 
complicated than this simple excerpt presented here, and the readers are encour-
aged to refer to other reviews on the immune system [15].

3. Detection of SARS-CoV-2

The observation that the virus from asymptomatic carriers is equally infectious 
as those exhibiting clear symptoms of COVID-19 [4, 16], makes it imperative to 
identify the asymptomatic individuals in order to take appropriate measures for their 
seclusion and treatment. This is highly dependent on the reliability and accuracy of 
the diagnostic tests. Further, these assays also permit the recognition of patients with 
CoV-2 infections at hospitals where it is crucial for their segregation into the COVID-
19 specific wards. This is important to prevent further transmission of the virus 
to admitted and highly vulnerable patient populations. Reliability of a diagnostic 
test depends on its specificity and sensitivity. Specificity is the ability of the test to 
correctly detect the negative samples as negative, thus reducing false-positive results 
[17]. On the other hand, sensitivity is the ability of the test to correctly identify the 
positive cases as positive, thereby decreasing false-negative results [17]. It is essential 
that a test is dependable for both these features. False results, either way, will aid in 
the spread of the virus, and misdirect contact tracing.

Figure 2. 
Categorization of available CoV-2 diagnostic tests. The present diagnostic assays for CoV-2 can be segregated 
into two broad classes- molecular and serological. Molecular tests determine the presence of the virus by 
detecting its genome. For molecular assays, specimens can be collected from multiple relevant areas, such as 
the nasal swab, BAL, etc. Serological tests detect either the presence of the antigen (a protein that is only 
expressed by the virus) or the antibodies (generated by the host’s immune system in response to the infection) 
in blood samples. While PCR (molecular) and antigen tests detect the presence of the virus at the time of 
testing, antibody assays mainly determine previous infection. All these tests can identify both, symptomatic and 
asymptomatic carriers of the virus. The PCR assays include reverse transcription-PCR (RT-PCR), recombinase 
polymerase amplification (RPA), reverse transcription-loop mediated isothermal amplification (RT-LAMP), 
and CRISPR-Cas based tests. These PCR assays will be discussed in this chapter.
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In the face of a pandemic, such as the one we face currently, a diagnostic assay 
should have:

• High sensitivity

• High specificity

• Easy read-out method

• Rapid turn-around-time (TAT, time to get the results)

• Low cost

• Easy transport and storage

• High reproducibility

Present diagnostic assays for CoV-2 have been categorized as shown in Figure 2.

4. Molecular testing

These diagnostic assays detect the virus through the presence of their genetic 
material, which is amplified to produce a detectable signal. To fully comprehend 
the mechanism of these assays, it is essential to first understand the central dogma 
(Figure 3). The common genetic material is DNA (deoxyribonucleic acid), a com-
paratively more stable nucleic acid than RNA. Generally, DNA is a double-stranded 
(ds) molecule composed of plus (+) and minus (−) strands [18]. It is made of 
deoxyribose sugar molecules as backbone and are attached with bases or nucleotides 
A (adenine), T (thymine), G (guanine) or C (cytosine) [18]. The complementary 
nature of the bases, i.e. their ability to pair specifically, provides the ds structure. 
The same feature allows faithful replication of the DNA and syntheses of RNA, thus 
enabling truthful relaying of the message. The base pairings are A-T and C-G [18]. 
The deoxyribose (and ribose) sugars provide a directionality to the nuclei acids 

Figure 3. 
Central dogma. The message in the double stranded DNA is converted to single stranded RNA by transcription, 
through complementary base pairing. The code in RNA is converted to proteins by a process called translation 
(three bases constitute a codon, which represents one amino acid). Amino acids are the building blocks of 
proteins. RNA can be converted back to double stranded DNA (cDNA) through reverse transcription.
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with their chemical groups, 5′ end and 3′ end [19]. All DNA strands are synthesized 
by DNA polymerases in 5′ - > 3′ direction [19]. The two strands, however, run in 
opposite directions i.e. the 5′ end of plus strand is closest to the 3′ end of minus 
strand, while the 3′ end of the plus strand is opposite to the 5′ end of the minus end 
[19]. Based on the ATGC code (sequence) carried by the plus strand, the minus 
complementary strand is built [19]. For example, 5′-AGGCTC-3′ sequence on the 
plus strand will be paired with 5′-GAGCCT-3′.

4.1 DNA to RNA

The information in the genetic material needs to be converted to proteins, which 
act at the functional level. In this process, a key intermediate is the RNA. The code in 
the DNA is first converted to RNA through transcription by RNA polymerases [20]. 
The complementarity of the bases is used to transfer the information faithfully into 
RNA. Usually, RNA is a ss molecule, with the same complementary base pairings as the 
DNA. In RNA, T is replaced by U (uracil) which also pairs with A (A-U) [19]. In some 
viruses, ds RNA serves as the genetic material. However, the rules of complementation 
and the ss RNA intermediate for protein synthesis remain the same.

4.2 RNA to protein

The code carried by RNA is used for the synthesis of proteins, through transla-
tion [20]. Proteins are composed of amino acids building blocks. A codon in the 
RNA, which is composed of three bases in a specific order, codes for a particular 
amino acid [20]. So, the sequence of the amino acids in the protein are built 
according to the sequence of the codons in the respective RNA. Proteins are the 
macromolecules which acts as support structures, catalyze reactions, relay signaling 
information, and many other functions.

The dependency of protein synthesis on RNA has been ingeniously employed 
in the current Pfizer and Moderna vaccines [21]. These vaccines carry an mRNA 
(messenger RNA) which carries the code for an antigenic fragment of the 
CoV-2 S-protein [21]. The host cells produce the S-protein fragments which elicit an 
appropriate immune response. This leads to the production of antibodies that can 
identify the CoV-2 S-protein upon an actual infection.

5. Polymerase chain reaction (PCR)

PCR is the process of photocopying a specific region (target region) of the DNA, 
achieved through base complementation. This amplification process is used to 
produce a detectable signal, which can be correlated to the presence and amount of 
target DNA present in the reaction (Figure 4). In PCR, a specific target region in 
the DNA sample is demarcated through primers, which are short stretches of DNA 
ranging from 8–20 nucleotide bases. Short DNA strands are termed as oligonucle-
otides, where primers are a sub-group which are used in PCR reactions. Primers are 
complementary to the boundaries of the target region in the DNA sample. In PCR, 
two primers are required to bind at the 5′ end boundaries, one each for the plus and 
minus strands. The primers provide a pre-requisite platform for the DNA poly-
merase to bind and extend the new complementary strands [22], one for each of the 
two original template strands (Figure 4B).

When the starting material for PCR is RNA, as in the case of CoV-2, the RNA 
template is first reverse transcribed to complementary DNA (cDNA) (Figure 4A). 
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The cDNA then serves as a template for PCR amplification using targeted primers. 
The conversion of RNA to DNA is achieved through naturally occurring RNA-
dependent DNA polymerases, aptly called reverse transcriptase (RT). PCR reac-
tions which depend on the RT enzyme are generally categorized as RT-PCR.

The amplified DNA region was traditionally detected using color or fluorescent 
agents which bind to ds DNA products [23]. Thus, with an increase in amplifica-
tion there is an increase in the color/fluorescent signal. PCR read-outs are of two 
types: quantitative and qualitative. The former, quantitative, yields the amounts 
of template DNA, either absolute or relative values. On the other hand, qualitative 
PCR provides information on whether the template DNA is present in a sample. For 
CoV-2 RNA detection, a simple answer on its presence or absence is essential.

The general types of PCR techniques employed or developed for COVID-19 
diagnosis are discussed below.

5.1 Reverse transcriptase-polymerase chain reaction (RT-PCR)

The first diagnostic kit developed to detect the CoV-2 infection was based on 
RT-PCR. As described above, the viral genomic RNA in the specimen is reverse 
transcribed to cDNA, followed by PCR amplification of a target gene using primers 
(Figure 4). There are two variants of this reaction: 1-step and 2-steps [3]. In 1-step, 
reverse transcription and PCR are conducted in the same tube, in tandem. This 
minimizes the chances of contamination by reducing handling. The 2-steps varia-
tion separates the RT reaction which provides cDNA in a separate tube for retention. 

Figure 4. 
RT-PCR. (A) Viral ss RNA is converted to ds DNA by the reverse transcriptase enzyme. (B) In PCR, the 
cDNA acts the template (1). The two strands of the cDNA are separated (denatured) through high heat (2). 
This allows the annealing of the primers (forward and reverse) and the probe with their complementary 
regions on the template DNA strands (3). The DNA polymerase extends the primers to synthesize new DNA 
strands. In this process, the polymerase displaces and separates the fluorescent reporter (F) and the quencher 
(4). (C) Explanation of the read-out signal generation. At the ground state, the quencher is in close proximity 
to the reporter, and thus suppresses its emission. Upon cleavage by the polymerase (during extension step), the 
reporter is released. This relieves its inhibition thereby producing a fluorescent signal. Thus, with an increase in 
amplification of the template DNA, there is a corresponding increase in the detectable fluorescent signal.
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This is useful since it is easier to store and handle DNA than RNA, and the cDNA 
can be used for further testing of other genes, if needed.

Choosing the target gene and region within that gene (usually PCR is directed at 
amplifying only a small region within a gene) is important, as it needs to be specific 
to the virus, excluding any overlap with the host genome or any other parasite/
virus. For CoV-2 PCR, regions within the N, E, RdRP, S and ORF1ab genes have 
been successfully used as targets for RT-PCR [3]. It was recommended to use PCRs 
directed at amplifying at least two target regions for higher specificity. In addition 
to the viral genes, the human RNase P gene which is present ubiquitously in all cells 
is also amplified separately [3]. Detection of RNase P ensures that the PCR reac-
tion did receive the specimen. This is important especially in determining negative 
results for viral gene targets.

During the PCR, the two strands of DNA template (plus and minus strands) are 
separated using high temperature to break the complementary pairs (reversible). 
This step is termed as “denaturation” in PCR, which is required to expose the bases 
for the primers to bind. This is followed by an “annealing” step which is ambient 
for primer binding to the complementary regions. Entailing this step is “extension” 
of the primers by DNA polymerase to synthesize complementary product strands. 
These three key steps are repeated multiple times in the same order to amplify 
the signal (referred to as PCR cycles). The newly synthesized DNA fragments can 
then themselves act as templates in the following PCR cycles, thereby giving an 
exponential amplification pattern. Thus, even a small amount of starting DNA 
is sufficient to generate a positive signal. Although, the annealing and extension 
temperatures can be synchronized through appropriate designing of the primers, 
denaturation requires a higher temperature. This demands the use of thermo-
cyclers for RT-PCR, which can change temperatures of the reaction cyclically. 
Further, RT-PCR read-out is generally a fluorescent signal which also requires a 
specific detection instrument. These limit the use of this assay at point-of-care 
(POC), i.e. use by medical practitioners for instant results to make informed and 
immediate decisions.

A variation of this conventional assay, TaqMan PCR, was employed as a 
primary technique for CoV-2 diagnostics [24]. It involves the addition of another 
oligonucleotide called the probe. This probe, which is complementary to the plus 
strand is usually positioned towards the center of the target region i.e. between 
the two opposing primers. Probe is flanked by a fluorescent reporter molecule 
at its 5′ end and a quencher molecule at the 3′ end (as explained earlier, all 
oligonucleotides have a direction imparted by the backbone sugar molecules). 
The fluorescent reporter signal is suppressed by the quencher due to their close 
proximity. When the probe binds to the plus strand of the template (after dena-
turation), the DNA polymerase starts synthesizing the new strand from the 3’end 
of the forward primer (the quencher molecule in the probe 3′ end will not allow 
the polymerase to start at the probe). In this process, the polymerase cleaves the 
probe and releases the fluorescent and quencher molecules separately. Due to this 
irreversible separation, the signal from the fluorescent reporter is uninhibited 
and detectable. Thus, the level of signal from the reaction is proportional to the 
amount of new DNA products. TaqMan PCR retains the need for a thermocycler 
and a fluorescence reader, but provides more specificity than the traditional 
technique.

During the early stages of the COVID-19 pandemic, samples from multiple 
individuals were pooled together to reduce the testing times [25]. Upon detecting a 
positive result, the samples from that pool were individually tested to identify the 
infected individual/s.
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Advantages:

1. RT-PCR is a commonly used assay in most laboratories. Hence, it was easily 
absorbed as a CoV-2 diagnostic test during the start of this pandemic.

2. It has high specificity, determined by the rigor of the chosen primers/probes.

3. This assay can be easily modified to adapt the mutations of the virus, as 
 reported for CoV-2 S-protein in UK in December 2020 [26].

4. This test has the capability to multiplex. It has been recently modified by the 
CDC to detect the presence of CoV-2, Influenza strains A and B [3].

5. There is no requirement for a purification step in RT-PCR.

Limitations:

1. This assay depends on a thermocycler and a fluorescence reader, limiting its 
use at POC.

2. The RT and PCR reactions yield a TAT of ~3–24 hours [27], depending on the 
number of samples and the handling capacity of the testing center.

5.2 Recombinase polymerase amplification (RPA)

This assay works on the same principle as the RT-PCR but bypasses the need for tem-
perature variations for DNA amplification. It eliminates the denaturation high tempera-
ture step, and then combines the annealing and extension steps to a single temperature 
[28]. The assays which use a single temperature to complete all the reactions are termed 
as ‘isothermal’, thus eliminating the need for a thermocycler.

RPA achieves isothermal amplification through the inclusion of a few key com-
ponents in the reaction mixture (Figure 5). The first is the recombinase enzyme, 
which is incubated with the primers to form a complex, in the presence of a crowd-
ing agent (increases viscosity of the solution). The recombinase-primers complex is 
then added to the reaction with the cDNA derived from viral RNA. Thus, this assay 
also depends on RNA isolation and RT reaction. The recombinase allows the invasion 
of the ds cDNA by the primers to bind to their complementary regions. The ss DNA 
regions (or loops) that are created due to this invasion are stabilized by the binding 
of ss DNA-binding proteins (SSBPs). This prevents the re-binding of the original 
template strands (plus and minus). The recombinase enzyme is then displaced from 
the DNA by a strand-displacing DNA polymerase. This polymerase opens the tem-
plate DNA structure as it synthesizes new DNA strands emanating from the primer 
(i.e. strand-displacing). All these components of RPA aim towards the elimination of 
the denaturation step in the PCR cycle, thus making it isothermal. This assay holds 
the capacity to be carried out in solid-phase, i.e. on a dry surface with immobilized 
components [28]. Although the load-of-detection (LOD) and time are compromised 
in solid-phase RPA [28], this feature can enable the designing of lyophilized kits with 
minimal storage and transport requirements.

End-point detection of RPA has been vastly calibrated to fit the lateral flow 
assays (LFA) [28]. This assay yields rapid results in a visual read-out format  
(Figure 6). To adapt RPA to LFA, three different oligonucleotides (2 prim-
ers and 1 probe) and a nfo nuclease are required. Similar to the TaqMan assay 
described above, the probe is flanked with a 5′ end antigenic label (usually 
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6-Carboxyfluorescein i.e. FAM) and a 3′ end blocking group [28]. The 3′ end 
group inhibits the DNA polymerase from extending the probe (remember that the 
polymerase can only add nucleotides at the 3′ end). In addition to these end groups, 
the probe is also equipped with an abasic nucleotide (tetrahydrofuran) which does 
not pair with any of the standard bases (A, T, G or C) [28]. This abasic nucleotide 
creates a fold in the probe that is bound to the complementary template DNA. The 
nfo nuclease recognizes this fold and nicks the probe at this position [28]. The abasic 
nucleotide is strategically positioned in the probe, such that the nick by the nuclease 
releases the 3′ end blocking group from the probe/template DNA complex [28]. 
This opens up the 3′ end for the polymerase to extend the new DNA strand from 

Figure 5. 
Recombinase polymerase amplification (RPA). The primers and the recombinase enzyme are allowed to form 
a complex (1). The recombinase opens up the cDNA template, while the primers bind to their complementary 
regions (2). The ss DNA regions generated due to the opening of the template structure are stabilized through 
the binding of the single-strand binding proteins (SSBPs) (3). The DNA polymerase binds to the primers 
attached to the template DNA, detaching the recombinase (4). The polymerase extends the primers, while 
opening the ds template on its way. It also moves the SSBPs while synthesizing the new strands (5). New strands 
are synthesized by the polymerase (6). New ds DNA products which can act as templates for the following 
amplification cycles (7).
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the probe. The reverse primer (the primer that will bind to the opposite strand) is 
tagged with a 5’end ligand (usually biotin) [28]. The main feature of these two 5′ 
end tags (FAM and biotin) is the availability of strong binding proteins or antibod-
ies against them. The binding proteins or antibodies are immobilized on LFA strips 
(dipsticks) at two separate lines, test and control. The test band is coated with 
biotin-binding proteins (which will capture the 5’end tag of the reverse primer), 
while the control band is stacked with Ab2 antibodies (which capture to unbound 
Ab1 antibodies, see below). Once the stick is exposed to the sample (either through 
immersion of the sample pad or loading of the sample) on the sample pad, the 
sample moves across the conjugation pad which has lyophilized antibodies against 
FAM (Ab1). Here the RPA ds DNA products which carry both the tags will be bound 
by Ab1. From the conjugation pad, the complex containing Ab1-RPA products will 
move further up the strip (due to capillary action) towards the test band. At this 

Figure 6. 
Lateral flow assay. (A) The strip consists of the regions depicted in the figure. The sample is loaded onto the 
sample pad. The sample then moves upwards, towards the absorption pad due to capillary action. Sample 
comprises of the amplified ds DNA products with tags FAM and biotin at two separate ends. From the sample 
pad, the sample first moves to the conjugation pad which is pre-loaded with Ab1 (antibodies against FAM). 
The Ab1 antibodies bind to the FAM-DNA-biotin products. These complexes move upward and are captured at 
the test line by the immobilized biotin-binding proteins. This produces a visible test line. The unbound free Ab1 
antibodies (excess) from the conjugation pad also move upwards. These antibodies, however, move past the test 
line as they do not possess any biotin for interaction at this line. Upon reaching the control line, these antibodies 
are captured by Ab2 (antibodies that can bind Ab1). This interaction produces a visible control line. (B) The 
appearance of the positive, negative and invalid results. Positive result should show two lines, since it ensures the 
working of all components of the LFA strip. A conclusive negative result will only produce a control line which 
is generated by the interaction of immobilized Ab2 with free unbound Ab1. All other results are considered 
invalid.
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juncture, only DNA products which have the biotin tag will be captured by the 
biotin-binding proteins, showing a positive result. Further movement of these 
complexes is restricted as the binding proteins are immobilized onto the test line. 
Along with the complexes, the unbound free Ab1 antibodies also move up from the 
conjugation pad. These free antibodies move further up from the test line as they 
do not carry any biotin. They are captured by the Ab2 antibodies in the control 
line. Hence, a positive result should yield two distinct lines in the strip. In case of a 
negative sample, there is no fruitful conjugation of Ab1 antibodies on the conjuga-
tion pad. However, due to capillary action of the sample, the Ab1 move up the strip. 
Although these antibodies will not be captured at the test line, they will be immo-
bilized by Ab2 on the control line. Thus, a reliable negative result should show one 
control line on the strip. All other combinations would indicate inconclusive results.

Advantages:

1. Solid-phase RPA can yield kits with minimal needs for transport and storage, 
thereby significantly improving diagnostics at POC. However, more research is 
required in improving its LOD and TAT.

2. The LFA compatibility is useful in non-laboratory settings, again increasing its 
usage at POC.

3. RPA can be easily modified to accommodate the new mutations in target 
regions.

Limitations:

1. At present, RPA kits are sold by one company. This restricts modifications at 
the user’s end.

2. Prior to LFA, there is a protein purification step to avoid impaired flow of the 
sample on the strip. This adds to TAT.

3. This assay still requires RNA isolation and reverse transcription steps. These 
add to the detection times.

5.3 LAMP (loop-mediated isothermal amplification)

LAMP is another isothermal amplification technique which produces long, self-
complementary looping DNA strands to generate a detectable signal. This technique 
employs an engineered DNA polymerase Bst 2.0 with strand-displacing feature 
[29]. This enzyme can separate the two template DNA strands (plus and minus) as 
it builds the new strand, thus removing the denaturation step from PCR. LAMP is 
conducted at a single temperature (60–65 °C) [29], conducive to both the annealing 
and extension steps. Recent modifications include addition of the engineered RT 
enzyme along with the Bst 2.0 polymerase, thus making it a 1-step protocol [29]. 
Again, this assay still requires RNA isolation from the sample.

Generally, a set of 4 (or 6) specific primers are used in LAMP assay. These prim-
ers cover at least six distinct regions, flanking the entirety of the target region. A 
glimpse of the assay steps is described in Figure 7. The self-complementary regions 
of the primers promote the formation of looped DNA products. This allows LAMP 
to yield concatemers of various lengths, which are long DNA strands with multiple 
copies of the target region aligned back to each other [29]. Concatemers multiply 
the read-out signal at a much faster rate than RT-PCR. The mechanism is explained 
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in the Figure 7. A review article by Thompson and Lei [29] is recommended for 
further reading on this assay. Here, I would like to highlight the modifications made 
to RT-LAMP to progress COVID-19 diagnostics.

This detection assay was developed to provide a visible color read-out. A colori-
metric detection was incorporated using a simple pH-sensitive dye such as phenol 
red [29]. The color of this dye is closer to red when the pH is neutral (pH 7.0), and 
changes towards the yellow spectrum with acidic pH (pH < 7.0). The byproducts of 
DNA synthesis are acidic, which reduce the pH of the solution. This color change 
can be easily noted by eye, without any instrument. However, this detection method 
is limited by the baseline differences in the pH of collected specimens. To circum-
vent this, fluorescent dyes such as GeneFinder have been employed [29]. This dye 
produces green color under blue light illuminator to report positive results. Another 

Figure 7. 
LAMP. Six specific regions (A, B, C, D, E, F) flanking the target DNA are chosen to design the primers (1). 
The forwards inner primer (FIP) invades the target DNA. This primer encompasses a self-complementary 
region (C) on its 5′ end (2). The new strand synthesized with FIP is displaced by the forward primer (3). The 
DNA products synthesized by the forward primer is similar to the original cDNA template (4). Due to the 
self-complementarity region on the FIP, it folds on itself forming a loop. This strand is invaded by the backward 
inner primer (BIP) and backward primer (5). The product formed by BIP on the FIP strand leads to two loops 
at the ends, forming a dumbbell shaped structure (6). These strands can be extended to form concatemeric DNA 
products (7). Concatemeric products of variable lengths (8).
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variation of this assay excluded RNA isolation step to find comparable amplifica-
tion of the N-protein gene under laboratory conditions [29]. This modification still 
needs more testing and evaluation with patient samples, prior to field use. After 
calibration, this assay could significantly reduce the TAT.

Moreover, individual samples can be tagged with specific barcodes in LAMP 
assay which allow tracing in a pooled sample [29]. A common method of barcoding 
is the transposase Tn5-adapter system [30]. The original article on this barcoding 
method is recommended to readers for understanding its mechanism and potential 
in diagnostics [30]. The barcodes, however, have to be read through NGS (next-
generation sequencing), which requires specific lab equipment. This adds time for 
obtaining the results. It is possible that the bargain between time saved by pooling 
samples and the time added by NGS could be a deciding factor for the field-use 
application of this assay.

An important feature of LAMP is its amenability to be paired with other PCR 
techniques to combine their advantages. So far, the efficacy of LAMP has been 
tested after merging with RPA, using lab samples [29]. The combined assay is found 
to have increased sensitivity. RT-LAMP when integrated with CRISPR-Cas12 assay 
(described below) was shown to reduce detection time considerably [3].

Advantages:

1. This assay is conducted at a single temperature, and thus without a ther-
mocycler.

2. The detection rate is much shorter than other mentioned techniques [3].

3. LAMP offers flexibility to be paired with other assays for improving their 
detection abilities.

4. This assay can be adapted to lab instrument-free detection methods.

5. Specificity of LAMP is higher than RT-PCR [3].

Limitations:

1. LAMP relies on precisely designed primers. Hence, it is more complicated to 
accommodate new mutations as compared to RT-PCR [3].

2. Sensitivity of LAMP is lower than the conventional RT-PCR [3].

3. Similar to the previously mentioned techniques, LAMP also requires RNA 
isolation and reverse transcription.

5.4 CRISPR-based assays

CRISPR (Clustered regularly interspaced short palindromic repeats)-Cas 
(CRISPR-associated nuclease) technology has been recently tested for its potency 
in the field of diagnostics. This technique, which was given recognition through 
the Nobel Prize in Chemistry 2020, is a modified biological process of the bacterial 
(prokaryotic) adaptive immune system [1]. Here a ss guide RNA (sgRNA or crRNA) 
leads/guides the CRISPR-Cas complex to the target nucleic acid region [1], owing to 
its complementarity to this region (Figure 8). Upon binding, Cas nuclease cleaves 
the template nucleic acid [1], along with non-specific cleavage of nearby ss DNA/
RNA. This feature is called “collateral cleavage” activity [1], and has been used in 
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designing read-out methods for diagnostic tests. This assay is equipped with ss DNA 
or RNA probes with a fluorescent or traceable reporter molecule, which produces a 
detectable signal only upon cleavage through collateral activity.

The target for CRISPR-Cas cleavage complex can be modified by changing the 
crRNA strand sequence, similar to the primers/probes in RT-PCR. Based on the Cas 
nuclease paired with the crRNA in the assay, the template can vary. For example, 
Cas13 targets ss RNA, while Cas9 or Cas12 target ds DNA [1]. Thus, in case of 
CoV-2, the virus ss RNA will need to be reverse transcribed to cDNA which will be 
either amplified as DNA products or through in vitro transcription as RNA prod-
ucts. CRISPR-Cas complexes cannot amplify nucleic acids, and hence rely on other 
amplification techniques for this (such as previously described methods).

A recently invented SHERLOCK (Specific high-sensitivity enzymatic reporter 
unlocking) technique includes the crRNA-Cas13a complex to target RNA molecules 
[1]. This technique uses RPA amplification assay and a non-targeting RNA strand 
tagged with a fluorescent dye [31]. Patchsung et al. [32] used SHERLOCK for CoV-2 
diagnostics, targeting the S and ORF1ab genes. This assay has been further modi-
fied to suit LFA detection methods, i.e. using paper strips. Another variation of 
CRISPR-Cas technique is DETECTR, where it is combined with RT-LAMP amplifi-
cation. This has been tested for CoV-2 E and N genes [33].

Ding et al. [34] developed an All-In-One Dual CRISPR-Cas12a (AIOD-CRISPR) 
assay where all the reactions components are incubated at 37 °C together. This 
simplifies the diagnostic assay protocol. The AIOD-CRISPR was then modified for a 
visual color detection in LED blue light illuminator.

Figure 8. 
CRISPR-Cas cleavage system. Viral RNA is reverse transcribed to ds cDNA, which can be further transcribed 
to amplified RNA through an in vitro system. The cDNA can be processed either through Cas9 or Cas12a, while 
the ss RNA can be cleaved through Cas13a. The single-guide RNA (sgRNA) or crRNA is complementary to the 
region of interest, and thus guides the Cas nuclease to the site. After target cleavage, collateral cleavage activity 
cleave and releases the reporter from quencher inhibition. This produces a detectable fluorescent signal, which is 
proportional to the amount of target DNA in the reaction.
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Advantages:

1. CRISPR-Cas reactions can be conducted at 37 °C temperature. This is an 
achievable temperature at POC.

2. This is an isothermal reaction, and thereby does not depend on a thermocycler.

3. The basic CRISPR-Cas technology has the flexibility to be paired with other 
assays to reap advantages from both techniques.

4. DETECTR assay has a shorter process time as compared to conventional  
RT-PCR tests [3].

5. The sensitivity of CRISPR-based assays is higher than the other mentioned  
tests.

6. These assays can be adapted to non-instrumental detection methods like LFA 
or visible color change under blue light [3, 34].

Limitations:

1. Specificity of CRISPR-based assays is lower than that reported for RT-PCR.

2. These assays also require RNA extraction which adds to TAT.

3. Currently, there is no portable CRISPR-based devices which have been 
 developed for CoV-2. Thus, more research in needed in this field.

4. Calibration of the assays is more complicated than the standard RT-PCR or 
RPA. Thus, although possible, it will take longer to modify these tests to detect 
new mutations of the target gene.

6. Conclusion

The current molecular diagnostic tests provide variable degrees of sensitivity 
and specificity to the detection of SARS-CoV-2. It is clear that at present there is no 
single assay which fits all the requirements. However, there are constant research 
efforts aimed at improving the efficiency and accessibility of these assays to meet 
the growing demand of this pandemic. The improved assays will increase our ability 
to combat COVID-19 spread, and enhance our preparedness for any future infec-
tious agents by providing a strong platform for building new diagnostic tests.
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Abstract

The use of mechanical homogenization in patient sample preparation for 
COVID-19 diagnostics has proven impactful in the face of the global pandemic 
caused by SARS-CoV-2. Through methods including bead beating and shaker mill 
homogenization novel approaches to viral detection have been developed and 
improvements have been made to existing diagnostic workflows for the improve-
ment of throughput and automation capacity. The application of mechanical 
homogenization techniques has enhanced the sensitivity and methodology for 
many molecular based approaches to COVID-19 detection and from a variety of 
sample types ranging from saliva to nasopharyngeal swabs. Additionally, this tech-
nology has been used to help increase laboratory safety during sample processing 
through efficient viral lysis. Herein, the many benefits of mechanical homogeniza-
tion for COVID-19 detection will be discussed in the context of the many diagnostic 
workflows currently utilizing the technique.

Keywords: PCR, viral diagnostics, viral detection, antigen diagnostics,  
antigen detection, molecular diagnostics, COVID-19, homogenization,  
sample preparation, bead mill, shaker mill, bead beater

1. Introduction

Traditionally the process of mechanical homogenization has been employed in 
the laboratory setting for the disruption of animal or plant tissues in preparation for 
downstream molecular applications [1]. However, in the face of a global pandemic 
this technology has been adapted to increase efficacy and efficiency in viral detec-
tion in a variety of COVID-19 diagnostic workflows [2–4].

As the global community began to respond to the spread of SARS-CoV-2, the 
expansion of public health surveillance programs and community testing protocols 
became critical objectives [5]. However, the need for rapid expansion in testing 
capacity caused a tremendous strain on the supply chains providing the equipment 
and reagents traditionally needed for respiratory virus PCR-based testing [6]. As 
in most cases, necessity drove innovation. Given the large number of research and 
academic laboratories equipped to assist in PCR testing, many groups began to 
offer their assistance in processing patient samples while others began examining 
novel approaches to viral detection which circumvented the supply chain bottle 
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necks. During the development of these novel testing protocols laboratory safety, 
diagnostic assay sensitivity and specificity became top priority [5–7]. In an attempt 
to utilize common laboratory equipment to safely speed up testing efforts, the use 
of mechanical homogenization was proposed to inactivate the SARS-CoV-2 from 
nasopharyngeal swabs as a method of increasing safety during processing [2–4, 8].

In brief, mechanical homogenization is the process of using shearing forces 
applied via mechanical grinding media and rigorous repetitive motion to dissociates 
a given sample [1]. The parameters at which a sample is processed will impact the 
degree to which it is dissociated and the quality of the targeted product for down-
stream applications [1]. In the case of SARS-CoV-2, the goal of mechanical homog-
enization was to disrupt the viral envelope while still maintaining the integrity of 
its RNA [2, 3]. This allowed for a reduction in infective potential in the laboratory 
setting, while preserving the accuracy of polymerase chain reaction (PCR) based 
diagnostic assays [2, 3].

Following the initial application of mechanical homogenization to COVID-19 
swab-based PCR protocols, this technology was adapted to process saliva samples 
for both antigen and PCR detection workflows [2–4]. Through mechanical homog-
enization, high viscosity saliva samples were sufficiently processed to allow for 
automation integration, paving the way for the widespread application of this novel 
methodology [4, 9].

In this chapter we will further explore the applications of homogenization in 
response to the COVID-19 pandemic and the multiple diagnostic methodologies 
this technology has been implemented in and its impact on laboratory safety and 
overall testing efficiency.

2.  Direct-to-PCR testing with shaker mill homogenization of 
nasopharyngeal swabs

During the late spring of 2020, while SARS-CoV-2 was spreading exponentially 
and uncontrollably across the globe, testing for this disease was focused entirely 
on RT-qPCR detection of the virus using US CDC or WHO approved primers [5, 
10]. The traditional method for these types of RT-qPCR tests involved two major 
components. First, the process of virus inactivation and RNA extraction completed 
through a series of chemical reactions that resulted in purified viral RNA from the 
provided patient sample [5, 6, 10]. The extracted RNA was then utilized in the sec-
ond half of this method, amplification and detection [5, 6, 10]. Through RT-qPCR, 
the purified RNA from the patient sample was combined with the preapproved 
primers for attempted amplification of the targeted genes, indicating the presence 
or absence of SARS-CoV-2 depending on the level of amplification seen [5, 6, 10]. 
The RNA amplification was quantified and reported out as a Cq value, with any Cq 
less than 40 qualifying as a COVID-19 positive sample per the US CDC and WHO 
guidelines [10].

The necessity of testing drove up demand for all reagents, machines, and plastics 
utilized in the RT-qPCR testing method, overstressing the supply chain for these 
products [5, 8, 9]. Additionally, the need for cold storage of reagents involved in the 
extraction process and the high price tag on the automated machinery needed to 
complete both the extraction and detection phases of the traditional testing method, 
furthered the gap between resource challenged areas and the industrialized regions 
when it came to COVID-19 testing infrastructure [11, 12]. Areas with the capital 
needed to create multimillion dollar testing facilities were able to do so, improving 
their public health response to the pandemic, while those lacking that investment 
and infrastructure were left with reduced testing capabilities [11]. A critical need 
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arose for a cost efficient, yet safe and effective testing methodology that could be 
implemented in these resources challenged settings [8, 11].

While the utility of mechanical homogenization in COVID-19 testing was 
already established as an effective adjunct to the extraction process, improving 
sensitivity through efficient viral lysis, this process was expanded upon in an 
attempt to remove the extraction process entirely allowing for direct detection of 
SARS-CoV-2 from lysed patient samples [2, 3]. The direct-to-PCR approach for 
COVID-19 testing arose out of necessity to reduce the use of costly reagents in a 
period where the strain on the supply chain made them difficult to come by [2, 3, 8]. 
Additionally, this proposed method dramatically reduces cost when compared with 
the fully automated extraction machinery [2, 3, 8].

In the direct-to-PCR method for viral detection, shaker mill mechanical 
homogenization was proposed to provide sufficient viral lysis off nasopharyngeal 
swabs to expose adequate amounts of RNA for RT-qPCR detection [2, 3]. This 
method was shown to lyse greater than 95% of virus off a nasopharyngeal swab, 
allowing the resultant lysate to be placed directly into the RT-qPCR reaction as 
denoted in Figure 1 [2, 3].

Through proof-of-concept testing with a close relative of SARS-CoV-2, human 
coronavirus 229E (HCoV-229E), and direct comparison studies between the 
traditional extraction-based method and the direct-to-PCR method, it was shown 
that the two methods had above a 94% agreeability in the detection of positive 
samples [2, 3]. Utilizing the direct-to-PCR method diagrammed in Figure 1, 
shaker mill homogenization was proven to be a viable alternative to the traditional 
extraction-based method for RT-qPCR detection of SARS-CoV-2 off nasopharyn-
geal swabs [2, 3].

In addition to the quality of the matched proven efficacy with the traditional, 
extraction-based methodology, the direct-to-PCR method described utilizing 
mechanical homogenization also reduces the total cost and time per swab processed 
[2, 3, 8]. The traditional model for nasopharyngeal swab viral testing cost $10 - $40 
USD per swab, when taking into account the extraction kits, automation equipment 
for extractions, and the RT-qPCR set up [8]. Compared to $3 - $5 USD per swab 
with the homogenization methodology, given that this workflow does not require 
additional reagents for viral nucleotide extraction and purification, the only reagent 
costs are associated with the final RT-qPCR testing [8]. The homogenization 
equipment utilized in this workflow is sold at a fraction of the cost of the large fully 
automated extraction machinery.

Along with reducing cost per sample the homogenization workflow reduces the 
total processing time per sample from approximately 3 hours to 1 hour and 15 min-
utes [2, 3]. This is accomplished through replacing the extraction and purification 
steps of the traditional workflow with a 30 sec homogenization step preceding 
the RT-qPCR [2, 3]. Further supporting the implementation of this workflow into 

Figure 1. 
The direct-to-PCR viral detection methodology using shaker mill homogenization off nasopharyngeal swabs.
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the COVID-19 testing repertoire to assist in increasing access to cost effective and 
timely viral detection methods that maintain sensitivity and specificity when 
compared to the traditional testing methodologies [8].

3.  PCR detection of COVID-19 from saliva utilizing bead beating 
homogenization

After months of nasopharyngeal swabbing for COVID-19 diagnostic testing, 
there was a push to look for equally sensitive testing methodologies which provided 
a more pleasant patient experience during sample collection [4, 6, 9]. By improving 
the patient experience with testing, the hope was to gain public cooperation with 
viral surveillance efforts [9, 13]. The high concentration of SARS-CoV-2 particles 
found throughout the upper respiratory tract led researchers to begin examining the 
utility of oral swabs or saliva in the current RT-qPCR testing strategies [13, 14].

Saliva samples were shown to have adequate viral loads for reliable RT-qPCR 
detection, however the high viscosity of the samples made them difficult to 
pipette preventing the utilization of the fully automated extraction machin-
ery already in place in many large public health testing facilities [9, 13, 14]. 
Mechanical homogenization in the form of beat beating homogenization was 
introduced to saliva samples to break up the viscous structure and expose the viral 
particles [4, 15]. The beat beating strategy utilized ceramic bead media within a 
2 mL screw capped sample tube and a mechanical homogenizer to apply rigorous 
kinetic energy to the saliva sample for 30 seconds to achieve complete dissociation 
(Figure 2) [4, 15]. It was shown that the kinetic energy transferred from the bead 
beading media homogenized in a sigmoidal pattern was highly effective in dis-
sociating the sample to allow for pipettable lysate that could then be implemented 
into fully automated extraction-based PCR testing workflows [1, 4, 15]. With the 
addition of bead beating homogenization to this workflow, the throughput and 
sensitivity of the assay were dramatically increased [4, 15]. Prior to the imple-
mentation of beat beating homogenization, saliva-based testing demonstrated 
a sensitivity in the mid to low 80% range and throughput was limited to a few 
hundred samples per day via manual processing [4, 15]. Currently, saliva-based 
PCR testing utilizing mechanical homogenization prior to extraction procedures 
demonstrated a 95% sensitivity and 99% specificity, closely matching that of 
nasopharyngeal swab-based testing for COVID-19 [4, 13–15]. Additionally, with 
the capability of full automation integration, throughput of sample processing 
increased from hundreds to thousands of samples per day with the utilization of 
bead beating homogenization equipment [4, 15].

Figure 2. 
The methodology for saliva-based testing utilizing bead beating mechanical homogenization for adequate 
sample dissociation and viral lysis followed by RNA extraction for RT-qPCR viral detection.
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Given the similar sensitivity and specificity for SARS-CoV-2 testing, with the 
improvement in patient experience during sample collection, this method was 
implemented at universities across the state of Georgia as a community surveillance 
program [4, 15]. The difference in patient experience from obtaining a nasopha-
ryngeal swab versus a saliva sample for weekly surveillance measures dramatically 
improved community compliance with testing, validating saliva testing as a viable 
public health surveillance strategy for COVID-19 propagation in a community [4, 6, 
13–15]. Similar entities have now implemented saliva-based testing that utilize 
front-end mechanical homogenization across the world to improve compliance with 
public health testing efforts [4, 6, 15].

4. Viral antigen detection from saliva

The United States’ Food and Drug Administration (FDA) has approved the use of 
antigen testing for the detection of SARS-CoV-2 in the summer of 2020 to increase 
the national testing capacity [6, 16]. Antigen tests are immunoassays that are com-
monly used in the diagnosis of respiratory pathogens such as influenza [17]. Antigen 
test are designed to detect the presence of a specific viral antigen, which is defined 
as a toxin or other foreign substance which induces an immune response [16, 17]. 
Antigen test are currently approved for nasopharyngeal swab specimens however 
studies suggest saliva samples may be just as effective in detecting viral antigens  
[6, 16, 18]. When compared to PCR test, antigen testing is relatively inexpensive, and 
most test results are available in 15 minutes or less. Antigen test in general are less 
sensitive than RT-PCR test as well as other nucleic acid amplification test (NAATs) 
[19]. Alternatively, RT-PCR can amplify and detect minute levels of nucleic acid that 
cannot be cultured which in this case suggest the presence of viral nucleic acids does 
not signify contagiousness [20]. Both antigen and nucleic acid tests are optimal when 
the patient is at their viral load peek [6, 16, 20]. More data is needed to guide the use 
of antigen tests on asymptomatic individuals and to determine if those who were at 
one time diagnosed positive for SARS-CoV-2 remain infectious.

The advantage of antigen testing is its convenience and accessibility in the use 
screening high-risk congregate settings such as primary or secondary educational 
environments, as well as correctional facilities [16, 21]. Repeat testing could quickly 
identify infection, therefore allowing implementation of patient quarantine and 
other preventive measure. However, health care professionals need to understand the 
limitations of antigen testing [19, 20]. Specifically, the testing factors and analytical 
performance characteristics, such as sensitivity, specificity, and accurate positive and 
negative predicted values. The “Holy Grail” for SARS-CoV-2 testing remains to be 
RT-PCR or some form of nucleic acid amplification testing [21]. Nucleic acid testing 
should be used to confirm an antigen test to avoid inconsistent and inaccurate results 
test performance may vary based on specimen choice, quality of specimen, the pres-
ence of transport medium, and the amount of time required for transport [20, 21]. 
Since antigen test are typically less sensitive than NAAT testing, negative results can 
occur while RT-PCR tests may return a positive result [19]. This may occur is speci-
men sample is collected early before symptom onset or late in the infection [19, 20]. 
The specificity of antigen tests is as high as NAAT testing, reducing the likelihood 
of false positives [16, 21]. False positive will still occur, particularly in communities 
where prevalence of infection is low [16, 20, 21]. The CDC recommends testing 
professionals establish infection prevalence for antigen testing based on a rolling 
average, using the positivity rate of their own SARS-CoV-2 testing over the previous 
7–10 days, while considering the clinical and epidemiological context of the person 
or community being tested [6, 16].
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Despite the debated advantages and disadvantages of antigen testing, the 
concept of saliva-based antigen testing for SARS-CoV-2 detection gained traction 
due to the ease of use for the patient and potential for rapid turn around time in 
laboratory processing to support public health efforts. However, as noted in the 
previous section on saliva-based PCR testing, working with such a viscous material 
posed difficulty in automation integration prior to the addition of homogenization 
into the workflow. Antigen testing faced similar difficulties when using saliva for 
large scale testing, the viscous patient samples required further processing prior to 
automation integration.

In an attempt to mitigate variations in saliva viscosities and allow for sample 
integration into high-throughput liquid handler reliant workflows, several protocols 
were developed to dissociate the saliva samples while maintaining intact antigen 
for detection [6, 22]. These protocols recommend various combinations of heating 
and enzyme digestion; heating greater than 60 degrees centigrade for as long as an 
hour or incubating with Proteinase K as an enzymatic digestion [23]. Reports have 
found these techniques to be somewhat effective in permitting antigen detection 
from saliva samples, however inconsistencies have also been scored [18, 20, 23]. 
Heating can denature the viral proteins and RNA, rendering them undetectable, 
and enzymes such as Proteinase K is very costly as well as cause degradation of 
targeted proteins through excessive digestion [20]. Not to mention the suggested 
incubation periods as great as an hour extends the amount of time required to have 
a patients’ result.

Just as with saliva-based PCR testing, homogenization was proposed as a 
method for efficient sample disruption [24]. Viscosity in homogenized saliva 
samples has been shown to be greatly reduced to amounts that are similar to those 
found in water. Allowing for ease in pipetting and increase throughput using 
automation and liquid handlers [15]. The various forces found in homogenization 
are only required for small amounts of processing time, as short as 5 seconds per 
sample without generating any extra heat during the processing, maintaining the 
integrity of the antigens targeted. In contrast to other proposed methods for saliva 
processing in antigen detection, additional enzymes are not required, saving costs 
and without any needed incubation steps, also saving valuable time during testing.

5. Improving laboratory safety with homogenization

During the COVID-19 global pandemic, safety of all individuals involved in the 
care of COVID-19 patients as well as laboratory and clinical staff involved in testing 
for SARS-CoV-2 became a top priority. Given the highly virulent nature of SARS-
CoV-2 and the lack of knowledge and treatments we had available, it was essential 
to neutralize the virus during laboratory testing while preserving the diagnostic 
capacity of all assays [5]. Employing viral neutralization techniques in the diag-
nostic workflow was a critical step in increasing the number of facilities available 
to process COVID-19 patient samples, supporting increased public health testing 
efforts.

Techniques involving thermal inactivation, chemical neutralization or degrada-
tion, enzymatic digestion, and mechanical disruption of samples were all proposed 
as potential solutions to laboratory safety when handling potential COVID-19 
positive patient samples [5, 6]. However, given the global strain on the plastics 
and chemical reagents needed to complete many of these neutralization steps, the 
authors felt it was prudent to examine the potential of mechanical sample dissocia-
tion in the form of homogenization and its effect on virus neutralization [2, 3, 8]. 
Ultimately, it was shown that following 30 seconds of homogenization, 98% of the 
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virus in any given sample was inactivated, while still preserving the genetic material 
for adequate PCR detection [2, 3]. This finding supported expanding the implemen-
tation of homogenization in the COVID-19 diagnostic workflow because it could 
be done both in the laboratory setting, as well as the location of sample collection 
provided the homogenized sample would be properly refrigerated and transferred 
for PCR detection within the next 12 hours [2–4, 15].

The mechanical lysis of the SARS-CoV-2 particles in a potentially infectious 
sample permitted these samples to be processed in a BSL-2 facility, supporting the 
expansion of laboratory testing facilities equipped to process COVID-19 samples 
[2, 3, 8]. Without a proven neutralization step, such as mechanical homogeniza-
tion, all COVID-19 samples would have to be processed in BSL-3 facilities due to 
the potential risk of exposure to infectious virus. While it is still recommended that 
the homogenization procedure occur in a biosafety cabinet within a BSL-2 facil-
ity, the procedure provides sufficient viral lysis to improve safety when handling 
potentially infected patient samples and allows additional laboratories to assist with 
testing in a cost-effective manner [2, 3, 8, 15].

6. Conclusion

Mechanical homogenization has proven its utility in the response to COVID-19 
through shaker mill and bead beating technologies implemented in a variety of 
diagnostic workflows [2–4, 8, 15]. These innovations made possible through effec-
tive and efficient viral lysis of SARS-CoV-2 are proving to improve access, speed, 
and safety while processing patient samples [2–4, 8, 15]. As the global community 
continues to push innovation to combat COVID-19, mechanical homogenization 
should be viewed as one of the many repurposed technologies adapted to assist with 
the response through improving the safety and efficacy of diagnostic testing in a 
cost-effective manner.
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Chapter 11

Development of RT-PCR Based 
Diagnosis of SARS-CoV-2
Rutuja Sunil Patankar and Vasudeo Pandharinath Zambare

Abstract

In the 2020, COVID-19 pandemic disease created an havoc situation world 
widely and mainly caused by Severe Acute Respiratory Syndrome Coronavirus-2 
(SARS-CoV-2). It has been challenging task for researchers, scientists and medico-
pharmaceutical organisations to find out rapid and reliable diagnosis methods. 
Among the all testing services, a Reverse Transcription Polymerase Chain Reaction 
(RT-PCR) is the more accurate, rapid and authenticated molecular technique used 
for most of the diagnosis of major diseases. It has been a global priority to fix the 
rapid diagnosis method to combat against the pandemic COVID-19. Thus, the 
present chapter mainly focussing on the progress of RT-PCR method develop-
ment though various processes of data collection on isolation of whole genome 
sequence, its primer and method designing. In this scenario, India suddenly become 
the global leader for vaccine development and hence the challenges and RT-PCR 
kit development in India and rest of the world has been be discussed. World wide 
many Government and private agencies and industries have taken an initiative for 
diagnosis of SARS-CoV-2 hence this chapter also summarised the scope of RT-PCR 
to combat pandemic situation in future.

Keywords: diagnosis, RT-PCR, COVID-19, SARS-CoV-2, Primers

1. Introduction

Coronavirus outbreak first case found in Wuhan, China in December 2019 
[1]. Further, it became a pandemic, affecting the whole world. On February 2020, 
World Health Organisation (WHO) announced an official name for Coronavirus 
spread disease as COVID-19 [2]. It primarily targets a respiratory system in humans, 
as the appearance of symptoms depends on the incubation period, which further 
relies on the patient’s age and the immune system [3].

SARS-CoV-2 as a public health emergency was declared by WHO and thereafter 
it became essential to find diagnostic tests for early detection and early treatment 
[4]. Normally the best way to detect any virus from the sample is its isolation and 
further confirmation by various molecular techniques. But Center for Diseases 
Control and Prevention (CDC) recommended not to isolate the SARS-CoV-2 as 
it is a new virus and this practices could be a risky approach and suggested to use 
patients sample directly for diagnosis [5]. Most of the diagnostic methods are 
molecular-based hence for diagnosis virus genome study become necessary. On 
January 2020 the ssRNA - 29870 bp whole sequence of SARS-CoV-2 was reported 
with GenBank accession number MN908947 [6, 7]. Thus, the basic information 
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of genome sequence helpful for molecular based detection method development 
specially Polymerase chain reaction (PCR) based methods.

Main focused was on PCR as it is a rapid detection method. Among that Reverse 
Transcription Polymerase Chain Reaction (RT-PCR) is the most commonly used 
and still be using the method as it is exactly showing the positive results with great 
-sensitivity. RT-PCR was said to be a gold-standard for testing coronavirus [8]. 
RT-PCR can detect the virus from throat, nasopharyngeal swab as well as from stool 
sample [9]. Early detection using PCR prove to be most sensitive way as negative 
sample cannot be ruled out. One cohort study found that patients even if not having 
any symptoms still may be the carrier for viruses thus RT-PCR can detect those 
at genetic level. Thus, it helps in prevention of nosocomial infection and further 
spread unknowingly [10].

Sample collection methods also affect the diagnosis results. Thus, WHO and 
CDC recommended the use of nylon, rayon or any synthetic fibre swabs for 
sample collection. But shortage of such swabs hammered the testing numbers. 
Hence, some researchers decided to study the effect of cotton tipped plastic 
swabs on PCR results and it found that no inhibition effect was seen on PCR [11]. 
Another method related to heating of sample known as Loop-mediated Isothermal 
Amplification (LAMP) this works by skipping the RNA extraction process. RNA 
RT-LAMP sensitivity found to be 97%, while specificity was 99% [12]. Study tried 
the three viral transmission medium heating treatments named as directly without 
additives, in a formamide-EDTA buffer and in a RNAsnap™ buffer. Basically, this 
method skips the RNA extraction process of RT-qPCR by replacing it with heat-
ing treatments thus reduces the time for the test and also gives the same result as 
normal RT-PCR protocol [13]. Similarly, in one study RNA extraction process was 
skipped and on that place RT-qPCR master mixes were used. Now this helps under 
such situation where reagent shortage occurs in hospitals. It also expanded the 
testing capacities [14]. Similar way direct RT-qPCR was used in one of the study 
found to be an alternative for classical method without RNA extraction [15]. But 
there are certain limitations in remote areas and portable diagnosis will be prefer-
able using mini PCR based diagnosis kits. One study combined the mini PCR and 
multi-well plate reader for convenient and portable diagnosis under pandemic 
situation [16].

As per the available RNA sequences and need of diagnosis method for  
COVID-19, several RNA extraction kits are available in the market. But due to 
pandemic situation and rising number of COVID patients, it was under short-
age. Thus, magnetic beads base RNA extraction methods were used by various 
researchers. Silica beads were found to yields RNA and comparable with com-
mercially available QIAcube viral RNA extraction kit which were determined 
by RT-qPCR and RT-LAMP [17]. Another study due to complexity of protocol 
was done, in which rather than using transport medium and RNA extraction it 
was decided to study the use of direct elution of swab and performing RT-qPCR. 
Elution of dry swabs were done directly in simple TE buffer and tested. Thus, this 
process simplifies the pre RT-qPCR preparation [18].

Commercial RT-PCR kits are already available in the market and few of them are 
manufactured by Altona Diagnostics (Hamburg, Germany), BGI (Shenzhen, China), 
CerTest Biotec (Zaragoza, Spain), KH Medical (Gyeonggi-do, Republic of Korea), 
Primer Design (Chandler’s Ford, UK), R-Biopharm AG (Darmstadt, Germany), and 
Seegene (Seoul, South Korea). All these kits are the best for detection without any 
cross-reactivity with another virus and hence can be used for regular diagnosis of 
SARS-CoV-2 [19]. But the limit of detection (LoD) of kits matters the quality. Earlier 
China National Medical Products Administration (NMPA) approved 6 PCR kits, 
but due to time shortage optimisation was not done so LoD might get affected. Thus 
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examination of LoD of this 6 PCR kits with real RNA of the virus was carried. All kits 
showed different LoD and the poorest LoDs has high chances of giving false negative 
results. The lab should confirm the performance of the kits and the utilise [20]. Some 
of the primers and probes for CoV detection has been shown in Table 1.

Currently, the RT-PCR test has a 95% specificity and 70% of the sensitivity 
rate [28, 29]. Self-collected saliva specimens was tested with 6 different molecular 
diagnostic tests like RTqPCR LDT, SARS-CoV-2 RAT, 3 direct RT-qPCR kits, and 
RT-LAMP and all tests showed a excellent results. Thus, based on these results, 
molecular diagnostic method has a great scope ahead [30]. Dr. Aneesh Mehta said 
that saliva test for coronavirus by PCR is the new type of diagnosis, as it is not 
invasive method but just spit is required as a sample [31]. This test is said to be a 
‘SalivaDirect’ test developed by a scientist of the Yale School of Public Health, 
authorised by Food and Drug Administration (FDA) [32].

Most countries have been used Indian Council of Medical Research (ICMR, 
India) suggested Rapid Antigen Test (RAT) which was available as a kit and direct 
antigen identification from nasal swab [33]. However several countries found 
that the negative findings by RAT were shown to be positive by RT-PCR. Thus, 
according to Dr. Balram Bhargava, Director of ICMR, the RAT was found to offer 
false-negative outcomes. One of the reports says that around 11% of people found 
negative by RAT in Delhi, after testing with RT-PCR found to be positive [34]. The 
Indian Health Ministry and ICMR provided a guideline to re-test the RAT tested 
negative patients and those who develop symptoms after a few days of the test by 
RT-PCR [35]. Until now, RT-PCR is the recommended test for all organisations and 
has been followed. Still, many experts are trying to carry out a number of inven-
tions and studies to make it simpler, more practical and more cost-effective for the 
whole planet. This book chapter summarised the upto date basics and applied study 

Country Target 
genes

Sequence Reference

China ORF1a Forward primer: AGAAGATTGGTTAGATGATGATAGT
Reverse primer: TTCCATCTCTAATTGAGGTTGAACC
Probe:FAM-TCCTCACTGCCGTCTTGTTGACCA-BHQ1

[21]

Hong 
Kong

N gene Forward primer: TAATCAGACAAGGAACTGATTA
Reverse primer: CGAAGGTGTGACTTCCATG
Probe: FAM/ZEN-GCAAATTGTGCAATTTGCGG-IBFQ

[22]

USA N1 gene Forward primer: GAC CCC AAA ATCAGCGAA AT
Reverse primer: TCTGGTTACTGCCAGTTGAATCTG
Probe: FAM-ACCCCGCATTACGTTTGGTGGACC-BHQ1

[23]

USA N2 gene Forward primer: TTACAA ACATTGGCCGCA AA
Reverse primer: GCGCGACATTCCGAAGAA
Probe: FAM-ACA ATTTGCCCCCAGCGTTAG-BHQ1

[24]

USA N3 gene Forward primer: GGGAGCCTTGAA TAC ACC AAA A
Reverse primer: TGTAGCACG ATTGCAGCATTG
Probe: FAM-AYCACATTGGCACCCGCA ATCCTG-BHQ1

[25]

Germany E gene Forward primer: ACAGGTACGTTAATAGTTAATAGCGT
Reverse primer: ATATTGCAGCAGTACGCACACA
Probe: FAM-ACACTAGCCATCCTTACTGCGCTTCG-BBQ

[26]

China Spike Forward primer:
CCTACTAAATTAAATGATCTCTGCTTTACT
Reverse primer: CAAGCTATAACGCAGCCTGTA

[27]

Table 1. 
Primers and probes recorded for SARS-CoV-2 real-time reverse transcription PCR assays.
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of PCR based diagnosis of SARs CoV-2 including current challenges of diagnosis, 
protocols and future prospects.

2. Challenges for SARs CoV-2 diagnosis

For treatment of SARs CoV-2, no vaccines is available but it was only the option 
left out to healthcare sectors that to prevent transmission as soon as possible [26]. So 
most the countries invested in isolation and detection [26]. The diagnosis of COVID-19 
was difficult as it shows symptoms similar to those of flu viruses, thus it was crucial to 
find the diagnosis as early as possible for management purpose [36]. One of the most 
important problems in analytical chemistry was highlighted by the COVID-19 pan-
demic outbreak: the discrepancies between the testing technique (TT) and the testing 
method (TM) are a common confusion in the clinical field. In addition to the research 
procedure, TT consists of many steps, such as the collection of specimens, their preser-
vation, storage, transport, labelling and distribution. Pre-test planning procedures for 
patients are also part of the process. Previously, these procedures, also known as pre-
analytical variables, have been identified as the key causes of laboratory testing errors. 
The most acceptable TT for the TM must be validated during the production of the TM 
for the identification of the target analyte; otherwise the analysis is performed within 
a wide range of analytical errors [37]. Successful detection of the virus also depends on 
time of testing, early or late detection, viral load, sample collection etc. [38].

Further challenge was during the false negative results. It is easy to understand 
and interpret a perfect test for a disease; the test would only be positive if the 
disease was present, and it would only be negative if it were absent. However, since 
all studies have false positives and false negative results, diagnostic tests are not 
flawless. Test results do not definitively state whether or not there is a disease (or 
virus). This does not mean that the test is not beneficial; it merely implies that the 
test results must be probabilistically tested on the basis of test output characteris-
tics, patient data, and disease prevalence [39]. To interpret the results of incomplete 
tests, two main metrics that characterise the test are needed: diagnostic sensitiv-
ity and diagnosis specificity [40]. At present, for commonly used SARS-CoV-2 
samples, there is minimal information on these values. To accurately interpret an 
incomplete test, the approximate probability that the person being evaluated has 
the disorder must also be considered [39].

The diagnosis was completely relied on two ways Molecular and serological 
testing as shown in Figure 1. Different test among these two categories was tried 
during a pandemic situation [41].

Currently, RT-PCR is commonly used method by many laboratories due to 
specificity and fast detection [40]. Some test commonly use for CoV detection has 
been shown in Table 2.

Figure 1. 
Two ways of COVID-19 diagnosis.
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3. Real-time RT-PCR basics

RT-PCR stands for real-time reverse transcription-polymerase chain reaction 
(RT-PCR). It is a technique use to determine the nucleic acid (DNA/RNA) from 
sample specifically from a virus or bacteria. Currently used for COVID-19 testing. 
It combines the reverse transcription of RNA into DNA It uses radioactive isotope 
marker or fluorescent dyes for detection of the targeted gene. It can detect genetic 
material from nose, throat, stool and sputum sample [45].

4. Real-time RT-PCR protocol

SARS-CoV-2 testing solely depends on patients’ health and concern, if the 
patient is getting some symptoms like cough, fever, headache or related, then the 
patient can personally take a test by visiting COVID center. If patient is already 
under medical treatment related to some other health issues, then doctor can 
recommend a COVID test to that patient for an early treatment. After that the 
most important part of RT-PCR covid testing is a collection of sample. It is most 

Tests Detection Sample Advantage Disadvantage Reference

Molecular

RT-PCR Viral RNA Nose, throat 
swab, 
sputum, 
stool

Specific Less 
time

False negative 
result if viral 
load is less or 
if sample is 
not collected 
properly.

[24]

Nested RT-PCR Viral RNA Nose, throat 
swab

Highly specific 
results even in 
low viral load 
sample

Cross 
contamination 
during protocol

[41]

RT-LAMP Viral RNA Nose, throat 
swab, 
sputum, 
stool

Specific Less 
time

Optimize 
reaction 
condition

[42]

CRISPR Viral RNA Nose, throat 
swab, 
Broncho 
alveolar
lavage fluid

Easy to use
Low cost

Can give false 
result

[8]

Viral sequencing Viral RNA Nose, throat 
swab

Sensitive, 
convenient

Costly, need 
trained person, 
sophisticated 
instrument

[43]

Serology

ELISA Antibody Blood Simple and 
cost effective

Not 
established for 
SARS-CoV-2

[44]

Neutralization 
assay

Antibody Whole 
blood, 
serum, 
plasma

Quantitative 
result,

Live virus 
hence safety 
required

[37]

Table 2. 
Diagnostic testing for SARS-CoV-2.
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Kits Company Country

Virus RNA Extraction kit

QIAamp DSP Viral RNA Mini Kit Qiagen Hong Kong, Japan, 
USAQIAamp Viral RNA Mini Kit

Chemagic Viral DNA/RNA 300 Kit H96 PerkinElmer chemagen 
Technologie GmbH

Germany

SARS-CoV-2 Nucleic Acid Kit (RUO)

MagNA Pure 96 System Roche Germany

ANDiS Viral Nucleic RNA Auto Extraction & 
Purification Kit

3Dmed China

NucleoMag Dx Pathogen Kit Macherey-Nagel France, USA, 
SwitzerlandNucleoSpin RNA Virus

NucleoMag Virus kit

Detection kit

SuperScript III One-Step RT-PCR System with 
Platinum Taq DNA Polymerase

ThermoFisher USA

TaqMan Fast Virus 1-Step Master Mix

SuperScript III Platinum One-Step qRT-PCR Kit

TaqPath 1-Step RT-qPCR Master Mix, CG

QuantiTect Probe RT-PCR Kit Qiagen Japan

New Coronavirus Nucleic Acid Detection Kit PerkinElmer chemagen 
Technologie GmbH

Germany

Respiratory SARS-CoV-2 RT-PCR Panel Assay

SARS-CoV-2 Real-time RT-PCR Assay

EURORealTime™ SARS-CoV-2

Table 3. 
Virus extraction and detection kits.

important as if the sample is not collected properly, it can affect the result as seen in 
many research [46–48]. CDC has provided the protocol for sample collection and all 
labs are following this same. Along with that, instruction regarding virus isolation 
has been given, it is not suppose to be done by an unless it is performed in the BSL-3 
laboratory. Sample recommended for collection are nasopharyngeal (NP) and oro-
pharyngeal (OP) swab for RT-PCR [49]. An expert technician can collect the sample 
from the nose and throat of patient separately by using swab which is individually 
wrapped. Swab has to be made up of synthetic fiber like plastic or wire shafts. 
Technician has to follow certain rules while collecting sample like 6 feet of separa-
tion, personal protective equipment (PPE) kit, proper gloves and faced covered lid. 
The sample is to be collected deeply. Once collected it has to be transferred to viral 
transport medium (VTM). VTM is made up of 2% FBS, 100 μg/mL Gentamicin 
and 0.5 μg/mL Amphotericin B. Among this 3 ml of media is transferred to sterile 
screwed capped bottles in which swab is put and stored before further testing [50]. 
Sample can be stored at 2–8 °C for 72 hours only. If the sample has to be transported 
for a long distance, then it should be carried in icepack [51].

Once the sample has been collected, then next important and time consuming 
process is RNA extraction means purification of RNA samples. Most of RNA extrac-
tion kits are available in the market shown in Table 3, which can be used directly 
contain lysis buffer and other chemicals which will lyse the virus and RNA will get 
into solution. First, in order to release the genetic material, the patient’s sample is 
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mixed with a solution which lyses the cells. In order to purify RNA, inactivation of 
RNA activity, denaturation of nucleoprotein complexes and elimination of contam-
inating DNA and proteins must take place by (phenol which will attract the other 
protein and break it down, guanidine isothyocynate is also a protein denaturant, 
RNase inhibitors to inactivate the ribonuclease enzyme) [52]. The resulting cellular 
debris will then proceed to the RT-PCR stage with the extracted RNA. Further RNA 
purification is carried by using kit or by centrifugation and solid phase extrac-
tion by using column Centrifuge and spin column, which is to be placed in a clean 
collection tube to collect the supernatant and filtrate is discarded. Again, it has to be 
washed and centrifuge. Further by using elution buffer RNA is purified.

After purification of viral RNA, the next step is the preparation of the reac-
tion mixture for PCR amplification. In this step master mix has to be used which 
is premixed concentrated solution that consists of buffer, Reverse transcriptase 
enzyme nucleotide, forward primer, reverse primer, TaqMan probe, DNA poly-
merase. Finally, the RNA template to be added and mixed by pulse vortexing. 
Then load the reaction mixture into a PCR plate which generally contain 96 wells, 
allowing analysis of several samples at a time. Then place this plate in PCR machine 
(thermal cycler). Real time RT-PCR is used for detection of new Coronavirus 
2019 by amplification of target sequences in Rdrp genes, E gene and N gene. The 
choice of the target depends on primers and the probe sequences. The first step in 
RT-PCR is reverse transcription. The first strand complementary DNA synthesis is 
primed with the PCR reverse primer which hybridizes the complementary part of 
the virus RNA genome. Reverse transcriptase then add DNA nucleotides onto the 
3-prime end of the primer synthesizing DNA complementary of the viral RNA. 
Then denaturation takes place. Thus PCR consists of a series of cycles consisting 
of Denaturation, annealing and elongation. In cycle 1, DNA denaturation at 95 °C 
occurs. The next step at 58 °C allows the annealing of forward primer to comple-
mentary part of DNA. In elongation step, DNA polymerase synthesize a new strand 
complementary to the DNA template by adding nucleotides from the reaction 
mixture. In 2nd cycle, DNA denaturation form ssDNA, then annealing of primers 

Figure 2. 
RT-PCR methodological performance flowchart.
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and Taq-man probe to its complementary part of the target DNA. Taq-man probe 
consist of a fluorophore covalentaly attached to the 5′ end of oligonucleotide probe, 
the fluorescence is emitted by the fluorophore when is excited by the cyclers light 
source. Also, this probe consists of quencher at 3′ end. The close proximity of the 
reporter to the quencher prevents detection of its fluorescence. When polymerase 
reaches the Taqman probe its endogenous 5′ nuclease activity cleaves the probe, 
separating the dye from the quencher, with each cycle of PCR more dyes are 
released, resulting in an increase in fluorescence intensity proportionately to the 
amount of amplicon synthesized. For the fluorescence signal a tungsten-halogen 
lamp, an excitation filter, lens, emission filter and charged coupled device (CCD) 
camera are use which converts light into digital data. A flowchart of the protocol 
has shown in Figure 2 [24].

5. Recent development of RT-PCR for SARS-CoV-2 diagnosis

In addition to prevention methods (e.g., hygiene, social distance, isolation of 
infected individuals, and travel restriction), rigorous community infection testing 
is essential to track the transmission of the disease as well as educating public poli-
cies [53]. Nations that have implemented large research strategies at an early stage 
like South Korea, Vietnam, and New Zealand have been better able to restrict the 
spread of the disease. Tests should ideally be simple to sample and evaluate, precise, 
reliable, scalable and inexpensive. Often, point-of-care tests (POCT) based on 
antibodies match this definition. However, rapidly emerging epidemics due to novel 
viruses do not allow antibody-based tests to evolve in a timely manner [54]. Because 
of the simple adaptability to the nucleotide sequence of the target, viral load tests 
based on real-time, quantitative RT-PCR (referred to as RTqPCR) are thus an ideal 
test [55]. This RT-qPCR is currently a reliable test commonly used for the diagnosis 
of SARS-CoV-2 infected symptomatic and asymptomatic patients [56]. Several 
scientific and clinical institutions around the world have produced molecular assays 
to diagnose SARS-CoV-2 and have made RT-qPCR primers and sample sets available 
to the public [57].

As the genetic code of coronaviruses consists of RNA, its purification of the 
test samples is a crucial step in RT-qPCR protocols. Officially, institutions in some 
countries have suggested unique RNA isolation kits for SARSCoV-2 detection [57]. 
Various virus extraction and detections kits are available in market as shown in 
Table 3. The qRT-PCR has the benefits of high sensitivity, high precision, and a 
wide variety of sample types that can be use but there are however several factors 
that influence qRT-PCR outcomes, such as repeated washing, purification and 
separation of viral nucleic acids, which cause a substantial loss of nucleic acid and 
increase the risk of fragmentation and hydrolysis of nucleic acid; the number of 
virus replications below the qRT-PCR detection threshold would also cause false 
negative effects on the early stage of SARS-CoV-2 infection. So this problem was 
faced by many laboratories [58]. Some started focusing on RT-LAMP—reverse 
transcriptase loop-mediated isothermal amplification [59]. Other PCR, which was 
found to be more potent to detect low viral load was digital droplet PCR (ddPCR) 
as compared to qRT-PCR but due to limited availability ddPCR instrumentation and 
lab expertise mostly qRT-PCR is being used [60]. At this point, superior resources 
are concentrated in all parts of the country to reinforce scientific research. It is 
assumed that our ability to diagnose and treat patients with new coronavirus pneu-
monia will develop further with the enhancement and advancement of detection 
technology.
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6. Status in India

Collection of data at one place so that whole country population can refer this 
data at such a tough situation was a necessity so the Government of India has open 
an website -https://covid19cc.nic.in/ICMR/login.aspx, which has lots of information 
regarding testing centers, counting of RT-PCR tests and other antibody–antigen 
tests, current positive cases, available collection centers with their address contacts 
etc. Also aligned with ICMR, said to be Covid-19 sample collection management 
system for rapid antigen, antibody and RT-PCR tests. Lots of RT-PCR kits with 
variations, are manufactured in India has been shown in Table 4.

7. International status

RT-qPCR assays were already known, but development can lead to better 
results. Thus, one study was done by targeting two monoplex assays recom-
mended by WHO that was targeted on the envelope gene (E-Sarbeco) and RNA-
Dependant RNA Polymerase coding genes (RdRp-IP4). This was combined and 
test named as ‘Duo SARS-CoV-2 RT-qPCR assay’. As already lots of duo assays 
are commercially available, but this study was done to combine in-house assays. 
Can be used to reduce the chances of false negative results as it is dual assay 
[60]. As dual target assays are commercially available, developed specifically to 

Kit Company Sample required Website

Fluidigm’s Advanta 
Dx SARS-CoV-2 
RT-PCR kit

Fluidigm’s 
Corporation

Saliva https://www.fluidigm.com/

R-Green kit (SARS 
COV2-real-time 
PCR)

Reliance Life 
Sciences

Throat, nose swab https://rellife.com/

Dry Swab-Direct 
RT-PCR test

Centre for Cellular 
and Molecular 
Biology (CCMB)

Dry Nasal swab https://www.ccmb.res.in/

RT-PCR testing 
kits

iGenetic 
Diagnostics and 
BioGenomics

Throat, nose swab https://www.igenetic.com/

Mylab PathoDetect 
COVID-19 
Qualitative 
PCR kit

Mylab Discovery 
Solutions Pvt. Ltd

Throat, nose swab https://mylabdiscoverysolutions.com/

Real Time PCR kits Genome 
Diagnostics Pvt. 
Ltd.

Nasopharyngeal 
swab

http://www.genomediagnostics.co.in/
about-us.html

GlobalTM 
diagnostic kit

Equine Biotech Nasopharyngeal 
swab

https://covid19.iisc.ac.in/
covid-19-rt-pcr-kit/

Corosure Covid-19 
diagnostic kit

IIT Delhi Throat, nose swab https://home.iitd.ac.in/news-tea-
haritaki.php

RT-PCR kit CSIR-IICT Throat, nose swab https://iictindia.org/

Table 4. 
RT-PCR kit developed by Indian companies and sample requirement.
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target multiple sites in the viral genome, but mutation rates in virus found to be 
moderate which can cause problem with respect to results. Some of the tests were 
done by using ‘cobas SARS-CoV-2 E gene qRT-PCR’ but some failures were seen 
due to change in nucleotide at position 26340 of the SARS-CoV-2 gene. So the 
study was done to identify single nucleotide polymorphism in E gene of the virus. 
This includes the importance of study regarding mutations in the virus and thus 
to prevent false negative results [61]. The protocol provided by WHO mention 
the three assay that is to be performed: First line screening assay - E gene assay, 
Confirmatory assay - RdRp gene assay, and Additional confirmatory assay - N 
gene assay [24]. ‘Multiplex Real Time PCR’ was also use to find its efficacy for 
SARS-CoV-2 detection. Found to be rapid and accurate method for viral detection 
[62]. ‘Aus Diagnostics respiratory MT-PCR assay’ was also found to be reliable and 
sensitive [63]. Two ‘Single-tube nested (STN) real-time RT-PCR assays’ specifi-
cally targets RdRp/Hel and N genes, found to be 100% specific for detection of 
SARS-CoV-2 [64]. Even high cost assays were given preference during a pandemic 
situation like TaqMan-based real-time RT-qPCR which was not even accessible to 
lots of laboratories. So it was performed by using 2 methods that are SYBR green 
RT-qPCR and conventional PCR basically standardisation was done of this 2 
methods which is cost effective methods and found to give equal results as that of 
TaqMan-based real-time RT-qPCR [65].

COVID-19 diagnosis now done by one step RT-qPCR by using primers and 
probes which were developed at different institutes like China CDC, Charite 
(Germany), The University of Hong Kong, National Institute of Infectious 
Diseases in Japan (Japan NIID), National Institute of Health in Thailand 
(Thailand NIH) and US CDC which was announced by WHO [2, 24]. One study 
performed the analysis of primer-probe sets specifically targeting the N region 
and RdRp/Orf1 of SARS-CoV-2 by N-assay and RdRp/Orf1 Assays. Primer probe 
set for N-assay was N (China CDC), HKU-N (HKU), NIID_2019-nCOV_N (Japan 
NIID), WH-NIC N (Thailand NIH), and 2019-nCoV_N1, -N2, and -N3 (US CDC) 
and for RdRp/Orf1 Assay RdRp_SARSr (Charite), HKU-ORF1b-nsp14 (HKU), 
and ORF1ab (China CDC) primer probe set was studied. Results says that 
NIID_2019-nCOV_N” from the Japan NIID and “ORF1ab” from China CDC gave a 
good performance for RT-qPCR analysis without any cross-reactivity and non-
specific amplifications. This can be used for further diagnosis [66]. Sensitivity 
of PCR also depends on primer concentration, degeneration and multi target 
detection. Initial concentration of primer was 300-900 nM but as its concentra-
tion rises sensitivity also improves [67]. One study found that concentration upto 
400 nM rise the sensitivity [68]. Degenerate primers plays an important role 
with respect to diversity of SARS-CoV-2. While screening assays with a single 
target area are more prone to sequence differences than dual or triple-target 
assays for multi-target identification [67]. Other than this primer length, melting 
temperature, GC content and annealing temperature also affects the sensitivity 
of PCR assay [67]. One study attempted to deduce the specific patterns among 
SARS-CoV-2 isolates and accordingly primers were design targeted to nsp2 gene 
and further use for diagnosis of probe free real-time RT-PCR. Sensitive and rapid 
SARS-CoV-2-specific real-time RT-PCR assay COVID-19-nsp2 has therefore been 
developed [69]. In one research, the efficiency of three novel real-time reverse 
transcription-PCR (RT-PCR) assays targeting RNA-dependent RNA polymerase 
(RdRp)/helicase (Hel), spike (S) and nucleocapsid (N) SARS-CoV-2 genes was 
developed and compared. RNA polymerase (RdRp)/(Hel) assay found to be 
effective with no cross reactivity with other viruses among samples [27]. Some of 
the RT-PCR kits manufactured at International level along with sample require-
ment has been shown in Table 5.
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8. Future prospects of RT-PCR

PCR method was discovered in 1986 and since then the method is serving  medical 
sectors. In the future, as potential molecular diagnostic methods, PCR will play a 
significant role. Lots of PCR methods are already used in various research and medical 
fields, but as we know currently under this pandemic situation RT-PCR has turned out 
to be a boon in healthcare sectors. Lots of kits have been manufactured throughout 
the world with some or little variation, thus making it more sensitive, specific and less 
time consuming. One factor which essential under pandemic situation was a multiple 
sample analysis in one go [5]. Thus more focus on using portable POC systems, we can 
imagine the use of micro-fluidics doing concurrent multiple sample analysis. It is possi-
ble to analyse immunomagnetic exosomal RNA by using micro-fluidic systems RT-PCR 
said to be a Chip-based integrated real-time reverse transcription PCR platform [70]. 
Similar way chip-based RT-PCR digitally can quantify the mRNA in single cell [71].

Scalable, quick, and inexpensive diagnostics of COVID-19 by RT-PCR could 
help restrict the spread of SARS-CoV-2, saving lives as a result. RNA extraction, 
however, constitutes an obstacle to the scale-up of experiments. Thus, one research 
was done directly using the RT-PCR and heat inactivated sample and efficacy was 
tested. The study proved that is not necessary to carry RNA extraction testing. The 
study also suggests the use of standard protocols for RT-PCR and transport media 
by the whole world so the it will become easier to deal with future epidemics. Such 
RT-PCR said to be an hid RT-PCR (heat-inactivated direct RT-PCR). Sample collec-
tion and rather than using transport media, usage of lysis buffer is found to be more 
efficient as it will directly lys the sample and can be used in RT-PCR without a need 
of any RNA extraction kit [72].

As Coronaviridae family consist many RNA viruses which not only infect the 
humans but also animals, birds etc. [73]. If we look at the history of this family will 
see that it has been always serious when it started infecting like in 2002, Severe 
acute respiratory syndrome coronavirus (SARS-CoV) emerged, in 2012, Middle 
East respiratory syndrome coronavirus (MERS-CoV), in 2016, swine acute diar-
rhoea syndrome coronavirus (SADS-CoV) and the latest one which cause pandemic 
in 2019, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [74]. 
Among this SADS-CoV infects pigs while other infect humans [75]. This all was 
controlled well but current 2019 epidemic was beyond control due to lack of diag-
nosis, medicines and vaccine. For now after all efforts diagnosis for SARS-CoV-2 
has been found but as lots of virus under this family can emerge in future and which 
has already spread in past needed to be studied [76]. So one research was completely 
done to make a molecular diagnostic kit which can identify almost all CoVs, thus 
to diagnose easily any virus among this family in future [77]. They designed a 
semi-nested RT-PCR based upon 38 genome sequences that has been recorded from 
human and animal CoVs. Thus proved to be a great finding which can diagnose all 
available CoVs or which can emerge in future too [77].

Lots of research regarding RT-PCR has been done, PCR like nested PCR, ddPCR, 
two step RT-PCR is an advance and gives more accurate results but labs were not 
that equipped and it was not possible to set up everything under such pandemic 
situation. Hence if we think about future this all equipments and facilities have to 
be adopted by laboratory to deal with emerging epidemics [57].

9. Conclusion

SARs-CoV-2, originated from Wuhan, China and spread all over world, causing 
a pandemic situation which affected the whole world badly at economic, social, 
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medical level also. Initially it was very difficult to deal with virus as no diagnosis, 
treatment or vaccine was available, but after lots of efforts of researchers now we 
have a good diagnosis and control condition in regards spread of infection. Even 
vaccination has been started in almost all countries. As in the earlier period of pan-
demic, the diagnosis was the main factor to prevent the spread of the virus. So main 
focus was on a diagnostic that to on molecular diagnosis as it is more efficient and 
accurate way of detection. Currently use molecular method is RT-PCR also said to 
be a gold standard detection method. Lots of RT-PCR kits are now available in most 
of the countries with little modifications and approvals. The key point to be noticed 
before the laboratory experiments is the right reliable sampling. Nasopharyngeal 
and oropharyngeal swabs, which are safer for collection are recommended for 
screening or early detection. If we talk about a future of RT-PCR advancement in 
methods like nested PCR, ddPCR, two step RT-PCR have been already done, which 
is found to be more accurate, but lack of instrumentation and expertise have put 
it behind, but in future this thing has to be focused and implemented so that the 
world can deal with any future epidemic.
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Abstract

In December 2019, an unexpected outbreak was caused by novel corona virus, 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). The lung disease 
caused by SARS-CoV-2 was given the name of the novel coronavirus disease 2019 
(COVID-19) by the World Health Organization (WHO) on February 11, 2020. Since 
its origin in the Hubei province of Wuhan city in China, now it has spread to 218 
countries worldwide. Panic situation created by COVID-19 has compelled research-
ers and doctors to work collaboratively. To combat with the disease, every control 
measures are under consideration from drug discovery to vaccine development. In 
the management of disease, rapid diagnosis is equally important as development of 
vaccine and drug. At present, various diagnostic kits are available for COVID-19.  
With the disease progression, global demand for diagnostics is raising. So, this 
chapter will include the updates on efficient diagnostic assays and future of 
diagnostic.

Keywords: novel corona virus, COVID-19, SARS-CoV-2, diagnosis,  
COVID-19 management

1. Introduction

COVID-19 is now a global health emergency as the number of confirmed 
COVID-19 cases worldwide exceeds 75 million, while the number of global deaths 
exceeds 1 million. WHO has already declared COVID-19 as a public health emer-
gency of international concern (PHEIC) on January 30, 2020 and a pandemic on 
March 11, 2020. New COVID-19 cases and deaths are continuously rising. Globally, 
there have been 106,797,721 confirmed cases and 2,341,145 deaths as per a WHO 
report on February 11, 2021, since the pandemic started [1, 2]. At the start of 
pandemic, the regions of the America and Europe were affected badly, contributed 
85% of new cases and 86% of new deaths globally. The USA and India are top two 
countries with more than 10 million confirmed cases and 313,748 and 145,810 
deaths, respectively [3]. The infection starts to spread from the seafood wholesale 
market in Wuhan, China, while the exact origin of the first case remains unclear. 
Initially, COVID-19 spread, from china to other countries, was due to travelers 
who got infected in China and then moved outside of the China [4]. Countries who 
have reported travel-associated spread were Singapore, Japan, Republic of Korea, 
Malaysia, Vietnam, Australia, the United States of America, Germany, etc. [4, 5]. 
Current, corona virus outbreak is third after the SARS and MERS corona virus out-
breaks. SARS-CoV-2 virus evolved in such a manner that the spread of COVID-19 
is more severe than that of the previous severe acute respiratory syndrome (SARS) 
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and the middle east respiratory syndrome (MERS) [6]. Currently, the COVID-19 
pandemic has reached to a threatening new phase. New strains from UK with more 
infectivity are being reported. SARS-CoV-2 belongs to family Coronaviridae and 
order Nidovirales. SARS-CoV-2 stands together with two highly pathogenic viruses, 
SARS-CoV and MERS-CoV as belongs to Betacoronavirus genera [7]. Corona 
viruses are enveloped, positive-sense, single-stranded RNA viruses. Transmission 
of SARS-CoV-2 was initiated first from infected animals to humans and then 
spread rapidly throughout the world via human to human. It spreads via contact to 
respiratory droplets or aerosols through nosocomial transmission from an infected 
to uninfected [8]. As COVID-19 causes enormous human casualties and serious 
economic loss, we are in the urgent need of efficient vaccine and drug develop-
ment against this dreadful virus. Globally, various serious efforts are being made 
in this direction. Governments of many countries have taken immediate action and 
precautionary measures against the virus. Countrywide lockdown were imposed 
to minimize human contact at public places. Social distancing, hygiene, and 
self-quarantine limit social interactions and spread of the disease. To control and 
manage the present pandemic situation the entire world is working and taking nec-
essary steps. To propagate research in this field, governments are providing enough 
funds for scientists and institutions. To combat with the disease, both preventive 
and curative approach is considered. We have many potential vaccine candidates 
that are yet to be approved. Recently in mid November, four groups have reported 
about the efficacy of their vaccines. Vaccination has been started in many countries 
like USA, India. Pfizer-BioNTech COVID-19 vaccine and Moderna’s COVID-19 
vaccine have been approved by FDA recently [9].

To cure the infected patient, several drugs are being tested and used. Drugs that 
are currently in clinical trials are repurposed drugs, which were designed for other 
disease including antiviral and antimalarials [10–13]. Other natural product-based 
formulations are also tested in the management of the disease, for example, Indian 
giloy (Tinospora cordifolia) and ashwagandha [14, 15]. Because of continued spread 
of COVID-19, accurate diagnosis of people becomes necessary. Rapid screening of an 
infected person before transmission onto others is essential to curb the disease. Delay 
and inaccurate diagnosis will give patient a chance to spread the virus. Present pan-
demic has enforced researchers to work at breakneck speed. As a major contribution 
toward diagnostic of COVID-19, various detection methods have been developed. 
Primarily we have molecular-based approaches to confirm suspected cases. Real-
time reverse transcription-polymerase chain reaction (RT-PCR)-based testing is 
the main technique for laboratory diagnosis. Virus antigen- or serological antibody-
based assays are also available with the advantage of a short turnaround time for the 
detection of novel corona virus infection. In this chapter, we will discuss and review 
the available COVID-19 detection methods and future prospectus of the same.

2. Disease biology

SARS-CoV-2 is a novel corona virus. It is spherical and enveloped. SARS-CoV-2 
spans 50–200 nM in diameter. It also contains a typical crown like appearance of 
coronaviruses due to the presence of 20 nM long spikes like structure on its surface 
(Figure 1). Corona viruses are divided into four genera: alpha-coronavirus (α-CoV), 
betacoronavirus (β-CoV), gamma-coronavirus (γ-CoV), and delta-coronavirus 
(δ-CoV). SARS-CoV-2 belongs to β-CoV genera. SARS-CoV-2 is a positive-sense, 
single-stranded RNA virus with large 29 Kb genome size [16, 17]. Genome wide 
study demonstrates that SARS-CoV-2 has sequence similarity with the human and 
bat corona viruses with 82% and 89% sequence homology, respectively [18]. Protein 
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mapping reveals the common protein interaction networks among three CoVs 
(SARS-CoV-1, MERS-CoV, and SARS-CoV-2) in humans, hence identified molecu-
lar mechanisms and potential therapeutic interventions [19]. Genome organization 
includes sequences for leader region, UTRs, replicase, Spike, Envelope, Membrane, 
Nucleocapsid protein, 3′UTR, and poly (A) tail sequence [20]. The spike (S), 
membrane (M), envelope (E), and nucleocapsid (N) are the main four structural 
proteins of SARS-CoV-2 (Figure 2). Spike protein is a club-shaped protein pres-
ent on the surface of virus and also capable of inducing neutralizing antibodies. It 
plays a major role in pathogenesis of SARS-CoV-2. M protein is the conserved and 
abundant protein, which helps virus to maintain its shape. It is also important dur-
ing budding of viral particles from host cells. Role of E protein is important in viral 
pathogenesis. Like M protein, E is also a conserved one. Spike, E, and M together 
form the envelope of SARS-CoV-2. Viral RNA and N protein construct the nucleo-
capsid of virus [21, 22]. SARS-CoV-2 infects the upper respiratory tract in humans 
and cause common cold and flu-like infections. Patients suffer from influenza, sore 
throat, fever, cough, fatigue, and shortness of breath; in few cases, patients also 
experience gastrointestinal issues, such as diarrhea and vomiting. Severity leads to 
multiorgan failure and thus causes death [23, 24]. Old age people and individuals 
suffering from diabetes, hypertension, pulmonary disease, asthma, bronchitis, 
and cardiovascular disorders are at high risk of severe case of corona disease [24]. 
It has been reported that bats are the natural reservoir of SARS-CoV-2 like for 
other human CoVs. SARS-CoV-2 was initially transmitted to humans from infected 

Figure 1. 
Schematic diagram showing SARS-CoV-2 structure.

Figure 2. 
Genome organization of SARS-CoV-2.
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animals in the Wuhan market and then spread globally when human-to-human 
contact occurs via respiratory droplets or aerosols of infected [16].

At molecular level, when the receptor binding domain of spike protein interacts 
with human-ACE2 (angiotensin-converting enzyme 2) receptor, it facilitates 
the binding and subsequent entry of viral particles into host cells. The spike is a 
heavily glycosylated protein and made up of two subunits, the S1 and the S2. The 
S1 subunit is again divided into two domains, that is, an N-terminal (S1 NTP) and 
a C-terminal domain (S1 CTP). RBD is present in C terminal S1 CTP. The RBD 
shows genomic variability. RBD determines the cellular tropism and host range 
to be infected by virus [25–27]. Different strains of Corona viruses have variation 
in binding affinity or human ACE2, thus differ in infection ability, transmission 
rate, and pathogenicity. In comparison to SARS-CoV (~31 nM) and MERS-CoV 
(~16.7 nM), SARS-CoV-2 binding affinity (~4.7 nM) is very high [28].

3. Available diagnostic assays

The severity of the disease varies in diagnosed patients ranging from asymp-
tomatic or mild cases to severe cases. The former can be cured by supportive care 
but the latter depends upon extracorporeal membrane oxygenation. Once patients 
reached to symptomatic stage, they become contagious and start to shed and spread 
the virus. Mass screening and accessible diagnostics always play a vital role to con-
strain the transmission and spread of the virus thus in reduction of mortality rate. 
Proper infection tracing is needed in the assessment of overall health impacts and 
statistics. Till now, there are various strategies for diagnosing COVID-19, which are 
mainly based on viral nucleic acid or antigen detection, and detection of the host’s 
immunological responses. Description about the available test is below:

3.1 Molecular test

Till now, confirmatory diagnosis for COVID-19 is based on molecular 
approaches only. These are considered to be first-line methods. Nucleic acid testing 
based on real-time reverse transcription-polymerase chain reaction (RT-PCR) is 
the main technique for laboratory diagnosis. It involves nucleic acid amplifica-
tion test to detect unique sequences within SARS-CoV-2 genome. RT-PCR is a 
two step process. In the first step, viral RNA is converted to cDNA using a reverse 
transcriptase enzyme, and the second step involves the amplification of only the 
selected region using gene-specific primers and further quantification is carried 
out as fluorescently labeled hydrolysis probe produces fluorescent signals [29]. 
Since the release of entire genome sequence of the virus from scientists of China, 
many countries, such as England, Germany, South Korea, Turkey, Russia, the 
USA, India, and China, launched their clinical-grade RT-PCR kits for SARS-CoV-2 
detection. For RT-PCR kits, samples are taken from various infected parts of the 
body, including nasopharyngeal, oropharyngeal, or nasal swabs, upper and lower 
respiratory tract aspirates, bronchoalveolar lavage, and the sputum [30]. Main 
components in RT-PCR-based Kits are the reverse transcription and amplifica-
tion enzymes, specific primers and probes for amplification of the selected viral 
genome regions, and authorized reagents for negative, positive, and internal 
controls, target genes, corresponding primer, and probe sequences used in 
RT-PCR kits so far for SARS-CoV-2 detection. Various research groups have been 
proposed the use of different set of target genes, corresponding primer, and probe 
sequences. Generally, the commercial kits based on the RT-PCR are only operated 
in well-equipped laboratory conditions and require skilled persons [31]. Pixel by 
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LabCorp COVID-19 Test Home Collection Kit made home collection possible. It 
contains a specimen biohazard bag, pre-labeled return FedEx envelope, saline 
tube, insulated specimen pouch, nasal specimen collection, swab gel pack (for 
sample cooling), shipping box, and the user guideline [32].

Other molecular-based technologies like LAMP, RT-LAMP, and rRT-LAMP 
amplify nucleic acid isothermally without any use of a thermocycler. DNA poly-
merase along with multiple primers, six or four as inner and outer primers, is 
used to amplify the target sequence. In RT-LAMP, analysis of results is done by 
the change of color, fluorescence, or turbidity in the PCR tubes, which makes it a 
simple and practical technique. Use of multiple primers gives specificity in results. 
RT-LAMP is a fast and specific method which completes detection of SARS-CoV-2 
in 1–2 h without any need of a trained molecular biologist [33].

Another isothermal nucleic acid amplification based assay is SHERLOCK assay, 
which also employs the clustered regularly interspaced short palindromic repeats 
(CRISPR)/CRISPR-associated system (Cas) enzymology for the detection of the 
target nucleic acid. Upon the binding of CRISPR RNA to the target sequence, the 
nonspecific endonuclease activity of Cas13 or Cas12 starts, leading to the cleavage 
of nearby reporter RNAs which generates signal for detection. SHERLOCK is a 
very specific and sensitive assay for diagnosis as Cas13 does not get activated if two 
or more mismatches are present in the target RNA, and it can easily discriminate 
between SARS-CoV-2 and other similar viruses [34].

Advantages:

• RT-PCR is the gold standard for SARS-CoV-2 because it can directly measure 
the viral genomic parts.

• It is most reliable method for SARS-CoV-2 detection.

Disadvantages:

• It is a tedious, time-consuming protocol.

• When infection of the virus starts to move toward the lower respiratory track, 
sample collected from throat may give us false negative results.

• It requires laboratories with biosafety level II facility so not suitable for rapid 
testing.

• Limited number of assay can be performed.

• Sensitivity is low at early stage of infection.

• It can detect the active infection in a patient, not the recovered.

3.2 Antibody test

In an antibody test, existence and concentration of IgG and IgM antibodies is 
measured in the blood/serum/plasma samples of infected patients. It can determine 
if the body encounters with a pathogen like SARS-CoV-2 virus. Common antibody 
tests are based on lateral flow type assays (LFA) and enzyme-linked immunosor-
bent type assays (ELISA) [35]. An antibody LFA test detects the presence of the spe-
cific antibodies in the patient’s blood sample. A SARS-CoV-2 antigen(s) is already 
immobilized on a sample pad. The sample is loaded onto the sample pad at end port 
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where Colloidal gold (CG) or quantum dot (QD)-labeled detection antibodies are 
present. Sample along with labeled antibodies moves through the strip by capillary 
action to the test line and control line [36]. If SARS-CoV-2 antibodies are present in 
the sample, they will be captured by the labeled detection antibody and will bind to 
the immobilized antigen at test line. Even if the SARS-CoV-2 antibodies are absent 
in the sample, the gold-labeled antibodies will still be captured at the control line 
and a band on the strip will appear due to the accumulation of CG or QD.

ELISA tests are performed in multi-well plates coated with the recombinant viral 
antigen. If antibodies (IgG or IgM) against the SARS-CoV-2 antigen are present in 
the sample, a binding between coated antigen and SARS-CoV-2 antibodies occurs. 
Then, secondary anti-human antibodies are added to bind with SARS-CoV-2 Ag-Ab 
complex. Secondary antibodies are enzyme labeled (usually horseradish peroxi-
dase). Upon addition of an enzyme substrate, a color-changing reaction happens. In 
the absence of the antibody of interest, no color is generated. In a modified version 
of ELISA, that is, chemiluminescent immunoassays (CLIA), the binding of the 
secondary antibody is confirmed by a chemiluminescent substrate [37]. ELISA test 
is a multistep process that demands a well-equipped lab, but LFA can be used at 
home without any training [38, 39].

3.3 Antigen test

An antigen is a non-self particle/fragment/molecule that can induce the 
immune system to produce antibody against pathogens, hence protects the body. 
The antigen test is also an immunoassay which detects viral components (i.e., 
S glycoprotein, M protein, or released N protein) or directly virus. Unlike the 
antibody-based methods, antigen tests detect the active viral infection, not the 
recovery situation. Because antigens precede antibodies, antigen test could be more 
reliable than antibody tests. Antigen tests can also be operated on LFA strips for 
rapid detection or in ELISA plates for increased sensitivity, and high throughput 
uses [29, 40].

Advantages:

• Antigen tests completes in 15–20 minutes.

• Antigen tests do not require well-equipped labs and highly trained personnel.

• It is cost-effective for both mass screening and application.

• Specificity is higher as it detects direct viral antigen.

Disadvantages:

• Low sensitivity as it requires high level of viral load for testing.

3.4 Other methods

Several other methods for diagnosis have been proposed. Some of them are 
novel and at research stage and some are based on conventional technology, 
for example, computed tomography (CT) scans. Aptamers functionalized with 
quantum dots (Qds), paper-based assays, semiconductor-based binding assays, 
surface plasmon resonance-based assays, piezoelectric immune sensors, and 
electrochemical sensors have been developed. A CT scan reveals about the pos-
sible abnormalities due to the viral infection in the chest [41]. Other detection 
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technologies developed for the identification of SARS-CoV-2 are based on the pres-
ence of different biomarkers in bio-fluids. Increased concentrations of C-reactive 
protein, D-dimer, lymphocytes, leukocytes, and blood platelets and elevated levels 
of serum urea, creatinine, and cystatin C can be utilized for diagnosis. Biosensors 
based on plasmonic sensing and field effect transistor (FET) have been developed 
for mass screening. Localized surface plasmon resonance (LSPR) sensor detects the 
SARS-CoV-2 nucleic acid with combined use of photo-thermal effect and plasmon 
sensing [42]. In FET-based biosensors, biological molecules modify the charge 
distribution of the surface, or they generate a surface potential by binding to the 
surface, which is further measured as a conductance value [43]. For mass screen-
ing of such pandemic, we need a global e-platform to control the spread of the 
virus which is now possible with emergence of data science and advancement in 
mobile telecommunications. In this view, mHealth is a useful development, which 
is an application of mobile devices like smarphones, onboard optics/sensor based 
patient monitoring devices, and wireless/Bluetooth technology. Such advance-
ments lead to easy collection of large epidemiological data based on contact trac-
ing, automation of inventory mangement, digital, and fast reporting of the new 
cases. It can also help further in supply chain management of limited resources 
for affected areas and also help government in policy making [44]. Indian govern-
ment has also launched “Aarogya setu” app during COVID-19 pandemic [45]. 
Information about some of the COVID-19 diagnostic kits based on above discussed 
methods are listed in Table 1.

4. Future of diagnostic and conclusion

COVID-19 has emerged as the most severe and terrifying viral infection encoun-
tered by us. Considering present pandemic situation, researchers from all around 
the globe have put strenuous efforts to develop test for COVID-19 diagnosis. They 
aim to develop a test that shows fast and accurate results, without compromising 
on the sensitivity and selectivity of the assay. Although present vaccine regime 
against COVID-19 has lessen the burden on health sector still, we are not aware of 
the long-term effects of COVID-19. Early medical interventions are only possible if 
diagnosis of the diseases is done at earlier stages. Many diagnostic tests have been 
developed which differ from sensitivity to specificity. Every test has disadvantages 
and advantages over the other methods (Figure 3).

Method Developer company References

RT-PCR Viractor Erofins [46]

RT-PCR Bosch [47]

RT-LAMP Abbott Laboratories [48]

SHERLOCK Howard Hughes Medical Institute [34]

CMIA Abbott Laboratories [49]

Lateral flow assay Pharmact AG [50]

Lateral flow assay ChemBioDiagnostic Systems [51]

ELISA Bio-Rad [52]

Antigen test N protein LFA Quidel Corporation [53]

Table 1. 
Developed kits for COVID-19 diagnosis.
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The genome-based detection of SARS-CoV-2 is solely relied on the RT-PCR 
method. Existing RT-PCR-based assays are not sensitive enough to detect the 
COVID-19 in the early stages of infection. Serology tests are rapid and apt for vast 
screening but they cannot confirm the presence of the active infection. Antigen-
based test are also very promising but need development. Despite the excellent 
effort put by researchers globally, we are still in the need of developing an assay 
which can detect the SARS-CoV-2 in individuals at the initial stage. For this pur-
pose, early stage biomarkers of COVID-19 should be identified and utilized for 
development of new assays. In severe conditions, CT scan can be used as comple-
mentary diagnostic tool along with RT-PCR [54]. It is reported that physicians took 
help of CT SCAN to effectively detect COVID-19 infection in RT-PCR false-negative 
cases. Antigen tests can also be performed along with RT-PCR to support present 
diagnostics and accelerate the detection speed worldwide. Different manufacturers 
and laboratories are using various parameters and conditions for testing. We do 
not have any universal standard for testing. Specimen and collection time needs 
to be optimized. Such standardization will give consistency in test results [55]. 
More effort toward research is required for further understanding of the influence 
of diagnostics. There is still scope in exploring about SARS-CoV-2 virus biology 
and COVID-19 pathology. Understanding of virus will help in developing more 
accurate diagnostic and effective treatment. Further research is required in the 
field of COVID-19 diagnostics to develop a rapid and automated diagnostic test 
with more sensitivity and specificity. In light of this, the government of India has 
also announced the call for various research projects for funding. In this direction 
public, clinicians, industries, and government all should work in coordination to 
fight against SARS-CoV-2. Global coordination between them is in high demand.

Figure 3. 
Comparison of different COVID-19 diagnostic assay.
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Chapter 13

COVID-19 and Cancer: Biological 
Interconnection and Treatment
Nidhi Jyotsana

Abstract

The COVID-19 pandemic has affected more than 125 million lives worldwide 
and more than 2.5 million people have died so far. Cancer in itself increases the risk 
of infection especially, cancer patients undergoing cancer-associated treatments 
are more susceptible to SARS-CoV2 infection. However, many questions related 
to the biological interconnection between the two diseases remain to be answered. 
This chapter summarizes some of the biological components that connect cancer 
to COVID-19 and provide knowledge to not only understand but also, target the 
co-morbidities.

Keywords: COVID-19, cancer, viral infections, chemotherapy, radiotherapy, 
immunotherapy, cytokine storm, coagulopathy, ACE2, TMPRSS2

1. Introduction

For past many decades, viral infections have presented a great challenge for 
cancer patients, on the delivery of cancer care, cancer research, and oncologists. 
COVID-19 caused by SARS-CoV2 virus continues to spread around the globe and 
more than 1 million people have been killed due to COVID-19 worldwide (at the 
time of writing). Though majority of infected people will recover, cancer patients 
remain at a higher risk to SARS-CoV2 infection and its related severe outcomes. 
Cancer patients are reported ~3 times more susceptible to SARS-CoV2 infection 
with possible poor outcomes than individuals without cancer potentially due to 
their systemic immunosuppressive state caused either by malignancy itself or the 
anti-cancer treatments. Moreover, the mortality rate of SARS-CoV2 positive cancer 
patients was reported 6% than 1% for non-cancer patients in China. However, 
a limited research has been done to understand the biological interconnection 
between cancer and viral infections. Especially, little is known about the SARS-
CoV2 infection biology Therefore, studying whether and how SARS-CoV2 affects 
cancer and its progression and, vice versa is of utmost importance for (1) the better 
management of SARS-CoV2 infected cancer patients and, (2) developing novel 
treatment strategies that can target SARS-CoV2 and/or cancer.

2. Linking viruses and cancer

Viruses are the smallest microorganisms made up of a small number of genes 
in the form of DNA or RNA surrounded by a protein coating. Viruses enter into a 
living cell and hijack it’s cellular machinery in order to make more copies of itself. 
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When a virus enters the body, it triggers the body’s immune system. These immune 
defenses begin with white blood cells which learn to attack and destroy the virus or 
the virus infected cells. If the body survives the virus attack, the immune system’s 
memory is able to respond more quickly and effectively to subsequent infection by 
the same virus. This response is called Immunity. Immunity can also be triggered 
by getting a vaccine. Viruses can be divided into three classes: oncogenic, oncolytic 
and, non-oncogenic non-oncolytic viruses. The oncogenic viruses (for example, 
hepatitis C virus, human T-lymphotropic virus, hepatitis B virus) change cells by 
either integrating their genetic material with the host cell’s DNA or enhancing 
already existing oncogenic genes within the host genome. Thus, the infected cell 
is regulated by the viral genes and has the ability to undergo abnormal growth. 
Conflicting results for the relationship between different viruses and various 
cancer sub-types have been stated in pre-clinical and clinical settings. This is due 
to the reason that the course and outcome for both, viral infections and cancer and 
regulated by the type of viral infection, type of cancer and the immune system 
components involved. For example, a faster growth of melanoma was observed in 
mice that were challenged with H1N1/influenza A virus due to shunting or diversion 
of cytotoxic T cells from tumor site to the viral infection site. On the contrary, a 
slower growth of Lewis lung carcinoma cells was observed in mice following influ-
enza virus infection. Thus, more studies need to be undertaken for clearer context 
dependent results. Both viruses and cancer invade our normal healthy systems for 
their growth and proliferation. The inability of our immune system to distinguish 
between self and non-self, links the severe pathogenesis associated with cancer and 
viral infections.

3. COVID-19

Coronaviruses are a large family of viruses that can cause mild illnesses, such 
as the common cold, to more severe diseases such as Severe Acute Respiratory 
Syndrome (SARS) and Middle East Respiratory Syndrome (MERS). Coronaviruses 
take their names from the distinctive spikes with rounded tips around their surface, 
which reminded virologists of the appearance of the sun’s atmosphere, known as 
corona. Coronaviruses are known to primarily target the human respiratory system. 
COVID-19 represents the seventh member of the coronavirus family that infects 
humans. Because the novel coronavirus is related to the SARS-associated coronavi-
rus (SARS-CoV), the virus has been named SARS-CoV2. SARS-CoV2 infection may 
result in mild to severe symptoms that may develop between 2 and 14 days after 
exposure to the SARS-CoV2 virus. The symptoms of COVID-19 may include short-
ness of breath, chills, fever, cough, headaches, sore throat, and loss of taste or smell. 
Additional symptoms including aches, fatigue, nasal congestion and diarrhea may 
also appear. The illness may cause severe pneumonia and heart problems in some 
people and may also lead to death. Some people may not develop any symptoms 
following infection.

SARS-CoV2, by using the spike-like protein on its surface, binds to ACE2 
(Angiotensin converting enzyme 2) prior to entry and infection into the host 
cell. Thus, ACE2 acts as a doorway for the virus that causes COVID-19. ACE2 is a 
carboxypeptidase enzyme present on the surface of many cell types in tissues like, 
lungs, heart, blood vessels, kidneys, liver and gastrointestinal tract. The function of 
ACE2 is to generate small peptides/proteins by cutting up the larger protein angio-
tensin which then go on to regulate functions in the cells involving wound healing, 
inflammation and blood pressure regulation, etc.
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4. Cancer

Cancer is a broad term for a class of diseases characterized by uncontrolled growth 
and proliferation of abnormal cells. These normal cells have the ability to infiltrate 
and destroy normal tissues. The types of treatments that one receives depend on the 
type of cancer and how advanced it is. Mostly it is a combination of treatments such 
as chemotherapy, radiotherapy, immunotherapy, hormonal therapy, stem cell trans-
plantation and other targeted therapies. Cancer on its own and its treatment using 
chemotherapy or radiotherapy weakens one’s immune system, reducing the number 
of infections fighting immune cells and making it harder for one’s body to fight infec-
tions including the viral infections. And this is why cancer patients who are undergo-
ing or recently underwent chemo/radiotherapy are particularly at higher risk.

5. COVID-19 and cancer

COVID-19 by itself remains biologically novel and not much is known about the 
role of novel coronavirus SARS-CoV2 in cancer. Some critical questions that need 
to be answered are (1) Whether SARS-CoV-2 infection cause cancer? (2) Whether 
SARS-CoV-2 infection increases the risk of cancer? and, (3) Whether SARS-CoV-2 
infection affects the survival of cancer patients?

Similar to other severe acute respiratory outbreaks (SARS-CoV, MERS-CoV), 
comorbidities such as hypertension and malignancy predispose COVID-19 positive 
patients to adverse clinical outcomes [1–4]. Whether SARS-CoV2 causes or modu-
lates cancer pathobiology, is unknown. However, it is evident that patients undergo-
ing cancer-associated treatments for example, chemo or radiotherapy and CAR-T cell 
therapy patients are at higher risk of becoming worse following COVID-19 infection 
[5, 6]. A recent study including 1,590 COVID-19 positive patients in China shows 
cancer as one of the more serious comorbidities that increase risk with respect to 
COVID-19 [4, 7]. Therefore, cancer patients receiving anti-tumor therapies should 
have vigorous screening for COVID-19 infection and their immunosuppressive 
treatment regimens and dosages potentially decreased in the case of COVID-19 co-
infection [8]. For some patients, chemotherapy must be postponed until completion 
of the antiviral course of therapy, while others cannot be subjected to the viral infec-
tion therapy while under treatment for their cancer [9]. The symptoms of COVID-19 
in cancer patients are mostly similar to the ones in general population (fever, cough-
ing and shortness of breath) [10, 11]. However, cancer-associated treatments for 
example, steroids may suppress the fever symptom of COVID-19. The decision on 
treatment of a COVID-19 positive cancer patient depends on the type of cancer, stage 
of treatment, and severity of COVID-19. Immune dysregulation and chronic inflam-
mation may be potential drivers of severe outcomes in COVID-19-positive cancer 
patients. Therefore, a better understanding of the mechanistic link between the two 
will help to prevent negative effects of infection and also enable the design of novel 
therapies that target cancer and COVID-19, and co-target both diseases.

6. The biology of interconnection between COVID-19 and cancer

The biological connection between COVID-19 and cancer remains an under-
studied area. However, age, ACE2, cytokine storm, and coagulopathy are few strong 
connecters that link COVID-19 with cancer. A better understanding of these linkers 
may help us find novel therapy options for the comorbidities.
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6.1 Age

Our risk of getting cancer increases with age mostly due to accumulation of 
mutations with our prolonged exposure to mutagens. In addition, as we grow older, 
our body’s immune system and DNA damage repair system get weaker [12]. In a 
similar fashion, age has turned out to be a poor prognostic factor for COVID-19 
patients. This suggests that age plays a similar role in the progression and pathogen-
esis of cancer and COVID-19. Further studies should be conducted to identify the 
molecular interconnection between age, cancer and COVID-19.

6.2 Angiotensin converting enzyme 2 (ACE2)

ACE2 is a carboxypeptidase enzyme that converts angiotensin I to angiotensin 
1–9 and angiotensin II to angiotensin 1–7. It is involved in the regulation of heart 
function and in the protection during acute lung injury [13–15]. SARS-CoV-2 enters 
human cells through angiotensin 1 converting enzyme 2 (ACE2) [16, 17]. The virus 
enters via this spike protein, binds to ACE2, and together with ACE2 enters the cell, 
fuses to the membrane, the virus exists the endosome, and replicates [18]. ACE2 
is expressed in multiple organs, including cardiovascular, respiratory, urinary and 
digestive systems in healthy individuals. The expression levels of ACE2 in cellular 
subtypes is shown to be viral infection- and interferon-driven [19–21]. Notably, the 
expression levels of ACE2 are different in cancer cells. According to a recent clini-
cal study, the expression levels of ACE2 gradually increase from healthy control, 
adenoma, to colorectal cancer patients. This indicates that cancer patients are more 
likely to be infected with SARS-CoV2. Patients with tumors, expressing higher lev-
els of ACE2, are more susceptible to SARS-CoV2 infection and have poor prognosis 
[19, 22, 23]. Renal tissue shows higher expression levels of ACE2, and this might 
explain why most COVID-19 patients have renal dysfunction [18, 24]. Decreased 
levels of ACE2 were reported in non-small cell lung cancer (NSCLC), and its over-
expression had a protective effect in NSCLC and breast cancer via inhibiting cell 
growth and angiogenesis [25–27]. Due to limited research done in this area, it would 
be worthwhile to test whether levels of ACE2 increases or decreases in various 
tissues of cancer patients and COVID-19 patients and how this impacts COVID-19 
infection in these patients.

6.3 Cytokine release syndrome

Cytokine release syndrome (CRS) or cytokine storm is a systemic inflam-
matory response. Cytokine storm can be triggered by pathogenic infections, 
certain drugs, antibody treatments and, chimeric antigen receptor (CAR)-T cell 
therapy [28, 29]. Cytokine storm induction is the main cause of inflammation 
in SARS-CoV-2 infection. Upregulation of cytokines for example, interleukin-6 
(IL-6), interleukin-1 beta (IL-1β) in serum, tumor necrosis factor-alpha (TNF-α) 
are found in COVID-19 patients. Elevated levels of lactate dehydrogenase, and 
increased levels of circulating monocytes are also common in COVID-19 patients 
[30, 31]. Such elevated levels of pro-inflammatory cytokines are also observed 
in cancer patients undergoing immunotherapy and CAR-T cell therapy [32]. The 
cytokine levels in cancer patients undergoing immunotherapy are higher than the 
cytokine levels in COVID-19 patients experiencing acute respiratory disease syn-
drome. The understanding of oncologists in regulating severe inflammatory reac-
tion may prove highly beneficial in these settings. Therefore, anti-inflammatory 
therapies currently used for cancer patients may be repurposed for the treatment 
of COVID-19 patients.
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6.4 Coagulopathy

Bleeding complications including thrombosis are leading causes of death in 
cancer patients. Thrombotic events are also commonly associated with the morbidi-
ties in COVID-19 patients. Cancer/tumor cells release cytokines, cysteine proteases, 
tumor micro particles and other pro-coagulants in their microenvironment. Release 
of such biomolecules can cause an imbalance in hemostasis [33]. Increased levels of 
D-dimer and prothrombin and decrease in fibrinogen is reported in COVID-19 non-
survivor patients at days 10–14 [34–36]. This highlights the significance of regular 
monitoring and maintenance of these factors in COVID-19 and cancer patients. 
Therefore, further insights into the molecular interconnections of COVID-19 and 
cancer disease conditions to coagulopathy may help in reducing the associated 
mortality in these patients.

6.5 TMPRSS2

Transmembrane Serine Protease 2, TMPRSS2 presents another potential point 
of connection between cancer and COVID-19. In prostate cancer TMPRSS2 is 
regulated by the androgen receptor, and the androgen receptor is found not only 
on prostate cells but on cells of the lung as well. Further investigation is needed 
to confirm whether the receptor regulates TMPRSS2 in lung tissue, but if it does, 
androgen-targeted therapies, which are used in the treatment of prostate cancer, 
could limit SARS-CoV2 infection by downregulating TMPRSS2.

7. Therapeutic options in COVID-19 and cancer patients

Previous studies suggest conflicting results on whether anti-cancer and anti-
COVID-19 therapies can be co-administered safely. For example, in over 1000 
HCV-positive breast cancer patients, chemotherapy was shown feasible with no sig-
nificant side effects [37]. However, in another study, ovarian cancer patients under-
going chemotherapy were unable to generate antibody response to the influenza 
vaccination [38]. Therefore, further efforts are needed to investigate the efficacy 
and safety of co-administration of anti-cancer and anti-viral drugs and how these 
outcomes are dependent on the type of cancer, viral infection and therapy.

Vaccination is the most promising approach for preventing a viral infection. 
Pharmaceutical industries and research organizations across the globe have put 
great efforts in developing effective and novel vaccine candidates to neutralize 
SARS-CoV2 virus. Additionally, strategies like repurposing direct preexisting anti-
viral drugs as well as convalescent serum from COVID-19 recovered patients have 
been effectively used. Different monoclonal antibodies (mAbs) that recognize the 
different epitopes on the viral surface may have improved efficacy in neutralizing 
the SARS-CoV2 virus. IL-6 inhibitors (for example, tocilizumab and siltuximab 
mAbs) have been used for the management of cytokine storm in cancer patients 
receiving CAR-T cell therapy. IL-1, a cytokine upstream of IL-6 which is also 
upregulated in CRS and IL-1 receptor antagonists such as anakinra have been used 
to treat arthritis patients. Another class of drugs are nontoxic immune-suppressants 
known as calcineurin inhibitors that impair T-cell function and thereby reduce 
cytokine levels. Various viral gene components fundamental for the unchecked pro-
liferation of virus in host cancer cells can serve as therapeutic targets for effective 
anti-viral therapies. Studying these critical viral components will help the research-
ers to understand the interconnection between the biology of COVID-19-infected 
cancer versus normal host cells.
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Figure 1. 
Interconnection between COVID-19 and cancer.

The role of various immune cells for example, T cells, and natural killer (NK) 
cells in understanding the pathology and therapies of cancer and viral infections 
is becoming more evident with time. This motivates scientists to enhance their 
understanding and develop novel immunomodulatory therapeutic strategies 
for co-targeting these diseases. Functional natural killer (NK) cells can produce 
antiviral responses against influenza infection and are also reported as potential 
anti-cancer agents. Additionally, due to their negligible graft vs. host signature, 
NK cells may provide a safer alternative to co-target cancer and COVID-19. 
Nanoparticles present excellent vehicles for delivering various disease-associated 
payloads in vivo. Nanoparticles ornated with recombinant human ACE2 protein on 
their surface may provide an effective therapeutic option for COVID-19 patients. 
Following binding to the spike protein of SARS-CoV2 virus, ACE2-conjugated 
nanoparticles may neutralize the virus and prevent it from binding to the ACE2 
receptor present on host cells. Conventional anti-cancer treatment strategies, 
such as chemo or radiotherapy are unable to distinguish between cancer cells and 
normal cells. This is a significant drawback and leads to toxicities for patients 
undergoing treatment. Therapies that directly target viral proteins or generate 
immune responses against infected cells or cancer cells hold promise for effective 
and tolerable treatment strategies.

8. Future research perspectives

To understand the pathogenesis of COVID-19 and to connect the link between 
cancer and COVID-19, we need to develop and study suitable animal models that 
represent the comorbidity of different cancers and COVID-19 in patients with 
accuracy. Additionally, the role of specific SARS-CoV2 proteins may be studied by 
developing chimeric mouse models that express SARS-CoV2 proteins in some tis-
sues. Ziegler et al. demonstrated that ACE2 expressing human cells are the primary 
targets for SARS-CoV2 infection and that human ACE2 expression in epithelial cells 
is interferon dependent [20]. Especially, a significantly weaker induction of murine 
ACE2 was observed in response to interferon or viral infection [20]. Thus, human-
ized models permissive to SARS-CoV2 infection would closely mimic the human 
disease condition. Investigating and identifying the relevant immune constituents 
may lead to new biological strategies to target co-morbidities associated with viral 
infections and cancer patients. Determining whether active SARS-CoV2 virus leads 
to cancer in mice would also be an interesting scientific to avenue to better under-
stand the pathology of SARS-CoV2. Clearly, the learnings from cancer biology and 
cancer therapeutics research will help in establishing clinically effective treatment 
options for COVID-19 patients (Figure 1). It would also be of high relevance to 
include and study the role of demographic factors in context of cancer and COVID-
19 comorbidities.
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Chapter 14

Crosstalk between SARS-CoV-2 
and Testicular Hemostasis: 
Perspective View
R.G. Ahmed

Abstract

The infection of SARS-CoV-2 and its COVID disease caused several economic 
and social disturbances worldwide. This chapter aimed to determine the sever-
ity of SARS-CoV-2 infection on the testicular hemostasis. This overview showed 
the possible mechanisms of how the SARS-CoV-2 can infect the testes. SARS-
CoV-2-induced pneumonia, cytokine storm, and immunosuppressive state may 
transfer from the respiratory tract to the blood circulation, binding to testicular 
angiotensin-converting enzyme 2 receptors (ACSE2) and initiate its intracellular 
replication and action (cytotoxicity), that disrupting the testicular hemostasis. In 
severe states, COVID-19 disease can increase body/testes temperature, which may 
destroy the germ cell in the long term. The final mechanism is that SARS-CoV-2 
infection causes stress, panic, and anxiety states, causing brain disorders that may 
perturb the hypothalamic–pituitary-testes-axis (HPTA). This disturbance may then 
lead to testicular dysfunction. The severity of COVID-19 may be age-dependent 
and depending on the expression and distribution of testicular ACSE2 receptors. 
Also, this chapter not only showed the sexual transmission of SARS-CoV-2 but also 
followed its impact on sexual behavior, pregnancy, and progeny. Thus, maintain-
ing the testicular hemostasis may play a vital role in a healthy life for the offspring. 
Further research and clinical studies are required to explore this issue.

Keywords: SARS-CoV-2 (COVID-19), Testes, angiotensin-converting enzyme 2 
receptor (ACSE2) HPTA, Pregnancy

1. Introduction

The World Health Organization (WHO) confirmed that the infection of  
SARS-CoV-2 could transfer from human to human via the airway droplet spread, 
infected surfaces, or fecal route [1–3]. SARS-CoV-2 causes COVID-19 respiratory 
disease belonging to β-CoV (lineage B) with a duration of 3–6 days [4]. Seah et al. 
[5] reported that coronaviruses (CoVs) consist of nucleocapsid protein (N) for 
bounding to RNA genome to make up nucleocapsid, spike protein (S) for binding of 
host cell receptors to facilitate entry of host cell, an envelope protein (E) for inter-
acting with M to form a viral envelope, and membrane protein (M) for the central 
organizer of CoV assembly and determining the shape of the viral envelope. SARS-
CoV-2 is dissimilar to SARS-CoV in the absence of 8a, longer 8b, and shorter 3b 
segments and different in the presence of Nsp 2, Nsp3, open reading frame (orf) 2, 
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and orf10 proteins [6–9]. This variance might be the cause of the highly contagious 
SARS-CoV-2 worldwide. The infection of SARS-CoV-2 can transfer from bats 
(natural host) to Malayan pangolins (intermediate host) and then to human, as 
shown in Table 1 [10–12]. In general, the infection of SARS-CoV-2 can cause a dry 
cough, diarrhea, fatigue, and disorders in respiratory, circulatory, and renal systems 
[13–15], and then death [16]. Also, SARS-CoV-2 infection can disrupt the hemo-
stasis of the urinary system [17]. Similar results are recorded in the Middle East 
respiratory syndrome (MERS-CoV, 2012) and severe acute respiratory syndrome 
(SARS-CoV, 2002–2003) infected animal models [18].

The current chapter aimed to determine the severity of SARS-CoV-2 infection 
on the testicular hemostasis and showed the possible mechanisms of how the SARS-
CoV-2 can infect the testes. Also, this chapter showed the sexual transmission of 
SARS-CoV-2 and followed its impact on sexual behavior, pregnancy, and progeny.

2. Observations and discussion

2.1 Possible mechanisms of how the SARS-CoV-2 can infect the testes

As angiotensin-converting enzyme 2 receptors (ACSE2) expression is rich in tes-
tes, SARS-CoV-2 may bind these receptors to penetrate cells and initiate its intracel-
lular replication and action (cytotoxicity) that disrupting the testicular hemostasis. 
Similarly, several studies reported that ACSE2 receptor expression is rich in human 
male gonads (spermatogonia, Leydig, Sertoli cells, and seminiferous ducts), thus 
SARS-CoV-2 can bind ACSE2 receptor to disrupt gonadal hemostasis and increase 
the risk of testicular dysfunction [19–22]. SARS-CoV-2 may cause spermatogenic 
failure [20]. However, the detection of SARS-CoV-2 in human semen was 1 to 15 
patients (6.66%) [23]. More importantly, Li et al. [24] detected the SARS-CoV-2 in 
the semen of patients with COVID-19 and the semen of recovering cases. However, 
this study was limited to 50 patients only and a short time. Previously, SARS-CoV 
and NL63 coronavirus (NL63-CoV) can propagate inside the host cells by binding 
the cell surface ACE2 [25, 26]. SARS-CoV can disrupt spermatogenesis causing 
orchitis [27] and infect Leydig cells and testicular epithelial cells [28]. The previous 
findings could be attributed to SARS-CoV-2-induced pneumonia, neutropenia, 
lymphopenia, and hypo-albuminemia [29], and immunosuppressive state and 
cytokine storm [13, 14]. This state could be illustrated by the variation in the levels 
of several interleukins (IL-1β, IL-10, and IL-4), interferons (interferon-inducible 
protein 10, and interferon-gamma (IFN-γ)), and monocyte chemoattractant 
protein 1 (MCP-1) [13, 14]. Alternatively, SARS-CoV can elevate the levels of lipid 
peroxidation (LPO) and generally reactive oxygen species (ROS), causing oxidative 
stress (OS) and testicular dysfunction [30].

Another possible mechanism is that in severe states, COVID-19 disease can 
increase body/testes temperature, which may destroy the germ cell in the long term. 
Concomitantly, the viral infection-induced fever disrupts the male reproductive 
homeostasis [22]. In similar, severe fever in SARS-CoV causes congestion and mild 
fibrosis in the testes, disrupting the testicular hemostasis [27]. There was a reduction 
in the sperm number and fragmentation in the sperm DNA in males recovering from 
COVID-19 disease and fever [31, 32]. This variation can deteriorate fertility, delay 
embryo development, and augment abortion [33]. Importantly, fever alone can dam-
age the spermatogenesis process [34] and destruct the Sertoli and germ cells [27].

The final mechanism is that SARS-CoV-2 infection causes stress, panic, and 
anxiety states, causing brain disorders that may perturb the hypothalamic–
pituitary-testes-axis (HPTA). Also, the disturbance in the hypothalamic–pituitary 
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axis can vary the sex hormones and adrenaline that support sexual activities [35]. 
SARS-CoV might cause leukocyte infiltration in testes [36], disrupt the functions 
of Leydig cells and the production of testosterone, destroy the seminiferous epithe-
lium, and damage the blood-testis barrier [27]. Interestingly, the elevation in the 
level of serum IgG was reported in SARS-CoV patients [37]. This elevation could 
degenerate the Sertoli and germ cells, causing autoimmune orchitis [27]. Mumps 
orchitis could be attributed to the reduction in the level of testosterone and an 
increase in the follicular stimulating hormone (FSH) and luteinizing hormone (LH) 
levels [38]. In general, the virus can cause orchitis and sterility and increase the risk 
of the testicular tumor [39–41]. This damage may lead to hypogonadism [42] and 
decrease the number of Leydig cells [43]. In similar, male infertility might initi-
ate by several viruses such as human papillomavirus (HPV) [44], herpes simplex 
viruses (HSVs) [45], human immunodeficiency viruses (HIV) [46], hepatitis B 
virus (HBV) [47], hepatitis C virus (HCV) [48], Mumps orthorubulavirus virus 
(MuV) [49], and Bluetongue virus (BTV) (an arbovirus of ruminants) [50].

2.2 Sexual transmission, sexual behavior, pregnancy, and progeny

The SARS-CoV-2 can transfer via respiratory droplets from human-to-human 
[51], feces [52], blood [53], or semen [24, 54, 55]. SARS-CoV-2 can form a systemic 
local infection in the male reproductive system due to the disruption in the barriers 
between testes, blood, vas deferens, and epididymis barriers [24, 54, 55]. However, 
the transportation of SARS-CoV-2 through semen was absent during the sexual 
process [56]. This absence may be due to the defense barrier between the testes and 
blood [57]. Importantly, real-time polymerase chain reaction (RT-PCR) has failed 
to designate SARS-CoV-2 sequences in the testicular tissues [43, 58].

The infection of SARS-CoV-2 may transfer during the sexual activity between 
the couples who have COVID-19 disease [59]. Moreover, saliva contact (physical 
process) between couples can increase the risk of virus transmission [12, 60]. On 
the other hand, pregnant women during the last trimester of pregnancy are more 
vulnerable to SARS-CoV-2 infection [61]. Moreover, cerebral vasculitis [62] and 
maternofetal T helper 2 (Th2) disorder [63] could damage the placenta. In Iran, 
7 from 9 infected pregnant women with SARS-CoV-2 were dead [64]. A few data 
have supported this route [64]. However, most studies neglected the risk of the 
vertical route of SARS-CoV-2 between dams and their offspring [65–67]. On the 
other hand, the infected breast milk with SARS-CoV-2 or the close contact between 
neonates and infected dams with COVID-19 disease can be other routes for the 
possibility of SARS-CoV-2 transmission [68].

More importantly, the outbreak of infectious diseases can put the dams and 
their neonates in a risky state [69]. Likewise, SARS-CoV 2003 might disrupt the 
maternofetal immune system, causing abortion [70] or intrauterine growth restric-
tion (IUGR) [71]. This disruption may delay neonatal health and cause neurode-
velopmental disorders [72]. However, the severity and duration of this disruption 
on offspring are not identified completely. A healthy dietary supplementation 
and proper awareness during the perinatal period should be followed during this 
epidemic period to avoid this disorder. Also, anti-inflammatory treatments will be 
supportive to treat fertility problems [22].

3. Conclusion

This chapter showed three possible mechanisms of how the SARS-CoV-2 can 
infect the testes (Figure 1): (1) SARS-CoV-2 may bind ACSE2, disrupting the 
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testicular hemostasis. (2) SARS-CoV-2 and its COVID disease can increase the tem-
perature of the testes, destroying the germ cell in the long term. This severity may 
be age-dependent and depending on the expression and distribution of testicular 
ACSE2 receptors. (3) SARS-CoV-2 and its COVID disease may perturb the HPTA. 
In the future, SARS-CoV-2 may directly or indirectly change the world’s demo-
graphics [73]. Thus, preserving the testicular hemostasis may play a dynamic role in 
a healthy life for the offspring. Additional studies are desired to explore these issues.

4. Recommendations

As there is limited information about the complications of SARS-CoV-2 on 
reproductive organs, the current findings warrant the risk of the occurrence of 
orchitis and recommend the following-up and evaluation of the testicular hemo-
stasis (andrological health) in the infected males with SARS-CoV-2. Also, avoid 
sex activity between the couples who have SARS-CoV-2 infection or symptoms of 
COVID-19 was recommended. In cases that recovered from COVID-19, the endo-
thelial disorder may cause erectile dysfunction as a pathophysiological condition 
[74, 75]. Importantly, couples should be avoided the fear of virus transmission dur-
ing the sexual process because this fear can decrease the sexual desire and quality of 
sex activity [76]. Moreover, these severe conditions can increase abortion, men-
strual disorders, and psychological problems (depression, poor mood, nervousness, 
or irritability) [77].

On the other hand, recovered dams from symptoms of COVID-19 should 
use an artificial feeding pump, wash their hands, and wear a mask before and 
during the breasting feeding process [78]. Evaluation of gonadal function and 
genital examination for patients recovered from COVID-19 should be warranted. 
More importantly, the American Society for Reproductive Medicine (ASRM) 
recommended suspending all types of assisted reproductive techniques (ART), 

Figure 1. 
Summary about the expected mechanisms of SARS-CoV-2 (COVID-19) on testicular hemostasis. Here, ACSE2 
is angiotensin-converting enzyme 2, and HPTA is hypothalamic–pituitary-testes-axis.
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including intrauterine inseminations (IUIs) or in vitro fertilization (IVF) during 
the COVID-19 pandemic [79], particularly, for patients who have immunocompro-
mised diseases (AIDS, cancer, or malnutrition) or chronic diseases (cardiovascular, 
hepatic, or renal diseases, hypertension, and diabetes mellitus) [80, 81]. Similarly, 
the French Biomedicine Agency (ABM) suspended ART during this period [82]. 
Finally, the social contact between ART professional groups and patients should be 
online during this period.
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Abstract

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) emerged in the 
late 2019 and spread rapidly throughout the world, becoming a pandemic in March 
2020. It became obvious early that the prognosis of this illness is highly variable, 
ranging from few mild symptoms to severe complications and death, indicating that 
aside from the pathogen virulence, host factors contribute significantly to the overall 
outcome. Like SARS-CoV and Human Coronavirus NL63 (HCoV-NL63-NL63), 
SARS-CoV-2 enters host cells via several receptors among which angiotensin convert-
ing enzyme-2 (ACE-2) are the most studied. As this protein is widely expressed in 
the lungs, blood vessels, brain, kidney, testes and ovaries, the effects of this virus are 
widespread, affecting many body tissues and organs. Viral attachment to ACE-2 down-
regulates this protein, disrupting angiotensin II (ANG II) hydrolysis that in return 
contributes to the unchecked accumulation of this peptide. ANG II toxicity is the result 
of excessive activation of ANG II type 1 receptors (AT-1Rs) and N-methyl-D-aspartate 
NMDA receptors (NMDARs). Overstimulation of these proteins, along with the loss 
of angiotensin (1–7) (ANG 1–7), upregulates reactive oxygen species (ROS), inflicting 
end-organ damage (hit 1). However, a preexistent redox impairment may be necessary 
for the development of SARS-CoV-2 critical illness (hit 2). Here we propose a two-hit 
paradigm in which COVID-19 critical illness develops primarily in individuals with 
preexistent antioxidant dysfunction. Several observational studies are in line with the 
two hit model as they have associated poor COVID-19 prognosis with the hereditary 
antioxidant defects. Moreover, the SARS-CoV-2 interactome reveals that viral antigen 
NSP5 directly inhibits the synthesis of glutathione peroxidase (GPX), an antioxidant 
enzyme that along with glucose-6-phosphate dehydrogenase (G6PD) protect the body 
from oxidative damage. Indeed, individuals with G6PD deficiency have less favorable 
COVID-19 outcomes compared to the general population.

Keywords: Sars-CoV-2, antiviral psychotropic drugs, glucose-6-phosphate 
dehydrogenase, glutathione peroxidase, endocytic pathway, calmodulin

1. Introduction

The COVID-19 pandemic has altered many aspects of daily life, contributing 
to the higher incidence of psychiatric conditions, including depression, anxiety, 
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posttraumatic stress disorder (PTSD) and substance use [1–8]. In addition, as 
SARS-CoV-2 is a neurotropic virus, delirium, cognitive impairment and psy-
chosis were demonstrated in up to 40% of infected patients [9–11]. Moreover, 
like the previous pandemics, COVID-19 may be followed by delayed or even 
next-generation neuropsychiatric sequelae [12–14]. For example, the offspring of 
women pregnant during the 1918 influenza pandemic achieved lower education, 
socioeconomic status, and income as adults, indicating hidden and long-lasting 
effects [15] (Figure 1).

2. COVID-19 and psychotropic drugs

Several psychotropic drugs have been associated with antiviral and antitumor 
properties, suggesting that they may lower the severity of COVID-19 critical 
illness [16]. For example, imipramine, clomipramine and the phenothiazine 
class of drugs have demonstrated efficacy against other viruses, including Ebola, 
Dengue and West Nile [17–20]. In addition, thioridazine, another phenothiazine, 
was found to slow the progression of lung cancers, probably by enhancing 
antitumor immunity [21]. Other antipsychotics evidenced some beneficial 

Figure 1. 
The two-hit paradigm: Excessive angiotensin II (ANG II) and loss of angiotensin (1–7) (ANG 1–7) generate 
oxidative stress both directly and indirectly (via ANG II-AT-1R and ANG II-NMDAR axes). COVID-19 
critical illness is triggered when a preexistent redox dysfunction (second hit) is present.
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effects in patients with glioblastoma and pancreatic cancer, suggesting immuno-
oncological properties [22].

The recently published SARS-CoV-2/host protein–protein interaction 
and phosphorylation studies demonstrated viral interference with several 
pathways previously implicated in psychiatric disorders and targeted by 
 psychotropic drugs [23, 24]. For example, upon binding to ACE-2, the SARS-
CoV-2 virus ingresses host cells via the endocytic pathway (EP), a vesicular 
system inhibited by chlorpromazine (CPZ) and linked to schizophrenia and 
neurodegenerative disorders [25, 26]. Indeed, several antipsychotic drugs were 
found to interact with both the EP and extracellular vesicles (EVs), demon-
strating previously unknown mechanisms of action [27, 28]. Other pathways 
involved in both the SARS-CoV-2 infection and psychiatric illness include 
autophagy, redox and calmodulin systems, connecting the virus to neuropathol-
ogy [23, 29–31].

Several studies have associated NMDARs with sigma-1 nonopioid  receptor, 
a protein hijacked by the SARS-CoV-2 to enable viral entry and replication 
[24, 32]. Indeed, sigma-1 agonists, such as fluvoxamine, sertraline and the 
antipsychotic drug, haloperidol inhibit exploitation of sigma-1, dampening viral 
ingress [33–35]. In addition, fluvoxamine was found to decrease ANG II-induced 
cardiac hypertrophy, indicating protective effects against both the SARS-CoV-2 
infection and its complication [36]. Moreover, ifenprodil, an NMDAR antago-
nist (and sigma-1 receptor agonist), is currently in phase III clinical trials for 
COVID-19, linking oxidative stress to the severity of SARS-CoV-2 infection [37] 
(NCT04382924).

In the immune compartment, both COVID-19 and schizophrenia were associ-
ated with dysregulated inflammatory processes and lower levels of regulatory 
T cells (Tregs), suggesting possible autoimmune pathology [38–40]. In contrast, 
antipsychotic drugs were found to upregulate Tregs, lowering autoimmune inflam-
mation [39]. Indeed, NMDARs are abundantly expressed not only in the central 
nervous system (CNS) but also in the immune compartment where they regulate 
T-cell proliferation in response to antigens. Along these lines, NMDAR antagonists, 
including antipsychotic drugs upregulate Tregs, enhancing immunological toler-
ance that in return decreases neuroinflammation [41].

In the following sections, we take a closer look at the SARS-CoV-2 interactome, 
looking for pathways altered by viral infection, psychiatric disorders and the action 
mechanism of psychotropic drugs. In other words, learning from the virus to design 
better psychiatric treatments (Table 1).

SARS-CoV-2 Phenothiazines References

Internalization via EP 
endocytosis

Inhibit EP endocytosis [42]

Lowers autophagy Augment autophagy [43]

Augments calmodulin Lower calmodulin [44]

Augments sigma-1 receptor 
signaling

Lower sigma-1 receptor 
signaling

[45]

Lower regulatory T cells (Tregs) 
number

Upregulate the number of 
regulatory T cells (Tregs)

[39]

Table 1. 
Phenothiazine class of antipsychotic drugs oppose several SARS-CoV-2 actions.
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3. The SARS-CoV-2 interactome and viral infection

SARS-CoV-2 is an enveloped, positive-sense, single-stranded, RNA virus with 
a genome of 30 kb, encoding for 29 viral proteins. These proteins target about 
332 human molecules, some of which are also involved in psychiatric disorders 
and the action mechanism of psychotropic drugs [24]. The virus accesses host 
cells via its spike (S) glycoprotein that attaches to the cell surface receptor ACE-2 
[46]. Viral binding is mediated by TMPRSS2, a human protease, that cleaves S 
antigen into the S1 subunit, the receptor binding site, and S2, the mediator of 
viral fusion with host cell membranes [47]. Upon fusion the virus is internalized 
through the EP pits that join the early and late endosomes, reaching the lyso-
somes. The later, link the EP to autophagy via autolysosomes (autophagosomes 
fused with lysosomes) (Figure 2).

Figure 2. 
Upon receptor binding and fusion, SARS-CoV-2/ACE-2 complexes enter human cells through the endocytic 
pathway (EP) pits early and late endosomes that subsequently join the lysosomes. Lysosomes link the EP 
to autophagy as authophagosomes (that can also carry the virus) fuse with the lysosomes, engendering the 
autolysosomes. Viruses are released from the endoplasmic reticulum - Golgi intermediate compartment 
(ERGIC)(not shown) to the cell surface, either individually or packed in extracellular vesicles (EVs). Viruses 
connected to ACE-2 receptors that are not endocytosed are shed by ADAM17. Both endocytosis and shedding 
contribute to ACE-2 downregulation, a marker of COVID-19 critical illness.
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The SARS-CoV-2 protein–protein interaction studies have reported that 40% 
of viral proteins interact with human EP, indicating that vesicular trafficking plays 
a crucial role in COVID-19 pathogenesis [24]. In addition, several viral proteins 
usurp mitochondria and autophagy, cellular systems associated with host antiviral 
defenses [48]. Indeed, the SARS-CoV-2 interactome revealed that the virus hijacks 
both the mammalian target of rapamycin complex 1 (mTORC1), the master 
regulator of autophagy, and the E3 ubiquitin ligases in the outer mitochondrial 
 membrane [24].

Upon release from EP into the cytosol, the SARS-CoV-2 virus replicates and 
assembles in the endoplasmic reticulum - Golgi intermediate compartment 
(ERGIC) from which the viral progeny is released at the cell surface [49].

4. The SARS-CoV-2/ACE-2 attachment

Novel studies have reported that the S antigen of SARS-CoV-2 virus attaches 
with high affinity to ACE-2 receptors, promoting oxidative stress by several mecha-
nisms, including ANG 1–7 downregulation, ANG II accumulation and NMDRs or 
AT-1Rs overstimulation (Figure 1) [49–54].

Aside from the S antigen, several other SARS-CoV-2 proteins interact directly 
with the human molecules, disrupting numerous pathways, including EP, epig-
enome, mitochondria and autophagy (Table 2).

Both the S antigen and non-S-induced molecular changes affect molecular 
pathways previously associated with schizophrenia and autism. For example, 
excessive NMDAR activation and externalization of phosphatidylserine (PS) on 
the outer leaflet of plasma membrane was documented in both COVID-19 critical 
illness and schizophrenia [60]. This is relevant because PS exposure has been linked 
to dysregulated immunosuppression and the activation of coagulation cascade, 
changes associated with severe COVID-19 and some psychiatric disorders [61, 62]. 
With the same token, NMDAR/PS exposure facilitates SARS-CoV-2 endocytosis via 
the EP [63–65]. Interestingly, PS externalization was associated with schizophrenia 
as it inhibits monoamine oxidase B (MAO-B), a dopamine (DA) metabolizing 
enzyme [66]. Loss of MAO-B with subsequent DA upregulation is believed to trig-
ger psychosis, linking PS exposure to severe psychiatric conditions. Furthermore, 
other studies have associated normal aging with EP upregulation, likely explaining 
the increased risk of COVID-19 complications in elderly [67].

SARS-CoV-2 proteins Human proteins References 
psychiatric 
pathology

NSP4, NSP8, ORF9C Mitochondrial dysfunction/oxidative 
stress

[55]

NSP2, NSP6, NSP7, NSP10, NSP13, 
NSP15, ORF3A, E, M, ORF8

Endocytic pathway (EP) [56]

NSP6, ORF9C Sigma receptors, Autophagy [57]

NSP5, NSP8, NSP13, E Epigenome [58, 59]

Table 2. 
The SARS-CoV-2 non-S antigen interactions with human proteins.
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5. ACE-2 downregulation

The SARS-CoV-2 fusion with host cellular membrane occurs at the level of EP 
pits, structures comprised of the clathrin heavy chains and adaptor protein 2 (AP2), 
molecules altered by both schizophrenia and the psychotropic drugs [25, 68–70] 
(Figure 2).

The SARS-CoV-2/ACE-2 complexes that are not endocytosed, are shed by 
ADAM17, contributing to ACE-2 downregulation and increased COVID-19 sever-
ity. The exacerbation of SARS-CoV-2 infection is likely the result of virus/ACE-2 
complexes dissemination throughout the body via the circulatory system, increas-
ing infectivity (Figure 3) [71].

Novel studies have shown that oxidative stress can directly activate ADAM17, 
triggering ACE-2 downregulation [72, 73]. This takes place as NMDARs interacts 
with dopamine 1 receptors (D1Rs) activating ADAM17 to excessively cleave ACE-2 
from the cell membranes [74–76]. Moreover, ADAM17 can be activated directly by 
viral proteins NSP6 and ORF9C interaction with sigma-1 receptors [24, 77]  
(Table 2). Furthermore, PS exposure at the cell surface facilitates ACE-2 down-
regulation, suggesting that the virus may utilize multiple mechanisms to lower this 
protein and enable infectivity [78].

Another novel study found that ACE-2 contains a calmodulin-binding site, 
implicating calcium in ADAM17 activation and COVID-19 critical illness [79, 80]. 

Figure 3. 
Activation of ANG II-NMDAR axis results in intracellular calcium influx and calmodulin upregulation. 
Calmodulin-activated ADAM17 orchestrates the shedding of ACE-2/SARS-CoV-2 complexes, leading to ACE-2 
downregulation and high infectivity by ACE-2/SARS-CoV-2 circulatory dissemination.
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Indeed, it was established that intracellular calcium influx via NMDARs upregulates 
calmodulin, activating ADAM17 (Figure 3) [81, 82]. On the other hand, calmodu-
lin antagonists, including psychotropic drugs amitriptyline, phenothiazines and 
melatonin, inhibit ACE-2 downregulation and the odds of COVID-19 complications 
[83]. In addition, recent studies found that SARS-CoV-2 could activate calcium/
calmodulin-dependent protein kinase II (CAMK II), linking the virus further to 
excitotoxicity (excessive intracellular calcium) [23].

Taken together, ADAM17 promotes ACE-2 downregulation via oxidative stress 
mediated by NMDARs-upregulated intracellular calcium, mechanisms involved in 
schizophrenia, drug addictions and COVID-19 critical illness [83–86].

6. COVID-19: a catalyst for novel psychiatric paradigms - part 2

6.1 The virus and madness

The connection between viruses, and psychiatric disorders has been around 
for many centuries. In the ancient world, Thucydides reported “total and immedi-
ate loss of memory” in the survivors of “plague of Athens”, a disease suggestive 
of viral encephalitis [87, 88]. In our time, MRI studies have associated herpes 
simplex encephalitis, a condition marked by amnesia, with specific neuroimaging 
markers, linking viruses to cognition [89]. In addition, novel genetic studies have 
demonstrated that the HK2 retrovirus, frequently detected in the genome of drug 
addicts, was an ancestral pathogen incorporated into human DNA [90]. Over the 
past century, numerous studies linked in utero or early postnatal viral infections 
with the development of schizophrenia and autism later in life [91]. For example, 
women pregnant during the 1964 rubella epidemic in the United States gave birth to 
offspring that frequently developed autism or schizophrenia, suggesting that other 
viruses, probably including COVID-19, may have similar outcomes [92, 93]. In addi-
tion, obsessive–compulsive disorder (OCD), schizophrenia, attention deficit hyper-
activity disorder (ADHD) and Tourette syndrome were traced to prenatal viral 
infections [94]. Neurodegenerative disorders, especially Parkinson’s disease (PD), 
were documented to surge after prior pandemics, including the 1918 influenza, sug-
gesting that COVID-19 may promote neurodegeneration [95]. On the positive side, 
the SARS-CoV-2 virus may prompt the development of novel PD therapies, includ-
ing angiotensin receptor blockers (ARBs) and angiotensin-converting enzyme 
inhibitors (ACEi) that have demonstrated efficacy in animal models [96].

Aside from linking prenatal viral exposure to severe psychiatric illness, several 
new studies reported that dormant CNS viruses could also engender this pathology 
[97]. For example, a recent report found that compared to controls, patients with 
schizophrenia demonstrated higher titers of Borna disease virus (BDV) immune 
complexes [98]. Others have connected influenza A, varicella-zoster, herpes 
simplex, hepatitis C and human immunodeficiency virus with the development of 
serious psychiatric disorders [99].

Autoantibodies against NMDARs, demonstrated in some schizophrenia 
patients, were recently found to be the result of molecular mimicry between the 
M2 protein of influenza A virus and NMDARs [100, 101]. Indeed, several large 
epidemiological studies found increased prevalence of autoimmune diseases in 
patients with schizophrenia, indicating that autoantibodies may be the result of 
either molecular mimicry or virus-induced modifications in human proteins [102]. 
For example, the molecular resemblance between an H1N1 influenza antigen and 
human hypocretin molecule triggers narcolepsy as virus-induced hypocretin modi-
fication may elicit autoantibodies [103]. Along these lines, the NMDAR partial 
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antagonist, memantine, utilized in Alzheimer’s disease (AD), was found to possess 
immunosuppressant properties [39, 103, 104]. Indeed, prior studies have demon-
strated memantine efficacy against Trypanosoma cruzi, a disease with established 
autoimmune pathogenesis [105].

Untreated patients with schizophrenia were reported to be at high risk of 
COVID-19 complications, probably due to SARS-CoV-2-associated neuroinflam-
mation, an established risk factor of many psychiatric disorders. On the other 
hand, psychotropic drugs with anti-inflammatory properties may lower the  
SARS-CoV-2-mediated neuroinflammation, explaining the protective effects of 
these agents [24, 106].

6.2 COVID-19 and acquired antioxidant defects

According to the two-hit paradigm presented here, the COVID-19 prognosis 
is likely determined by the status of premorbid redox reserves, especially those 
comprised of the antioxidant enzymes G6PD and GPX. These proteins maintain 
homeostasis by neutralizing ANG II-activated NADPH oxidase (NOX) [107]. 
NOX upregulation was documented in patients with neurodegenerative disorders, 
schizophrenia, and suicidal behaviors, linking CNS pathology to redox system 
failure [108–110].

G6PD is a potent antioxidant enzyme that lowers NOX by upregulating the 
synthesis of NADPH and glutathione (GSH) [111]. Conversely, G6PD deficiency 
was associated with hemolysis and endothelial dysfunction caused by lower GSH 
and increased oxidative stress [111].

We surmise that the SARS-CoV-2 virus engenders acquired deficits of G6PD and 
GPX via ANG II-aldosterone upregulated NOX [112] (Figure 4). When COVID-19-
induced deficiency of antioxidant enzymes occurs on the background of a hereditary 
G6PD deficit (observed in some populations with ancestral exposure to malaria), the 
resultant redox failure trigger COVID-19 critical illness [113] (Figure 4).

Several recent studies have supported this model as they established that G6PD 
deficient individuals, including many African Americans, are more likely to develop 
COVID-19 critical illness [6, 7, 114–116]. Moreover, G6PD deficiency was associated 
with cardiovascular disease, hypertension, liver fibrosis and iron dyshomeostasis, 
indicating the importance of redox balance in this pathology [117–121].

6.2.1 Malaria and COVID-19 prognosis

Malaria is an old enemy of mankind that throughout the past centuries exacted 
a heavy toll on the population of Africa and the surrounding regions. Residents of 
these areas have gradually developed phenotypes of plasmodium-resistant erythro-
cytes, including G6PD deficiency, thalassemia, and hemoglobin C, to protect against 
malaria [122]. Although these modified red blood cells may block plasmodial ingress, 
individuals with these changes are more susceptible to hemolysis and iron-mediated 
oxidative stress that in turn promote infections, hypertension, cancer and neuropsy-
chiatric disorders [123–126]. Indeed, both Plasmodium falciparum and the SARS-
CoV-2 virus induce redox dysfunctions conducive to these pathologies.

Neuropsychiatric manifestations of malaria have been known since the ancient era 
however, they were more thoroughly studied only in World War I when French Army 
physicians encountered malaria during the campaign in Northern Greece [127–129]. 
More recent studies demonstrated that ROS play a major role in the pathogenesis of 
malaria and the CNS manifestations of this infection. For example, excessive ROS 
were shown to directly activate nucleotide-binding oligomerization domain-like 
receptor family, pyrin domain-containing-3 (NLRP3) inflammasomes, molecular 
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structures involved in numerous pathological processes, including t psychiatric disor-
ders [130, 131]. Interestingly, some antipsychotic drugs, including clozapine, function 
as NLRP3 inhibitors, indicating anti-neuroinflammatory properties [132]. The SARS-
CoV-2 interactome established that viral protein OPR3a can activate NLRP3 directly, 
suggesting a pathway for virus-induced neuroinflammation [133, 134].

Several studies reported that Plasmodium falciparum-infected red blood cells 
externalize PS, a phenomenon observed in severe COVID-19 illness [135]. On the 
other hand, CPZ was demonstrated to bind PS, promoting eryptosis (elimination 
of infected red blood cells) with improvement of malaria symptoms [136, 137]. 
Interestingly antimalarial drugs, chloroquine and hydroxychloroquine operate by 
inhibiting the EP, a common mechanism of action with some antipsychotic drugs, 
including CPZ [138]. Since erythrocytes with externalized PS were also docu-
mented hypertension, further studies are needed to clarify the role of PS in illness 
and eryptosis as a possible therapeutic intervention [138, 139]. Indeed, CPZ has 
been utilized routinely in the emergency treatment of uncontrolled hypertension, 
indicating a possible role of eryptosis in addition to the well-established CPZ effects 
on alpha-adrenergic receptors [140].

6.2.2 Malaria exposure and the risk of COVID-19

Population groups throughout the world with exposure to malaria during the 
previous centuries were found to be at higher risk of hereditary G6PD deficiency 

Figure 4. 
The SARS-CoV-2 virus causes oxidative stress by inhibiting both GPX (directly) and G6PD (indirectly via 
ANG II and aldosterone-upregulated NOX). Individuals with hereditary G6PD deficiency are at higher risk 
for developing COVID-19 critical illness as the loss of antioxidant enzymes is more profound and oxidative 
stress higher.
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and antioxidant failure. This background increases the odds not only of viral infec-
tions but also of other redox disorders, including hypertension, cancer and cardiac 
disease. For example, 12.2% of African American males and 4.1% of females are 
G6PD deficient, indicating a potentially higher risk of COVID-19 complications 
[141]. Indeed, novel studies found a 2.4 percent higher COVID-19 mortality in 
African Americans compared to Whites, Asians or Latinos [142].

Moreover, the lower GSH and nitric oxide (NO) levels in African Americans 
compared to other groups, places this population at higher risk of both hyperten-
sion and prostate cancer, suggesting that the SARS-CoV-2 infection may precipitate 
these complications [143–149]. In this regard, African Americans with COVID-19 
should be routinely assessed for G6PD deficiency and supplemented with the 
widely available antioxidant, N-acetylcysteine [150].

Oxidative stress was demonstrated to directly trigger hypertension by reset-
ting the CNS baroreflex, therefore the G6PD-deficient individuals could be more 
prone to COVID-19-related cardiovascular complications [151]. On the other hand, 
ARBs and ACEi lower ANG II-mediated ROS, likely averting these complications 
[152–157]. Indeed, the lower utilization of ARBs and ACEi in the treatment of 
hypertensive African Americans may place this population at higher risk of COVID-
19 critical illness [158]. Although numerous clinical trials supported the efficacy of 
ARBs and ACEi in African Americans, these drugs are rarely utilized in this popula-
tion as an initial therapeutic options [158, 159]. This is significant as both ARBs and 
ACEi appear to lower COVID-19 mortality rate, probably by dampening oxidative 
stress-ACE-2 downregulation. For example, a novel study found that COVID-
19 patients treated with ACEi or ARBs at the time of initial infection had fewer 
unfavorable outcomes and lower mortality rate compared to individuals unexposed 
to these drugs [160].

Taken together, the SARS-CoV-2-upregulated ANG II, triggers hypertension and 
cardiovascular disease by augmenting oxidative stress and altering the baroreceptor 
setting. Individuals with G6PD deficiency are at increased risk of both hyperten-
sion and COVID-19 critical illness, indicating alignment with the two-hit paradigm 
presented here.

7. Conclusion

The COVID-19 pandemic has exacerbated the disease course in many psychiatric 
patients as mandatory social isolation and decreased frequency of therapeutic 
meetings promoted fear and uncertainty in this fragile population. The restrictive 
measures associated with the pandemic have often led to decreased medication 
adherence, increased depression, anxiety and substance use disorders, often 
contributing to unfavorable outcomes.

On a positive note, the SARS-CoV-2 virus may be a catalyst for a better under-
standing of the role of viruses in the pathogenesis of psychiatric illness. As SARS-
CoV-2 (and probably other viruses) utilize the molecular machinery involved in 
severe psychiatric disorders, the clarification of these mechanisms may help with 
the development of better therapies. Indeed, the EP and antioxidant enzymes may 
become the new psychiatric paradigms, expanding the current dopamine and 
serotonin models to include viruses and microbes in psychopathology.
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Abstract

Diabetes mellitus can increase the risk of death in COVID-19 by 12 times, according 
to the portal of the us Centers for disease control and prevention. Coronavirus-
infected diabetics are six times more likely to need inpatient treatment, and diabetes 
is the second most severe complication in COVID-19 after cardiovascular diseases. 
The state of carbohydrate metabolism in patients with COVID-19 has not been 
sufficiently studied in clinical studies. Isolated studies indicate that viral infection 
may be accompanied by an increase in the concentration of glycated hemoglobin in 
patients with viral pneumonia. To assess the frequency of hyperglycemia and diag-
nosis of newly diagnosed diabetes mellitus in patients with COVID-19 and acute lung 
damage aged 41–80 years, who were hospitalized in a repurposed infectious diseases 
hospital in Moscow with a diagnosis of pneumonia. In the observational study 
analyzed laboratory and clinical diagnostic data of 278 patients who had, according 
to the anamnesis and the medical conclusions of impaired glucose tolerance and 
manifested forms of diabetes, including 163 men and 115 women, aged 41–80 years, 
admitted to the hospital for diagnosis and treatment in the period from 12.04.2020 
on 10.11.2020 of diagnoses according to ICD-10: U07.1 Coronavirus infection. In the 
selected groups of patients, the initial and subsequent fasting blood glucose levels 
were analyzed after 8 hours without food intake on a stationary automatic analyzer 
and using portable glucose, meters using diagnostic test strips. The concentration of 
glucose and ketones in the urine was determined by a semi-quantitative method. We 
evaluated the dynamics of indicators when detecting pathological values of glucose 
concentration. Glucose levels above 6.4 mmol/l were taken as pathological. In patients 
aged 41–80 years who were hospitalized with covid-19 infection and pneumonia, 
fasting hyperglycemia was diagnosed in 31–47%, glucosuria in 1.9–6.1%, ketonuria – 
20.4-46.2% of cases, in different age groups. In 16.6–31.3% of cases in patients with 
covid-19,after treatment and regression of changes in the lungs, normalization of 
glucose levels was observed, but in 14.8–16.7% of the changes persisted, and in 9–13% 
of them, after an additional study, newly diagnosed diabetes mellitus was diagnosed. 
Hyperglycemia was significantly more often detected in patients with arterial 
hypertension of 2–3 degrees of severity and with a tendency to reliability, in patients 
with obesity of 2–3 degrees. Lipid metabolism disorders (hypertriglyceridemia and 
hypercholesterolemia), which are characteristic of changes in carbohydrate metabo-
lism in patients with impaired glucose tolerance and diabetes, were significantly more 
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often diagnosed in patients with covid-19 than in the group of patients with acute and 
chronic lung pathology without proven infection with this virus, but only in the group 
of patients aged 41–60 years. Covid-19 infection complicated by pneumonia occurs in 
individuals aged 41–80 years with a high incidence of hyperglycemia and ketonuria. 
The incidence of newly diagnosed diabetes mellitus in such patients is 9–13%.

Keywords: Covid-19 infection, pneumonia, hyperglycemia, diabetes mellitus

1. Introduction

The available data so far indicatethat in SARS-CoV-2, the nature of the pathol-
ogy goes beyond acute respiratory infection [1–4]. Researchers identify 2 more 
disease periods associated with SARS-coronavirus-2 infection, including a rare 
hyperinflammatory syndrome after an acute period and late inflammatory andvi-
rological complications [1, 2]. These 3 disease periods not only determine the time 
course of SARS-CoV-2 infection at the population level, but also reflect the possible 
multiple organ involvement [1, 2, 5]. Patients may have pronounced cardiovascular 
and gastrointestinal lesions, and dermatological and cutaneous-mucous manifesta-
tions, such as giperosmolarna with Kawasaki disease [1, 2]. Laboratory studies can 
reveal elevated inflammatory markers (e.g., levels of C-reactive protein and fer-
ritin), a coagulopathy (e.g. D-dimer) and elevated cardiac markers (troponin level), 
[6, 7]. According to the available data and according to some experts, the COVID-19 
developing trebovatelna process or COVID-19-associated coagulopathy [5, 8, 9].

To the development of the disease most often predispose:

• cardiovascular diseases, especially arterial hypertension;

• diabetes mellitus;

• chronic lung disease;

• cancer (in particular, hematological malignancies, lung cancer, and 
metastasis);

• chronic kidney disease;

• obesity;

• smoking;

• immunodeficiency states;

• chronic liver diseases [10, 11].

According to sources from the Chinese center for disease control and preven-
tion (February 2020) and who information materials [12, 13], the death rate from 
COVID-19 largely depends on the age of patients and the presence of chronic 
diseases, including diabetes mellitus (Figure 1). Based on the study of 72,314 cases 
of COVID-19, the researchers obtained the following statistics: patients suffering 
from cardiovascular diseases had a mortality rate of 13.2%, with verified diabetes 
mellitus 9.2%, with arterial hypertension 8.4%, with chronic forms of diseases 
respiratory tract 8%, with oncological pathology 7.6% [12, 13].
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Diabetes can increase the risk of death in COVID-19 by 12 times, according to 
the portal of the US Centers for disease control and prevention [14]. Coronavirus-
infected diabetics are six times more likely to need hospital admission and inpatient 
treatment, and diabetes is the second most severe complication in COVID-19 after 
cardiovascular disease [15].

The state of carbohydrate metabolism in patients with COVID-19 has not been 
sufficiently studied in clinical studies. Isolated studies indicate that viral infection 
may be accompanied by an increase in the concentration of glycated hemoglobin in 
patients with viral pneumonia [16–18].

2. Purpose and objectives of the study

To assess the frequency of fasting hyperglycemia and the frequency of diagnosis 
of newly diagnosed diabetes mellitus in patients with COVID-19 and acute lung 
damage aged 41–80 years, who were hospitalized in a repurposed infectious dis-
eases hospital in Moscow with a diagnosis of pneumonia.

3. Material and methods

We have analyzed laboratory and clinical diagnostic data of 278 patients who 
had, according to the anamnesis and the medical conclusions of impaired glucose 
tolerance and manifested forms of diabetes, including 163 men and 115 women, 
aged 41–80 years, admitted to the hospital for diagnosis and treatment in the period 
from 12.04.2020 on 10.11.2020 of diagnoses according to international classification 
of diseases and causes of death revision 10 (ICD-10): U07.1 Coronavirus infection 
caused by a virus COVID-19, virus identified (confirmed by laboratory testing 
regardless of the severity of clinical signs or symptoms); J12.9 community acquired 
pneumonia. Patients ‘data were archived in the city computer system of DZM KIS 
EMIAS (unified medical information and analytical system Department of health 

Figure 1. 
Mortality rate of covid-19 patients by chronic disease (sources: WHO, Chinese authorities as of February 
2020), [12, 13].
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of the city of Moscow). All patients were admitted to the hospital with fever symp-
toms, cough complaints, and shortness of breath. After inpatient treatment, all 
patients showed regression of inflammatory changes in the lungs and improvement 
of their condition. Patients were divided into groups depending on their age and the 
results of biochemical (PCR diagnostics and enzyme immunoassay for determining 
the concentration of M and G-immunoglobulins) and clinical-radiological studies 

Namber.
Disease, degree of respiratory 
failure

Group 2
(41–60 years old)

(n = 57)

Group 4
(61–80 years old)

(n = 59)

The difference in 
percentages

1.  Segmental pneumonia of one 
lung

1 (1.7%) 0 1.7%

2. Focal pneumonia of one lung 2(3,5%) 0 3,5%

3. Lobar pneumonia of one lung 11(19,3%) 15(25,4%) 6,1%

4.  Polysegmental pneumonia of 2 
lungs

8(14%) 14(23,7%) 9,7%

5. Acute bronchitis 0 2(3,4%) 3,4%

6. Chronic bronchitis, exacerbation 4(7%) 5 (8.5%) 1.5%

7.  Chronic obstructive bronchitis 
(COВD), exacerbation

6(10,5%) 9(15,2%) 4,7%

8. COВD out of exacerbation 9(15,8%) 4((6,8%) 9%

9. Bronchial asthma 9(15,8%) 4((6,8%) 9%

10. Bronchiectasis 0 2(3,4%) 3,4%

11.  Benign formation of the 
bronchus

0 1(1,7%) 1,7%

12. Pneumosclerosis 3(5,3%) 9(15,2%) 9,9%

13. Еmphysema of the lungs 1(1,7%) 4(6,8%) 5,1%

14. Bullous emphysema 0 2(3,4%) 3,4%

15. 1-sided hydrothorax 3(5,3%) 4(6,8%) 1,5%

16. 2-sided hydrothorax 8(15,8%) 5(8,5%) 7,3%

17. Exudative pleurisy 2(3,5%) 3(5,1%) 1,6%

18. Pneumothorax 0 2(3,4%) 3,4%

19. Atelectasis lungs 0 2(3,4%) 3,4%

20.  Pulmonary embolism (PE) of 
the 1st lung

8(14%) 1(1.7%) 12.3%

21. PE of 2 lungs 1(1,7%) 0 1,7%

22.  Stagnation in the pulmonary 
circulation (stagnation in  
the MCC)

2(3,5%) 2(3,4%) 0,1%

23. Acute respiratory viral infections 1(1,7%) 0 1,7%

24. Sleep apnea syndrome 1(1,7%) 0 1,7%

25. Respiratory failure 0 . 1(1,7%) 1(1,7%) 0

26. Respiratory failure 1 degree . 2(3,4%) 4(6,8%) 3,4%

27. Respiratory failure 2 degree 2(3,4%) 0 3,4%

Table 1. 
The nature of the respiratory system pathology and the frequency of respiratory failure in two groups of 
patients without clinical, radiological and biochemical signs of COVID-19.
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MSCT (multispiral computed tomography of the chest and lung radiography) 
performed in all 278 patients. Diagnosis COVID-19 was verified from 162 patients, 
including 86 men and 76 women who were divided into two groups according to 
age: 1st - 86 patients at the age from 41 to 60 years, an average of 50.7 ± 1.8 years, 
men 50(58.1 per cent), women 36(41.9 percent) and 3-group, 76 patients aged 61 to 
80 years, an average of 70.3 ± 2.6 years, men 36,women 40. The comparison group 
consisted of 116 patients, including 77 men and 39 women with pathology of respi-
ratory system coming to the hospital on an emergency basis with referral physician 
diagnosis of SMP J12.9 community acquired pneumonia, in which the results of 
the study in the hospital signs of infection COVID-19 have been identified. By age, 
these patients were divided into two groups: group 2–57 patients aged 41–60 years, 
average 50.2 ± 2.4, men 36, women 21 and group 4–59 patients, including 41 men 
and 18 women, age from 61 to 80 years, average age 66.3 ± 1.5 years. The nature 
of the pathology of the lungs and respiratory system in patients without signs of 
covid-19 infection is shown in Table 1.

The nature of lung damage according to the chest MSCT method and the sever-
ity of respiratory failure in patients with COVID-19 and pneumonia are shown in 
Table 2.

In the selected groups of patients, theinitial and subsequent fasting blood 
glucose levels were analyzed after 8 hours without food intake on a stationary 
automatic analyzer and using portable glucose, meters using diagnostic test strips. 
The concentration of glucose and ketones in the urine was determined by a semi-
quantitative method. We evaluated the dynamics of indicators when detecting 
pathological values of glucose concentration. Glucose levels above 6.4 mmol/l were 
taken as pathological.

Number
Disease

Group 1
(41–60 years old)

(n = 86)

Group 3
(61–80 years old)

(n = 76)

The difference 
in percentages

1. Pneumonia of the 1st lung 6(7%) 5(6,6%) 0,4%

2. Pneumonia of 2 lungs 69(80,2%) 63(82,9%) 2,7%

3. No pneumonia 11(12,8%) 8(10,5%) 2,3%

4.  MSCT scan 1(the degree of 
lung damage according to 
the results of multispiral 
computed tomography)

31(41,3%) 21(27,6%) 13,7%

5. MSCT scan 2 36(48%) 47(61,9%) 13,9%

6. MSCT scan 3 8(10,7%) 7(9,2%) 1,5%

7. MSCT scan 4 0 1(1,3%) 1,3%

8. Respiratory failure 0 4(4,6%) 3(3,9%) 0,7%

9. Respiratory failure 1 degree 4(4,6%) 2(2,6%) 2%

10. Respiratory failure 2 degree 0 3(3,9%) 3,9%

Note: MSCT scan 0 Lungs are clean, there are no lesions. CT1 Focal inflammatory processes filling no more than 25% 
of alveoli. CT2 Half of the lung tissue is affected. CT3 Up to 75% of lungs are involved in the pathological process. 
CT4 Bilateral interstitial pneumonia, complete filling of the lung tissue with exudate. The condition is designated by 
the term respiratory distress syndrome, requires connection to a ventilator. From the site: https://tyubik.net/lecheniye-
preparatami/991-kt-1-2-3-4-chto-jeto-znachit-pri-koronaviruse .html.

Table 2. 
The frequency of detection of pneumonia in one and two lungs, the severity of pneumonia according to the 
criteria of multispiral computed tomography of the lungs, and the severity of respiratory failure in two groups 
of patients of different ages with COVID-19 (number of cases, frequency in %).
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To assess hyperglycemia and diabetes, the “criteria for newly diagnosed diabetes 
mellitus” were used [World Health Organization, WHO, 9 June 2012]:

• Diabetes symptoms + increased venous blood plasma glucose concentration of 
11.1 mmol/l when measured randomly. A measurement is considered random 
at any time of the day, without taking into account the time since the last meal. 
The classic symptoms of diabetes are polyuria, polydipsia, and weight loss in 
the absence of obvious causes.

• Fasting glucose concentration in blood plasma is 7.0 mmol/l or in whole blood 
6.1 mmol/l. Measurement of glucose concentration is considered to be per-
formed on an empty stomach, if at least 8 hours have passed after a meal.

• The concentration of glucose in blood plasma is 11.1 mmol/l 2 hours after  
taking 75 g of glucose (glucose tolerance test).

If there are no symptoms of diabetes, a second test should be performed on a 
different day to confirm the diagnosis. If the diagnosis cannot be confirmed by the 
level of fasting glycemia or by random measurement, a glucose tolerance test is 
performed.

Note: The normal concentration of fasting plasma glucose is considered to be 
6.1 mmol/l. Impaired glucose tolerance is diagnosed when the fasting plasma glu-
cose concentration is 6.1–7.0 mmol/l. A preliminary diagnosis of diabetes mellitus is 
established at an fasting plasma glucose concentration of 7.0 mmol/l. The diagnosis 
of diabetes must be confirmed.

At values above 7.0 mmol/l, according to WHO recommendations, 2012, a glu-
cose tolerance test was performed and the level of glycosylated hemoglobin in the 
patient’s peripheral blood was determined. The level of triglycerides and cholesterol 
in the blood serum was determined using a Getpremier spectrophotometer (USA). 
The level of pathologically elevated triglyceride concentrations was considered to be 
values above 2.8 mmol/l, cholesterol concentrations above 5.2 mmol/l.

Exclusion criteria. The sample did not include patients with worsening of 
pneumonia, transfer to the intensive care unit, death due to complications of covid 
infection, cirrhosis of the liver, oncopathology and hemoblastosis, chronic kidney 
disease of stages 4 and 5, purulent lung lesions, heart failure above stage 2A, with 
previously diagnosed diabetes and glucose tolerance disorders.

Methods of statistical processing of the obtained data. All the results of the 
study were processed statistically using the Exsel and Statgraphics software pack-
ages (version 2.6). The student’s “t-test” was used to compare continuous variables. 
The Chi – square test or Fisher’s exact test were used to evaluate a feature that char-
acterizes the frequency of the phenomenon. The values were compared with the 
non-Gaussian distribution using the Mann–Whitney U-test. The average intergroup 
differences of the same type of indicators were compared with the assessment of 
the reliability of the detected differences.Were considered to be reliable values at 
p < 0,05.

4. Results and discussion

The detection rate of hyperglycemia exceeded 30% in group 1 of patients aged 
41–60 years with COVID-19 and pneumonia, hyperglycemia persisted during the 
hospital follow - up period – in 14%, and the frequency of newly diagnosed diabetes 
mellitus exceeded 9% (Table 3). For all these parameters, we did not find any 
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significant differences from the average values in the 2nd comparison group.The 
frequency of diagnosis of ketonuria in urine was 3.6 times higher in group 1 (the 
difference was statistically significant, p).

Number Indicator Group 1
(n = 86, men 50, 

women 36)
Patients with 

COVID-19 and 
pneumonia

Group 2
(n = 57,

men 36,
women 21)

Patients 
with lung 
pathology

Difference in % The significance 
of differen-ces, p

1. Increased 
blood glucose 
concentration

27(31,4%) 27(47,4%) 16% >0,05

2. Normal 
concentration 

of glucose in the 
blood

59(68,6%) 30(52,6%) 16% >0,05

3. The frequency 
achieved of 

normoglycemia 
at higher rate

17 of 27 (63%) 21 of 27 
(77.8%)

14.8% >0,1

4. Frequency of 
preservation of 
hyperglycemia 

during the 
period of 
inpatient 
treatment

4 of 27 (14.8%) 4 of 27 
(14.8%)

0 >0,5

5. Frequency 
identified the 

glycosuria

4 of 65 (6.1%) 1 of 47 
(2.1%)

4% >0.3

6. Average values 
of glucose 

concentration 
in urine 

(mmol/l)

17,6 ± 3,86
(2,8–56)

1,7 — —

7. Without 
glucosuria

61 of 65 (93.9%) 46 of 
47(97,9%)

4% >0,3

8. Ketonuria rate 30 of 65 
(46.2%)

6 of 47 
(12,8%)

33,4% <0,01

9. The average 
values of the 

concentration 
of ketones 

in the urine 
(mmol/l)

1,99 ± 0,26
(0,1-7,8)

3,52 ± 0,56
(0,1–10)

43,4% <0,001

10. No detected 
ketonuria

35 of 65 (53.8%) 41 of 
47(87,2%)

33,4% <0,01

11. Newly 
diagnosed 

diabetes (DM)

8 of 86 (9.3%) 5 of 57 
(8,8%)

0,5% > > 0,5

Table 3. 
Frequency of diagnosis of hyperglycemia, glucosuria, ketonuria and newly diagnosed diabetes mellitus in 
groups of patients aged 41–60 years with COVID-19 and pneumonia (group 1) and in patients with respiratory 
system damage without COVID-19 infection (group 2).
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In the study of lipid metabolism in groups of patients it was found that puka-
zatel the frequency of hypertriglyceridemia was 25% in the 1st group of patients 
and was significantly higher than the values of the comparison group - 2-group, 
in which cases the improvement in the levels of TG in peripheral blood have been 
identified (Table 4). The average values of the concentrations of this lipid was also 
significantly higher in patients with COVID-19 and pneumonia (group 1), by 43.4% 
(p < 0,001). The frequency of hypercholesterolemia was higher in the 1st group of 
patients – in 22.2% of patients and exceeded by 18.4% (significantly, p).

The frequency of hyperglycemia detection exceeded 45% in group 3 patients 
aged 61–80 years with COVID-19 and pneumonia, hyperglycemia persisted during 
the hospital follow - up period – in 16.7%, and the frequency of newly diagnosed 
diabetes mellitus exceeded 13% (Table 5). In these parameters, except for the 
frequency of hyperglycemia preservation, we did not detect significant differences 
from the average values in group 4 comparison.

This indicator was 20.4% higher in the 1st group of patients, the difference was 
significant (p < 0.05). The frequency of diagnosis of ketonuria in urine was 2.0 
times higher in group 1 (the difference is statistically unreliable, p > 0.2), but the 
average concentration of ketone bodies was 47.9% lower (significantly, p < 0,001).

We did not detect any cases of pathological elevation of TG levels in peripheral 
blood in groups 3 and 4 of patients (Table 6). The Mean values of the concentra-
tion of this lipid also did not differ significantly and significantly in patients with 
COVID-19 and pneumonia (group 3), and in patients of the comparison group 
(group 4). The frequency of hypercholesterolemia was also higher in the 4th group 
of patients – in 23.6% of patients and exceeded by 14.7% (unreliable, p > 0,05).

To clarify the nature of the association of hyperglycemia with comorbidity and 
the nature of therapy in patients with COVID-19 and pneumonia, we compared the 

Number Indicator Group 1
(n = 86)

Patients with 
COVID-19 and 

pneumonia

Group 2
(n = 57)
Patients 

with lung 
pathology

Difference 
in %

Significance of 
differen-ces, p

1. Frequency of 
hypertriglyceridemia

25% 0 25% <0.03

2. Without 
hypertriglyceridemia

75% 100% 25% <0,03

3. The average values 
of triglycerides 

concentration in blood 
(mmol/l)

2,43 ± 0,49
(0,76-6,81)

1,39 ± 0,08
(1,14-1,80)

42,8% <0,001

4. Frequency of 
hypercholesterolemia

22,2% 4% 18,4% <0,05

5. Frequency of 
normocholesterolemia

77,8% 96% 18,4% <0,05

6. Average values of 
concentration of 

cholesterol in blood 
(mmol/l)

3,86 ± 1,07
(0,62-7,75)

3,95 ± 0,98
(1,83-5,31)

2,3% >0,3

Table 4. 
The nature of changes in the concentration of triglycerides and cholesterol in peripheral blood in patients 
aged 41–60 years with COVID-19 and pneumonia (group 1) and in patients with respiratory system damage 
without COVID-19 infection (group 2), M ± m, the frequency of the sign in % and the significance of 
differences.
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frequency of diseases recorded in medical records in 162 patients aged 41–80 years, 
including 63 with hyperglycemia and 99 with normoglycemia (Table 7). A statistically 
significant association with hyperglycemia was confirmed only for the diagnosis of 
grade 2–3 hypertension (arterial hypertension) – the difference between the groups was 
22.8% (p < 0,03). The sign of grade 2–3 obesity was 16.8% more common in patients 
with hyperglycemia, the difference is on the verge of statistical significance (p > 0.05).

The study conducted in patients aged 41–80 years admitted to the hospital with 
suspected covid-19 infection revealed fasting hyperglycemia in 31–47% of differ-
ent age groups, and newly diagnosed DM in 9–13% of patients. Comparison with 
groups of patients with acute and chronic lung pathology did not allow us to note 
significant and significant differences in these indicators. These data suggest that 
the development of covid infection with the addition of pneumonia is a significant 
factor in both the development of transient hyperglycemia and the manifestation of 
diabetes mellitus.

Number Indicator Group 3
(n = 76, male 

36, female 40)
Patients with 

COVID-19 and 
pneumonia

Group 4
(n = 59,
men 41,

women18)
Patients with 

lung pathology

Difference 
in %

The significance 
of differences

1. Elevated blood 
glucose

36 of 76 (47.3%) 35 of 59
(59,3%)

12% > > 0,1

2. The normal 
concentration of 
glucose in blood

40 of 76(52.7%) 24 of 
59(40.7%)

12% >0,1

3. Frequency achieved 
normoglycemia at 

higher rate

28 of 36 (77.8%) 20 of 35 (57.1%) 20.7% <0,05

4. Frequency of 
preservation of 
hyperglycemia 

during the period of 
inpatient treatment

6 of 36 (16,7%) 5 of 35 (14.3%) 2.4% >0,3

5. The identified 
frequency

of glycosuria

1 of 54 (1.9%) 8 of 48 (16.7%) 14,8% >0,1

6. Average values of 
glucose concentration 

in urine (mmol/l)

5.5 2,35 ± 0,74
(0,1–5,6)

—

7. Without glucosuria 53 of 54 (98.1%) 40 of 48
(83,3%)

14,8% >0,1

8. Ketonuria rate 11 of 54 (20.4%) 5 of 48 (10,4%) 10% >0,2

9. The average values of 
the concentration of 
ketones in the urine 

(mmol/l)

1,27 ± 0,21
(0,1-6,0)

2,44 ± 0,37
(0,1–8)

47,9% <0,001

10. No detected 
ketonuria

43 of 54 (79.6%) 43 of 48 
(89,6%)

10% >0,2

11. Newly diagnosed DM 10 of 76 (13.1%) 5 of 59(8,5%) 4,6% >0,3

Table 5. 
Frequency of diagnosis of hyperglycemia, glucosuria, ketonuria and newly diagnosed diabetes mellitus in 
groups of patients aged 61–80 years with COVID-19 and pneumonia (group 3) and in patients with respiratory 
system damage without COVID-19 infection (group 4).
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Our data are confirmed by the results obtained in previous studies on the 
clinical assessment of the course of covid-19 in patients at a hospital in Wuhan 
(China). Thus, the authors reported that of 99 infected individuals, it was shown 
that 52% had elevated glucose levels, and in some patients with viral pneumonia, 
virus infection was accompanied by an increase in the concentration of glycated 
 hemoglobin [19].

Number Indicator, type of pathology, treatment 
method

The frequency 
difference between

The accuracy of 
the indicator R

1. Hypertension of 2–3 degrees of severity 22.8% <0.03

2. Grade 2–3 obesity 16.8% >0.05

3. Uterine fibroids (women) 11,1% >0,2

4. Paroxysmal and permanent-functional 
form of atrial fibrillation

10% >0.2

5. Chronic alcoholic disease 7.4% >0.3

6. Intracoronary transluminal angioplasty 
(TLAP) procedures, stenting

6.3% >0.3

7. Viral hepatitis B, C 6% >0.3

Table 7. 
The degree of difference in the frequency of certain forms of pathology and treatment measures in patients 
with COVID-19 and pneumonia aged 41–80 years, which prevailed in patients with hyperglycemia (n = 63), 
compared with patients with normal blood glucose concentration (n = 99).

n/a number Indicator Group 3
(n = 76, male 

36, female 40)
Patients with 

COVID-19 and 
pneumonia

Group 4
(n = 59,
men 41,

women 18)
Patients 

with lung 
pathology

Difference 
in %

Significance 
of differences

1. Frequency of 
hypertriglyceridemia

0 0 0 —

2. Without 
hypertriglyceridemia

100% 100% 0 0

. The average values 
of triglycerides 

concentration in 
blood (mmol/l)

1,31 ± 0,08
(0,80-1,73)

1,45 ± 0,15
(0,62-2,25)

9,6% >0,2

4. Frequency of 
hypercholesterolemia

2,7% > > 0,3 14,7% >0,1

5. Without 
hypercholesterolemia

91,1% 76,4% 14,7% >0,1

6. Average values of 
concentration of 

cholesterol in blood 
(mmol/l)

3,93 ± 0,83
(1,44-5,74)

4,04 ± 1,48
(3,19-7,43)

2,7% >0,5

Table 6. 
The nature of changes in the concentration of triglycerides (TG) and cholesterol (CH) in peripheral blood in 
patients aged 61–80 years with COVID-19 and pneumonia (group 3) and in patients with respiratory system 
damage without COVID-19 infection (group 4), M ± m, the frequency of the sign in % and the significance of 
differences.
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According to our data, in 16.6–31.3% of patients after treatment and regression 
of changes in the lungs, normalization of glucose levels was also observed, but 
in 14.8–16.7% the changes persisted, and in 9–13% of them, after an additional 
study, newly diagnosed diabetes mellitus was diagnosed. From these data, it can 
be assumed that the effect of covid-viral infection on carbohydrate metabolism in 
patients with pneumonia is observed mainly in the acute period of the disease, but 
in some patients, the disease in subsequent periods may manifest previously exist-
ing prerequisites for the development of chronic pathology (diabetes mellitus).

A feature of carbohydrate metabolism disorders in patients with COVID-19 and 
pneumonia in our study was a high frequency of ketonuria – more than 45% of 
patients aged 41–60 years studied in group 1. In the 3rd group of older patients, this 
pattern was less pronounced, the frequency of ketonuria exceeded 20%. We tried to 
link this feature of changes in the metabolism of ketone bodies with the vastness of 
the lung lesion and impaired gas exchange. However, a comparison of the rates of 
respiratory failure of varying severity in groups 1–3 of patients with COVID-19, as 
well as indicators of the severity of lung damage according to the diagnostic criteria 
of the chest MSCT method (multispiral computed tomography of the chest), did 
not reveal significant and significant differences between the groups. Based on the 
obtained data, we suggested that viral antigens can change the parameters of tissue 
membrane permeability for glucose in patients, with an increase in under-oxidized 
ketone bodies in the bloodstream and an increase in their urinary excretion. The 
rate of elimination of ketone bodies in the urine was apparently, higher in patients 
with COVID-19 in group 1 aged 41–60 years than in group 3, 61–80 years, which can 
be explained by a more preserved filtration function of the kidneys in the younger 
part of patients with this infection.

To date, apparently, only a few studies have estimated the prevalence of acidosis 
and ketoacidosis in a large number (n = 658) hospitalized patients with confirmed 
COVID-19 [20]. Of this sample, 42 (6.4%) patients had positive urine or serum 
ketones, with only three of 42 (7%) meeting the American Diabetes Association cri-
teria for decompensated ketoacidosis (DKA). People with ketosis were about twice 
as likely to develop diabetes in this study, and three people who developed DKA 
were diagnosed with diabetes [20]. In a review and analytical article by employees 
from the Italian University and the Nephrological Center of Naples (Campania 
University, “Luigi Vanvitelli”, and Nefrocenter Research & Nyx Start-UP, Naples, 
Italy), the nature of keto-acidotic conditions in patients with COVID-19 is analyzed 
The authors believe that at the onset of diabetes such conditions may include the so-
called pre-diabetic state (impaired fasting glucose and impaired glucose tolerance), 
which occur with persistently normal levels of glycated hemoglobin, in addition, 
with a temporary hyperglycemic effect, usually observed in any acute or severe 
inflammatory disease, or symptoms and signs of ketoacidosis in patients, causes 
decompensated diabetes [21]. In actual clinical practice, clinicians may classify any 
event that occurs in people with high blood sugar levels as decompensated ketoaci-
dosis (DKA), regardless of whether it was a real case of DKA or the accumulation 
of ketones was a consequence of respiratory acidosis potentiated by malnutrition 
(ion-controlled ketosis). A factor of keto-acidosis can also be a high concentration 
of inflammatory markers in the blood of patients with COVID-19, which is also 
typical for DKA, regardless of the concomitant disease [22, 23].

This assumption is confirmed by the results of studies in groups of patients with 
COVID-19 indicators of lipid metabolism. Since the natural type of lipid changes 
in diabetes mellitus, according to the literature, hypercholesterolemia are the most 
common types of lipid changes in diabetes mellitus, we analyzed these lipid param-
eters. The frequency of both hypertriglyceridemia and hypercholesterolemia in the 
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group of patients aged 41–60 years with COVID-19 and pneumonia exceeded 22% 
and was significantly higher than in the comparison group of patients of similar 
age without this viral infection. However, we did not find such differences in the 
groups of older patients. These data allowed us to assume that COVID-19 infection 
to a greater extent can affect glucose-dependent mechanisms of lipid exchange of 
triglycerides and cholesterol in patients with pneumonia at the age of 61 years than 
in older patients in whom lipid changes often cause not acute, and chronic factors 
associated with age-related changes of liver function and central hemodynamics. 
To clarify this issue, we analyzed the frequency of diagnosis of various forms of 
pathology, including cardiovascular, in patients with COVID-19 and pneumonia 
with hyperglycemia and normoglycemia in the general group of patients aged 
41–80 years. The comparison allowed us to establish that hyperglycemia was sig-
nificantly more often detected in patients with arterial hypertension of 2–3 degrees 
of severity and-with a tendency to reliability-more often in patients with obesity of 
2–3 degrees. Neither coronary atherosclerosis (confirmed by coronary angiography 
and coronary stenosis plastic surgery), nor the frequency of previously developed 
cardiosclerosis with damage to the cardiac conduction system and the development 
of atrial fibrillation, nor liver damage in viral hepatitis and chronic alcoholism 
in the groups of patients with COVID-19 and pneumonia had a significant direct 
relationship with the frequency of detected cases of hyperglycemia.

5. Conclusions

1. In patients aged 41–80 years who were hospitalized with covid-19 infection 
and pneumonia, fasting hyperglycemia was diagnosed in 31–47%, glucosuria 
in 1.9–6.1%, ketonuria – 20.4-46.2% of cases, in different age groups.

2. In 16.6–31.3% of cases in patients with covid-19, after treatment and regression 
of changes in the lungs, normalization of glucose levels was observed, but in 
14.8–16.7% of the changes persisted, and in 9–13% of them, after an additional 
study, newly diagnosed diabetes mellitus was diagnosed.

3. Hyperglycemia was significantly more often detected in patients with arterial 
hypertension of 2–3 degrees of severity and with a tendency to reliability, in 
patients with obesity of 2–3 degrees. Lipid metabolism disorders (hypertri-
glyceridemia and hypercholesterolemia), which are characteristic of changes in 
carbohydrate metabolism in patients with impaired glucose tolerance and dia-
betes, were significantly more often diagnosed in patients with covid-19 than 
in the group of patients with acute and chronic lung pathology without proven 
inyion with this virus, but only in the group of patients aged 41–60 years.
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Annotation

History of the issue

Already in the initial period of studying the prognostic significance and dan-
ger to human health and life of the state of infection with the COVID-19 virus in 
January–April 2020, mainly thanks to research from Chinese medical centers, it was 
clarified that factors contributing to lung damage are highly likely the course of the 
disease in severe form, include: advanced age [6]; diabetes [6, 7, 24]; obesity [25]; 
chronic lung diseases [14], including asthma [12]; heart disease [12, 16]; hyperten-
sion [14]; chronic kidney disease [14].

In one of the first clinical observations of 41 COVID-19-infected people in 
Wuhan, China, it was shown that in 32% of cases, COVID-19 was combined with 
other diseases, including diabetes (20%), hypertension (15%) and cardio-vascu-
lar diseases (15%), [16]. Another report of patients who were discharged or died 
at clinics in Wuhan between January 1, 2020 and March 8, 2020 reported that 
patients with COVID-19 with diabetes had worse outcomes compared to patients 
of the same sex and age without diabetes. Advanced age and concomitant arte-
rial hypertension independently contributed to the hospital death of patients 
with diabetes [6]. The results obtained at the Wuhan Jin Yin Tang Hospital 
showed that in intensive care units, 17% of patients suffered from chronic 
diseases, including diabetes (17%), cerebrovascular diseases (13.5%), chronic 
heart disease (10%) and T. D. During treatment in 35% of critically ill patients, 
hyperglycemia was a concomitant pathology, and mortality among patients with 
diabetes was 77.7% [16, 26].

In a retrospective study of 138 patients with COVID-19, from a clinic in this city 
in China, published on February 7, 2020, it was shown that 46.4% of patients had 
one or more comorbidities, of which 10% had diabetes, while in wards Intensive 
care (ICU) 22.2% of patients had diabetes, that is, 2 times more often [26]. The 
study of the relationship between diabetes and mortality and severity of COVID-19, 
as well as in determining the prevalence of diabetes in patients with COVID-19, 
has also been conducted in several meta-analyzes. Employees from the Institute of 
Gastroenterology, Delhi, India (Institute of Liver, Gastroenterology, & Pancreatico-
Biliary Sciences, Sir Ganga Ram Hospital, New Delhi, India). searched PubMed for 
case–control studies in English published between January 1 and April 22, 2020 
that had data on diabetes in patients with COVID-19. The incidence of diabetes was 
compared between patients with and without a combined mortality or severity 
endpoint. Included 33 studies (16,003 patients). The authors found that diabetes 
was significantly associated with mortality from COVID-19 with a pooled odds 
ratio of 1.90 [24]. Another meta-analysis conducted by researchers at the Faculty 
of Medicine, Universitas Pelita Harapan, Tangerang, Indonesia analyzed data from 
6452 patients from 30 studies. A meta-analysis showed that diabetes was associated 
with an incidence of combined adverse outcomes (relative risk, RR 2.38) and its 
subgroup, which included mortality (RR 2.12), severe COVID-19 (RR 2.45), acute 
respiratory distress syndrome (ARDS) (RR 4.64) and disease progression (RR 3.31). 
It was concluded that diabetes was associated with mortality, severe COVID-19, 
ARDS and disease progression in patients with COVID-19 [7].
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From the statistics of the 2020 epidemic in the North American continent, it 
follows that diabetes mellitus can increase the risk of death from COVID-19 by 12 
times, according to the portal of the US Centers for Disease Control and Prevention. 
Patients infected with coronavirus with diabetes are six times more likely to need 
hospitalization for inpatient treatment, and diabetes is in second place in terms of 
severity of complications in COVID-19 after cardiovascular disease [10]. According 
to the China Cardiometabolic and Cancer Cohort (4C) nationwide study, compared 
with patients with normal glucose tolerance, people with impaired glucose toler-
ance or diabetes had a high risk of lung infection with a multifactorial adjusted 
odds ratio (OR; 95% CI) 1.56 (1.02–2.37) and 1.63 (1.01–2.61), respectively [27]. 
Epidemiological evidence from the United States suggests that diabetes is associ-
ated with a high risk of infectious disease. People with diabetes are at increased 
risk of bacteremic pneumococcal infection and are reported to have a high risk of 
nosocomial bacteremia with mortality rates up to 50% [28]. At the same time, the 
state of carbohydrate metabolism in patients with COVID-19 who have not previ-
ously suffered from diabetes has not been sufficiently studied in clinical studies. 
Hyperglycemia, even in people with no previous diabetes, has often been observed 
in complicated coronavirus disease 2019 (COVID-19), [17, 18]. Hyperglycemia in 
COVID - 19 is a strong predictor of a worse prognosis and an increased likelihood 
of death [18]. In the above-cited study of patients with COVID-19, conducted at the 
Wuhan Jin Yin Tang Hospital, with the participation of 99 infected people, it was 
shown that 52% of those infected had elevated glucose levels, and in some patients 
with viral pneumonia, infection with the virus was accompanied by an increase in 
the concentration glycated hemoglobin [16].

Goal and tasks

To assess the incidence of hyperglycemia and diagnosis of newly diagnosed 
diabetes mellitus in patients with COVID-19 and acute lung damage at the age of 
41–80 years, hospitalized in a repurposed infectious diseases hospital in Moscow 
with a diagnosis of pneumonia.

Material and methods

The observational study analyzed laboratory and clinical diagnostic data of 278 
patients who did not have, according to the anamnesis and the presented medical 
reports, signs of impaired glucose tolerance and manifest forms of diabetes mel-
litus, including 163 men and 115 women aged 41–80 years admitted to hospital for 
diagnosis and treatment in the period from 12.04.2020 to 10.11.2020 with diag-
noses according to ICD-10: U07.1 Coronavirus infection. In the selected groups of 
patients, the initial and subsequent levels of fasting blood glucose were analyzed, 
after 8 hours without food, on a stationary automatic analyzer and using portable 
glucometers using diagnostic test strips. The concentration of glucose and ketones 
in urine was determined by a semi-quantitative method. The dynamics of indica-
tors was assessed when pathological values of glucose concentration were detected. 
Glucose levels above 6.4 mmol/L were considered pathological.

Results

In patients aged 41–80 years hospitalized with covid-19 infection and pneumonia, 
fasting hyperglycemia was diagnosed in 31–47%, glucosuria in 1.9–6.1%, ketonu-
ria - 20.4-46.2% of cases, in different age groups. In 16.6–31.3% of cases in patients 
with covid-19, after treatment and regression of changes in the lungs, there was a 



295

Frequency of Hyperglycemia in Patients with Covid-19 Infection and Pneumonia
DOI: http://dx.doi.org/10.5772/intechopen.96306

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

‘Biotechnology to Combat COVID-19’ is a collaborative project  
with Biotechnology Kiosk

Author details

Valeriy Ivanovich Vechorko1, Evgeny Mikhailovich Evsikov1,2*,  
Oksana Alekseevna Baykova1,2, Natalya Vadimovna Teplova2  
and Dmitriy Aleksandrovich Doroshenko1

1 City Clinical Hospital No. 15 named after O.M. Filatov of the Moscow Department 
of Health, Russia, Moscow

2 Russian National Research Medical Institute named after N.I. Pirogov, Russia, 
Moscow

*Address all correspondence to: dr.evsikov@gmail.com

normalization of glucose levels, but in 14.8–16.7% of cases persisted, and in 9–13% 
of them, after an additional study, newly diagnosed diabetes mellitus was diagnosed. 
Hyperglycemia was significantly more often detected in patients with arterial hyper-
tension of 2–3 degrees of severity and with a tendency to reliability, in patients with 
obesity 2–3 degree. Lipid metabolism disorders (hypertriglyceridemia and hypercho-
lesterolemia), characteristic of changes in carbohydrate metabolism with impaired 
glucose tolerance and diabetes, were significantly more often diagnosed in patients 
with covid-19 than in the group of patients with acute and chronic lung pathology 
without proven infection with this virus, but only in the group of patients age period 
41–60 years.

Conclusion

Covid-19 infection complicated by pneumonia occurs in persons aged 
41–80 years with a high incidence of hyperglycemia and ketonuria. The incidence of 
newly diagnosed diabetes mellitus in such patients is 9–13%.
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Chapter 17

Refocusing Functional Anatomy 
and Immunology of the 
Respiratory Mucosa in the Advent 
of Covid-19
Humphrey Simukoko

Abstract

Atmospheric oxygen is an indispensable element required in order for mammalian 
cells to function normally. The mammalian respiratory system, through pulmonary 
ventilation and gas diffusion, provides the physical mechanisms by which oxygen 
gains access to all body cells and through which carbon dioxide is eliminated from 
the body. The network of tissues and organs of the respiratory system helps the 
mammalian body cells to absorb oxygen from the air to enable the tissues and 
organs to function optimally. The advent of the coronavirus disease 2019 (Covid-19) 
Pandemic caused by the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has stimulated heightened and refocused interest in the study of various 
aspects of the respiratory system. The SARS-CoV-2 targets the respiratory system 
mucosal cells and in a cascade of biological processes curtails the ability of the 
respiratory system to absorb and deliver oxygen to the pulmonary blood and body 
cells often resulting in severe disease and/or death. The mucosa and submucosa 
of the respiratory tract are adapted to provide both innate and adaptive immune 
defense mechanisms against pathogens including the SARS-CoV-2. The entire respi-
ratory tract is covered by a mucosa that transitions in its structural and functional 
characteristics from the upper respiratory tract to the lower respiratory tract. This 
chapter provides an overview of the functional anatomy and immunology of the 
respiratory tract covering the mucosa from the upper respiratory tract all the way 
up to the alveolar epithelium. In the advent of the covid-19 pandemic, a broader 
perspective and understanding of the anatomy and immunology of the respiratory 
tract will enable general readers and researchers to fully appreciate the discourse in 
covid-19 research as it affects the respiratory tract.

Keywords: Covid-19, SARS-CoV-2, Respiratory tract, Pandemic, Coronavirus, 
immunology

1. Introduction

The novel Coronavirus disease of 2019 (covid-19) caused by the Severe Acute 
Respiratory Syndrome (SARS) Coronavirus (CoV)-2 was first reported in Wuhan, 
China in December 2019 and had continued to ravage the world, causing wide-
spread respiratory health problems and mortalities. The virus targets mainly the 
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respiratory tract. It enters the lungs through the upper respiratory tract and attacks 
alveoli epithelial type2 (AT2) cells [1]. Many patients succumb to pneumonia in 
severe SARS-CoV-2 infections.

In the advent of the covid-19 pandemic, there had been a renewed focus on 
the mammalian respiratory anatomy and physiology. In this regard, this calls for 
a broader perspective and understanding of the anatomy and physiology of the 
respiratory system. This chapter therefore provides an overview of the functional 
anatomy and immunology of the respiratory tract in the context of the covid-19 
pandemic.

2. Anatomical organization of the respiratory tract

The mammalian respiratory system consists of tissues and organs whose main 
function is to ensure exchange of oxygen and carbon dioxide between the organism 
and the external environment. From the functional perspective, the respiratory sys-
tem is viewed as consisting of a conducting part and a gaseous exchange part while 
from a purely anatomical perspective the respiratory system is viewed as being 
composed of an upper respiratory component and a lower respiratory component.

The conducting part of the respiratory system, also known as the conducting 
airways, is that part of the respiratory system that merely transports gases from 
the external environment to the lungs and from the lungs to the external environ-
ment, while the gaseous exchange part is that part of the respiratory system that is 
responsible for the diffusion of gases (particularly oxygen and carbon dioxide) into 
and out of the blood capillaries of the lungs. Structures from the nasal cavity up 
to the terminal bronchioles constitute the conducting part of the respiratory tract. 
The conducting part also serves a protective function by conditioning the air that 
has been inhaled [2]. Conditioning of the inspired air by the conducting airways 
includes heating the air to body temperature, filtering out harmful gases and par-
ticles such as dust and bacteria as well as saturating the air to 100% relative humid-
ity [2]. In trapping and filtering out harmful gases and particles, the respiratory 
tract uses a mucociliary escalator or mucociliary blanket. The mucociliary escalator 
is composed of cilia, mucus and a layer of fluid known as the periciliary layer. The 
fluid on the surface of the airways is constantly propelled by cilia from near the 
lungs to regions far away from the lungs towards the nasal cavity to be expelled.

The conducting part terminates at the terminal bronchioles before transforming 
into the gaseous exchange zone. The gaseous exchange zone is located within the 
lung parenchyma. The components of the gaseous exchange zone consist of the 
respiratory bronchioles, alveolar ducts and alveolar sacs together with their alveoli 
[2]. The gaseous exchange zone is a thin membrane that exists between the alveoli 
space and the pulmonary capillary blood. The pulmonary capillary blood network 
thoroughly covers the alveoli walls and receives the major cardiac output of the 
right ventricle via the pulmonary trunk [2–3].

The entire mammalian respiratory tract from the nasal cavity to the bronchi tree 
is lined by a mucus membrane known as the respiratory mucosa. The respiratory 
mucosa consists of epithelial cells that sit on top of a layer of loose connective tissue. 
The main function of the respiratory mucosa is to prevent pathogens and noxious 
particles from reaching the lungs. In most parts of the respiratory tract, the respi-
ratory mucosa secretes a thick protective mucus layer. Generally, the respiratory 
mucosa consists of a pseudostratified columnar epithelium and an underlying loose 
connective tissue known as the lamina propria. The epithelium normally transitions 
in structure from the nasal cavity towards the lungs starting with a pseudostrati-
fied columnar epithelium in the nasal cavity and ending with a simple squamous or 
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cuboidal epithelium in the alveoli. The respiratory mucosa contains different types 
of epithelial cells that range from ciliated columnar to simple squamous. Within the 
respiratory tract epithelial cells are found mucus-secreting cells such as goblet cells 
and some specialized glands containing both mucus and serous cells [4].

Throughout the respiratory tract from the nasal cavity to the alveoli, sheets of 
cells cover the internal surface. The sheets of cells, known as epithelium, differ in 
structure and function depending on the location within the respiratory tract. The 
major part of the respiratory tract, from the nasal cavity to the bronchi, is lined 
by a pseudostratified columnar epithelium. From the bronchi downwards to the 
bronchioles, the epithelium changes into a simple columnar to cuboidal epithelium. 
The epithelium then changes in the alveoli to become a thin squamous epithelium 
that allows for gaseous exchange to take place. The epithelial cells sit on top of a 
basement membrane below which lies a layer of loose connective tissue known as 
the lamina propria [4].

Anatomically, the respiratory tract is viewed as consisting of the upper and 
lower parts. The upper respiratory tract consists of the nasal cavity and adjoining 
paranasal sinuses, pharynx and the portion of larynx above the vocal folds. The 
lower respiratory tract comprises of the lower parts of the larynx, the trachea, 
bronchi, bronchioles and the alveoli [5].

3. The upper respiratory tract

The upper respiratory tract is composed of the nose and nasal cavity, the phar-
ynx and the larynx. It is the first entry point for air and other potentially harmful 
substances including bacteria and viruses. The upper respiratory tract functions 
in the filtration, warming and humidification of the inspired air. In addition, the 
upper respiratory tract contains nerve endings of the first cranial nerve known as 
the olfactory nerve which is responsible for detecting odors in the inspired air. This 
section provides an account of the functional anatomy of the major components of 
the upper respiratory tract particularly the nasal cavity and pharynx.

3.1 The nasal cavity

Up to 90% or more of inspiration occurs through the nose and therefore the 
nasal cavity is an important site for initial infection by most microorganisms 
including SARS-CoV-2. Moreover, SARS-CoV-2 infection via the ocular route is 
hypothesized to occur via drainage of virus-laden tears into the nasal cavity through 
the nasal lacrimal duct [6–8].

The air entering the respiratory tract is usually dry, cold and containing poten-
tially harmful particulate matter. Therefore, the major function of the nasal cavity 
is to humidify and warm the inspired air. As the air passes through the nasal cavity, 
airborne particles are filtered off including microorganisms before the air reaches 
the lower respiratory tract. In addition, the nasal cavity is an olfactory (smell) organ 
and also helps in draining and clearing the paranasal sinuses and lacrimal ducts [7].

Entrance into the nasal cavity is provided by the nostrils, which are two external 
openings into the nasal cavity. The nasal cavity consists of the nasal skeleton which 
is made up of a combination of parts of bones such as the maxilla, the ethmoid, 
the perpendicular part of the palatine bone and the medial pterygoid plate. The 
nasal cavity is divided into two separate cavities by a cartilaginous nasal septum. 
Each half of the nasal cavity consists of a roof, floor, medial wall and lateral wall. 
The nasal septum is made up of cartilage and bone. In contrast to the lateral walls, 
the floor and the roof of the nasal cavity which are covered by a pseudostratified 
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columnar epithelium, the nasal septum is covered by squamous epithelium [9]. The 
posterior boundary of the nasal cavity is provided by the choanae also known as 
posterior nasal apertures. The choanae open into the nasopharynx [10–12].

Four paranasal sinuses surround the nasal cavity in humans. These are the 
frontal sinuses (superior anterior), ethmoid sinuses (superior), paired maxillary 
sinuses (lateral), and sphenoid sinuses (posterior). The paranasal sinuses com-
municate with the nasal cavity through ducts that drain through ostia, which empty 
into spaces located on the lateral wall. Only the sphenoid paranasal sinus empties 
into the posterior roof of the nasal cavity [13].

There are three recognizable regions within each half of the nasal cavity: the 
nasal vestibule, respiratory region and olfactory region.

3.1.1 Nasal vestibule

The first part of the nasal cavity immediately posterior to the nostrils is the nasal 
vestibule. The initial half of the nasal vestibule is covered by a keratinized strati-
fied squamous epithelium that contains hairs known as vibrissae. The function of 
the vibrissae is to filter inhaled particles. The second half of the nasal vestibule is 
covered by a pseudostratified ciliated columnar epithelium [14, 15].

3.1.2 Respiratory region

The respiratory region is the main part of the nasal cavity and is that part which 
houses the nasal conchae (or turbinate bones) and meatuses. Nasal conchae are 
curved shelves of bone that protrude from the lateral walls of the nasal cavity. The 
spaces between the nasal conchae are referred to as meatuses. The main functions 
of the respiratory region are to humidify and warm the inspired air and to trap 
and eliminate particulate matter. The respiratory region is covered in respiratory 
epithelium (pseudostratified ciliated columnar epithelium) and mucous cells.

As the air passes through the nasal cavity, it is warmed to body temperature 
and is humidified to near 100%. The warming and humidification of the inspired 
air is aided by the neuromuscular network within this region. The neuromuscular 
network of the respiratory region regulates airflow within the nasal cavity by 
controlling the blood volume in the erectile tissue on the turbinate bones. Under 
normal physiological conditions, the erectile tissue is continuously stimulated by 
the sympathetic nervous system to prevent nasal congestion [13].

Airborne particles that escape trapping in the nasal vestibule become trapped 
in the mucous produced by the respiratory nasal mucosa. The trapped particles are 
then eliminated by the ciliated cells of the mucociliary system which sweep mucous 
and trapped particles at a rate of 1 cm per minute into the naso-pharynx for further 
expulsion [16].

3.1.3 Olfactory region

One of the most commonly reported neurological indicators of SARS-CoV-2 
infection is the temporary loss of smell (anosmia). Studies suggest that anosmia 
better predicts SARS-CoV-2 infection than other well-known symptoms such as 
fever and cough. Furthermore, studies suggest that the novel coronavirus changes 
the sense of smell in patients not by directly affecting neurons but by affecting the 
function of sustentacular or supporting cells [17, 18].

The olfactory region is a small area located at the superior apex of the nasal cav-
ity and the ethmoturbinates and is lined with olfactory receptor cells. The olfactory 
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region is responsible for sensing odors in inspired air. It is lined by an olfactory epi-
thelium which is made up of a pseudostratified epithelium that contains olfactory 
sensory receptor cells, supporting cells and mucus secreting glands. The olfactory 
receptor neuron is a bipolar cell that gives rise to a small-diameter, unmyelinated 
axon at its basal surface that transmits olfactory information centrally. At its apical 
surface, the receptor neuron gives rise to a single process that expands into a knob-
like protrusion from which several microvilli, called olfactory cilia, extend into a 
thick layer of mucus [19]. The fibers of the olfactory sensory receptor cells have 
their axonal projections onto the olfactory bulb of the brain [20, 21]. For efficient 
detection of odors in the inspired air, afferent (in-coming) airflow needs to be 
directed orthonasally (straight) and retronasally (backwards) in order for the nasal 
olfactory epithelium to pick up the odor [13]. The odor particles become trapped 
in the mucous and bind to odorant-binding proteins that concentrate and help to 
solubilize the odor particles. The odor particles then get attached to olfactory recep-
tors located on the cilia of olfactory cells. Upon stimulation of the odor receptors, 
the odor signals are transmitted up through the cribriform plate to synapse with 
neurons of the olfactory bulb which then send the signals through the olfactory 
nerve (CNI) into the secondary neurons for higher processing. A unique feature of 
the olfactory receptors is that a single receptor cell can detect only one odorant type 
[13, 20, 22, 23].

3.1.4 Nasal conchae (turbinate bones) and meatuses

Nasal conchae, also known as turbinate bones, are any of several thin, scroll-
shaped bony elements originating from the lateral walls of the nasal cavity. Each 
half of the nasal cavity has three turbinate bones named superior, middle and 
inferior turbinates. The superior and middle turbinates extend from the ethmoid 
bone. The inferior turbinate bone is independent of the superior and middle 
turbinates. The inferior turbinate is the most anteriorly located and therefore the 
first of the turbinate bones to come into contact with inspired air. The turbinate 
bones, particularly the anteriorly located inferior turbinate, are involved in innate 
and adaptive immune reactions of the nasal cavity [14].

Nasal meatuses are spaces found between the turbinate bones and the nasal 
cavity walls. There are four meatuses in the nasal cavity: the superior meatus, the 
middle meatus and the inferior meatus.

Superior meatus. The superior meatus is located inferior to the superior turbinate 
and superior to the middle turbinate bones; this is the drainage site of the posterior 
ethmoid sinus.

Middle meatus. The middle meatus is located inferior to the middle turbinate and 
superior to the inferior turbinate. This is the drainage site of the frontal, anterior 
ethmoid, and maxillary sinuses.

Inferior meatus. The inferior meatus is located inferior to the inferior turbinate 
and superior to the floor of the nasal cavity. The nasolacrimal duct drains tears from 
the lacrimal sac at the medial canthus of the eye into the anterior portion of this 
meatus via Hasner’s valve [13].

3.1.5 Blood supply and lymphatics of the nasal cavity

The nasal cavity has a rich vascular supply which allows it to effectively regulate 
humidity and temperature of the inhaled air. The nasal cavity is also supplied by a 
network of lymphatic vessels which drain into various lymph nodes located in the 
pharyngeal region and the neck.
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3.1.5.1. Blood supply

The function of warming and humidifying the inspired air in the nasal cavity is 
achieved by an elaborate network of blood vessels. The mucosa of the nasal cavity 
enlarges and shrinks due to sympathetic innervation of the nasal vasculature.

The main sources of arterial blood to the nasal cavity are the internal and 
external carotid arteries [24]. The internal carotid artery gives off the ophthalmic 
artery which in turn gives off two main branches to the nasal septum: the anterior 
and posterior ethmoidal arteries and the dorsal nasal artery. The anterior ethmoid 
artery supplies the lateral nasal wall and the nasal septum. The posterior ethmoid 
artery supplies the superior turbinate and the nasal septum [9, 14].

The external carotid artery gives off the maxillary artery and facial artery. The 
maxillary artery gives off a smaller artery known as the descending palatine 
artery which then passes through the pterygopalatine fossa through the palatine 
canal before it branches into the greater and lesser palatine arteries. The greater 
palatine artery enters the greater palatine foramen on the posterior aspect of 
the palate before traversing the palate anteriorly to enter the nasal cavity via the 
incisive canal. The greater palatine artery supplies the septum and the floor of the 
nasal cavity. The sphenopalatine artery, a branch of the maxillary artery, supplies 
the middle and inferior turbinate bones as well as the posterior part of the nasal 
septum [25].

The facial artery, a branch of the external carotid artery, gives rise to three arter-
ies namely, the superior labial artery, the lateral nasal artery and the angular artery. 
The three arteries supply the nasal septum, nasal vestibule and dorsal nasal cavity 
respectively [25].

A common site of epistaxis (nose bleeding) in the nasal cavity commonly occurs 
at Kiesselbach’s plexus (Little’s area) located in the anterior nasal septum. This 
plexus is a vascular anastomosis between the anterior ethmoid artery, superior 
labial artery, greater palatine artery and the terminal branch of the posterior septal 
branch of the sphenopalatine artery [26]. The names of the veins that drain the 
nasal cavity follow those of the arteries with which they pair.

3.1.5.2. Lymphatic drainage of the nasal cavity

In general, the main functions of the lymphatic system in the nasal cavity 
include transportation of old leukocytes from the lymph nodes in the vicinity of the 
nasal cavity to the blood and transportation of antigen-presenting cells (APCs) to 
the lymph nodes in order to trigger an immune response.

Lymph from the vestibule of the nasal cavity is drained into the submandibular 
lymph nodes. The anterior one third of the nasal cavity is drained by lymphatic ves-
sels that deposit their lymph fluid in the submaxillary lymph nodes. The posterior 
two thirds of the nasal cavity including the ethmoid sinuses is drained by lymphatic 
vessels that deposit lymph partly into the retropharyngeal lymph nodes and partly 
into the superior deep cervical lymph nodes [27].

3.1.6 Nerves of the nasal cavity

The first cranial nerve (olfactory-CNI) transmits signals from the nasal cavity to 
the brain to provide the sense of smell. The olfactory epithelium is in the superior 
portion of the nasal cavity. Within this epithelium are sensory cilia that project up 
through the cribriform plate to the olfactory bulb. From the olfactory bulb, signals 
are sent through the olfactory nerve proper to a network of secondary neurons for 
processing before ending up in the brain [28].
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Sensory innervation to the external and internal parts of the nasal cavity is 
provided by the trigeminal nerve through its two branches the ophthalmic nerve 
and maxillary nerve [29].

3.1.7 Paranasal sinuses

The nasal cavity is extended by the paranasal sinuses. These are air-filled cavities 
found in some bones surrounding the nasal cavity. In the human, there are four 
pairs of paranasal sinuses which are named based on the bones in which they are 
found. The four sinuses are: the maxillary, frontal, sphenoid, and the ethmoid. The 
inner surfaces of the four paranasal sinuses are lined by a ciliated pseudostratified 
epithelium containing mucus-secreting goblet cells. Paranasal sinuses may serve 
in lightening the weight of the head, humidifying and warming of inspired air, 
increasing the resonance of speech, providing mechanical rigidity and increasing 
olfactory surface area [10].

4. The lower respiratory tract

All the structures from the trachea down to the alveoli constitute components 
of the lower respiratory tract. The components of the lower respiratory tract with 
support from the rib cage and diaphragm pull in the inspired air from the upper 
respiratory tract and transport it to the alveoli where oxygen is absorbed into the 
blood stream and carbon dioxide is released in exchange.

5. Functional anatomy of the lower respiratory tract mucosa

The mucosa of the respiratory tract is lined by a pseudostratified columnar 
epithelium which consists of a variety of cells (Figure 1). It has been estimated 

Figure 1. 
Schematic diagram showing apical junctional complexes found in the respiratory airway epithelium. Shown 
in this diagram are tight junctions (black) and adherens (blue). Apical junctional complexes are a key 
component of the innate immune system in the respiratory tract that form between two neighboring cells. 
Apical junctional complexes consist of mainly tight junctions and adherens junctions. Tight junctions control 
intercellular movements of ions and other molecules while adherens junctions are responsible for the initiation 
and maintenance of cell-cell adhesion.
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that the total number of cells covering the lower human respiratory tract is 1010 
cells that covers a surface area of 2,500cm3 [30]. The pseudostratified columnar 
epithelium consists of four major cell types which lie on a continuous basement 
membrane. The four major cell types of the pseudostratified columnar epithelium 
are the ciliated, secretory, undifferentiated intermediate and basal cells (Figure 1). 
The function of the basal and the undifferentiated intermediate cells is to act as the 
progenitors of the other respiratory epithelium cells. The ciliated columnar cell type 
is the most predominant cell of the respiratory epithelium. It rests on a basement 
membrane and tapers towards the surface. On its luminal surface, the ciliated cells 
bear numerous cilia which distinguish them from other cell types. Cilia are hair-like 
cellular organelles that project from the surface of the cell [31, 32]. The luminal 
surface of each ciliated cell contains about 200–300 cilia. Each of the cilia on the 
luminal surface of the upper airways is estimated to be about 0.25 μm in diameter 
with a height of about 6.5 μm. The dimensions are smaller in the lower respiratory 
tract. In addition, there are numerous microvilli on the apical surface of the ciliated 
cells. The role of the microvilli is to ensure trans-epithelial movement of fluids and 
electrolytes. Ciliated cells are interconnected by tight junctions (Figure 2). These 
tight junctions are specialized protein structures that are responsible for regulating 
the passage of solutes and ions across the epithelial barrier [30, 33]. Thus, the tight 
junctions act as sieves that only allow the passage of selected substances.

6. Immune mechanisms of the respiratory tract

Respiratory infections are among the top 5 causes of high morbidity and mortal-
ity globally. Respiratory infections pose a continuous threat to humans due to their 
easy dissemination via aerial transmission as evidenced recently by the covid-19 
pandemic [34].

A number of factors play different roles in the defense mechanism of the respira-
tory tract. The defense mechanism of the respiratory tract exists within two broad 
categories i.e. the humoral immunity and cell-mediated immunity components. In 
addition, the physical or innate immune defense mechanism plays a critical role as 
the first line defense mechanism within the respiratory tract. The innate defense 

Figure 2. 
Schematic diagram showing the components of the mucociliary clearance system. The mucus layer traps 
particles suspended in the inhaled air. The trapped particles are then propelled by cilia with the aid of the 
serous layer towards pharynx.
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mechanism of the respiratory tract consists of non-specific physical barriers that 
can prevent noxious substances from accessing the delicate part of the respiratory 
system such as the alveoli thereby averting injury to those components.

The respiratory immune response consists of multiple tiers of cellular responses 
that are engaged in a sequential manner in order to control infections. In addition, 
specific mechanisms are in place to promote disease tolerance in response to respira-
tory infections. Various physical barriers, cell types and chemicals are involved in 
the respiratory system immune response and coordinate pathogen clearance and 
tissue repair within the respiratory tract [35]. The immune response within the 
respiratory tract follows an ordered, stepwise program of engagement of distinct 
tiers of defense [36].

Local sensor cells first detect the invading microorganism. This detection event 
can trigger cell-intrinsic defense responses that contain the pathogen, lead to secre-
tion of chemo-attractants to recruit rapid responder cells such as neutrophils, and 
alert lung-resident lymphoid cells through the secretion of first order cytokines. 
The complex interplay between resident and infiltrating immune cells and secreted 
innate immune proteins shapes the outcome of host-pathogen, host-allergen, and 
host-particle interaction within the mucosal airway compartment [37].

6.1 Airway barrier defenses

The first line of defense against infection in the respiratory tract is the mucosal 
epithelium. The pulmonary epithelium initially acts as a physical barrier between 
the airway lumen and the vasculature. The epithelium provides the physical barrier 
by the formation of tight junctions that include claudins, occludins, and adherens.

The physical and chemical barrier to the airways is provided by four major cell 
types. These cells include ciliated cells, mucus-secreting goblet cells, and club cells, 
which produce antimicrobial compounds. Basal cells, along with club cells serve 
as regional progenitor cells to replenish the other cell types [38]. The proportion 
of each cell type, and the associated defense mechanisms, are compatible with the 
airway diameter. In the human respiratory tree, ciliated cells and mucus-secreting 
cells create the barrier defense in larger airways, whereas mucus-secreting cells 
become less frequent and secretory cells become more predominant in smaller 
airways. Within the alveoli, alveolar type 1 cells facilitate gas exchange whereas 
alveolar type 2 cells secrete pulmonary surfactant [35].

6.2 The mucociliary system as a respiratory tract defense barrier

Arguably, the most important component of the innate immune mechanism 
of the respiratory tract is the mucociliary systems. The mucociliary system is one 
of the primary mechanisms for protecting the respiratory tract tissues. It oper-
ates through the coordinated functions of mucus and cilia that trap and eliminate 
inhaled materials. Mucociliary action also ensures elimination of dead endogenous 
cells and debris [39].

The mucociliary clearance system (Figure 2) refers to the composite struc-
tures within the respiratory tract that are responsible for eliminating mucus 
and potentially harmful foreign materials from the respiratory tract. It is a self-
cleansing mechanism of the respiratory tract and forms the major first line defense 
mechanism of the lungs [16]. The main components of the mucociliary clearance 
apparatus are the cilia found on columnar ciliated cells and the mucus produced by 
mucus secretory cells known as goblet cells. A layer of fluid and mucus known as 
the airway surface or periciliary layer covers the airways and this layer of fluid and 
mucus is constantly propelled by cilia from the distal to the proximal lungs [16].
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The mucociliary clearance is a component of the innate immune defense mecha-
nism [40]. In order for the lungs to perform normally, a properly functioning muco-
ciliary escalator is cardinal. Problems with components of the mucociliary escalator, 
either the mucus or cilia, may cause airway blockage which may result in accumula-
tion of harmful germs and particulate matter, thereby causing damage to the lungs 
[36]. High morbidity and mortality in many respiratory diseases have been attrib-
uted to dysfunctions in components of the mucociliary escalator including abnor-
mal biophysical properties of mucus and ciliopathy [41]. Furthermore, some studies 
had shown that the majority of the pre-existing conditions that increased the risk of 
death from COVID-19 are the same diseases that were affected by long-term expo-
sure to air pollution particularly exposure to fine particulate matter [42]. This may 
indicate that damage to the mucociliary escalator may be responsible for the high 
risk to covid-19 infection and other respiratory infections among people chronically 
exposed to air pollution. Treatment to reduce abnormalities of components of the 
mucociliary escalator have been shown to improve outcomes in respiratory diseases 
indicating the importance of the mucociliary escalator in pulmonary defense.

6.2.1 Role of cilia in mucociliary clearance

It has been estimated that cilia beat about 12 to 15 HZ in waves that are well 
coordinated. This ciliary motion has been observed to be metachronal i.e. back-
to-front and is directed towards the pharynx [43]. With this motion, particulate 
matter trapped in mucus including bacteria and viral particles is moved towards the 
pharynx by being propelled through the vocal cords and glottis. As a result of this 
constant ciliary movement, an estimated 30 ml of respiratory mucus is discharged 
into the oral or nasal cavity or swallowed [43].

6.2.2 The role of basal cells in mucociliary clearance

Basal cells of the respiratory epithelium have the capability to differentiate 
into ciliated and secretory cells and hence can restore the normal structure of the 
respiratory epithelium after injury. The stimulus for differentiation into ciliated or 
secretory cells is by exposure to the luminal air [44]. The differentiation of basal 
cells into ciliated and secretory cells has been attributed to the activation of the 
transcription factor forkhead boxJ1 (FOXJ1) and the regulatory factor X [45]. Thus, 
the basal and intermediate cells impart regeneration capacity to various regions 
of the airway. In the human respiratory tract, the highest epithelial regeneration 
capacity is found in the large airways (trachea and bronchi) whose regeneration 
capacity is estimated to be about 8 times higher than in the smaller airways [36].

6.3 Adaptive immune response of the lower respiratory tract

The respiratory tract is constantly exposed to the external environment which con-
tains numerous particles and molecules that can potentially trigger an inflammatory 
reaction. An important anatomical feature of the respiratory system in general and 
the lungs in particular is that it has a large surface area of epithelium that is constantly 
exposed to the external environment and, at the same time, is highly vascularized. 
This anatomical feature makes the respiratory tract and the lungs to be the major 
portal of entry for many pathogens including a wide array of respiratory viruses [46].

The respiratory immune system must discriminate between potentially harm-
ful pathogens and those that are innocuous. Most diseases of the respiratory tract 
involve contributions from both the innate and adaptive immune systems. Complex 
interactions occur during most respiratory tract infections. A number of systems are 
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involved in the overall immune responses within the respiratory tract and include 
epithelium-immune system interactions, early effector mechanisms, the influence 
of the microbiome and immunomodulatory and regulatory  pathways [47].

As opposed to the innate immune system, the adaptive immune system (or 
acquired immune system) is highly specific to a particular pathogen. The adaptive 
immunity is also able to provide long-term immune protection. The cells respon-
sible for carrying out the acquired immune response are the lymphocytes.

Many respiratory tract viral infections result in mild, self-limited disease. 
However, other viruses like the SARS-CoV-2 and certain type A influenza virus strains 
such as the highly pathogenic avian H5N1 viruses can produce severe and frequently 
fatal infections and can also target epithelial cells of the conducting airways [5].

Many types of immune cells such as dendritic cells, macrophages, neutrophils, 
eosinophils, and B and T lymphocytes, contribute to lung immunity. Cell-mediated 

Figure 3. 
Adaptive immune responses build and shape innate immune responses.
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adaptive immune responses are key against all classes of pulmonary pathogens 
including viruses, various bacteria and fungi. Adaptive immune responses build 
upon and shape innate immune responses (Figure 3). They depend on sequential 
pairwise interactions between three cell types: T-cells, Natural Killer (NK) cells, and 
Dendritic Cells (DCs).

Dendritic cells (DCs) are also known as accessory cells whose function is to 
ingest and process antigen material and then present it on their surfaces to the 
T cells. DCs migrate to local lymph nodes once activated by antigens and within 
the lymph nodes they interact with T cells and B cells to initiate and orchestrate 
the adaptive immune response. Thus, dendritic cells act as messengers between the 
innate and the adaptive immune systems [48].

Upon virus exposure, dendritic cells in the lungs mature and traffic to the local 
draining lymph nodes (cervical and mediastinal lymph nodes), where they display 
peptide antigen to naïve CD4 T cells. After being exposed to antigen, the antigen-
specific T cells then become activated and initiate a program of proliferation and 
differentiation, resulting in the production of effector cells that have the capacity 
to migrate to the lung and terminate the infection [46]. T cells mediate viral clear-
ance via cytokine production or direct cytolytic mechanisms which may be either 
perforin or Fas mediated pathways [49].

During the course of a respiratory virus infection, pools of memory T cells are 
established that persist for the life of the individual. These CD4 T cells differ signifi-
cantly from their naive precursors in that they persist at a high frequency, generate 
rapid effector functions in response to antigen exposure, have distinct cytokine 
production profiles, have low requirements for co-stimulation, and have reduced 
susceptibility to apoptosis. Many memory cells can be found in secondary lymphoid 
organs, such as the draining lymph nodes and the spleen [46, 50, 51].

7. Conclusion

The respiratory system will continue to attract attention in terms of research 
particularly during and in the post covid-19 era. Thus, understanding the 
functional anatomy and immunology of the respiratory tract will be cardinal. 
Respiratory diseases will undoubtedly continue to be major public health problems 
worldwide, with unpredictable morbidities and mortalities. To date, although con-
siderable progress had been in understanding the functional anatomy and immu-
nology of the respiratory tract, there was need to put the subject in the context of 
the covid-19 pandemic in order to complement the prevailing research efforts in 
combating covid-19. Much remains to be done in terms of predicting respiratory 
disease prior to symptoms and also in the development of novel and new treatments 
in a more personalized manner [52, 53].
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Abstract

In the pandemic of COVID-19, while living normals have been changing, there 
have been a huge effort globally to find out effective and safe treatment agents 
and vaccines. As of now, the advances show the progress in vaccine development, 
however the treatment of the COVID-19 is yet not fully specified. The drugs, i.e. 
antibiotics, antivirals, antimalarians, even anti-HIV agents which have been known 
already were taken out of the shelves and brought into use in different combinations. 
On the other hand, the cellular treatment, more specifically the mesenchymal stem 
cell therapy has been encouraged, resulting in various evidence published all over the 
world. This chapter aims to compile the published information, in means of meth-
ods, disease manifestations, results and limitations, about the stem cell treatment of 
the COVID-19 and to provide a source of harmonized reference for scientific society.

Keywords: mesenchymal stem cell, cellular therapy, regenerative, restorative, 
personalised medicine

1. Introduction

Since the global living routine have been dramatically changed by a novel virus 
called SARS-CoV-2, scientific community has been working hard on the under-
standing of the pathophysiology of the COVID-19 infection caused by this virus, 
and the methods of preventing and treating the disease. The spectrum of clinical 
manifestations of COVID-19 varies from asymptomatic or somewhat mild-disease 
(81%) to severe clinical conditions characterized by respiratory failure requiring 
mechanical ventilation (14%) and to critical systemic presentations with multiple 
organ dysfunction syndromes or failures (5%) [1, 2].

There is a huge effort to develop vaccines, some are developed and received the 
accelerated access at the moment, however, there is no specific antiviral treatment 
recommended or appreved for COVID-19, yet. Current therapeutic strategies are 
only supportive and oxygen therapy represents the primary treatment intervention 
for patients with severe pneumonia. The medications that have already been known 
such as anti-viral, anti-malarial, and anti-inflammatory agents have been taken 
from the shelves and began to be used as the emergency state action to improve 
the recovery of the patients and increase the survival. Whilst these treatments can 
improve patient’s recovery and survival to some extend, these therapeutic strategies 
do not lead to unequivocal restoration of the lung damage inflicted by this disease 
[3]. The outcome so far shows that the antibiotics are ineffective; although systemic 
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corticosteroids seem be effective, they also reduce the immune system activity and 
thus its ability to fight against the infection. It is of crucial importance to save the 
patients with severe COVID-19 pneumonia, to prevent and even reverse the cyto-
kine storm along with inhibiting the viral replication [4].

The cellular therapies with mesenchymal stem cells (MSCs) are attracting atten-
tion as they could offer a new therapeutic approach in this context. These stem cells 
have broad pharmacological effects, including anti-inflammatory, immunomodula-
tory, regenerative, pro-angiogenic and even anti-fibrotic properties [5].

Stem cells, in particular MSCs, exert their immunomodulatory, anti-oxidant, 
and reparative therapeutic effects likely through secreted extracellular vesicles 
(EVs), and therefore, could be beneficial, alone or in combination with other thera-
peutic agents, in patients diagnosed with COVID-19 [3, 6]. They are are emerging 
as new promising treatments, since they could not only attenuate the inflammation 
but also regenerate the lung damage caused by COVID-19 [7, 8].

In this chapter, we outline the information about this novel virus, and the patho-
physiology of the COVID-19 infection, the mechanisms of cytokine storm and lung 
damage caused by SARS-CoV-2 virus and how mesenchymal stem cells (MSCs) 
can be utilized to hamper this damage by harnessing their regenerative properties. 
The potential of these ancestor cells in the enhanced clinical utility in treating the 
COVID-19 patients along with the opportunuties major roadblocks to progressing 
these promising curative therapies toward mainstream treatment for COVID-19 
have also been evaluated.

2. SARS-CoV-2 infection: what to focus

2.1 SARS-CoV-2 virus

Belonging to the β Coronavirus family, SARS-CoV2 is a single-stranded RNA, 
enveloped virus of 50-200 nm diameter [9]. Spike Glycoprotein (S) is the vital protein 
consisting of three S1-S2 heterodimers that bind to angiotensin-converting enzyme 2 
(ACE2) receptor on type II pneumocyte in the lung tissue [3, 9, 10]. Besides S protein, 
enetically SARS-CoV-2 is constructed on structural proteins of membrane (M), enve-
lope (E), and nucleocapsid (N) proteins. Spread of the virus is managed by the high 
affinity of S proteins to ACE2 receptors that are expressed in human organs, princi-
pally in lung alveolar epithelial cells and enterocytes of the small intestine [11, 12].

Once the SARS-CoV-2 virus enters into the type II pneumocyte and capillary 
endothelium by endocytosis, it increases in the cytoplasm. Apoptosis is induced by 
yhe stress in the pneumocytes. Besides, the viral RNA acts as a pathogen-associated 
molecular pattern and is recognized by the pattern recognition receptor or toll-
like receptors. Subsequent chemokine attraction causes neutrophil migration and 
activation. Then the destruction of the alveolar-capillary walls occur. This leads to 
the lost interface between the intra-alveolar space and the stroma. Therefore, fluid 
leaks through and fills into the alveolar spaces [13, 14].

One of the prominent features of SARS-CoV-2 is its being more inclinable to infect 
the human lung and higher, 3.20-fold faster, duplication time than SARS-CoV [15].

2.2 The development of the SARS-CoV-2 infection

2.2.1 In the society

Modes of transmission occurs through droplet transmission, fecal-oral route, 
conjunctiva and fomites [13, 14]. Also, the local transmission can be traced back to 
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the patient’s body fluids such as respiratory droplets, saliva, feces, and urine [15]. 
The virion is stabilized at lower temperatures, i.e., 4 °C has higher survival than 
22 °C [16, 17].

Before the clinical symptoms presentation, during the symptomatic stage and 
even during the recovery period, the patients with COVID-19 can spread the infec-
tion, because SARS-CoV-2 virions are shed throughout the clinical course.

When it comes to the residence time of the SARS-CoV-2 virion on surfaces, it has 
been known that the viable residence time of SARS-CoV-1 in aerosols, copper, card-
board, stainless steel, and plastic are 3 h, 4 h, 24 h, 48 h, and 72 h, respectively [18].

2.2.2 In the clinics

2.2.2.1 Clinical presentation of COVID-19

The symptoms and relevant clinical presentations of COVID-19 was deeply elabo-
rated in WHO-China joint report [19]. Cases of 85%, present with pyrexia in but 
only 45% are febrile on early presentation [20]. Cough is seen in 67.7% of patients 
and sputum is seen in 33.4%. Cases show respiratory symptoms such as dyspnea 
(18.6%), sore throat (13.9%), and nasal congestion (4.8%) [20]. General symptoms 
such as muscle or bone aches (14.8%), chills (11.4%), and headache (13.6%) are also 
seen [20]. Gastrointestinal symptoms including nausea/vomiting and diarrhea are 
observed in 5% and 3.7% of the cases, respectively. These clinical presentations of 
COVID-19 were consistent in similar studies on COVID-19 cases in China [21–24].

In SARSCoV- 2 infected severe cases, fatal acute respiratory distress syndrome 
(ARDS), associated with monocyte and macrophage infiltration, diffuse alveolar 
damage, and cellular fibromyxoid exudates have been confirmed [25, 26] with 
mortality reported as high as 52.4% [27]. At the 7th–10th days of the manifesta-
tions of immune dysregulation, including cytokine release syndrome with elevated 
cytokine levels (IL-6, IL-8, IL-1, IL2R, IL-10, and TNF-α), lymphopenia (in CD4+ 
and CD8+ T cells), and decreases in IFN-γ expression in CD4+ T cells [26–28]. It is 
suggested that the cytokine storm or response may weaken the adaptive immunity 
against COVID-19 infection, [29] which is associated with atrophy of the secondary 
lymphoid tissues [25]. The risk of the success of the anti-inflammatory treatment 
comes from the secondary infections [30].

In severely damaged the lung tissue the ARDS develops which can further turns 
to septic shock. These two complications are the major issues in intensive care unit 
(ICU) care. The mortality from COVID-19 in patients older than 60 years, with 
smoking history, and comorbid medical conditions including but not limited to 
hypertension, cardiovascular and cerebrovascular disease, and diabetes also occurs 
from these complications. Notably, smoking and older age group patients tend to 
have a higher density of ACE2 receptors [13].

Asymptomatic or presymptomatic infection takes its naming from the patients 
which are the most majority of the all cases have no symptoms although they 
test positive for SARS-Cov-2 by reverse-transcriptase polymerase chain reaction 
(RT-PCR). The rest of the cases demonstrate the symptoms of fever (98%), cough 
(76%), dyspnoea (55%) and myalgia or fatigue (44%). Other signs, such as sputum 
production (28%), headache (8%), haemoptysis (5%) and diarrhoea (3%), may 
also be present [31]. On the other hand, the severe cases are seen in the clinics and 
are typically characterised by pneumonia and usually accompanied by the compli-
cations of ARDS [31, 32], acute cardiac injury [33], and secondary infections [34].

ARDS is the most significant complication in severe cases of COVID-19, and it 
affects 20–41% of hospitalized patients [31, 35] besides, heart failure, renal failure, 
liver damage, shock and multi-organ failure have also been observed as complications.
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Clinical manifestation severity has been seen in a stratification which depends 
on symptomatology [36] (Figure 1). Adult COVID-19 cases may be grouped as 
follows [37, 38]:

1. Mild: The cases with any of the various signs and symptoms of COVID-19 (e.g. 
muscle pain, fever, malaise, headache, cough, sore throat) but the absence of 
breath shortness, dyspnoea or abnormal chest imaging.

2. Moderate: The cases with showing signs of lower respiratory illness by clinical 
assessment or imaging and peripheral oxygen saturation (SpO2) ≥ 94% (room 
air at sea level).

3. Severe: The cases characterized by breathing rates ≥30 breaths/min, 
SpO2 < 94% (room air at sea level); a ratio of arterial partial pressure of oxygen 
to fraction of inspired oxygen (PaO2/FiO2) less than 300 mmHg, or lung infil-
trates greater than 50%.

4. Critical: The patients presenting with respiratory failure requiring mechanical 
ventilation, septic shock and/or multiple organ dysfunctions [36].

As the RNA expression is detectable across a wide range of human tissues [39], 
it is thought that the multi-organ dysfunction is probably linked to the expression 
pattern of ACE2 gene. The cells, tissues and organs most affected are those with high 
ACE2 expression, the entry receptor or opening doors for SARS-Cov-2. The research 
has shown that ACE2 is abundantly expressed in the epithelia of the lung and small 
intestine in humans, for possible routes of the SARS-Cov-2 [40]. Since the recent data 
suggest that cell-surface expression on the lungs is below the detection limit [41], it has 
been proposed that the COVID-19 disease pathology would not be directly correlate 
with ACE2 cell-surface protein expression [41]. As reported for the heart and kidneys, 
the said disparity may be linked to the selective, transient expression of ACE2 [42, 43].

Health condition of the patients suddenly detoriates in the later stages of 
diseases progression. Death comes right after the fast multiple organs’ failure 
and ARDS. Cytokine storm has been indicated as the causal factor for ARDS and 
multiple organ failure [44, 45]. WHO has announced the case fatality rate of 

Figure 1. 
Clinical stages and the manifestations of COVID-19 disease.
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COVID-19 as ranging from 0.3 to 1%, higher than that of influenza A which is 0.1%. 
The epidemiological studies reported from the countries implementing COVID-19 
mitigation strategies revealed that almost 80% of patients of COVID-19 had no 
symptoms or mild disease, whereas 14% of the patients had severe symptoms, and 
6% of them were in critical condition [46].

2.2.2.2 COVID-19 disease management

The management of viral pneumonia is supportive in absence of specific treat-
ment. The most dominating symptoms are fever and dry cough, therefore the first-
line antipyretic agent antitussive medications [47]. Oxygen supplementation at 5 L/
min must be administered for patients requiring ARDS treatment and the oxygen 
saturation target must be ≥92–95% in pregnant cases, ≥90% in other cases [48].

Conventionally, the complications of septic shock and acute kidney injury 
should be managed with relevant sepsis and renal replacement therapies [49]. In 
the middle to later course of COVID-19, some of the cases may develop overlapping 
bacterial and/or fungal infection. In these cases, the empiric antimicrobial treat-
ment should be provided.

The WHO has been recommending the usage of extracorporeal membrane oxy-
genation in the patients who sustain hypoxia refractory to supplementary oxygen 
[49]. Or else, the convalescent plasma and IgG are used as rescue therapy in critical 
cases, without any solid evidence for the benefit of this practice. Most of the cases 
demonstrate vital health measures to control COVID-19 spreading. If the public health 
measures are not taken properly, there will be a patient burden that exceeding the 
volume of ICU beds and mechanical ventilation, as seen in the crisis in Italy. Hence, the 
objective of the COVID-19 management lies on the maintenance of social distancing 
to suppress the rapid emergence inflow of new cases. This epidemiological approach 
is called as flattening of the curve. The public health interest should be for identifying 
and isolating the infective cases, attain and maintain contact tracing and isolation [50].

3. The pathophysiology of the SARS-CoV-2 infection: what we know

3.1 Cytokine storm

The story of the cytokine ‘breeze’ transformation to the ‘storm’ starts with the 
infection of the cell through receptor−ligand interactions which activates massive 
numbers of leucocytes, particularly B cells, T cells, natural killer cells, monocytes, den-
dritic cells and macrophages. The release of inflammatory cytokines from these cells 
attract and activate more white blood cells. Cytokine breeze starts locally post-primary 
infection with appearing classical signs of inflammation including, calour (heat), 
dolour (pain), rubor (redness), tumour (swelling or oedema) and loss of function. 
At the beginning, the localized response works for eliminating the trigger. The host 
response involving the increase in blood flow, facilitation of leucocyte extravasation 
and delivery of plasma proteins to the site of injury, increase in body temperature and 
pain triggering spreads throughout the body via systemic circulation. These responses 
along with the host repair processes results in either gradually restored organ function 
or recovery happening by fibrosis which may lead organ dysfunction [51, 52].

Fibroblasts proliferate and invade the intra-alveolar zone constructing fibroblast 
foci. This seems as the beginning of the pulmonary fibrosis pathogenesis [53]. Lung 
sections from two patients with early-phase COVID-19 pneumonia demonstrated 
the characteristics similar to this initiation step of fibrosis [54]. Fibroblast foci were 
observed in the airways, besides the edema, type II pneumocyte hyperplasia with 
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infiltration of inflammatory cellular and multinucleated cells. Some reactive epithe-
lial hyperplasia areas are also abundant alveolar macrophages [54]. The SARS-CoV-2 
caused progressing injury of the alveolar zone, apears to establish a pro-inflamma-
tory microenvironment triggering this aberrant response with partial replacement of 
normal tissue by fibrous tissue. Since the severe and critical COVID-19 presentations 
show strong involvement of inflammatory components and possibly loss of resident 
stem cell stocks, the research is focused in investigating the role of cellular therapy 
using immune response-suppressing MSCs for COVID-19 therapy [55].

In COVID-19, the extend of the cytokine release can be the ground for the 
diversity of the clinical manifestations. The term ‘cytokine breeze’ meaning a mild/
nonlethal cytokine release response to infection includes the symptoms of increased 
local temperature (heat), myalgia, arthralgia, nausea, rash, depression, and other 
mild flu-like symptoms. The compensatory repair process in the body is launched 
for the reparation of the organs and tissues affected. The term ‘cytokine strom’ is 
used to describe the similar sudden and uncontrolled cytokine releases observed in 
autoimmune, hemophagocytic lymphohistiocytosis, sepsis, cancers, acute immuno-
therapy responses, and infectious diseases [56, 57].

All these cytokine strom ailments were not only observed in SARS-Cov-2, 
but also previously reported in SARS-Cov-1 and MERS-Cov cohorts [58, 59]. 
Hyperinflammation, though, is characteristic for SARS-Cov-2 which is a unique 
immunological feature of COVID-19. The data reported from recovered and 
seriously ill patients suggests that there is a significant relationship between severe 
inflammation and mortality. The main components of the cytokine strom are the 
critical pro-inflammatory immune elements in the inflammation site [51]. Once 
the immune system is activated by infection, drug or any stimulus, the cytokines 
(IFN, IL, chemokines, CSF, TNF, etc.) are released in high levels into the circulation 
leading to deleterious and diffuse impact on multiple organs.

At the moment, the factors responsible for triggering the inflammatory sequence 
resulting in cytokine strom are still ambiguous. It is attributed to an imbalance in 
immune-system regulation resulting from increasing immune cell activation via 
TLR or other mechanism and decreasing in anti-inflammatory response.

Altough the local and systemic cytokine responses of host to theinfection are 
essential parts of the host’s initial response to infection, a cytokine strom, due to the 
harmful effects on the host, almost always is a pathological process [31]. Normally, 
to keep the pathogen under control, the cytokines released from natural killer (NK) 
cells and macrophages, activated T cells, and humoral immunity work to resolve 
the inflammation, along with the antibody-dependent cell-mediated cytotoxicity 
[60]. When looked in some more detail, epithelial cells produce local cytokines 
like IFN-𝛼𝛼/𝛽𝛽 and IL-1𝛽𝛽 which can protect neighbouring cells by stimulating IFN-
stimulated gene expression. This also activates the immune competent cells such 
as NK cells. In turn, the lytic potential of NK cells increased and IFN-𝛾𝛾 secretion 
is potentiated [61]. IFN-𝛾𝛾 actives the resident macrophages which amplifies TLR-
mediated stimulation, specifically induce the high NK cells release [62]. On one 
side, the IL-12 acts to increase NK IFN-𝛾𝛾 secretion, on the other side, increased 
levels of IL-6 also may limit the immune response by its effects on the cytotoxic 
activity of NK cells via the down-regulation of intracellular perforin and granzyme 
B levels [63]. The disease does not regress but progress further, the activities of the 
T cells and humoral responses causes additional cytokine responses. This process, 
like pouring petrol on fire, results in greater or sustained antigen release and added 
TLR ligands from viral-induced cytotoxicity [64]. Concurrently, an insufficient 
negative feedback mechanism by IL-10 and IL-4 would be expected to increase 
the severity of cytokine responses toward a cytokine storm. The exacerbated fire 
of the lethal cytokine storm reveals widespread alveolar damage characterized by 
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hyaline membrane formation and infiltration of interstitial lymphocytes [65, 66]. 
In COVID-19 disease, a cytokine storm is demonstrated frequently in patients with 
severe-to-critical symptoms; concurrently the lymphocytes and NK cell counts are 
sharply reduced with elevations in levels of D-dimer, C-reactive protein (CRP), 
ferritin, and procalcitonin which are the inflammation biomarkers [67].

As the reported evidence regarding the immunological response to SARS-CoV-2 
is quite limited, we are able to compile and interpret the relevant information 
from the published information. After the host is invaded by the virus, host innate 
immune system through pattern recognition receptors (PRRs) including C-type 
lectin-like receptors, Toll-like receptor (TLR), NOD-like receptor (NLR), and RIG-I 
like receptor (RLR), is the first to pick out [68]. The inflammatory factors’ expres-
sion, dendritic cells’ maturation, and type I interferons (IFNs) synthesis are pro-
moted by the virus for basically two main purposes: limiting the spread of the virus, 
and phagocytosis of the viral antigens [68]. Whilst the escape of the virus from the 
immune responses is facilitated by the N protein of the virus [69], a strong troop of 
the adaptive immune response joins the combat against the virus, with its elements 
of T lymphocytes including CD4+ and CD8+ T cells. CD4+ T cells stimulate B cells to 
produce virus-specific antibodies, and CD8+ T cells directly kill virus-infected cells. 
T helper cells produce proinflammatory cytokines to enhance the antiinflamma-
tory process. Paradoxically, SARS-CoV-2 induces the apoptosis of the T cells, hence 
inhibit their function. The major role of humoral immunity over its complements 
such as C3a and C5a and antibodies cannot be overlooked in the fight against the 
virus [70, 71]. Here comes another paradox where the immune system overreaction 
of the generates a large amount of free radicals locally causing severe damages to the 
lungs and other organs, even multi-organ failure and even death [62, 72].

In severe cases, it has been reported that SARS-CoV-2 affects heart, kidney, 
liver, GI-system, resulting in multiple organ dysfunction and in some cases even 
death [73]. One study supports that the novel virus also could potentially infect the 
enterocytes through a ACE2 enzyme; as ACE2 is highly expressed on enterocytes 
may help to explain why diarrhea occurs with acute infection as well as the fecal 
shedding observed [74]. Since the ACE-2 receptors are also expressed on other tis-
sues like kidney, liver, heart and digestive system organs; thus, explaining the rapid 
progression towards systemic inflammatory conditions as observed in critically ill 
patients [75]. Hence, it is worth to consider that the infection spreading in broader 
scale would have impact the inflammatory cascade sources in a number of tissues in 
several organs, besides the lung.

4. The treatment options in SARS-CoV-2: what to use

Based on evidence from laboratory, animal, and clinical studies, the WHO 
recommends the drugs for treatment of COVID-19 includes Remdesivir, 
Lopinavir/Ritonavir, Lopinavir/Ritonavir with interferon beta-1a, chloroquine, 
and hydroxychloroquine [76].

Remdesivir is a monophosphoramide prodrug that causes premature termina-
tion of viral RNA replication. It was developed against Ebola, MERS-CoV, and 
SARS-CoV, before the COVID-19 pandemic shook the globe. Potent interference of 
remdesivir with the NSP12 polymeras3e of SARS-CoV-2 was shown in vitro despite 
intact ExoN proofreading activity [73, 77]. It is suggested that when the baricitinib 
which is an inflammatory drug used in combination with anti-viral drugs like 
Remidesivir, increases the potential of the drug to reduce viral infection [78, 79].

The Lopinavir/Ritonavir drugis a protease inhibitors combination. It is usually 
used to treat HIV infection; from the laboratory experiments, it is evident that 
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these drugs could be used to treat the COVID-19 infections [80]. The lopinavir and 
ritonavir are used as a regimen single-agent or combination with either ribavirin 
or interferon-α [81]. It is also reported that the interferon beta-1a, which is used 
to treat multiple sclerosis, can also be used as a remedial approach for COVID-19 
disease [73].

A randomised controlled trial (ChiCTR 2000029308) aimed to evaluate the 
efficiency and safety of lopinavir and ritonavir in severe COVID-19 patients, com-
paring lopinavir-ritonavir (n: 99) to standard care (n: 100). There was a significant 
difference in the time to clinical improvement between the two groups on day 14, 
whereas this difference was not statistically significant on day 28. The decrease of 
5.8% in mortality at 28 days and the length of stay in the ICU reduced as five days in 
the lopinavir-ritonavir treatment [82].

Spike protein from virus binds to ACE2 or CD147 on the host cell, mediating viral 
invasion and dissemination of virus among other cells [55, 83]. In addition to ACE2, 
it has recently been demonstrated that S protein of novel virus also binds to CD147. 
Meplazumab which is an anti-CD147 humanized antibody, co-immunoprecipitation, 
ELISA, and immuno-electron microscope were handled to demonstrate the new 
CD147 path of viral invasion. This importanty evidence has been providing a key target 
for the development and administration of specific anti-SARS-CoV-2 medicines [84].

ACE Inhibitor and Angiotensin Receptor-1 Blocker are also medications used 
for the curative purposes of COVID-19. As already mentioned, SARS-CoV-2 enters 
the type II pneumocytes via the ACE2 receptor. Functionally ACE2 receptor has 
a mutual physiological action to ACE1, it converts the angiotensin II back into 
angiotensin I. Thus, patients taking receptor blocker will have an increased plasma 
angiotensin II. On the contrary, patients taking inhibitor will have low angiotensin 
II levels [85, 86]. Its effect in the alveolar tissue is still unknown. Discontinuation 
of ACEi or ARBs is not recommended yet as hypertension is an acute risk of discon-
tinuation and can exacerbate the clinical course and increase mortality of COVID-
19 if infected by SARS-CoV-2. Although chloroquine is an anti-malarial medication, 
it can inhibit pH-dependent stages of replication in viruses, as well as having 
immunomodulation which is dependent on the suppression of cytokines (IL-6 and 
TNF-α) production and dissemination. Secondary COVID-19 rates can be mini-
mized with pre- and post-exposure prophylaxis in an individual with document 
exposure to SARS-CoV-2. Therefore, hydroxychloroquine has been hypothesized to 
be an adequate chemoprophylaxis candidate to reduce secondary COVID-19 [87].

WHO recommends to continue the use of ibuprofen as antipyretic agent, yet the 
first-line antipyretic remains to be acetaminophen.

The use of systemic corticosteroids in the management of ARDS secondary to 
viral pneumonia is debatable. The rationale behind this that the corticosteroids pro-
long the viral shedding time and maintain a systemic anti-inflammatory condition. 
This will minimize the precipitation of ARDS, dyspnea, and severe pneumonia.

The systemic corticosteroid usage in the management of ARDS developed due 
to viral pneumonia is still under discussion. The aim of this medication use is that 
corticosteroids prolong the viral shedding time and maintain a systemic anti-
inflammatory state that will minimize the precipitation of ARDS, dyspnea, and 
severe pneumonia [76].

Considerable amount of protection is provided by the convalescent plasma col-
lected from donors who have survived an infectious disease by developing antibod-
ies is considered to provide a great degree of protection for recipients affected by 
the emerging virus [88]. Convalescent plasma is an old tool that has been success-
fully used to treat numerous infectious diseases, including the 2003 SARS-CoV-1 
epidemic, 2009–2010 H1N1 influenza virus pandemic, and 2012 MERS-CoV 
epidemic [88–91] for which there is no effective treatment.
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Based on the clinical effectiveness of convalescent plasma, such as signs of 
improvement approximately 1 week after convalescent plasma transfusion, effectively 
neutralizing SARS-CoV-2, leading to impeded inflammatory responses and improved 
symptom conditions without severe adverse events the FDA has granted clinical 
permission for applying convalescent plasma to the treatment of critically ill COVID-
19 patients [92]. Antibiotics with immunomodulatory actions are used in therapy with 
antiviral drugs and to avoid secondary infections, such as bacterial and fungal infec-
tions in patients. Besides their antimicrobial function, antibiotics such as Azithromycin 
show immunomodulatory properties, which can reduce inflammatory macrophage 
polarization and inhibit NF-κB signaling pathways, minimizing the hyperinflam-
mation damage. Since the beginning, antibiotics have been used with good results in 
mortality reduction and shortening of intubation time in COVID-19 disease [93, 94].

The expressive number of deaths and confirmed cases of SARS-CoV-2 call for an 
urgent demand of effective and available drugs for COVID-19 treatment. Currently, 
multiple avenues for therapies are being explored.

5. The mesenchymal stem cells or medicinal signalling cells

Human mesenchymal stromal cells are also recognised as mesenchymal stem 
cells and medicinal signaling cells (MSCs). The reason of why the MSCs are 
named as ‘mesenchymal’ is their residence in the mesodermal niche, and their 
multipotency. They are also termed as mesenchymal stromal cells, if they fulfill the 
minimum criteria of adherence, expression of CD105, CD73, and CD90, absence of 
CD45, CD34, CD14 or CD11b, CD79a or CD19, and HLA-DR cell surface markers as 
well as gives rise to descendant lineages including myocytes, adipocytes, chondro-
cytes, and osteocytes [95, 96] as characterized by International Society of Stromal 
Therapy (ISCT) in 2005 [97].

Since initial isolation from the bone marrow (BM), MSCs have been found in 
numerous adult and fetal-derived organs/tissues such as adipose tissue, dental pulp, 
umbilical cord, and placenta [98]. For translational research, MSCs are categorized 
into different generations according to their preparation strategy as minimally 
manipulated, culture-expanded, lineage induced, or genetically modified [99].

Another recommendation of naming is “medicinal signaling cells”, as inspired by 
the fact that these cells possess the properties of homing and secrete bioactive fac-
tors that possess the immunomodulatory and regenerative potential. These features 
give these cells the ability to act as drugs in situ and they have shown site-specific 
therapeutic outcomes. The infused exogenous MSCs were shown to signal resident 
stem cells of the patient to repair the damage via their bioactive factors instead of 
undergoing their differentiation [100]. For both research and clinical purposes, 
large amounts of MSCs can be isolated from the embryo, fetus as well as adult stem 
cell sources, including bone marrow, umbilical cord blood, adipose tissue, menstrual 
blood, Wharton’s jelly, amniotic fluid and human deciduous teeth [101, 102].

Our age is the time of MSCs, thanks to the self-renewal and differentiation proper-
ties, have already demonstrated a promising role in treating numerous life-threatening 
diseases as part of the modern research and regenerative medicine [103]. Depending 
on their origin, stem cells can be divided into three categories of embryonic, fetal and 
adult stem cells [104]. Indeed, fetal and embryonic stem cells have a higher potential 
than adult stem cells. The adults stem cells are more used in the research and develop-
ment because they have the availability and less ethical issues. Bone marrow, fat tissue, 
human dental pulp and umbilical cord blood are amongs the numerous sources of 
adult stem cells, which are of crucial importance in regenerative medicine. The tech-
nology, moreover, allow these stem cells to be isolated and protected in stem cell banks 
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under low temperature for many years without losing their potential. Particularly, the 
umbilical cord blood and bone marrow are the reservoirs of both hematopoietic stem 
cells and MSCs. It has been known that the MSCs are the most explored and exploited 
categories of stem cells in treating various disorders [102].

MSCs have the differentiation capacity toward trilineage paraxial mesodermal 
derivates such as bone, cartilage, and fat. Besides, immunomodulatory properties 
of MSCs allow for expansion of therapeutic use of them in regenerative medicine 
in inflammatory diseases, in addition to the allogeneic allogeneic use [105–108]. 
Interestingly, the first published evidence in the allogeneic MSCs use in inflamma-
tory disease is a pediatric case with acute refractory graft-vs-host-disease (GVHD) in 
2004 in which MSCs derived form bone marrow were given. In this study, the patient 
transplanted MSCs survived in well condition 1 year after MSC treatment, while other 
24 patients having severe GVHD showed the median survival rate as 2 months [109]. 
After this pioneering evidence, MSC immunomodulation has shown to be broad-
based, best detailed for CD4 lymphocytes but also for dendritic cells and natural killer 
cells [110, 111]. As evident by the increasing MSC trials focusing on immune/inflam-
matory diseases in recent years which are accounted for almost one-third of the trials, 
the clinical importance of the immunomodulatory properties is compromised  
[112–114]. General charateristics of the MSCs is their being fibroblast shaped cells 
which are plastic adherent; fulfilling the criteria of stem cells and MSC as well as stro-
mal cell types [109, 115]. The immunomodulatory activities are suggested to include:

a. inhibition of the proliferation and function of dendritic cells, T and B cells, as 
well as NK cells.

b. polarization of monocyte to anti-inflammatory macrophages called M2 cells.

c. production of IL-10 and decreased production of TNF-α and IL-12 [116, 117].

In addition, MSCs have powerful antifibrotic effects which may alleviate lung 
fibrosis [118, 119].

Lately, there have been increasing reports revealing that the MSCs induce thera-
peutic characteristics by releasing bioactive substances known as secretomes in a 
paracrine path [120]. The soluable proteins such as chemokines, growth factors, 
cytokines, and extracellular vesicles (EVs) including microvesicles and exosomes 
present in the MSC-secretomes [121]. MSCs, like all other stem cells, when the cul-
ture medium or secretome are injected into the patients, show paracrine signalling to 
take in these molecules to the cells in vicinity [122]. The exosomes contain bioactive 
molecules, including microRNAs (miRNA), transfer RNAs (tRNA), long noncoding 
RNAs (lncRNA), growth factors, proteins, and lipids. Of note, the lipid content of 
the exosomes is an added value by facilitating the infusion of the exosomes attracted 
to the plasma membrane of the neighboring cells [123]. Once the molecules content 
of the secretome is internalized, the neighboring cells modulate various downstream 
pathways, including immunomodulation, suppression of apoptosis, prevention of 
fibrosis, and remodelling or repair of the damaged tissues [120, 124].

Several studies with drugs targeting GM-CSF, IL-6, IL-1, IL-2 and TNF-α is 
already in the pipeline which aims to calm down the inflammatory response in 
COVID-19 patients. MSCs are well-known for their immuno-modulatory properties 
including the anti-inflammatory cytokines/chemokines secretion, anti-apoptotic 
effect and their reparative ability for the damaged epithelial cells. Their inherent 
nature to migrate towards injured lungs and secretion of paracrine factors which 
protects and repair alveolar cells; make MSCs a potential therapeutic option for 
COVID-19 treatment. Recently, MSCs have been widely studied from basic research 
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to clinical trials particularly for immune-mediated inflammatory diseases such as 
systemic lypus erythematous (SLE) and GVHD [125–127].

6. The mesenchymal stem cell treatment in COVID-19: what to prove

The therapy using MSCs usually covers the processes of isolation, culture, 
subculture, proliferation, and differentiation of exogenously obtained stem cells, 
which are then transplanted into patients for immune regulation and microenviron-
ment repair. The therapy success determinants are the safety and efficacy for any 
treatment. Hence the safety and effectiveness of MSCs are important as shown in a 
number of clinical trials besides fundamental studies.

MSCs have been widely used in the treatment of inflammatory diseases, such 
as in graft vs. host disease [128] and lupus erythematosus [129]. Some studies have 
shown that MSCs have definite efficacy in improvement in cardiovascular, kidney, 
liver, and other diseases [130, 131].

MSCs are able to regulate the immune response by controlling the function and 
proliferation of various immune cells. They alsocan inhibit monocyte differentia-
tion into dendritic cells (DCs) which results in upregulation of regulatory cytokines 
and downregulation of inflammatory cytokines [132]. It was suggested that sys-
temic administration of MSC resulted in reduction of H5N1 influenza virus-induced 
mortality in older patients with severe pulmonary illness [133]. Also, in patients 
with H7N9 induced ARDS, a significant improvement in survival rate was observed 
[134]. So far, MSC transplantation in human subjects with diverse disease condi-
tions has not showed any severe adverse events [135]. Therefore, it is plausible that 
MSC-therapy can be used to treat COVID-19 patients.

MSCs are evaluated as one of the most promising candidates for SARS-CoV-2 
infection treatment. Since the key target for the treatment of SARS-CoV-2 infection 
resides in the cytokine storm management in lungs, MSCs are well-suited consid-
ering their main mechanism of action is through their immunomodulatory and 
anti-inflammatory properties [129].

MSCs have immunomodulatory effects and they:

1. prevent uncontrolled cytokine or inflammatory factors production,

2. inhibit excessive immune responses, and.

3. reduce immune damage to tissues and organs.

Having the immunemodulatory properties, MSCs not only take part in sup-
pressing immune injury, but also replace and repair damaged tissue and inhibit 
lung fibrosis. Treating COVID-19 with MSCs has presented considerably good 
results [136]. Stem cell therapy can suppress the storm of cytokine release, promote 
endogenous repair by improving the microenvironment, slow the progression of 
acute lung inflammation down and relieve the symptoms of respiratory distress 
[137]. The reports suggested that the potentially COVID-19 can be successfully 
treated with MSCs therapy by the MSC regulation mechanism of the immune 
system. Studies revealed that when the MSCs are exposed to an inflammatory 
microenvironment, they can regulate immune cells and inflammatory factors, such 
as cytokines, leading the alterations in the specific or nonspecific immune responses 
in vivo. The said modulation is shown to be related to exosomes or the cytokines 
secreted by MSCs, such as transforming growth factor (TGF)-b, prostaglandin 
(PG)E-2, and interleukin (IL)-10 [138, 139].
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The regulation of the T and B lymphocytes’ functions is of special interest as it has 
been done in several ways. One of these is the T cell proliferation, which is controlled 
by inflammatory stimulation. A study on cell cycle analysis revealed that T cell subsets 
can be blocked at the G0/G1 phase. Another way of modulation is that the MSCs can 
control T cell function via cytokines, by releasing TGF-β, inhibiting the immune 
activity of Th17 cells, inducing their altering to form T regulatory cell Treg cells, or 
secreting hepatocyte growth factor to regulate the Th17/Treg cell balance [140]. The 
modulation of the B cells’ proliferation, differentiation, and antibody secretion by 
the MSCs is also important, since MSCs can affect the G0/G1 phase transition of B 
cells and regulate the antibody secretion ability of B cells through various transcrip-
tion pathways [141]. MSCs help to regulatory B cells to multiply; these B cells express 
IL-10. MSCs activate T cells to release interferons, as well. Suppression of activated 
B cells regulates the immune function of B cells, and MSCs can also affect innate 
immune cells, including macrophages and dendritic cells, to realize immune regula-
tion. Under inflammatory conditions, MSCs regulate macrophage function, as well 
[142]. Once the proinflammatory macrophages (M1) secrete the inflammatory agents, 
activated MSCs can up-regulate the cyclooxygenase (COX)-2 signal and increase 
PGE2 secretion. This thereby promotes the transformation of macrophages from 
activated proinflammatory type to selectively activated anti-inflammatory type (M2).

The MSCs releasing the anti-inflammatory factor TSG-6 and the CD44 mac-
rophages act collectively to destroy the interaction between CD44 and toll-like 
receptor-2, inhibit the nuclear factor-jB signal downstream, and reduce the 
inflammatory response [143]. On the other hand, the MSCs can secrete HGF under 
endotoxin stimulation to induce differentiation into regulatory dendritic cells and 
alleviate acute lung injury [144].

As explored by research, COVID-19 patients’ blood have large numbers of 
inflammatory factors including interferon-c, interferon-inducible protein-10, and 
monocyte chemoattractantprotein-1. Additionally, when the patients staying in ICU 
is compared with the patients in the inpatient clinics, the concentration of granulo-
cyte colony-stimulating factor (G-CSF), MCP-1, tumor necrosis factor (TNF)-a, and 
other inflammatory factors were shown to be dramaticaly higher in the ICU patients, 
hence there is a positive correlation between the severity of the cytokine storm and 
the clinical manifestations of COVID-19 [145]. As discussed previously (see section 
2.2.2) COVID-19 have a variety of clinical manifestations changing from a mild 
disease to a severe disease. This change in severity results both from complications of 
the viral infection and the cytokine storm. The cytokine storm damaging effects are 
well-known. Cytokine storm in patients with severe COVID-19 can lead to the release 
of nitricoxide, which affects the normal systolic and diastolic function of blood 
vessels, thereby causing hypotension and multi-organ hypoxia [146]. Severe patients 
have IL-6 levels ten-times higher than those in non-severe patients. In addition, the 
IL-6 levesl are closely related to the serum SARS-CoV-2 virus load and vital signs of 
patients. Some study reports have now shown that tozumab (anti-IL-6 receptor) use 
can prevent worsening of the disease [147]. The MSCs of umblical cord origin, can 
also inhibit monocyte activation and IL-6 production to inhibit the development of 
cytokine storm, these result in the improved patient’s prognosis. It has been reported 
that the microenvironment having high IL-6 levels, lead the MSCs to produce cyto-
kines and exosomes enriched with mirR-455-3p, thus calming cytokine storm down 
and treating acute inflammatory injury. However, the effect of MSCs on cytokine 
storm in patients with COVID-19 still needs further confirmation [148].

MSCs may suppress ARDS exacerbation and pulmonary fibrosis. Studies have 
revealed that, once infused or transplanted intravenously, MSCs can reside in the 
lungs and help improving the microenvironment of the lungs, protecting alveolar 
epithelial cells, promoting neovascularization, and preventing pulmonary fibrosis 
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[149, 150]. So it seems that one of the most important outcome of the MSC treat-
ment is its reparative action. The reperative function of the MSCs is managed over a 
variety of the cytokines, particularly keratinocyte growth factor (KGF) [151]. KGF 
functions through promoting alveolar fluid clearance and alleviating the acute lung 
injury induced by endotoxin by up-regulating ACE-2 [152]. Another up-regulation 
managed by KGF is that the activity of sodium potassium ATP enzyme in alveolar 
cells, resulting in the improvement in alveolar fluid transport, and this play a 
therapeutic role in ARDS and lung injury [153].

MSCs may have bacteriostatic role. There was a controversy in whether the virus 
could cause MSCs to lose their function when the MSCs are invaded by bacteria. 
Although conducted in limited number of patient size, the clinical trial reported 
from Beijing, showed that the COVID-19 virus could not infect umbilical cord MSCs 
that were infused intravenously [136]. MSCs can exert their anti-COVID-19 virus 
effect through direct and indirect mechanisms, according to the recent research. 
Direct function of the MSCs can be lined up as the direct anti-viral effect by secreting 
antibacterial peptides and proteins, indoleamine 2,3-dioxygenase, IL-17, and other 
molecules. MSCs can activate a large number of anti-virus genes independent of 
interferon, such as the IFITM gene, which can encode protein structures that prevent 
viruses from invading cells [154]. When it comes to the indirect function of the MSCs 
combating against COVID-19, they also exhibit an indirect antiviral effect through 
regulating the coordination of pro-inflammatory and anti-inflammatory actors of the 
patient’s immune system and inducing the macrophages’ functions [155–157].

The in vitro sepsis model, ARDS model, and alveolar epithelial fibrosis model 
use in the research activities demonstrated the immunoregulation and antibacterial 
and antiviral values of MSCs [156, 157]. Studies show that MSCs secrete at least 
four AMPs including, antibacterial peptide LL-37, human defensin 2, hepcidin, 
and lipocalin-2. The function of these AMPs includes killing cells, inhibiting the 
synthesis of essential proteins, DNA, and RNA of infected cells, interacting with 
certain targets in infected cells, and playing an active regulatory role in the infection 
and inflammatory progress of COVID-19 patients [158].

The therapeutic properties of the MSCs against SARS-CoV-2 infection include:

1. Apoptosis induction via activated T-cells alleviating excessive immune responses.

2. Regeneration and maintenance of the homeostasis in specific lung injuries.

3. Release of cytokines to inhibit neutrophil intravasation and enhance macro-
phage differentiation which helps attenuate inflammation and also promotes the 
release of extracellular vesicles which deliver microRNA, mRNA proteins and 
metabolites into host cells post lung injury which promotes repair regeneration 
and lung function restoration. Therefore MSCs should be considered as a poten-
tial treatment for critically ill patients with SARS-CoV-2 infection [159, 160].

6.1 MSC clinical studies

It has been observed that most of the clinical trials for COVID-19 treatment have 
used allogeneic stem cell source. The curative effect of MSCs in the treatment of 
COVID-19 has been shown by the two recent clinical trials. In one of them, human 
umbilical cord derived MSCs were used in three consecutive intravenous infu-
sions administered to patients with COVID-19; it was reported from this trial that 
subject demonstrated the neutrophil levels decreased significantly, lymphocytes 
increased, CD4+ T and CD8+ T cells returned to normal level, and vital signs were 
improved, after the second intravenous infusion [161]. The other trial recruited 
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seven patients with COVID-19 (two mild cases, four severe cases, and one criti-
cal case) to receive one intravenous MSC transplantation each. According to the 
published results, The patient’s regulatory dendritic cell population increased, the 
level of the pro-inflammatory factor TNFa decreased, and the level of antiinflam-
matory factor IL-10 increased, after 2–4 days after MSC transplantation [136]. This 
was a pilot study Clinical grade MSCs were injected intravenously (1 × 106 cells/
kg body weight) and the patients were followed-up for 14 days. From clinical point 
of view, a significant reduction in clinical symptoms and pneumonia infiltration 
was observed in chest CT of critically ill COVID-19 patient within 2–4 days of 
MSC-therapy. An increase in peripheral lymphocyte levels, decrease in C-reactive 
protein (CRP), drastic disappearance of activated cytokine-secreting immune cells 
(CXCR3+CD4+T-cells, CXCR3+CD8 + T-cells and CXCR3 + NK-cells) and restoration 
of regulatory DC cell population to normal levels was observed after day 6 of MSC 
transplantation. From cytokines point of view, the level of anti-inflammatory cyto-
kine IL-10 was increased and the levels of serum pro-inflammatory cytokine TNF-α 
was significantly decreased. These were considered as the indicators of the efficient 
regulation of cytokine storm in COVID-19 patients on MSC transplantation. On the 
other hand, the absence of ACE-2 receptor and TMPRSS2 on the transfused MSCs 
affirmed that they cannot get infected with SARS-Cov-2, suggesting the beneficial 
effects of the MSC-therapy in COVID-19 infection. The authors suggested that this 
clinical trial showed that transplantation of MSCs can improve the prognosis of 
patients with COVID-19 [145]. In a case report of one critically all COVI-19 case 
who is 65-year-old woman with underlying with type-II diabetes and hypertension, 
it was reported that after receiving MSC-based treatments her health improved and 
she left the ICU. The authors of this case report proposed that the possible effects 
of hUCMSCs might be anti-inflammation and tissue repair to COVID-19 patient. 
They also suggested that MSCs could down regulate proinflammatory cytokines 
and chemokines and increase IL-10 and VEGF which could promote the lung repair 
[161]. The patient didn’t respond to any anti-viral drug and the disease progressed 
to multiple organ injury. During this critical stage when the patient is ventilated, 
hUC-MSC was infused in 3 consecutive administrations in 50 × 106 cells/dose. After 
second MSC administration, ventilator was removed as the vital signs had improved 
with gradual decrease in serum albumin and CRP levels. CT images showed no infil-
tration patches of pneumonia by the end of MSC infusions. These results suggest 
that hUC-MSC can be beneficial for patient who showed resistantance to anti-viral 
drugs. The therapeutic potential of MSCs in viral infections and immunomodula-
tion capabilities to alleviate the cytokine storm, are being tested in clinical studies 
that have been initiated to further evaluate their efficiency for COVID-19 treatment.

The evidence pf the published results of the clinical trials in which the MSC 
transplantation is used for curative purposes, shows the beneficial effect of MSCs 
on the treatment of severe patients. However, more clinical data are still needed to 
confirm its effectiveness [162].

Several anti-viral drugs such as remdesivir, favipiravir, ribavirin functioning as 
RNA dependent RNA polymerase inhibitors, lopinavir, ritonavir which are protease 
inhibitors and drugs suc as hydroxychloroquine targeting endocytic pathway are 
being evaluated for COVID-19 but standard therapeutics yet not available. To fight 
against the cytokine storm, immune-therapy targeting TNFα, IL-1, IL-2, and IL-6 
and are evaluated. One of the promising immune-modulators is the MSCs adminis-
tered as add-on therapy can surmount the severity of COVID-19 infections. Recent 
studies have shown that MSC-therapy significantly dampens the cytokine storm in 
critically ill COVID-19 patients [163].

The published results of MSC add-on therapy for ARDS, with focused clini-
cal outcome measures’ analysis on safety, efficacy, and related immunologic and 
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pulmonary responses [164]. The clinical studies have demonstrated that MSC 
therapy is safe and has the potential to mitigate inflammatory and physiologic 
damage for a variety of conditions involving the central nervous, [165] cardiac, [166] 
renal, [167] gastrointestinal, [168] and respiratory [169, 170] systems. The data in the 
literature suggests similar results for MSC therapy for treating ARDS in COVID-19.

As expected, safety is the most important matter for all new therapies, especially 
in patients at high risk for death from the condition being treated and was carefully 
evaluated for MSC-treated patients in the clinical trials published. According to the 
literature review, out of the 200 ARDS patients were treated with intravenously or 
intratracheally administered MSCs or placebo, 30patients died in the active treatment 
group. None of these 30 deaths were found to be related to MSC therapy. Also, no 
other SAEs attributed to the MSC therapy. Some transient adverse effects reported, 
but all of them resolved on its own in short term. This safety profile is consistent with 
the experience of other human clinical trials involving MSC therapy [165, 171].

The clinical trials of cell-based therapy using MSCs and their safety has been 
reported in several clinical trials related to GVHD and SLE [127, 172–174]. The 
approach of MSC transplantation has been used to treat H7N9-induced ARDS patients 
and the outcome showed significant reduction in mortality rates [134]. Similarly, the 
study of MSC-based treatment for SARS-CoV-2 suggested that MSCs lack SARS-CoV-2 
infection-vital receptors (ACE2- and TMPRSS2-); so MSCs are SARS-CoV-2 infection-
free. Also, the these cells’ infusion in SARSCoV- 2-infected patients improved the 
outcomes because of their extraordinary immunosuppressant potential [136].

The potential efficacy of MSC therapy for ARDS in COVID- 19-infected patients 
is reported from a phase 1 trial. There were 9 patients enrolled. In-hospital mortal-
ity was reported as 33.3% (3/9), including two with septic shock and one with 
ventilator-induced severe pneumomediastinum and subcutaneous emphysema. 
No serious prespecified cell infusion-associated or treatment-related adverse 
events was identified in any patient. The circulating inflammatory (CD14CD33/
CD11b+CD16+/CD16+MPO+/CD11b+MPO+/CD14CD33+) and MSC mark-
ers (CD26+CD45-/CD29+CD45-/CD34+CD45-/CD44+CD45-/CD73+CD45−/
CD90+CD45-/CD105+CD45-/CD26+CD45-) were reported as progressively 
reduced and the immune cell markers such as Helper-T-cell/Cytotoxity-T-cell/
Regulatory-T-cell were notably increased after cell infusion. As a result, this phase I 
clinical trial showed that a single-dose intravenous infusion of hUC-MSCs was safe 
with favourable outcome in nine ARDS patients [175]. According to the available 
evidence, SARS-CoV-2 affects not only the lung, but also the heart and kidney with 
reported cardiomyopathy and kidney injury [171, 176]. It has been reported that the 
improved resolution of multiple organ failure or increased organ failure-free days 
with MSC treatment, which further supports their consideration for clinical use.

The safety and efficacy profile of MSCs is well-constituted based on the results 
from several completed clinical studies conducted on the therapeutic potential 
of these therapies in lung diseases such as ARDS [134, 177] as well as broncho-
pulmonary dysplasia cardiovascular diseases), diabetes [178, 179] and also spine 
injuries [180]. Although it has been still in experimental phase, the stem cell types 
investigated for possible cure of SARS-CoV-2 infections include human induced 
pluripotent stem cells. Recently, it has been reported that when iPSCs were exposed 
to SARS-CoV-2, it was presented a deleterious effect on the cells in vitro where 
the pluripotency of iPSCs was lost leading to fibroblast-like phenotype [181, 182]. 
Therefore, evidence-based selection of stem cell type for the treatment of COVID-
19 is critical for safety and efficacy.

Wraping up, it seems the MSC-therapy, when applied as add-on treatment, 
suppresses the over activated immune system through its immuno-modulatory 
properties and promotes the tissue repair of alveolar cells in lung microenvironment 
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of SARS-CoV-2 infected patients. Clearly, the data of the recent studies are 
encouraging, however they have major limitations such as the small-sized patient 
recruitment. Hence, the need for larger randomized control trials to establish the 
effectiveness and safety of MSC-therapy in SARS-Cov-2 infection is obvious.

The immense knowledge available with reference to the mechanism of action 
of MSCs and their effective potencies at a specific disease stage makes MSCs as an 
promising and effective therapeutic candidate.

6.2 Mesenchymal stem cell treatment action of mechanism

It has been demonstrated that MSCs have broad immunomodulatory, anti-
inflammatory capacity [183, 184], as well as regenerative properties [185]. MSCs 
can induce the repair of damaged tissue, and eventually prevent long-term lung 
damage resulting from COVID- 19. The stabilization of the endothelial fluid leakage 
and maintenance of the alveolar-capillary barrier function are also characteristics 
demonstrated by MSCs; obviously, these features are irrevocable to decrease lung 
permeability and attenuating the development of interstitial lung oedema [186]. 
These are the main grounds for the MSC based cellular therapy as potentially effec-
tive treatment for COVID-19 infection.

Severe cases of COVID-19 infection is characteristic with high levels of cyto-
kines in the plasma, particularly IL-6 which is a biomarker of inflammation and 
immune response. From this perspective, clinical trials using the medications such 
as Sarilumab and Tocilizumab, the antibodies anti-IL6 receptors, has been testing 
such therapeutic strategy in hospitalized COVID-19 infected patients.

Azithromycin is an antibiotic with immunomodulatory effects and invasion 
inhibitory activity. That is why this drug has been also administrated for the therapy 
of chronic inflammatory conditions, such as bronchiolitis and rosacea. Although 
the exact mechanisms of this anti-inflammatory effect are still not fully known, 
some studies presented a reduction of IL-6 levels after azithromycin treatment  
[187, 188]. What is more, another study has demonstrated that azithromycin 
increases rhinovirus-induced interferons and interferon-stimulated mRNA and 
protein expression as well as decreases rhinovirus replication and release, resulting 
in induced anti-viral responses in epithelial cells of the human brochiols [189].

After administered systemically, the majority of MSCs reside in the vascular bed 
of lungs through the interactions with the capillary endothelial cells. When labelled 
MSCs are traced, it was seen that most are cleared within 24–48 h, and there can be 
persistence in injured or inflamed lungs for a longer period [190]. It has been sug-
gested that the apoptosis and subsequent efferocytosis and phagocytosis by resident 
inflammatory and immune cells could be amongst the clearance process [191]. 
MSCs can secrete various soluble mediators including anti-inflammatory cytokines 
[192], antimicrobial peptides [193], angiogenic growth factors, as well as extracel-
lular vesicles [194] in their vicinity.

There are evidence for cell–cell transmission of mitochondria from MSCs to 
respiratory epithelial and immune cells [195]. This reveals the release of anti-
inflammatory mediators is specific for the inflammatory lung environment and 
is mediated through differential activation of damage- and pathogen-associated 
molecular pathogen receptors expressed on MSC surfaces [196, 197]. Amongst these 
receptors, Toll-like receptors are crucial; since these are activated by viral RNA in 
COVID-19 and viral unmethylated CpG-DNA (e.g. TLR9). This leads to modulate 
the pathways of cell signalling resulting in MSC activation [198]. MSCs derived 
angiopoietin-1 and keratinocyte growth factor (KGF) contribute to the reparation 
or restoration of alveolar–capillary barriers disrupted as part of ARDS pathogenesis 
[199]. On the other hand, the specific inhibitory microRNAs in extracellular vesicles 



335

Cellular Therapy as Promising Choice of Treatment for COVID-19
DOI: http://dx.doi.org/10.5772/intechopen.96900

are also described as mediating the protective effects of MSCs in pre-clinical models 
of infectious or non-infectious acute lung injuries [200].

6.3 Developing the stem cells as advanced medical products for COVID-19

Currently, there are 82 clinical trials investigating the therapeutic potential of 
mesenchymal stem cells in COVID-19 patients that are registered on clinicaltrials.
gov website; out of all these, 70 trials have (83%) the MSCs as therapeutic agent 
being tested. The allogeneic bone-marrow or umbilical cord-derived MSCs trans-
planted intravenously on three different occasions is involved in 21 studies (63%). 
Most of these trials are either recruiting patients or have not yet started the enrol-
ment. MSCs have been investigated and reported in ARDS both in pre-clinical [201] 
and clinical settings [127]. Now that, a number of promising trials are currently 
underway, which could revolutionize the regenerative or MSC-based cellular treat-
ment prospects for severe COVID- 19 patients.

Regardless of how urgent the development of MSC-based therapies for COVID-
19 is, it is critically important that the manufacturing of MSCs is in compliance with 
good manufacturing practices (GMP) and follows strict regulations prior to being 
approved for the use in humans.

The current findings clearly show that there is a huge unmet need for globally 
coordinated approach to support to conduct multicentre clinical trials aiming to 
demonstrate safety and effectiveness of various types of stem cells to treat health 
complications of novel virus. Also, there is a need in biomedical research and 
development to establish the most effective stem cell types that are ideally suited for 
the treatment of the complications.

The development of the stem cell advanced medicinal products will also require: 
(a) GMP compliant technologies to enable massive stem cell production, and (b) 
testing platforms that mimic human pathophysiology as much as possible, such as 
3D bio-printed organoids, organon- chip, to allow targeted screening and rapid 
testing of stem cells safety and efficacy. EVs appears as an attractive alternative to 
cell–based therapy, recently. EVs have several advantages compared to the whole cell 
therapy including lower risk of oncogenic effects, lower susceptibility to harm by 
hostile disease tissues and for longer-term storage. The long-term storage is funda-
mental to make the treatment accessible globally and it surrounds the requirement 
to have expensive GMP cell manufacturing facilities. The production of EVs must 
follow the same strict guidelines that apply to stem cells and any EV-based therapy 
needs to be approved by the health authorities after being tested in clinical trials to 
demonstrate and confirm the safety and efficacy.

6.4 Stem cells route of delivery

In most clinical trials investigating the MSC treatments of SARS-CoV-2 infection 
so far, MSCs are delivered via the intravenous route by infusion. The direct target of 
the intravenous route is not the lungs, that is why the inhalation route delivering the 
cells directly to lungs could be theoretically more effective. However, the inhalation 
route has the risk of not able to manage the uniform delivery of cells to lungs [202]. 
The evidence is being more and more visible to suggest that the curative potential of 
MSCs is attributed mostly to their secreted EVs via paracrine effects [203].

As evident from several clinically available inhaled medications for chronic lung 
disease, the inhalation route of delivering therapeutics to the lungs is a more direct 
route with lower the number of adverse effects, compared to the intravenous route. 
However, it must be appropriately managed for inhaled administration of a treat-
ment in COVID-19 patients in the hospital setting. Many studies have showed the 
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feasibility of delivering stem cells via spray for direct pulmonary delivery with high 
viability [204]. Inhalation route of stem cell administration is an opportunity for 
efficient delivery of stem cells directly to the lungs, yet it needs further research and 
proof of concept.

7. Conclusion

Once the globe has suddenly got into the pandemic of COVID-19, all the scientific 
community has been making every effort to understand the etiology, pathophysiol-
ogy, societal and clinical aspects of the SARS-CoV-2 viral infection all over the world. 
As of time this chapter is compiled, there are several vaccines developed in several 
countries. However, despite all the efforts, there is yet no specific and validated treat-
ment for the infection. Instead, the medicinal products already available are being 
used in all clinical presentations, including antivirals, antibiotics, antimallarians, 
ans the agents aiming to take the disease under control. Here, taking the available 
published evidence in place, we elaborated the structure and pathophysiological 
aspects which are treatment targets to fight against the pandemic of our age. In this 
context the mesenchymal stem cells apear as advanced medicinal product of the 
cellular treatment option. Having the available knowledge refering the mechanism of 
action of MSCs and their safe and effective potencies at a specific disease stage makes 
MSCs as an ideal therapeutic candidate. Although still the data to be obtained from 
future the large scale randomised controlled clinical trials conduct remains an under-
explored research area in the field, we suggest that under the light of the available 
evidence today, MSCs can be used as add-on therapy with promising effectiveness 
and safety to control, and even treat the COVID-19 infection with regenerative, anti-
inflammatory, anti-fibrotic, immunomodulatory and reparative characteristics.
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ACE2 angiotensin-converting enzyme 2
ARDS acute respiratory distress syndrome
CoV Corona viruses
COVID-19 Coronavirus Disease 2019
CP convalescent plasma
CRP C-reactive protein
CRS cytokine release syndrome
CT Chest computerized tomography
HCQ Hydroxychloroquine
HIV human immunodeficient virus
Ig Immunoglobulin
IL Interleukin
MCP-1 monocyte chemoattractant protein-1
MERS-CoV middle East respiratory syndrome-coronavirus
MIP-lα macrophage inflammatory protein-1 alpha
MOD multiorgan dysfunction
TNF-α tumor necrosis factor alpha
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Abstract

Target recognition is important for the identification of drugs with a high target 
specificity and/or for the development of existing drugs that could be replicated for 
the treatment of SARS-CoV-2 infections. Since SARS-CoV-2 is a pathogen recently 
discovered, no specific medicines have been identified or are available at present. 
The scientific community had proposed list of current drugs with therapeutic 
potential for COVID-19 on the basis of genomic sequence information coupled 
with protein structure modeling, posing an effective and productive therapeutic 
approach for repurposing existing drugs. The possible therapeutics for the treat-
ment of COVID-19 involves a wide range of alternatives, encompassing nucleic 
acid-based treatments directed at the expression of genes of viruses, cytokine 
therapy, genetic engineered and vectored antibodies, and different formulations 
of vaccines. The future prospective in the treatment approaches the exploration of 
antiviral therapy, such as screening of prevailing molecules or libraries, testing of 
existing broad-spectrum antiviral medications, modern drug discovery focused on 
genomic knowledge and biochemical properties of various coronaviruses to create 
new targeted drugs.

Keywords: SARS-CoV-2, drug repurposing, molecular docking, mRNA vaccine, 
monoclonal Antibodies

1. Introduction

The challenge of the epidemic outbreak has reached alarming levels, shocking 
national healthcare systems to unpreparedness and causing international deploy-
ment. No drug therapy has been found to be effective in the treatment of the 
virus, despite COVID-19 being declared a global pandemic by the World Health 
Organization (WHO). In contrast, several randomized controlled trials conducted 
towards treatment have not yet provided practical guidance on therapeutic choices 
and pharmacologic therapy. Several successful research tests for therapy are cur-
rently underway. Other emerging, non-conventional drug discovery approaches 
include alternative ways to discover potent anti-SARS-CoV2 drugs that are quicker 
and less expensive. In addition, while drugs for COVID-19 are being repurposed 
and discovered, new drug delivery systems will play a major role in developing 
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effective delivery systems that have the potential to attack viruses, enhance physico-
chemical characteristics, and avoid possible drug resistance that contributes to supe-
rior therapies. The best way to produce pharmaceutical drugs that cure SARS-CoV-2 is 
to find potential molecules from the medicines available for sale [1].

Coronavirus disease 19 (COVID-19) is a remarkably highly contagious and 
pathogenic infectious disease caused by severe acute respiratory syndrome- coro-
navirus-2 (SARS-CoV-2), which originated in Wuhan, China in December 2019 
and spread worldwide. The infectibility of these viruses could only be in the wild 
before the outbreak of extreme acute respiratory syndrome (SARS) in 2002 and 
middle-eastern respiratory syndrome (MERS) in 2012 as spotted by the world. 
While the disease dissipated across the globe throughout the natural environment, 
the mode of transmission to humans from the wild was insignificant and still 
unknown. Analysis of the whole genome sequence of the bats, however, was shown 
to be 96% similar with a severe acute respiratory syndrome-like (SARS-like) bat 
virus and 79.5% comparable with SARS-CoV, indicating that it is the possible route 
of transmission to humans [2]. There are four genera of CoVs: Alphacoronavirus, 
Betacoronavirus (βCoV), Gammacoronavirus, and Deltacoronavirus. Two new 
βCoVs, extreme acute respiratory syndrome CoV (SARS-CoV) and Middle East 
respiratory syndrome CoV (MERS-CoV), have appeared over the past 12 years, and 
these viruses can cause significant human illnesses. The absence of adequate drug 
treatment and related elevated morbidity and death rates of these two CoVs, as well 
as their ability to cause epidemics, illustrate the need for innovative drug develop-
ment for the prevention of diseases of CoV [3].

2. Genomic characterization of SARS-CoV-2

The size of the genome of the coronavirus ranges from 26 to 32 kb and contains 
6 to 11 open reading frames (ORFs) encoding polyproteins with 9680 amino acids 
[4]. About 80 percent of the SARS-CoV-2 genome has been studied to be similar to 
the previous human coronavirus (SARS-like bat CoV) while, notable differences 
in SARS-CoV and SARS-CoV-2 genome have been reported in various studies, 
such as the lack of 8a protein and perturbations in the number of amino acids in 
8b and 3c protein in SARS-CoV-2 [5]. The SARS-CoV2 genome is a polycistronic 
single-stranded RNA (+ssRNA) with a 5′-cap structure and 3′-poly-A tail (~30 kb), 
utilized as a template for translating polyproteins (pp1a/pp1ab) into the replica-
tion/transcription machinery (RTM) of a double membrane vesicle (Figure 1) (6) 
[6]. RTM subsequently synthesizes a nested set of subgenomic RNAs (sgRNAs) 
in a discontinuous manner. These subgenomic messenger RNAs (mRNAs) have 
standard 5′-leader and 3′-terminal sequences between open reading frames (ORFs) 
on transcription regulatory sequences, where transcription termination and 
subsequent acquisition of a leader RNA occurs. Such minus-strand sgRNAs serve as 
models for subgenomic mRNA growth. At least six ORFs comprise the genome and 
subgenomes of a standard CoVs [7].

For the ORFs from the 5′ end, a region of about 20 kb corresponds to the two 
ORFs; ORF1a and ORF1b encoding 11 and 5 non-structural proteins: nsp1 to nsp11 
and nsp12 to 16, respectively. The largest SARS CoV2 ORF1 gene (about two-thirds 
of the total length of the gene) contains −1 frameshift between ORF1a and ORF1b, 
resulting in the formation of two conserved polypeptide domains: pp1a and pp1ab. 
The ribosomal frameshift is involved in the translation of ORF1a directly from the 
RNA genome, near to the bottom of ORF1, which contains one ORF1ab polypep-
tide. There are ORFs encoding a few to more than ten structural/non-structural pro-
teins downstream from the ORF1ab [8]. In ORF1ab as well as in other ORFs, CoVs 
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often code different non-structural proteins, particularly near the 3′ end, although 
the specifics of the exact genes in the SARS-CoV-2 genome are still unclear primar-
ily due to overlapping genes encoded in a different coding frame [9]. Two viral 
proteases, papain-like protease (PLpro) and 3C-like protease (3CLpro), are cleaved 
by the large replicase polyprotein 1a (pp1a) and pp1ab encoded by the 5 terminal 
open reading frame 1a/b (ORF1a/b) to produce non-structural proteins (NSPs) 
[10]. The NSPs contain two viral cysteine proteases (nsp3), chymotrypsin like, 3C 
like, or main protease (nsp5), RNA-dependent RNA polymerase (nsp12), helicase 
(nsp13) and others that may be involved in SARS-CoV-2 transcription and replica-
tion. [4]. In addition, four major structural proteins are coded by ORFs on a third 
of the genome near the 3′ terminus: spike (S), membrane (M), envelope (E), and 
nucleocapsid (N) proteins (Figure 2). Different CoVs encode unique structural and 
accessory proteins, such as HE protein, 3a/b protein, and 4a/b protein, in addition 
to these four major structural proteins. The sgRNAs of CoVs is translated back from 
both these structural and accessory proteins [11–13].

Figure 1. 
Genomic organization of SARS-CoV-2. Schematic genomic structure of SARS-CoV-2 based on the SARS-
CoV-2 Wuhan-Hu-1. The genome is categorized into two domains: Non-structural proteins and structural 
and accessory proteins. The S protein contains an S1 and S2 subunit, which are divided by the S cleavage 
site. Abbreviations: ORF, open reading frame; S, spike; E, envelope; M, membrane; N, nucleocapsid; NTD, 
N-terminal domain; RBD, receptor-binding domain; FP, fusion peptide; HR1 & 2, heptad repeat 1 and 
heptad repeat 2, containing the core binding motif in the external subdomain; TA, transmembrane anchor; IT, 
intracellular tail.

Figure 2. 
The virion structure of SARS-CoV-2. The spike (S), envelope (E), membrane (M) proteins form the envelope 
of the CoV, and the nucleocapsid (N) proteins form the capsid to pack the genomic RNA.
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3. Structural insights of potential SARS-CoV-2 proteins

The structural research was initiated by studying in silico modeling Wuhan-Hu1 
market seafood pneumonia virus genome [14, 15]. Focused on reported studies 
on SARS-CoV-2, we highlighted the number of nsp structures of this virus avail-
able: the papain-like protease (PLpro, nsp3; PDB code: 7D47), the main protease 
(3CLpro, nsp5; PDB code: 6LZE), the RNA-dependent RNA polymerase (RdRp, 
nsp12) in complex with cofactors nsp7 and nsp8 (PDB code: 6M71), the helicase 
(nsp 13; PDB code: 6ZSL), the Spike glycoprotein (S)(PDB code: 6XR8) and the 
RNA binding domain of nucleocapsid (N) phosphoprotein (PDB code: 6VYO).

3.1 SARS CoV2 nsp3 PLpro

For SARS-CoV2, the papain-like proteinase (PLpro) domain is included in nsp3 
(1945 amino acids; located in the polyprotein, from 818 to 2819 aa), a 217.28 kDa 
membrane-associated replicase product [16]. Nsp3 consists of two transmem-
brane regions and approximately 10–16 recognizable domains, nine of which are 
conserved, responsible for cleavages at the polyprotein replicate’s N-terminus and 
assembly of viral-induced double-membrane cytoplasmic vesicles and viral repli-
cation, with nsp4 (Figure 3). It prevents the holding of NF-kappa-B signals. The 
inhibition of IRF3 host phosphorylation and dimerization and subsequent nuclear 
translocation was antagonized with type 1 interferon innate immune stimulation 
[17]. Additionally, PLpro has a deubiquitinating/deISGyling activity and processes 
cellular substrates from both ‘Lys-48’-and’ Lys-63′-linked polyubiquitin chains [18]. 
The role of Nsp3 is important to CoV replication and its domains include several 
predicted or demonstrated RNA replication accessories, such as ssRNA binding and 
unwinding domains, as well as those for which no separate function has yet been 
determined [19], cleaves ISG15 in vitro preferentially from substrates and utilizes 
host ADP-ribosylation to bind ADP-ribose [20].

3.2 SARS CoV2 nsp5 Mpro

The SARS-CoV-2 nsp5 contains 306 amino acids (located in the replicase poly-
protein pp1ab, 3264 to 3569 aa), a 33.8-kDa main protease (Mpro), which is also 
referred to as 3C-like protease (3CLpro) [21, 22]. The active site in SARS-CoV2 Mpro 
organized in between Domain I (8–99 aa) and Domain II (100–183 aa) was shown 
to be structurally similar to SARS-CoV Mpro. Both domains contribute one residue to 
the catalytic dyad (His41 and Cys145), linked to the helical domain IIII (200–306 aa) 

Figure 3. 
Overview of the SARS-CoV2 nsp3 structural and genomic organization along with crystal structure of 
SARS-CoV-2 papain-like protease (PLpro). (PDB ID: 7D47). Abbreviations: DUF3655, protein of unknown 
function; macro, macro domain; SUD-N, SARS-unique domain binding G-quadruplexes; SUD-M, single-
stranded poly(a) binding domain; PL2pro, coronavirus polyprotein cleavage domain; viral protease, papain 
like viral protease; NBD, nucleic-acid binding domain; 7tm GPCRs, seven-transmembrane G protein-coupled 
receptor superfamily; TM helix 5&6, transmembrane helix 5&6.



357

Repurposed Therapeutic Strategies towards COVID-19 Potential Targets Based on Genomics…
DOI: http://dx.doi.org/10.5772/intechopen.96728

by a long loop region (184–199 aa) (Figure 4) [6]. Several co-crystalized SARS-Mpro 
structures bound with inhibitors, 11a and 11b (6LZE), I2 (2D2D), N1 (1WOF), N3 
(2AMQ ), and N9 (2AMD), revealed the position of S1, S2, and S4 subsites, especially 
in the active site close to His41 and Cys145, which is crucial for substrate recognition 
containing the core sequence [ILMVF]-Q-|-[SGACN] along with Tyr161 and His163 
in the substrate-binding pocket [23]. Studies have estimated that the Mpro pp1ab 
protein has at least 11 conserved restriction sites, beginning with its autolytic cleavage 
site and even able to bind ADP-ribose-1′ [24, 25].

3.3 SARS CoV2 nsp12 RdRp

The SARS-CoV-2 nsp12 is a key component of the replication/transcription 
machinery sharing a strong structural homology with nsp12 of SARS-CoV, indicat-
ing that its function and mode of action may be well conserved [26]. SARS-CoV-2 
nsp12, is a 106.7 kDa molecular weight protein with a chain length of 932 amino 
acids (located on the replicase polyprotein 1ab, 4393 to 5324 aa.), also referred to as 
RNA dependent RNA polymerase (RdRp) [27], has the capacity to synthesize the 
entire (−) RNA chains as a positive sense RNAs, as templates for additional genomic 
RNA (gNR) and subgenomic RNAs generation (sgRNAs) of the virus [21]. RNA-
dependent RNA polymerases (RdRps) are a multi-domain protein that catalyzes 
polymerization of RNA-template (phosphodiesters formation between ribonucleo-
tides), in the presence of divalent metal ions and thus play a major role in the viral 
replication and transcription of the SARS-CoV2 [28, 29]. The SARS-CoV-2 nsp12 
(S1 to Q932) exists in complex with cofactors nsp7 (S1 to Q83) and nsp8 (A1 to 
Q198) heteromer with the second nsp8 attached to the distinct binding site. nsp12 
contains the right-hand RdRp domain (S367 to F920) and the nidovirus-specific 
N-terminal β hairpin (D29 to K50) and extension domain (D60 to R249) which 
adopts the nidovirus RdRp-associated nucleotidyltransferase (NiRAN) architecture 
(Figure 5). The RdRp domain is divided into 3 sub-domains; the finger subdomain 
(L366–A581 and K621–G679), the palm subdomain (T582–P620 and T680–Q815), 
and the thumb subdomain (H816–E920) [30]. The nsp7-nsp8 heterodimer binding 
site is well conserved in the palm domain and overlaps with the functional domains 
of the preserved polymerase regions (fingers and thumb domains). In addition, 
seven preserved motifs (A-G) arranged in the polymerase active site domain, 
involved in template and nucleotide binding and catalysis, were also revealed by 
SARS-CoV-2 nsp12 structure [31]. Motif A contains the residue of classical divalent 
ion-binding glutamate (D) in position (618) & (623) of the conserved sequence 

Figure 4. 
Structural representation of SARS-CoV-2 Mpro monomer (PDB ID: 6LZE) (ribbon representation) composed 
of: N-terminal domain I (cornflower blue), domain II (green), and C-terminal domain III (pink). Substrate 
recognition site in (green and red) and catalytic dyad residues, His41 and Cys145 are highlighted and labeled.



Biotechnology to Combat COVID-19

358

611-TPHLMGWDYPKCDRAM-626. In motif C, (753- FSMMILSDDAVVCFN-767), 
the catalytic residues of 759-SDD-761 (amino acids 759,760 and 761 are positioned 
between two β strands. Many other catalytic residues such as 317-GDD-319 and 
327-GDD-329 are also conserved among other viruses [32].

3.4 SARS CoV2 nsp13 helicase

SARS-CoV-2 nsp13 is a 66.85 KDa protein, with a chain length of 601 aa. (located 
replicase polyprotein pp1ab, from 5325 to 5925 aa), also referred to as the Helicase 
[33]. SARS-CoV Nsp13 is a key enzyme in the disassembly of double stranded 
oligonucleotides into single strand using hydrolyzed energy of NTPs [34], having 
a N-terminal zinc-binding domain (ZBD) containing 3 zinc-finger motifs consist-
ing of 2 tandem C-terminal RecA-like helicase domains (RecA1 and RecA2) and 
bridging stalk and 1B domains (Figure 6). The RecA-like domains catalyze the 
unwinding of the double stranded RNA and the NTP hydrolysis translocation of 
the complex. The stalk domain acts as a connection between the domain RecA-
like/1B and the ZBD, which acts as an interface with other replicative machinery 
components [35, 36]. Nsp13 is strongly conserved among nidoviruses (percentage 

Figure 5. 
Domain organization of COVID-19 virus nsp12 and structural ribbon representation of the SARS-Cov-2 
RNA-dependent RNA polymerase in complex with cofactors nsp7-nsp8 (PDB ID: 6M71) displaying domains, 
conserved motifs (A-G), and protein regions in the structure. A broad N-terminal extension (red) consisting 
of the NiRAN domain (violet) and the interface domain (cornflower blue) adjacent to the polymerase domain 
comprises SARS-CoV nsp12-nsp7(orange)-nsp8 (light pink) complex. The interdomain borders are labeled 
with residue numbers.

Figure 6. 
Domain representation of SARS-CoV2 nsp13 and the structural ribbon representation of the SARS-CoV-2 
helicase (PDB ID: 6ZSL). The interdomain borders are labeled with residue numbers. The colors of the protein 
domains are indicated in panel a (ZBD-red, stalk-cyan blue, 1B-green, 1A-orange and 2A-pink). Three zinc 
atoms are shown as black spheres. The NTPase active site (violet) consists of six residues-Lys288, Ser289, 
Asp374, Glu375, Gln404 and Arg567.
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similarity of 99.8% with SARS-CoV, the only 1 amino acid substitution I570 V) 
consists of five domains that fold in a triangular pyramid shape [37]. These domains 
hold incredibly high conservation of protein sequences along with its essential role 
in viral replication, thus making it a vital target for a wide variety of therapeutics to 
target this viral family [38]. Helicase exhibits various enzymatic roles, including not 
only hydrolysis of NTPs required by the capping process, but also removal of 50–30 
directionally RNA duplexes and 50-triphosphatase RNA activity. In addition, the 
association of Helicase nsp13 with RdRp Nsp12 promotes RNA unwinding activity 
and is a crucial viral replication enzyme, in all coronaviruses [39].

3.5 Spike glycoprotein (S)

The newly discovered SARS-CoV2 S-glycoprotein is a glycosylated trimer, 
each protomer with a chain length of 1260 amino acids (residues 14–1273), with a 
molecular weight of 141.1 kDa, consisting of two subunits, the surface subunit S1 
and the transmembrane unit S2 [40, 41]. The surface subunit S1 is composed of 672 
amino acids (residues 14–685) and differentiated into four divisions: N-terminal 
domain (NTD), a C-terminal domain (CTD, also known as the receptor-binding 
domain, RBD), and two subdomains (SD1 and SD2). The transmembrane S2 
subunit is composed of 588 amino acids (residues 686–1273) and contains an 
N-terminal hydrophobic fusion peptide (FP), two heptad repeats (HR1 and HR2), 
a transmembrane anchor (TA), and an intracellular tail (IT), arranged as FP-HR1-
HR2-TA-IT (Figure 7). A polybasic amino acid bridge (−QTQT-NSPRRAR-SVA-), 
essential for viral targeting studies, links S1 and S2 together (Figure 1). The SARS-
CoV-2 S glycoprotein shares similar structural, topological and mechanistic features 
with other class I fusion proteins, including HIV envelope (Env) glycoprotein and 
influenza virus haemagglutinin (HA), as a standard class I viral fusion protein [42]. 
However, using crystallography, the actual structure of this protein can be studied. 
The Protein Data Bank (PDB) model of the glycoprotein shows various regions that 
are vital for the infection process compose the subunits [43]. Spike glycoprotein of 

Figure 7. 
Crystal structure of SARS-CoV 2 spike protein (S) PDB ID: 6XR8. Different domains of the spike protein that 
includes; signal sequence (SS), the N-terminal domain (NTD), receptor-binding domain (RBD), subdomain 
1 and 2 (SD1&2), protease cleavage sites (S1/S2/S2′), fusion peptide (FP), heptad repeat 1 and 2 (HR1&2), 
central helix (CH), connector domain (CD), transmembrane anchor (TA), and intracellular tail (IT).
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the Wuhan coronavirus is specified to be modified by homologous recombination 
which is supposed to be a combination of the SARS-CoV bat and the not identified 
Beta-CoV bat. The fluorescent study shows SARS-CoV-2 still uses the same ACE2 
(angiotensin-converting enzyme 2) receptor and the entrance pathway previously 
used by SARS-CoV [44]. Both receptor binding expressed on the cell membranes of 
receptive cells and membrane fusion are responsible for the S protein. However, in 
the assembly and budding of viral particles, the proteins M and E are involved [9].

3.6 Nucleocapsid (N)

SARS-CoV-2’s N (Nucleocapsid) protein is a putative RNA-binding protein 
responsible for gathering the viral RNA genome for encapsulation in the viral mem-
brane into compact ribonucleoprotein (RNP) complexes [45]. N is the structural 
unit present in the nucleocapsid of the SARS-CoV-2 genome, 46 kDa protein and 
comprises of 419 amino acids (aa) containing three distinctly diverse domains: The 
N-terminal domain (NTD)/RNA-binding domain (46–174 aa), the serine/arginine-
rich (SR-rich; 184–197 aa) linker region (LKR; 175–254 aa) and the C-terminal 
domain (CTD; 255–364 aa) (Figure 8) [46]. Both domains (NTD & CTD) are 
flanked by an inherently disordered region IDR, which is the central linker region 
(LKR) with a Ser/Arg (SR)-rich area containing alleged phosphorylation sites 
[47, 48]. An asymmetric unit crystal configuration of the N-terminal RNA nuclear 
protein binding field showed the sandwiched fold shared by the CoV N-NTD 
with the same right hand (loop) - (β-sheet core) - (loop), with the order β1-η1- 
β2- β3- β4- β5- β6- β7. The core β-sheet consists of five β-strands with just 3₁₀ helix 
ahead of strand β2 and a β-strand between the strands β2 and β 5. The β-hairpin is 
functionally important in mutational analysis of amino acid residues at the RNA 
binding N-terminal domain of SARS-CoV2 [49]. The structures of the N-CTD RNA 
binding domain highlight the reserved architecture of 3₁₀ helix acidic coil contain-
ing a β-sheet core of 5 antiparallel β-sheets, and an expanded β3–4 hairpin with the 
order η1-α1-α2-η2-α3-α4-β1-β2-α5-η3. Generally, the RNA binding domain of the N 
protein is essentially simple and sometimes defined as a right hand-like shape with a 
protruding fundamental finger, basic palm and acidic wrist [50].

Figure 8. 
Schematic representation of SARS-CoV-2 Nucleocapsid (N) protein domains. Three intrinsically disordered 
regions, i.e., N-arm, linker region (LKR) and C-tail, and the N-terminal domain (NTD) and C-terminal 
domain (CTD) are illustrated. The charged Ser/Arg (SR)-rich motif (colored light yellow) is shown. Cartoon 
view of the N protein NTD domain (PDB ID: 6M3M), a monomer, colored by the number variants at different 
positions, and CTD (PDB ID: 7C22), a heterodimer with one monomer colored gray and the other colored blue 
indicating various regions within the structure as observed in SARS-CoV-2 genomes.
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4. Repurposing therapeutics towards SARS-CoV-2 potential targets

Therapeutics facilities aid physicians and scientist to help patients with the bet-
ter cure for the disease and develop a vaccine. The production of novel therapeutics 
and vaccination is now at the earliest possible time to curb the epidemic. In addi-
tion, continuous attempts are being made at regional, national, and person levels to 
recognize the host, genomics, epidemiological interactions, and propagation modes 
of SARS-CoV-2 in order to control the epidemic. Scientists worldwide are actively 
working to establish an optimal antiviral agent and vaccine against SARS-CoV-2 
[51]. One way of preventing this issue is to test two or three drugs with minimal 
prolixity that operate on various cellular signals with viral replication. A further 
approach that helps researchers to curb the variety of individual antimicrobials for 
emerging and re-emerging infectious diseases is the high-performance screening of 
host-virus interaction level composite libraries for synergistic combinations [52, 53]. 
Nevertheless, the screening of experimental small molecule drugs in combinations 
and other potent anti-SARS-CoV-22 agents with new and improved key characteris-
tics can be effective which can be helpful in COVID-19 therapy. Potential medicines 
include previously used or tested medicines for diagnosing diseases and medicines 
recently discovered or developed. In most cases, the benefits of drug repurposing 
are safety evaluation, preclinical monitoring, and in some cases the development 
processes would not take much time and thus reduce the time needed for drug 
development. The chances of failure with repurposed drugs would be smaller as the 
early steps of medication efficacy and safety testing have already been completed 
and the treatment has already been shown to be sufficiently effective in a preclinical 
and human model [54]. Antiviral therapies are being investigated towards treat-
ment of COVID-19 because the SARS-CoV-2 replication of leads to wide variation 
of the clinical manifestations. As significant functional proteins of SARS-CoV-2, 
Nsps and other structural and accessory proteins are involved in transcription of 
RNA, synthesis of protein, post-translational modification, viral duplication and 
contagion of the host. Among them, PLpro (nsp3), 3CLpro (nsp5), RdRp (nsp12), 
Helicase (nsp13), Spike glycoprotein (S) and Nucleocapsid (N) are the most impor-
tant targets for the development of small-molecule inhibitors due to the enzyme 
active site and clear biological functions [55].

4.1 Protease inhibitors

Protease inhibitors are drugs that inhibit the activity of protease enzyme 
responsible for viral development, infection, and replication by cleaving it into 
smaller fragments. They bind to the active site of the enzyme, mediate and block the 
maturation of freshly formed virions [51]. Two major targets: PLpro and 3-CLpro in 
the replicase 1a and 1ab domain are essential component for virus reproduction and 
regulation of host cell response thus being the important target for the SARS-CoV-2 
inhibitors (Figure 9). Ribavirin (SCH-18908) [NCT00578825], an antiviral drug acts 
on the replicase protein, preventing binding of the nucleotides, resulting in reduced 
viral replication or the formation of defective virions. Lopinavir [NCT04321174] and 
Ritonavir [NCT04330690], are protease inhibitors used to treat HIV infections by 
inhibiting the HIV protease enzyme to form an inhibitor-enzyme complex and pro-
teolytic cleavage of the viral polyprotein precursors [3]. Darunavir [NCT01448707], 
another (HIV-1) nonpeptidic protease inhibitor with the inhibition activity of the 
dimerization and catalytic activity of HIV-1 protease. Saquinavir [DB01232] inhibit-
ing HIV1/2 protease-mediated lysis of HIV gag and pol polyproteins was found cyto-
toxically active at conc. Above 50 μM [56]. Rupintrivir (DB05102) a broad-spectrum 



Biotechnology to Combat COVID-19

362

antiviral agent is a potent 3C-Like protease inhibitor against norovirus, picornavirus, 
and coronavirus proteases in development against human rhinoviral (HRV) infec-
tions that has been recently co-crystallized with its target [57]. Larazotide acetate 
(AT1001) (NCT03569007) a paracellular permeability peptide inhibitor has been 
studied for the treatment of autoimmune diseases such as type I diabetes mellitus, 
gastrointestinal diseases and disorders. Studies have revealed that AT1001 potentially 
binds to the Mpro catalytic domain showing up intermolecular interactions [58]. 
Teicoplanin (DB06149), a glycopeptide antibiotic widely used to treat bacterial infec-
tions, has been reported to be active against SARS-CoV-2 in in-vitro studies inhibiting 
peptidoglycan polymerization, resulting in inhibition of bacterial cell wall synthesis 
and cell death [59, 60]. Nafamostat mesylate [NCT04418128], a clinical proven and 
synthetic serine protease inhibitor has been identified to inhibit the activity SARS-
CoV-2 by targeting TMPRSS2-dependent host cell entry [61, 62]. However, in-vitro 
studies of active phytochemical compounds from the natural sources have revealed 
the SARS-CoV-2 proteolytic and inhibitory activity; Phaitanthrin D (Isatis indigotica 
Fort), Baicalin (Scutellaria baicalensis), Piceatannol (Vitis vinifera), Platycodin D 
(Platycodon grandiflorus), Betulonal (Cassine xylocarpa), 2b-Hydroxy-3,4-secofrie-
delolactone-27-oic acid (Viola diffusa), Cleistocaltone A (Cleistocalyx operculatus), 
Phyllaemblinol (Phyllanthus emblica) etc. [55].

4.2 Replicase inhibitors

RdRp is a critical non-structural protein component of the SARS-CoV-2 genome 
that uses a metal-ion-dependent mechanism to catalyze viral RNA synthesis. 
However, due to its comprehensive knowledge about the different domains and 
its functions, strong preservation among evolutionary RNA viruses and the lack 

Figure 9. 
Repurposed protease inhibitors for COVID-19 treatment.
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of homologous sequences in mammalian cells; the ease progress and consequent 
access to biochemical assays to quickly detect large collections of compounds [63]. 
Remdesivir (GS-5734) [NCT04252664], a nucleoside analogue acts on the replicase 
polyprotein 1ab of SARS-CoV-2 genome preventing RNA polymerase function 
resulting in ending the transcription of RNA and reduces the production of viral 
RNA. Penciclovir [NCT00820534], another nucleoside analogue, synthetic acyclic 
guanine derivative with antiviral activity targets the RdRp inhibiting the DNA 
synthesis of virus-infected cells and terminating viral replication (Figure 10). β-D-
N4-hydroxycytidine, an orally bioavailable, broad-spectrum antiviral ribonucleo-
side analogous to multiple RNA viruses like influenza, CoV, equine encephalitis and 
Ebola viruses have been found in in-vitro studies of antiviral effect on SARS-CoV-2 
primarily through mutagenesis of viral RNA [64, 65]. Cefuroxime, an anti-bacterial 
drug is prescribed in patients with COVID-19, as a potential inhibitor with the abil-
ity of binding tightly to the active site of the enzyme, with a highest ICM score of 
−41.30, and mfscore of −63.04, which when compared to Remdesivir had a score of 
−27.4 and a mfscore of −113 [66] The natural products and derivatives with anti-
virus, anti-inflammation and anti-tumor effects exhibited high binding affinity to 
RdRp, such as 14-deoxy-11,12-didehydroandrographolide (Andrographis panicu-
late), Gnidicin (Gnidia lamprantha), 2b,30b-dihydroxy-3,4-seco-friedelolactone-
27-lactone (V. diffusa), Theaflavin 3,30-di-O-gallate (Camellia sinensis), Betulonal 
(C. xylocarpa), 1,7-dihydroxy-3- methoxyxanthone (Swerti apseudochinensis) [67].

SARS-CoV-2 replication enzyme, helicase has the properties of unwinding 
and splitting DNA and RNA into two single-stranded nucleic acids and these 

Figure 10. 
Repurposed replicase inhibitors for COVID-19 treatment.
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characteristic of the enzyme marks it as a potential target to be studied [68]. 
Bananins have been shown to inhibit SARS-CoV ATPase activity leading to 
inhibition of viral replication in-vitro with IC50 values far less than 10 mM [69] 
Bismuth salt, such as Bismuth potassium citrate (BPC) has been observed to dose-
dependently inhibit both the NTPase and RNA helicase activities of SARS-CoV-2 
nsp13. Further studies indicates that SARS-CoV-2 nsp13 may be a valuable target 
for antivirals, which could be beneficial in attempting to regulatory mechanism of 
this life-threatening virus [70]. Foscarnet, a class of antiviral drug approved for 
the treatment of HIV/AIDS-related cytomegalovirus (CMV) infections and herpes, 
functions as a pyrophosphate molecule by binding to viral DNA polymerase and 
preventing the elongation of the DNA chain [71]. In vitro studies have revealed that 
SSYA10–001, a small inhibitor molecule of SARS-CoV helicase, has an antiviral 
effect on several coronaviruses by likely targeting a conserved binding pocket in 
nsp13 domain and can lead the production of successful wide spectrum anti-coro-
navirus drugs including SARS-CoV-2 [72]. Scutellarein isolated from Scutellaria 
baicalensis has been historically used in the treatment of inflammation and respira-
tory diseases, and myricetin present in fruits such as cranberry and vegetables 
such as Calamus scipionum and garlic. Were found to inhibit SARS-CoV helicase 
(nsp13) via inhibition of ATPase activity being a potential phytochemical inhibitor 
[73, 74]. Emetine could be re-purposed to treat COVID-19 based on the in-vitro 
antiviral activity against SARS-CoV-2 and its ability to shield chicken embryos from 
IBV [75].

4.3 Structural protein inhibitors

For the entry of coronavirus into a host cell, transmembrane Spike (S) glycopro-
tein is essential. Fusion of the membrane and activation of the virus entry require 
cleavage at the S1–S2 junction and because of their vital role in the interaction 
between the virus and the cell receptor, spike protein can be an important potential 
target for antiviral agents [76]. The receptors that mediate the fusion of the S pro-
tein of SARS-CoV2 into the host cell are angiotensin converting enzyme-2 (ACE-2) 
and type 2 transmembrane protease serine (TMPRSS2). Cleavage via TMPRSS2 
the fusion of the S protein to the ACE-2 receptor is achieved and thus are the 
potential drug targets in the SARS-CoV-2 therapeutics [51]. Umifenovir (Arbidol) 
[NCT04350684], an antiviral drug has been found to block and effectively prevent 
the trimerization and cell adherence and entry of SARS-CoV-2 spike glycoprotein 
interacting with the key residues in the target domain indicating as the potential 
target [77]. Griffithsin, a lectin protein has demonstrated antiviral properties and 
can potently inhibit viral entry and prevent binding to the S glycoprotein both in 
vitro and in vivo SARS-CoV infection with limited cytotoxic effects. Previous stud-
ies have shown griffithsin to inhibit MERS-CoV infectivity in in vitro assays without 
any noticeable cytotoxicity [78]. Camostat mesylate [NCT04608266] can feasible 
therapeutic choice for COVID-19 as it decreases the unregulated release of cyto-
kine observed in extreme COVID-19, regardless of its antiviral function, because 
TMPRSS2 expression is necessary for vigorous secretion of cytokine when mice are 
exposed to polyIC [79]. Bromhexine hydrochloride [NCT04355026] (BRH) inhibits 
the viral entry of transmembrane protease serine 2 (TMPRSS2) and is potentially 
known to be protective against SARS-CoV-2 [80]. Eriodictyol, a Herba santa flava-
none, is a popular herbal medicine used to cure asthma and colds. In silico studies 
predicts, eriodictyol binds to almost all targeted proteins with good energy and has 
shown its relevance for COVID 19 therapy [81].

SARS-CoV-2 nucleocapsid (N) protein is a multifunctional protein that plays 
a key role in the assembly of the virus and its transcription of the RNA. During 
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the packing of the RNA genome, the N protein is critical in the creation of helical 
ribonucleoproteins, controlling viral RNA synthesis during replication and tran-
scription. Infected host cells and their cellular functions are also regulated by the 
N protein [82]. Previous studies identified a special ribonucleotide-binding pocket 
composed of strongly conserved residues in the NTD by solving the complex struc-
ture of CoV NP-NTD bound with ribonucleotide monophosphate. Compounds that 
bind to this RNA-binding pocket may inhibit normal NP function and may be used 
to regulate CoV diseases. 6-chloro-7-(2-morpholin-4-yl-ethylamino) quinoxaline-
5,8-dione (H3) (Figure 11) revealed inhibitory activity on the RNA-binding of 
NP [83]. Mefuparib hydrochloride, CVL218, a Poly [ADP-ribose] polymerase 1 
(PARP1) inhibitor have shown to exhibit effective inhibitory activity against SARS-
CoV-2 replication without apparent cytopathic effect in in-vitro and in-silico studies 
[84]. Zidovudine triphosphate, an anti-HIV drug, acts as a potential inhibitor of 
the N-terminal domain of SARS-CoV2 N-protein based on docking and simula-
tion research, and can be considered to repurpose for therapeutic options to fight 
COVID-19 [85]. Out of 13 molecules analyzed for the molecular simulation study on 
SARS-CoV-2 nucleocapsid protein, 3 (Varespladib, MK-5108, Stepronin) have been 
found to be show inhibitory activity on SARS-CoV-2 N protein with high docking 
score [86].

5. Vaccines approved for emergency use authorization (EUA)

Various vaccines across the globe are in the progress of development against 
COVID-19, while the efficacy, productive and stability of most of them is still 
unclear. The latest report from the World Health Organization states about 69 

Figure 11. 
Repurposed structural and accessory protein inhibitors for COVID-19 treatment.
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vaccine candidates in the progress of clinical trial and about 181 candidates in 
pre-clinical development [87]. About 7% of vaccinations in the state of preclinical 
trials performed are based on practice. Hereby, we list the current status of several 
vaccines across the globe approved by Food and Drug Administration (FDA), 
European Medicine Agency (EMA), World Health Organization (WHO), Indian 
Council of Medical Research (ICMR) and other countries medical advisory boards 
under progress of development for the emergency use authorization (EUA) in order 
to curb the pandemic (Table 1).

6. Conclusion

The principle of drug repurposing is very beneficial and may have proven 
success, although this may differ with the severity as well as the subjects in whom 
therapy is performed. In the case of vaccinations, several vaccines have shown 
promising effects throughout the globe and the proceeding steps will soon provide 
hope for the early commercial launch of COVID-19 vaccines. Since the structural 
organization and genomic constitution of the SARS-CoV-2 is similar to that of 
SARS-CoV, antiviral drugs and other therapeutic measures employed to control 
the disease at the time can be utilized in order to control this epidemic condition. 
However, the rate and amount of research and clinical COVID-19/SARS-CoV-2 
studies to improve potential treatments and therapies for this disorder will surely 
help us in order to curb the disease soon. Consequently, the design and production 
of SARS-CoV-2 vaccines is similarly critical in comparison to the development of 
new medicines and clinical trials of old drugs. Experience from SARS-CoV and 
MERS-CoV suggests that there is a major focus on creating animal models that can 
summarize different forms of human disease and assess the safety and efficacy of 
vaccines.

S.No. Candidate Developer Type Approval Status 
(EUA)

1 BNT162b2 Pfizer–BioNTech mRNA FDA Approved

2 mRNA-1273 ModernaTX, Inc. mRNA FDA Approved

3 Sputnik-V Gamaleya Ad26, Ad5 EMA Approved

4 ChAdOx1 nCoV19 Oxford-AstraZeneca Non-Replicating 
Viral Vector

WHO Approved

5 Covaxin (BBV152 A, 
B, C)

Serum Institute, 
Bharat Biotech

Inactivated ICMR Approved 
(India)

6 CoronaVac Sinovac Inactivated Approval limited 
(China, Indonesia)

7 Convidicea 
(Ad5-nCoV)

CanSino Biologics Viral vector Approval limited 
(China)

8 EpiVacCorona Vector Institute Protein vaccine Approved for Early 
use (Russia)

9 Sinopharm Sinopharm Inactivated Approval limited

10 BBIBP-CorV Beijing Institute 
of Biological 
Products-Sinopharm

Inactivated Approval limited

Table 1. 
Vaccines against COVID-19 approved for emergency use authorization.
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Abstract

Viruses are the eventual assertion of parasitism, they not only take nutriments 
from the host cell, apart from that they direct its metabolic machinery to amalgam-
ate novel virus particle and to diminish the ability of flu viruses to reproduce in an 
individual antiviral drugs are used. When used as directed, antiviral drugs may 
help to lessen the duration of flu symptoms and may reduce the severity of com-
mon flu symptoms. Antiviral drugs are the class of drugs which comes under the 
antimicrobials, and that also accommodates the larger group i.e. of antibiotics. They 
are broad-spectrum in nature and can be effective against a wide range of viruses. 
They can be used as a single drug as well as in combination of drugs. Antiviral 
drugs are dissimilar from the antibiotics, they do not demolish their target pathogen 
ideally they obstruct development of pathogen. To the greatest extent antiviral 
drugs currently accessible are delineate to deal with herpes viruses, covid-19, HIV, 
the hepatitis b and c viruses herpes simplex, small pox, picornavirus and influenza 
a and b viruses etc. Scientists are searching to drag out the range of antiviral to the 
other families of pathogens. They mainly act by inhibiting the attachment of viruses 
on cells, prevent genetic reproduction of virus, prevent viral protein production and 
vital for production of virus. The emanation of antiviral is generally the outcome 
about an appreciably expanded skills or proficiency of the generative, microscopic 
and atomic activity of organisms, allowing biomedical analyst to acknowledge 
the structure, mechanism of action and activity of viruses, significant progress 
within the procedure for come across the current drugs. Coronavirus 2019 (COVID 
19) is highly infectious disease triggered by SARS-CoV-2 (severe acute respira-
tory syndrome) coronavirus 2 causing nearly 2.9 million deaths worldwide. With 
the emergence of SARS-CoV-2, the repurposing of antiviral drugs has come into 
picture.

Keywords: Parasitism, Broad spectrum, Genetic development of virus,  
Target pathogen, Viral protein production

1. Introduction

Severe Acute Respiratory Syndrome Coronavirus also known as SARS- CoV, 
a medical condition arises due to viral infection of SARS-CoV. It was proved to 
be major threat to human civilization in 21st century was declared as pandemic 
by World Health Organization in March 2020 as the exposure of this syndrome 
affected the human life cycle poorly causing deaths at an average of 10 percent 
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of the affected population globally. This was first emerges in the Wuhan (a state 
of China) in December 2019 and later on feast globally by the transmission from 
affected person to the other person through physical contact [1, 2] and later on 
when it was established and discovered, the first preventive measure was social 
distancing which came into force February 2020 according to WHO guidelines 
and other coronavirus like MERS (Middle east respiratory syndrome) in 2017 and 
Covid-19 which emerges before 2020.

1.1 Symptoms of SARS

Symptoms of COVID-19 are homogenous to influenza to some extent, and it also 
causes a pneumonia type symptom, which has been seen in many patients through-
out the world. The patients who have fallen ill are reported to suffered cough mainly 
with sputum, high temperature of the body, difficulties while breathing, headache 
and sore throat, shaking chills, and diarrhea.

1.2 Structure of coronavirus

SARS-CoV belongs to Coronaviridae family having spherical enveloped particle 
containing positive stranded RNA that binds to nucleocapsid present inside the 
membrane protein having glycoprotein spike in the envelop [3, 4] further explained 
in Figure 1.

1.3 Phases of development of SARS

As a virus, it also confiscates the host body system and then multiplies via viral 
attachment, fusion, penetration; uncoating, transcription, translation, and virion 
release [5].

Figure 1. 
Mechanism action of coronavirus.
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Pathway used to combat SARS through direct inhibition of coronavirus either 
by inhibiting the vital viral protein corresponds to genome reproduction or else by 
impeding viral entry into eukaryotic cells. In second place, by modulating immune 
system either by boosting the immediate response or by inhibiting the inflamma-
tory response [6].

2. Antiviral drugs

Although viral infections have been disclosed since earliest times, it was only 
during the nineteenth century that scientists were able to isolate “the filterable 
particles”, later called viruses. Viruses are the infectious agent that reproduces only 
inside the living cell and they can infect all types of living cells and direct the cell 
to produce more viruses. They are smaller than the bacteria’s. The entire infectious 
virus particle, called a virion, consists of the nucleic acid and an outer shell of pro-
tein. Antiviral drugs are classified as the medicines which are mainly used to treat 
viral infection. Many of the antiviral drugs target the specific viruses and they are 
considered as the broad spectrum drugs. Most viral infections rectify spontaneously 
in immunocompetent individuals. The objective of antiviral therapy is to diminish 
the symptoms and infectivity additionally to shorten the duration of illness [7]. 
These drugs react by arresting the viral replication cycle at numerous stages. Most 
of the antiviral drugs currently available are used to treat infections caused by HIV, 
herpes viruses, hepatitis Band C viruses, and influenza A and B viruses, and C 
viruses, and influenza A and B viruses etc. Designing effective and safe antiviral 
drugs is difficult as viruses use host cells to replicate. It is back-breaking to find 
targets for drugs that would affect only viruses leaving host cells. Viral variation is 
also one of the reasons posing difficulty in the development aof antiviral drugs and 
vaccines. Furthermore, antiviral drugs are classified as non-retroviral and retroviral 
drugs which act on the different types of viruses and stop their further growth or 
their replication and these results in the cure of viral disease [8]. Coronavirus 2019 
(COVID 19) is highly infectious disease triggered by SARS-CoV-2 (severe acute 
respiratory syndrome coronavirus 2 causing nearly 2.9 million deaths worldwide 
Currently, a variety of antiviral drugs are in clinical trails to treat SARS-CoV-2 
which inhibit viral replication.

3. Classification of viruses

3.1 ICTV classification

The ICTV evolves the current classification system and wrote guidelines that put 
a bigger weight on certain virus properties to maintain family consistency. A unified 
taxonomy has been accepted. Solitary a little part of the entire variety of viruses has 
been studied. Till 2019 ICTV explained 9 kingdoms, 4 realms, 2 subphyla, 16 phyla, 
36 classes, 55 orders, 9 suborders, 168 families, 10 sub-families, 1421 genera, 68 
subgenera and 6589 species of viruses [9].

The general taxonomic structure of ranges of taxon and the suffixes used in 
taxonomic names are mentioned under. Till 2019, the ranks of sub realm, subking-
dom and subclass are unemployed whereas all ranks are in usage.

Realm (−viria), Subrealm (vira), Kingdom (−virae), Subkingdom (−virites), 
Phylum (−viricota), Subphylum (−viricotina), Class (−viricetes), Subclass (−viriceti-
dae), Order (−virales), Suborder (−virineae), Family (−viridae), Subfamily (−viri-
nae), Genus (−virus), Subgenus (−virus) [10].
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3.2 Baltimore classification

This is based on the mechanism of mRNA production. Viruses produce proteins 
from their genomes and replicate themselves. Viral genome can be single-stranded 
(ss) and or double stranded (ds). ssRNA viruses may be either antisense (−) or 
sense (+) [11]. Viruses are classified in seven groups:

i. ssDNA viruses (+strand or sense) DNA (e.g., Parvovirus)

ii. dsDNA viruses (e.g., Adenovirus, Poxvirus)

iii. dsRNA viruses (Reovirus)

iv. (+) ssRNA viruses (+ strand or sense) RNA (e.g. Coronavirus,Picornavirus)

v. (−) ssRNA viruses (+ strand or antisense) RNA (e.g.Orthomyxovirus, 
Rhabdovirus)

vi. dsDNA-RT viruses DNA with RNA intermediate in life cycle (e.g., 
Hepadnavirus)

vii. ssRNS-RT viruses (+strand or sense) RNA with DNA intermediate in life 
cycle (eg. Retroviruses)

3.3 Based on their shape

Viruses are present in various sizes and shapes (Figure 2), but are composed 
of two vital components i.e., a core of genetic material, either RNA or DNA and a 
protein coat, capsid. A virion comes in four different shapes i.e. spherical, helical, 

Figure 2. 
Types of viruses.
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polyhedral and complex Coronaviruses have positive stranded RNA (+ssRNA) with 
crown like structure possessing spike glycoproteins on the envelop [12].

4. Evolution

A virus is a tiny parasite, infectious substance of small size and basically struc-
ture that can multiply only in living cells of plants, animals or bacteria etc. The 
name is derived from a Latin word meaning “poison.” Highly viruses have either 
RNA or DNA as their genetic material. The nucleic acid of viruses may be single 
or double stranded. The complete infectious virus element, called a virion, com-
prises of the nucleic acid and an outer shell is made up of protein [13]. Identifying 
evolving viruses are those that are freshly appeared or have recently expanded in 
predominance and/or geographical range uncovers several vital vague patterns. 
Primary virtually all emerging viruses have RNA more readily than DNA genomes. 
RNA viruses are more customarily familiar than DNA viruses. Additionally, 
almost all emergent viruses have an animal reservoir, such that the process of 
viral emergence can frequently be categorized as cross-species transmission. The 
extremely substantial exception for the rule is that cross-species transmission is 
central to viral emergence is HCV, which was first identified in 1989 but which is 
expected to have a considerably extended history in human populations [14]. In 
numerous cases, the specific cause of emergence, why the virus has traversed from 
animals and obsessed by humans can be assigned to ecological factors, involving 
to alterations in land use and deforestation. Although a multitude of such factors 
exist, either variations in the proximity of the donor and recipient populations, 
so that humans have an amplified coincidental of exposure to animal pathogens 
and variations in the size and density of the donor and recipient populations result 
in increase in both the exposure and the probability that continued networks 
of transmission will be established once a virus has inserted into a new species. 
Although biologists have assembled huge amount of knowledge how present day 
viruses evolve. When investigating the evolutionary history of most organisms, 
scientists can look at fossil record and homogenous historic evidence. While 
many of the viruses do not have the single ancestors. Generally recognizing the 
significance of ecology, it is also possible that genetic factors, whether in the host 
or further probably the virus, contribute to the process of disease emergence. As 
observed with other RNA viruses, SARS-CoV-2 is undergoing genetic mutations 
while adapting to new individual hosts. Several variants are reported, however 
only few are affecting public health. In United Kingdom, VOC 202012 (B.1.1.7 
lineage) was described in December 2020 followed by B.1.351 lineage (501Y.V2) in 
South Africa. B.1.1.248/B.1.1.28/P1 (or 501Y.V3) was reported in Brazil in January 
2021 and recently in California B.1.427/B.1.429 is discovered. As per WHO, 7 
variants are of interest viz. B.1.525, B.1.526, B.1.427/B.1.429, B.1.1.28.2 alias P2, 
B.1.1.28.3, alias P.3 and B.1.616 [15].

5. How virus replicate

As viruses are obligate pathogen they cannot replicate on their own but they 
need the host to replicate and produce multiple copies of them. This typically occurs 
by the virus inserting its genetic material in host cells, co-opting the proteins to cre-
ate viral replicates, until the cell bursts from the high volume of new viral particles.

There are six fundamental stages that are essential for viral replication 
(Figure 3).
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1. Attachment

2. Penetration

3. Uncoating

4. Replication

5. Assembly

6. Virion Release

1. Attachment: This stage involves the interaction between the virus and host cell 
surface, there they interact with receptors peculiar to them and their host cells. 
This is also known as the tropism of a virus.

2. Penetration: The attachment to the specific receptor can produce conforma-
tional changes in the viral capsid protein that lead the way to the viral and 
cellular membranes fusing. Some DNA viruses can also undertake into the host 
cell through receptor-mediated endocytosis.

3. Uncoating: Once inside the cell, the first step is uncoating. This process 
requires the viral capsid degrading, either by the action of viral or host 
enzymes and release of genomic information takes place. This enables the 
start of replication through transcription or translation for RNA or DNA viral 
genomic information, respectively. The result of the replication step is the 
synthesis of the viral genome and proteins.

4. Replication: this process is different both in RNA and DNA viruses and also in 
viruses with dissimilar nucleic acid polarity. This procedure terminates in de 
novo synthesis of genome and viral proteins.

Figure 3. 
Stages of viral replication.
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5. Assembly: After de novo synthesis of viral proteins and genome, which can be 
altered post-transcriptionally, viral proteins are wrapped with newly repli-
cated viral genome into new virions that are unconfined from host cells. This 
process is called maturation.

6. Virion Release: There are two mechanisms of viral freeing: lysis or budding. 
After virion release some viral proteins remain within the host’s cell mem-
brane, which acts as potential targets for circulating antibodies [16].

CoVs are positive stranded RNA enveloped viruses. Upon entry into the host, 
viral RNA replication begins with synthesis of polyprotein 1a/1ab(pp1a/pp1ab). By 
the synthesis of subgenomic RNAs sequences and replication-transcription complex, 
transcription occurs. Termination of transcription occurs at transcription regulatory 
sequences. Six open reading frames (ORF) are present on CoV genome. Frameshift 
between ORF 1a and ORF1b helps in production of both pp1a and pp1ab polypeptides 
which are further processed by chymotrypsin like protease (3CLpro) or main protease 
or may include papain like proteases which produces non-structural proteins (NSPs 
1–16). Besides ORF1a and ORF1b, other ORFs encode structural proteins including 
nuclecapsid proteins, membrane, envelope, spike and accessory proteic chains [17]. 
Dedicated sgRNAs translate accessory and structural proteins. Researchers have also 
reported NSPs in stalling hosts immunity [18]. The envelop plays crucial role in viral 
pathogenesis as it encourages viral release and assembly [19].

5.1 Classification of antiviral drugs

Anti-viral drugs and their activity mention in Table 1.

A. Antiviral Drugs (Non-Retroviral).

1. Anti-herpes drugs

• Acyclovir

• Idoxuridine

• Valacylovir

• Famcicylovir

• Cidofovir

• Penciclovir

2. Anti-influenza virus drugs

• Amantadine

• Rimantadine

• Oseltamivir

• Zanamivir
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3. Anti-hepatitis virus drugs

A. For hepatitis B

• Lamivudine

• Tenofovir

b. For hepatitis C

• Ribavirin

• Interferon alpha

B. Anti-Retrovirus Drugs.

1. Nucleoside reverse transcriptase Inhibtors (Nrtis)

• Zidovudine

• Didanosine

• Stavudine

• Lamivudine

2. Non-Nucleoside Reverse Transcriptase Inhibitor (Nnrtis).

• Nevirapine

• Efavirenz

• Delavirdine

3. Protease inhbitor (PIs)

• Ritonavir

• Atazanavir

• Indinavir

• Nelfinavir

4. Entry inhibitor

• Enfuviritide

5. Ccr-5 receptor inhibitor

• Maraviroc
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6. Integrase inhibtor

• Raltegravir

6. Mechanism of action of non- retroviral drugs

6.1 Anti-Herpes drugs

The recognition of acyclovir and penciclovir has leaded the way evolution 
of a fortunate systemic therapy for medicating herpes simplex virus infection. 
Acyclovir is a nucleotide analogue antiviral which is used to treat against her-
pes simplex. It is generally used as the first line drug in the treatment viruses. 
Acyclovir is converted into acyclovir monophosphate due to the action of viral thy-
midine kinase. Acyclovir monophosphate is further converted to the diphosphate 
form by guanylate kinase. Acyclovir diphosphate is become acyclovir triphosphate 
by help of nucleoside diphosphate kinase. Acyclovir triphosphate effectively binds 
to viral DNA polymerase than cellular DNA polymerase and enters into DNA 
where 2′ and 3′ carbon leads to DNA chain termination. Acyclovir stronger affin-
ity for viral DNA polymerase did not allow other bases to bind it, making them 
inactive [20].

Dose and Preparation: 200 mg 5 times a day oral (15 mg/kg/day), 5–10 mg/kg 8 
hourly by slow i.v. infusion, 5% topical application 6 times a day; ZOVIRAX 200 mg 
tab, 250 mg/vial for i.v. injection; CYCLOVIR 200 mg tab, 5% skin cream; HERPEX 
200 mg tab, 3% eye ointment, 5% skin cream; OCUVIR 200, 400, 800 mg tab, 3% 
eye ointment, ACIVIR-DT 200, 400, 800 mg tab.

Toxicity: Symptoms of overdose include agitation, coma, seizures, lethargy, and 
precipitation in renal tubules. These symptoms are more unsophisticated in patients 
given high doses without monitoring of fluid and electrolyte balance or reduced 
kidney function.

6.2 Anti-influenza virus drugs

• As per CDC four antiviral drigs are approved by FDA against influenza virus.

• Relenza (zanamivir)

• Tamiflu (oseltamivir phosphate)

• Rapivab (peramivir)

• Xofluza (baloxavir marboxil)

• Amantadine and rimantadine were approved long back ago to cure influenza 
A virus infection. But new strains of influenza like 2009 H1N1 are resistant to 
these drugs. Zanamivir acts by inhibition of influenza virus neuraminidase 
thereby altering particle release and aggregation. It renders the virus inactive 
by making it unable to break into host cells and infect others [21].

Dose and Preparation: Therapeutic Dose 10 Mg Bd By Inhalation; Prophylactic 
Dose 10 Mg Od; Relenza 5 Mg Per Actuation Powder Inhaler.
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Toxicity: The toxicology studies illustrated that zanamivir has very little toxicity 
and no drug-specific toxicities were observed in animal toxicity studies.

Arbidol which is popularly used to cure influenza is reported to inhibit SARS-
CoV-2 [22]. Similarly, Favipiravir, an anti-influenza drug, also is undergoing clinical 
trials against COVID19 [23].

6.3 Anti-hepatitis virus drugs

To date, two classes of antiviral drugs have been accepted by the Food and Drug 
Administration for the treatment of hepatitis B, and nucleos(t)ide analogs (lamivu-
dine, telbivudine, adefovir, tenofovir [TDF] and for hepatitis C, immunomodula-
tors (interferon [IFN]-α and pegylated-interferon [PEG-IFN]-α). Lamivudine, 
a synthetic nucleoside analogue, is phosphorylated intracellularly to lamivudine 
triphosphate, 5′-triphosphate metabolite. The nucleoside analogue is inserted into 
viral DNA by HBV polymerase and HIV reverse transcriptase leading to DNA chain 
termination. Interferons are glycoproteins synthesized by host cells in response to 
viral infection and some other inducers. These are effective against DNA and RNA 
virus and have a no-specific inhibitory effect on the viral replication against a wide 
variety of unrelated viruses [24].

Dose and Preparation: For Chronic Hepatitis B 100 Mg Od; For Hiv Infection 
150 Mg Bd (Along With Other Antiretroviral Drugs); Lamivir 150 Mg Tab, 
150 Mg/5 Ml Solution; Lamivir-Hbv 100 Mg Tab; Heptavir, Lamidac, Lamuvid 
100, 150 Mg Tabs.

Toxicity: The most common reported adverse reactions in adults were headache, 
nausea, malaise and fatigue, nasal signs and symptoms, diarrhea, and cough etc.

Remdesivir which was developed to treat Hepatitis C has also demonstrated 
antiviral activity against SARS-CoV-2 [25]. As per results of controlled, randomized 
clinical trials, remdesivir has shortened the time of recovery in adults employed 
to treat hospitilized COVID-19 patients [26–30]. However, remdesivir potential 
against new SARS-CoV-2 variants is under trail and should be monitored.

Ribavirin used to cure COVID-19 [31] approved to cure respiratory syncytial 
virus and HCV leads to anemia at higher dose [32]. Ribavirin is administered 
intravenously at a dose of 500 mg, 2–3 times a day [33].

Some Antiretroviral Combinations:

1. Lamivudine 150 Mg + Zidovudine 300 Mg Table (1 Tab Bd); Combivir, 
 Cytocom, Duovir, Lamuzid, Zidolam Table.

2. Lamivudine 150 Mg + Stavudine 30 Mg Or 40 Mg Table (1 Tab Bd); Lamivir-S, 
Lamostad, Virolis Table.

3. Lamivudine 150 Mg + Zidovudine 300 Mg + Nevirapine 200 Mg Table (1 Tab 
Bd); Duovir-N, Cytocom-N, Nexivir-Z.

7. Mechanism of action of retroviral drugs.

7.1 Nucleoside reverse transcriptase inhibitors (NRTIS)

The nucleotide/nucleoside reverse transcriptase inhibitors are the first class 
of antiretroviral drugs approved by FDA. NRTIS are taken up by host cells and 
phosphorylated and activated by cellular kinases. NRTIS lack 3′-hydroxyl group at 
the 2’deoxyribosyl moiety and have nucleotide/nucleoside as base. They prevent the 
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formation of 3′-5′-phosphodiester bond in DNA chains thus preventing the replica-
tion of virus. An important aspect these drugs is that they inhibit the production of 
either negative or positive strands of DNA if incorporated during DNA- dependent 
DNA synthesis or RNA-dependent DNA synthesis [34].

Dose and Preparation: Didanosine: 400 Mg/Day (For >60 Kg Bw), 250 Mg/Day 
(< 50 Kg Bw); 1 Hour Before or 2 Hours After Meals; Dinex Ec, Dd Retro, Virosine 
Dr. 250, 400 Mg Tabs. Zidovudine (Azidothymidine, AZT): Adults 300 mg BD; 
Children 180 mg/m2 (max 200 mg) BD. Retrovir, Zidovir 100 Mg Cap 300 Mg Tab, 
50 Mg/5 Ml Syr, Zidomax, Zydowin 100 Mg Cap, 300 Mg Tab (To Be Taken With 
Plenty Of Water).

Toxicity: Symptoms of overdose include fatigue, headache, nausea, and vomiting. 
LD50 is 3084 mg/kg (orally in mice).

7.2 Non-nucleoside reverse transcriptase inhibitor (NNRTIS)

These are second class of reverse transcriptase inhibitors. They act by binding 
to reverse transcriptase and create hydrophobic pocket proximal to active site. This 
pocket generates novel spatial configuration of substrate binding site to decrease 
the overall activity of polymerase. By producing different configuration, synthesis 
of DNA slows down. NNRTIS are not effective against HIV-2 reverse transcriptase, 
because of non-competitive inhibitor action.

Dose and Preparation: Nevirapine: 200 mg/day oral to be increased after 2 weeks 
to 200 mg BD; Nevimune, Nevivir, Nevipan, Neviretro 200 Mg.

Toxicity: Symptoms of overdose include edema, erythema nodosum, fatigue, 
fever, headache, insomnia, nausea, pulmonary infiltrates, rash, vertigo, vomiting, 
and weight decrease. The most common adverse reaction is rash.

8. Protease inhbitor (PIs)

The HIV viral proteinase enzyme which always fragment the replicative and struc-
tural proteins which evolve from major HIV genes mormally as gag and pol, is restrain 
by Ritonavir. Ritonavir inhibits the cleavage of gag-pol polyprotein leading in non-
infectious immature viral particles. Ritonavir is also potent inhibitor of cytochrome 
P450 CYP3A4 isoenzyme which is present in both liver and small intestine. It is type 
II ligand which binds into CYP3A4 and further irreversibly to heme iron via thiazole 
nitrogen linkage which reduces proteins redox potential and impedes its reduction 
with cytochrome P450 reductase, redox partner. Ritonavir may edge cellular transport 
and efflux of other protease inhibitor via MRP efflux channel and P-glycoprotein.

Ritonavir/ Lopinavir is FDA approved therapy to treat HIV and is also reported 
to treat COVID19. However in patients with severe COVID-19, this combination 
showed no benefit [35].

PREPARATIONS: RITOVIR 250 mg tab, RITOMUNE, RITOMAX 100 mg cap.
Entry inhibitors obstruct HIV entry into CD4 cells in organism cells. They act 

in a different way other than nucleoside reverse transcriptase inhibitors, protease 
inhibitors and non-nucleoside reverse transcriptase inhibitors which function after 
they it has infected CD4 cells. They work by taking themselves to proteins which is 
composed of amino acids on superficial side of CD4 cells, the proteins present on 
surface of CD4 cells or on the surface of HIV. The proteins on HIV outer coat must 
bind to proteins present on the surface of CD4. Entry proteins inhibit the above 
process.

PREPARATION: - Efavirenz: is available as 600 mg tab, also FFERVEN, 
VIRANZ, and EVIRENZ, 200 mg cap, 600 mg tab.
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9. Conclusion

In this review we have concluded that the treatment of the viral infection 
and current covid 19 includes the combination therapy of antiviral drugs and 
the immune modeling drugs. Use of the antiviral drugs for the treatment of viral 
infection prevents from illness and as well as mortality rate. Lot of clinical trails are 
going on to prove their efficacy against SARS-CoV-2 and will definitely prove to be 
fruitful and help to save the human community.
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Targeting Mononuclear 
Phagocytes to Treat COVID-19
Brandt D. Pence and Theodore J. Cory

Abstract

Coronavirus disease 2019 (COVID-19) and its etiological agent severe acute 
respiratory syndrome coronavirus-2 (SARS-CoV-2) have caused considerable illness 
and death worldwide. The innate immune system seems to play a principal in the 
disease, as a hallmark of severe COVID-19 is excessive inflammation. Monocytes 
and macrophages are important innate immune cells that become pro-inflammatory 
and promote adaptive immune responses during viral infection. In this chapter we 
present evidence linking these cells to severity of COVID-19. Namely, monocytes 
and macrophages infiltrate the infected tissue during the early stages of infection 
and show pro-inflammatory responses that appear to be linked to those predicting 
tissue pathology during disease. Additionally, studies in isolated cells demonstrate 
that monocytes and macrophages respond by producing pro-inflammatory cyto-
kines when directly stimulated by SARS-CoV-2. While most anti-inflammatory 
pharmaceutical treatments for COVID-19 have focused on systemic infiltration, 
some of the most promising have known or suspected effects on monocyte and 
macrophage inflammatory responses. Therefore, targeting these cells to treat severe 
COVID-19 is a promising strategy for this important disease.

Keywords: COVID-19, SARS-CoV-2, monocytes, macrophages, innate immunity

1. Introduction

A novel highly pathogenic coronavirus emerged in Hubei Province, China in the 
latter months of 2019. The government of the People’s Republic of China informed 
the World Health Organization of the outbreak of the virus, which was prelimi-
narily named novel coronavirus 2019 (2019-nCov), on 31 December 2019. Early 
observational studies found high incidences of fever, cough, and fatigue in hospital-
ized patients with diagnosed infection, and pneumonia, acute respiratory distress 
syndrome, and higher plasma pro-inflammatory cytokine levels were also common 
in those admitted to the Intensive Care Unit [1]. Comorbidities including older age 
and diabetes were found to be associated with worse outcomes [2].

Patient samples were utilized to isolate a betacoronavirus which was distinct 
from previous highly pathogenic coronaviruses such as Severe Acute Respiratory 
Syndrome Coronavirus (SARS-CoV) and Middle East Respiratory Syndrome 
Coronavirus (MERS-CoV), which caused epidemic outbreaks in 2002–2003 [3] 
and 2012 [4] respectively. Molecular epidemiology studies on 2019-nCov found 
that the new virus shared approximately 80% sequence identity to SARS-CoV, and 
further that it shared ~96% sequence identity to the known bat coronavirus RaTG13 
[5], suggesting a potential bat origin. Later papers have suggested transmission to 
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humans through an intermediate host, with leading candidates including Malayan 
pangolins and minks [6], but to date no natural viral reservoir or intermediate host 
has been found despite extensive surveys. Although there has been some specula-
tion as to a laboratory origin of 2019-nCov, this is generally rejected by most in 
the scientific community [7–10], and to date there is no compelling evidence of a 
human origin for the virus.

In March 2020, the World Health Organization declared a worldwide pandemic 
of Coronavirus Disease-2019 (COVID-19), the disease of which 2019-nCov is 
the etiological agent. Likewise in that month, the International Committee on 
Taxonomy of Viruses (ICTV) officially named the new virus the Severe Acute 
Respiratory Coronavirus-2 (SARS-CoV-2) [11], and this nomenclature will be 
utilized throughout the rest of the chapter. To date, SARS-CoV-2 and COVID-19 
have caused tremendous morbidity and mortality worldwide, with deaths from 
COVID-19 numbering more than 3 million as of mid-April 2021 [12].

1.1 Clinical indicators of COVID-19

COVID-19 generally presents with some combination of cough, fever, and/or 
dyspnea, with less prevalent symptoms including diarrhea, myalgia, and nausea/
vomiting [13]. Clinical immunology indicators of severe COVID-19 also include 
lymphopenia and thrombocytopenia [13] as well as significant elevations of 
circulating pro-inflammatory cytokines and other inflammation markers such as 
C-reactive protein [14]. Chest CT scans detect ground glass opacities and pneu-
monia in a substantial fraction of COVID-19 patients with severe disease [13, 15]. 
Severe COVID-19 can progress to acute respiratory distress syndrome [16] and can 
lead to death.

Multiple co-morbidities are associated with severity of COVID-19. Among 
these, advanced age is the strongest predictor of morbidity and mortality [17], and 
increased disease severity is also linked with pre-existing diabetes [18] and severe 
asthma [17]. In addition to the pulmonary system, SARS-CoV-2 has been found 
to infect other organ systems including the cardiovascular, central nervous, and 
gastrointestinal tract systems [19], therefore a variety of other symptoms can occur 
during COVID-19. A subset of COVID-19 patients develop persistent symptoms 
which last for weeks or months, which has been described as post-acute COVID-19 
syndrome or colloquially as “long COVID” [20]. The etiology of long COVID is 
unknown, but does not appear to be associated with persistence of replication-
competent SARS-CoV-2 [21].

2. Overview of the immune system

2.1 Adaptive immune system

The vertebrate immune system is generally divided into two complementary 
arms. The adaptive immune system is highly specialized and recognizes specific 
protein motifs corresponding to individual pathogens. Adaptive immunity is pri-
marily mediated by T and B lymphocytes, with T cells further divided into cytotoxic 
T cells (CD8+) and several classes of helper T cells (CD4+). Cytotoxic T cells recog-
nize infected cells through interactions of the T cell receptor (TCR) with antigen-
bound class I major histocompatibility complex (MHC) molecules, and kill these 
cells via release of cytotoxins such as perforins and granzymes. Likewise, helper T 
cells recognize pathogens through interactions of their TCR with antigen-bound 
class II MHC molecules on antigen presenting cells, and serve to instruct activation 
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of B cells or CD8+ T cells through the release of various cytokines. Finally, B cells 
produce pathogen-specific antibodies, which bind extracellular pathogens to allow 
them to be neutralized by a variety of methods. Adaptive immune responses are 
highly important during SARS-CoV-2 infection and are key to successful clearance 
of the virus from the host. However, these aspects of immunity during COVID-19 
are otherwise beyond the scope of this chapter, and we can point readers to a recent 
review article on this subject [22].

2.2 Innate immune system

Unlike adaptive immunity, innate immunity is not specific to individual patho-
gens, but is instead a host system which allows for conserved responses to broad 
classes of pathogens. A key facet of the innate immune response is inflammation, 
which allows for the destruction and removal of infected or damaged cells, as well 
as tissue cleanup and infiltration of additional immune effector cells to the site of 
infection. A key component of innate immunity is inflammation. Chemokines and 
pro-inflammatory cytokines respectively attract innate immune cells to the site of 
infection and activate them, thereby promoting their various effector functions. 
Neutrophils are early responder cells which perform phagocytosis of pathogens and 
kill microorganisms via the release of soluble anti-microbial molecules and neutro-
phil extracellular traps. Dendritic cells take up pathogens and damaged cell compo-
nents via phagocytosis and migrate to the lymph nodes, where they present antigen 
on class II MHC to activate CD4+ T cells. Likewise, macrophages can perform 
similar antigen presenting functions, and are also key orchestrators of the immune 
response via the release of cytokines and chemokines. A variety of other cell types 
are active during an innate immune response to pathogens such as SARS-CoV-2, and 
we point readers to a recent review on this topic [23].

2.3 Monocytes

The remainder of this chapter will principally focus on the contributions of 
monocytes and macrophages to COVID-19. These are innate immune cells of 
myeloid lineage. Monocytes arise in the bone marrow from common myeloid 
progenitor cells, which are also the precursor to erythrocytes, mast cells, and 
neutrophils among other cell types [24]. Monocytes circulate in the bloodstream 
and perform important innate immune effector functions, including antigen 
presentation, phagocytosis, and immune signaling through cytokine production 
[25]. Monocytes recognize broad classes of pathogen (e.g., gram-negative bacteria, 
dsRNA viruses, etc.) via pathogen binding to cell surface and intracellular pat-
tern recognition receptors (PRRs) and respond by phagocytosis and/or cytokine 
production to further orchestrate the immune response [25].

In humans, three traditional monocyte phenotypes are widely recognized: 
classical (CD14+CD16−), intermediate (CD14+CD16+), and non-classical 
(CD14dimCD16+) [26]. Classical monocytes make up the bulk of circulating 
monocytes (>80%) and are highly phagocytic and potent cytokine producers. 
Intermediate monocytes are enriched for antigen presenting MHC molecules and 
produce cytokines under PRR binding, and non-classical monocytes have patrolling 
and wound healing functions and are less responsive to PRR binding compared to 
classical monocytes [27]. However, intermediate and non-classical monocytes are 
also associated with increased basal inflammation and are increased in circulation 
in a number of chronic diseases [27], thereby suggesting that proportional increases 
in CD16+ monocyte populations may be reflective of detrimental innate immune 
responses.
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2.4 Macrophages

Macrophages are tissue mononuclear phagocytes that participate in innate 
immune defense and stimulation of the adaptive immune system. During an 
inflammatory event, peripheral monocytes invade tissue and differentiate to 
macrophages to carry out host defense, tissue remodeling, and cellular signaling 
activities. Tissue enrichment of monocyte-derived macrophages is therefore a 
hallmark of many infections and contributes to immunopathology during acute 
disease [28–30]. Additionally, many long-lived tissue resident macrophages are not 
monocytic in origin and instead arise during embryonic development [31]. Tissue 
resident macrophages often have distinct nomenclature (e.g. Kupffer cells – liver; 
microglia – brain; osteoclasts – bone) and can perform highly diverse functions 
depending on tissue environment.

Macrophages are phenotypically heterogeneous and can be polarized along the 
inflammatory spectrum to mediate diverse functions which are pro-inflammatory 
(e.g., T cell stimulation) or anti-inflammatory (e.g., wound healing) in nature [32]. 
Macrophages are often classified as M1/pro-inflammatory or M2/anti-inflammatory 
depending on their polarization signals and their expression of cell surface or 
intracellular markers, which is recognized to be an oversimplification but persists 
due to the utility of studying these phenotypes, especially in vitro.

Within the tissue, macrophages play principal roles in phagocytosis of dead 
cells, cell debris, and extracellular pathogens, and additionally present antigens 
to CD4+ T cells to activate adaptive immune responses [33]. Macrophages also 
recognize pathogens through PRR binding and produce cytokines and chemokines 
to orchestrate the immune response, including both initiation and resolution of 
inflammation, the latter of which is key to successful tissue repair.

3. Monocytes and macrophages in COVID-19

A substantial body of evidence now demonstrates the importance of immune 
function during COVID-19 [22, 23]. Here we will focus on the potential contribu-
tions of monocytes and macrophages to severe COVID-19, especially as it pertains 
to the hyperinflammatory environment characteristic of severe disease [34–36]. A 
large number of cytokines have been shown to be upregulated during COVID-19 
and associated with poor outcomes, including interleukin (IL)-1α, IL-1β, IL-2, IL-6, 
IL-8, IL-10, IL-17A, IL-33, monocyte chemoattractant protein-1 (MCP-1), granulo-
cyte colony stimulating factor (G-CSF), interferon (IFN)-γ, IFNγ-inducible protein 
(IP10), and tumor necrosis factor-α (TNFα) among others [37–43].

3.1 Monocyte infiltration into infected tissue

The infiltration of monocytes and subsequent increase in monocyte-derived 
macrophages is a hallmark of infection severity for a number of viruses [28–30]. 
Several observations have now suggested that this is also the case in COVID-
19. A variety of single cell RNA sequencing studies have noted increases in 
monocytes and macrophages in collected bronchoalveolar lavage fluid that are 
associated with severe disease [44–46]. Notably, infiltrating monocyte-derived 
macrophages seem ultimately to be the principal contributors to disease severity, 
rather than resident alveolar macrophages [45, 47, 48]. Likewise, several post-
mortem analyses of patients who died due to COVID-19 have found significant 
numbers of monocytes and monocyte-derived macrophages in tissues, especially 
lungs [49–52].
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A key drawback to observational human studies is that they cannot empirically 
determine whether monocyte infiltration and macrophage increases are due to 
SARS-CoV-2 infection itself, due to the ethical issues with infecting human subjects 
with the virus itself in a prospective manner. Animal studies are often used in such 
instances, and this is complicated in COVID-19 research by the general non-suscep-
tibility of traditional laboratory mouse models to infection by SARS-CoV-2. This 
is due to significant sequence differences between mouse and human angiotensin 
converting enzyme 2 (ACE2), the principal receptor for SARS-CoV-2 [53].

Nevertheless, while standard mouse models are not susceptible to viral infec-
tion, a large number of other laboratory animals have been established as models of 
COVID-19. Experimental infection in these animals invariably leads to monocyte 
and macrophage infiltration into pulmonary tissue, as has been shown to date with 
human ACE2-expressing transgenic mice [54, 55], Syrian hamsters [56], rhesus 
macaques [57–59], and African green monkeys [60] among others. Given the asso-
ciations with disease shown in human sequencing and pathology studies, as well as 
the empirical evidence from animal studies demonstrating monocyte/macrophage 
infiltration during infection, it appears clear that these cells are responding to local-
ized tissue infection during COVID-19. However, the functions being mediated by 
monocytes and macrophages during the course of SARS-CoV-2 infection are not yet 
entirely clear.

3.2 Phenotypic shifts and hyperinflammation

In addition to infiltration into infected tissues, various observational studies have 
shown shifts in monocyte and macrophage phenotypes towards hyperinflammatory 
states in COVID-19. One of the most consistent changes noted in COVID-19 immune 
profiling studies is a decrease in monocyte expression of human leukocyte antigen 
(HLA)-DR, an MHC class II protein. HLA-DR downregulation has been seen in 
other inflammatory conditions such as sepsis and is linked to disease severity [61]. 
In COVID-19, HLA-DR downregulation is a prominent feature [38, 45, 62–66], and 
could signify immune exhaustion in virus-stimulated cells that could lead to impaired 
inflammation and antigen presentation, and therefore to defects in adaptive immune 
responses.

Likewise, both monocytes [67–70] and lung macrophages [44, 45, 71] produce 
increased levels of pro-inflammatory cytokines during acute SARS-CoV-2 infec-
tion as noted in human observational studies. Pro-inflammatory macrophage 
responses have also been noted in the lungs of experimentally infected non-human 
primates [60, 72, 73], thereby linking macrophage inflammation to infection with 
SARS-CoV-2 itself (and not some other biological factor). Therefore, it appears that 
SARS-CoV-2 infection causes inflammatory responses in macrophages and mono-
cytes, although the immediate proximal cause of this response cannot be identified 
solely via immune cell phenotype profiling.

3.3 Responses to direct infection

Both macrophage infiltration to infected tissues and resulting hyperinflam-
mation in these cells can be explained by indirect mechanisms (e.g., infected cells 
activating monocytes/macrophages via cytokine signaling). However, several in 
vitro studies have demonstrated that monocytes and macrophages react to infec-
tion with SARS-CoV-2 by mounting pronounced inflammatory responses [74–76]. 
It is likely that infection of these cells is abortive (i.e., does not produce additional 
infectious virus) [74, 75, 77], so these responses may be mediated by viral protein 
binding to cellular receptors rather than by recognition of replicating viral RNA. 
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Additionally, immunometabolic activation has been demonstrated in infected 
monocytes, which upregulate glycolytic activation [78] and accumulate intracel-
lular lipid droplets [79] when exposed to SARS-CoV-2. Metabolic reprogramming 
is a hallmark of innate immune activation [80], and thus may be a mechanism by 
which myeloid cells mount their initial inflammatory responses to SARS-CoV-2. A 
schematic of lung macrophage populations with and without SARS-CoV-2 infection 
is shown in Figure 1.

4. Targeting monocytes and macrophages

Targeting monocytes and macrophages as a strategy to improve outcomes in 
people infected with SARS-CoV-2 has been an area of considerable interest since 
the beginning of the COVID-19 pandemic. As key effectors of the innate immune 
system, they play an important role orchestrating the immune response to SARS-
CoV-2. This approach has been primarily focused on systemic anti-inflammatories, 
although a number of other strategies are under investigation. While a variety of 
small molecule and biologic based strategies have been investigated to treat COVID-
19, there has been a relative dearth of strategies which have been shown to improve 
disease outcomes.

4.1 Dexamethasone

One such drug which has been recommended for use in critically ill COVID-19 
subjects is the corticosteroid dexamethasone. A number of trials, most notably the 
RECOVERY trial have investigated the use of dexamethasone in individuals receiv-
ing advanced care for COVID-19, and have shown that the drug may of therapeutic 

Figure 1. 
Schematic of lung macrophage populations during COVID-19. Uninfected lungs (left) maintain a resident 
population of alveolar macrophages. During SARS-CoV-2 infection (right), infiltrating monocyte-derived 
macrophages become activated and produce pro-inflammatory cytokines. Created with BioRender.com.
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utility for severe cases [81]. This trial showed that in ventilated patients and patients 
receiving supplemental oxygen, that administration of IV dexamethasone resulted 
in a significant increase in 28-day mortality. Interestingly, however, the same results 
were not observed for individuals not receiving supplemental oxygen.

Among other mechanisms, one way by which corticosteroids decrease inflam-
mation is by modulating cytokine release from monocytes and macrophages [82]. 
This can include, among other cytokines, IL-8, GM-CSF, and TNF-α [82, 83]. By 
modulating cytokine production in monocytes and macrophages, dexamethasone 
may lessen the strong cytokine storm that occurs in many people infected with 
SARS-CoV-2 [84].

4.2 Baricitinib

Baricitinib is a JAK 1 and 2 inhibitor which has currently received an emergency 
use authorization to be used in combination with remdesivir for the treatment 
of COVID-19. Previously, it had been approved for the treatment of rheumatoid 
arthritis [85]. In patients with COVID-19, in combination with remdesivir it has 
been shown to be superior to remdesivir alone in improving clinical status, espe-
cially in ventilated individuals [86]. Baricitinib likely functions in COVID-19 by 
decreasing the release of inflammatory cytokines from immune cells, including 
macrophages.

Non-human primate studies of baricitinib has shown that it can decrease the 
production of pro-inflammatory cytokines in lung macrophages, including TNF-α, 
IL-6, and IL-1β [72]. These modulations in cytokine expression from macrophages 
also blunted neutrophil influx into the lungs of these animals, which likely repre-
sents the mechanism by which the drug improves COVID-19 outcomes.

4.3 Tocilizumab

Tocilizumab is a monoclonal antibody therapeutic which has been approved 
for the treatment of rheumatoid arthritis [87]. Its mechanism of action is to act as 
an antagonist for the interleukin-6 receptor. By blocking this receptor, it is able to 
decrease signal transduction of this pathway and decrease the host inflammatory 
response. During the COVID-19 pandemic, it has gained considerable interest as a 
therapeutic for COVID-19. Its use is recommended as a single IV dose in combina-
tion with dexamethasone in patients who are critically ill in the ICU and receiving 
mechanical ventilation [88] . The evidence supporting the use of tocilizumab 
in COVID-19 is somewhat mixed, with some studies showing no benefit in the 
 disease [89].

Macrophages are key producers of IL-6, and the IL-6 receptor is expressed on 
the surface of macrophages [90]. In COVID-19, some patients experience an overly 
strong cytokine response, commonly referred to as a cytokine storm, or hyper-
inflammation. Treatment with tocilizumab may be able to decrease this strong 
inflammatory response through blunting IL-6 signaling [91].

4.4 Non-steroidal anti-inflammatory drugs (NSAIDs)

To date, there has been considerable controversy to the potential benefit of 
NSAIDs for the treatment of COVID-19. These drugs inhibit the activity of the 
cyclooxygenase isoforms 1 and 2 [92]. In March of 2020, the French Minister of 
Health raised concerns based on case reports in the country showing individu-
als with worsened symptoms after the administration of NSAIDs [93]. This was 
further supported by previous studies in lower respiratory infections suggesting 
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that NSAID usage could worsen disease outcomes. These studies, however, were 
relatively weak, and additional research is likely necessary to determine the effect 
of these drugs on respiratory infections [94]. There is some evidence that suggests 
that NSAIDs may be able to decrease the production of pro-inflammatory cytokines 
including TNF-α from macrophages, which may represent a potential mechanism of 
action of any potential benefits for the treatment of COVID-19 [95].

5. Conclusions

COVID-19 is an emergent and ongoing disease with substantial public health 
and sociological implications. It is clear that inflammation underlies severe 
COVID-19, and so the biological mechanisms by which this occurs are of substan-
tial interest. Monocytes and macrophages are important innate immune cells that 
appear to play central roles in COVID-19, as they infiltrate infected tissues and 
produce pro-inflammatory cytokines during infection. Some current biologic and 
non-steroidal anti-inflammatory therapies which may be efficacious in treating 
COVID-19 have known effects on macrophages and monocytes. However, these 
have primarily been used systemically, so the utility of directly targeting mononu-
clear phagocytes as a therapeutic for COVID-19 remains in need of investigation. A 
brief summary of evidence for anti-inflammatory drugs used to treat COVID-19 is 
presented in Table 1 below.

Future studies are needed to define the molecular mechanisms by which mono-
cytes and macrophages respond to SARS-CoV-2, either due to direct infection or 
due to signaling from nearby infected cells. A fuller understanding of how myeloid 
cells become activated during COVID-19 will allow for more targeted therapies to 
be developed. These may be more efficacious than the current systemic anti-inflam-
matory treatments outlined in Section 4 above, as they would represent evidence-
based strategies for treating hyperinflammation during severe COVID-19.

Treatment Proposed mechanism Evidence References

Corticosteroids Decreased cytokine release Weak [81]

Baricitinib JAK inhibitor Modest [72, 86]

Tocilizumab IL-6R inhibitor Mixed [88, 89]

NSAIDs Unclear for COVID-19 Weak [93]

Table 1. 
Targeting COVID-19 with anti-inflammatory drugs.
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Abstract

Novel Coronavirus (nCoV-2019) is a highly infectious viral outbreak that has so 
far infected more than 110 million people worldwide. Fast viral transmission and 
high infection rates have severely affected the entire population, especially the old 
aged and comorbid individuals leaving significantly less time to find some effective 
treatment strategy. In these challenging times, convalescent plasma (CP) therapy 
came as a ray of hope to save humankind. It is a form of passive immunization that 
has been used to treat various infectious diseases since 1890, including the 1918 
Spanish flu, 2002/03 SARS-CoV, 2009 H1N1, 2012 MERS-CoV, and 2014 Ebola 
outbreak. The transfusion includes administration of CP containing a high value of 
neutralizing antibodies against the virus in hospitalized patients. This chapter sum-
marizes the potential outcome of CP therapy in the treatment of nCoV-2019 patients.

Keywords: nCoV-2019, CP therapy, viral infection, neutralizing antibody

1. Introduction

Convalescent plasma (CP) is defined as a blood plasma that is withdrawn from 
an individual who had encountered some infectious disease and had recovered with 
a required amount of antibodies against the disease [1]. It is a way of passive immu-
nization [2]. The concept has been widely used in medical sciences, especially in the 
case of infectious disease outbreaks. It is an old therapy used since late 1800 [3]. In 
Germany (1890), researchers treated diphtheria patients with sera from immunized 
animals. Afterward, the patients were treated with the sera from the recovered ones 
[4, 5]. The wide use of CP therapy was established during the Spanish influenza 
outbreak between 1918 to 1920 [6]. Humanity faces a great survival challenge 
when a new infectious disease emerges and becomes a pandemic. We do not have 
much to do in such cases, and we mostly rely on our scientific or medical fraternity. 
Therefore, during such a pandemic/epidemic, there is an urgent need to have 
a quick, available therapeutic option [3]. A study estimates that on an average 
basis, there have been 5.3 newly emerged viruses between 1940 to 2004, which 
includes 60–70% of viruses having an animal origin and have potential to the infect 
humans [7]. In such circumstances where there are very few options available for 
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the treatment, and when a patient condition is worsening, CP therapy has always 
been an excellent choice for clinicians. Humans can get exposed to these viruses by 
different means of exposure, and generally, these are considered “unavoidable or 
by chance.” In viruses, the major therapeutic challenges arise because of the high 
degree of genetic changes, which may be due to mutation or genomic instability [8].

In December 2019, a new virus emerged in the Huanan Seafood market and 
resulted in a dreadful outbreak in China, and the virus rapidly spread to more than 
200 countries globally [9]. Further sequence-based analysis of respiratory tract 
samples identified a novel strain, which was distinct from the other known corona-
virus strains, subsequently named Severe Acute Respiratory Syndrome Coronavirus 
2 (SARS-CoV-2), and the disease caused by SARS-CoV-2 infection was designated 
as novel coronavirus-2019 (nCoV-2019) by the World Health Organization (WHO) 
[10]. The emergence of novel coronavirus came up as a big challenge for the con-
cerned authorities of the various country [11]. Clinicians had no clue regarding 
its treatment approaches that made the situation even worse [12]. Soon, on March 
11, 2020, WHO declared it a pandemic. In its initial days, the unavailability of any 
potential drug/therapy resulted in an exponential increase in infections.

For more than a century, this therapy has been widely explored against various 
outbreaks. During the 2002/3 SARS-CoV outbreak, 2012 Middle East Respiratory 
Syndrome (MERS-CoV) outbreak, and H1N1 pandemic (2009), CP therapy was 
successfully explored [13–16]. Similarly, for the 2013/14 Ebola virus infection 
treatment, CP therapy was recommended as an empirical treatment approach 
[17]. Based on previous experiences and similarities in terms of virological and 
clinical characteristics among the SARS-CoV, MERS-CoV, and nCoV-2019 [18], CP 
therapy was explored for its efficacy in the battle against newly emerged (nCoV-
2019) pandemic. In February 2020, for the first time, a group of researchers from 
China reported and published the usefulness of CP in nCoV-2019 severe patients in 
Journals like JAMA [17] and PNAS [16]. CP therapy can be used as a prophylaxis for 
various infectious diseases, primarily when an outbreak occurs.

Many studies showed a significant correlation between CP therapy and improved 
clinical symptoms. In a preliminary study involving 5 critically ill nCoV-2019 
patients, 400 mL CP administration (high neutralizing antibody (NAb) titer >40) 
resulted in improved clinical characteristics [17]. A similar study with 10 critically ill 
patients who received 200 mL of CP (one dose; NAb>1:640) significantly improved 
clinical symptoms within 3 days and viremia resolution within 7 days [16]. Altuntas 
et al. carried out a CP-based study on 888 patients, reported that CP administration 
reduced the ICU stay (p = 0.001) and MV support (p = 0.02) [19]. However, there is 
some uncertainty with large-scale CP transfusion. A PLACID trial published on 464 
patients found that CP therapy did not reduce the progression to severe illness or 
28-day mortality (19% treatment Vs. 18% control group) [20]. A clinical trial on 228 
patients reported no significant benefits in symptoms and overall mortality between 
the intervention (10.93%) and the placebo group (11.43%) [21]. Similarly, a review 
article that studied 20 articles reflected that the efficacy of CP therapy in nCoV-2019 
patients is uncertain [22]. Therefore, the US FDA recommended the use of CP as 
an investigational product [23]. Here, in this chapter, we have explored CP therapy 
potentials on nCoV-2019 based on available literature.

2. Methods

Relevant review search was done using keywords “nCoV-2019 or COVID-19, 
Convalescent Plasma or Plasma therapy”. The search engine included electronic 
databases like PubMed, Google Scholar, and ClinicalTrials.gov.
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3. History of convalescent plasma

This therapy is not new for nCoV-2019, as physicians used this therapy more 
than a century ago [24]. Convalescent plasma has been used historically for a long 
time to develop passive immunity in patients suffering from various bacterial and 
viral diseases such as measles [25], mumps [26], and poliomyelitis [27] by transfer-
ring plasma carrying NAb from previously recovered patients. Although antibiotics 
have replaced CP usage in bacterial diseases, it remains a useful tool for novel viral 
infections for which the vaccine is not available.

A literature study reported that serotherapy was used during the Spanish flu 
(influenza A) pandemic in 1918–1920 for the first time, but this therapy was also 
used before the Spanish flu pandemic [3]. Serotherapy was tried as a therapeutic 
treatment in a poliomyelitis outbreak in New York in 1916 [28]. In 1916 (Tunis), 
some researchers again performed this therapy for the measles [6]. Hess AF in 
1915 applied serotherapy to treat mumps and successfully prevented the testicular 
complications in the affected patients [29]. However, the credit goes to the Italian 
Francesco Cenci, who for the first time used convalescent serum as a therapeutic 
means to save the children that were exposed to measles [30]. Cenci performed 
this experiment by withdrawing 600 mL blood from a patient who recovered from 
measles after 21 days. After that, he administered this therapy to four children aged 
4–8 years [30]. The results were overwhelming as the children did not contract 
measles following the treatment. Since the mortality rate in measles was high, 
ranging from 6–7%, this prophylactic therapy lasted for a long time [31]. There 
was again a measles outbreak in December 1906 in Italy where this therapy was 
administrated in forty sick children, and all the patients recovered successfully. One 
children had severe symptoms, but after therapy, the child showed milder symp-
toms. Luigi Concetti performed a similar therapy in 1900 on two children affected 
with diphtheria in Rome, Italy [6, 32]. After that, CP therapy was used for treating 
many diseases like MERS, Ebola, SARS etc. (Table 1) [33].

During H1N1 influenza epidemics in 2009, CP therapy was given to the patients 
who were in critical conditions and were presented to the hospitals with severe 
respiratory problems. The patients showed reduced viral load in the respiratory 
system and there was also decreased cytokine response and mortality rate [14]. 
CP therapy was also used in the Ebola epidemic in 2013 in West Africa regions 
[34]. SARS-CoV in 2002/2003 and MERS-CoV in 2012, the two outbreaks with 

Disease (epidemic/pandemic) Country Year

Diphtheria Italy 1900

Measles Italy 1906

Mumps (epidemic) USA 1915

Poliomyelitis USA 1916

Measles (epidemic) Tunis 1916

Influenza A (pandemic) Spain 1918

SARS1 (epidemic) China 2002/3

MERS (endemic) Middle East 2012

Ebola (pandemic) West Africa 2013

COVID-19 (pandemic) China 2019

Table 1. 
Use of CP therapy during various diseases outbreak.
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high mortality occurred in early 21st century [35]. In South Korea, MERS became 
endemic, and there was an urgent need for CP therapy as the mortality rate was 
very high, and there was no effective treatment available [35]. Eighty patients of 
SARS-CoV in Hong Kong were given early administration of convalescent plasma, 
and they demonstrated an increased prognosis and got early discharge from the 
hospital [15]. A study in Taiwan showed that the administration of CP in 3 patients 
reduced the viral load [36].

4.  Significance of convalescent plasma therapy during SARS-CoV  
and MERS-CoV outbreaks

Earlier, CP therapy was used to treat similar coronavirus outbreaks, i.e., SARS 
and the MERS in the last two decades (Table 2).

4.1 SARS-CoV outbreak

The first outbreak of the twentieth century that surfaced from China in 2002 led 
to severe respiratory illness and pneumonia-like symptoms in patients. A case study 
published in 2003 reports that CP administration as an adjunctive treatment along-
with ribavirin and prednisolone in a 57-year-old SARS patient on Day 14 reduces 
the viral load and fever within a few days. Further, a better resolution of a basal 
lung infiltrate was seen in chest X-ray post- convalescent plasma treatment [40]. A 
group of Hong-Kong-based researchers, Soo et al. (2004) and Cheng et al. (2005), 
first reported using convalescent plasma as an emergency therapy to contain this 
outbreak. They found that patients treated with steroids and CP had low mortal-
ity and got early discharge from the hospitals compared to patients treated with 
steroids alone [15, 37, 41].

Further, they have found that patients with early administration of convalescent 
plasma (before 14 days of symptoms onset) have shorter hospital stay and have less 
mortality (p = 0.08) than those who received convalescent plasma after 14 days 
[15]. A similar study by Yeh et al. reports about the beneficial effect of CP admin-
istration in SARS infected Health-workers who were severely ill and showed no 
response to available antiviral treatments. The CP administration in them resulted 
in a reduced viral load and fever within a day, followed by resolution of pulmonary 
infiltrates and a time-dependent increase in anti-SARS-CoV IgM and IgG antibod-
ies [36]. In conclusion, early administration of convalescent plasma led to better 
patient outcomes in terms of fast recovery, short hospital stays, reduction in viral 
load, and improvement in clinical symptoms.

4.2 MERS-CoV outbreak

This outbreak took place due to another strain of respiratory illness causing 
coronaviruses, referred to as MERS, pointing to its origin from central-east Asia 
(Arabian countries). From the prior experience of using CP during SARS-CoV 
outbreak, passive immunotherapy by administering NAb in patients serves as 
a vital tool in battle with this disease. Chan et al. in 2012, found that convales-
cent sera of previously recovered SARS patients have cross-reactive NAb that 
can work effectively against novel coronavirus strains [42]. Corti et al. in 2015, 
based on anecdotal evidence, studied the prevalence of MERS specific antibod-
ies in dromedary camels from the middle east (Oman) and European countries 
(Netherland and Chile). They found that all Omanian camels in their study group 
had MERS-CoV-specific NAb in their serum compared to European animals, 



417

Convalescent Plasma: An Evidence-Based Old Therapy to Treat Novel Coronavirus Patients
DOI: http://dx.doi.org/10.5772/intechopen.97073

highlighting the importance of passive immunotherapy upon successfully detect-
ing the transmission source. These antibodies of CP have the potential to neutral-
ize the MERS-CoV if administered in the patients [38]. The effectiveness of CP 
was also reported by van Dorelman et al. in 2017, in common marmosets infected 
with MERS-CoV. They found that marmosets treated with hyperimmune plasma 
and m336 (monoclonal antibodies) showed a reduction in viral load and overall 
severity [39]. However, the use of MERS-CoV antibodies is very challenging, as 
some studies report that they are produced at a low level and are short-lived in 
mild infections [43, 44].

5. Mechanism of action of convalescent plasma

Convalescent plasma to be donated contains specific antibodies for particular 
infectious diseases or pathogens. These antibodies possess neutralization activity. 
This activity is achieved in different ways: either by impeding the binding of viral 

Sr. No. Title of the study Year Indication Outcomes References

1. Retrospective comparison 
of convalescent plasma 
with continuing high-

dose methylprednisolone 
treatment in SARS patients

2004 SARS Low mortality 
was observed 

in patients 
treated with 
convalescent 

plasma with no 
adverse effects

[37]

2. Use of convalescent plasma 
therapy in SARS patients in 

Hong Kong

2005 SARS Low mortality 
rate and a 

better outcome 
was observed 

in patients 
treated with 
convalescent 

plasma

[15]

3. Experience of using 
convalescent plasma for 
severe acute respiratory 

syndrome among healthcare 
workers in a Taiwan hospital

2005 SARS Fast recovery 
with reduced 

viral load 
was observed 

in patients 
treated with 
convalescent 

plasma

[36]

4. Middle East respiratory 
syndrome coronavirus 

neutralising serum 
antibodies in dromedary 

camels: a comparative 
serological study

2013 MERS MERS-CoV 
specific 

neutralizing 
antibodies were 
found in serum 

Omanian camels

[38]

5. Efficacy of antibody-based 
therapies against Middle 

East respiratory syndrome 
coronavirus (MERS-CoV) in 

common marmosets

2017 MERS Reduction 
in viral load 
and severity 

in marmosets 
treated with 
convalescent 

plasma

[39]

Table 2. 
List of studies describing the significance of CP therapy during SARS-CoV and MERS-CoV outbreaks.
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particles with the endosomes, by hindering the viral protein proteolytic cleavage, by 
blocking the release of viral progeny, or by inhibiting the viral surface glycoproteins 
from invading the human cells [45]. A report published by Lu et al. suggests that 
when a neutralizing antibody (NAb-3BNC117) was passively administered on mice 
model, it helped block NAb helped block the new infection, enhanced clearance of 
the infected cells, and accelerated the HIV-1 infected cell clearance [46].

The other mode of action includes antibody-dependent-cellular-phagocytosis 
(ADCP), complement system activation, and antibody-dependent cellular-
mediated cytotoxicity (ADCC). CP antibodies induce clearance of virus-
infected cells by ADCP. A cross-talk is established among the CP antibodies, 
which helps in eliciting the Fc-dependent effector functions. The activated 
complement system helps eliminate the virus by two means. First, by direct 
means i.e., through complement dependent cytotoxicity. Second, indirect 
means, i.e., by phagocytosis, help clear the associated complement targets. In 
the case of nCoV-2019, the recovered patients may develop serum antibody 
response (IgG) against various virus epitopes [1]. This IgG competes with the 
angiotensin-converting enzyme-2 receptor (ACE-2) to bind with the virus 
receptor-binding domain (RBD) and may neutralize the nCoV-2019 infection. 
Therefore, in this case, the binding domain acts as both, i.e., the epitope for 
antibody and a binding site for the receptor enzyme [2]. Literature suggests 
that when CP therapy is administered at an early stage of nCoV-2019 infection, 
the therapeutic effect may be more effective [47]. In most viral infections, the 
peak of viremia starts appearing in the early first week of the illness. However, 
between days 10–14 or early in some cases, the host primary immune response 
starts exerting its potential effect [47].

6. Use of CP therapy on nCoV-2019 patients

In the absence of any specific treatment of nCoV-2019 and vaccines with 
proven long-term results, CP administration comes to the rescue for an effective 
treatment for critically ill nCoV-2019 patients (Tables 3 and 4). This is a kind of 
passive immunization method where CP from a recovered nCoV-2019 individual is 
obtained and uses them on diseased individuals to resolve the symptoms and reduce 
disease course by suppressing the viremia [18]. The use of passive immunotherapy 
is a widely used approach to combat various infectious diseases, which consisted of 
various formulations such as whole blood, pooled human sera containing immuno-
globulin and convalescent plasma. Plasma collected through apheresis with subse-
quent CP transfusion is the most commonly used passive immunotherapy approach 
to battle against pandemics happened earlier [24]. Theoretically, a person who 
got infected from an infectious disease, upon recovery, blood is screened for NAb 
specific to the causative pathogen suffered earlier. The convalescent plasma con-
taining a high-titer NAb is used as a therapy to maximize the capacity to neutralize 
an infecting pathogen (Figure 1) [56].

Studies from the current nCoV-2019 pandemic suggested that it elicits a robust 
immune response resulting in cytokine storm which generates high levels of IgM 
and IgG mostly that persists for months even after the symptom disappears. 
Thus, a large window period and maximum chances of successful extraction of 
high titer anti-SARS-CoV-2 immunoglobulins act as a boon to utilize it as passive 
immunotherapy [57, 58]. Further studies have elaborated on NAb response. More 
severe disease may lead to higher antibody response levels [58], and antibody level 
decreases considerably within the first 90 days after symptom start among indi-
viduals suffered from the mild disease [59].
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6.1 Source/donor requirement

In order to overcome various challenges for enrolment of successful plasma 
donors during the outbreak different strategies such as social distancing, travel 
restrictions, and imposed lockdowns have been implemented. To recruit possible 
plasma contributors, this includes donor self-identification, social awareness utiliz-
ing social/formal/e-media outlets and clinician referral of individuals got previous 
exposure to the infection [60]. NAb titres can be examined in possible donor or CP 
units through ELISA/chemiluminescence assay or pseudovirus neutralization assays 
which are known as indirect methods or directly under biosafety level 3 conditions 
by using live SARS-CoV-2 neutralization assays. USFDA has permitted the use of CP 
therapy under the clause of EUA for hospitalised nCoV-2019 infected patients [61]. 
CP units were categorized as lower or higher antibody titre based on qualitative che-
miluminescent immunoassay for detection of neutralizing IgG against SARS-CoV2 
spike protein [60]. The collected plasma is treated for pathogen inactivation to avoid 
the risk of transfusion transmitted infections. A donor can donate CP weekly for 
several months till the antibody titers are high. There are several factors that restrict 
the donation, including the individuals who already received the CP for their nCoV-
2019 treatment (minimum of 90 days) are not allowed to donate blood products.

6.2 Who can donate CP

• Person who has confirmed validated diagnostic record of SARS-CoV-2 infection.

• Physical examination, including the absence of fever and respiratory  
symptoms. Minimum of 14-day post-recovery with no symptoms.

• A person who meets the standard routine blood donation criteria. The donor 
and recipient should be ensured for ABO compatibility

Figure 1. 
Diagrammatic representation of the use of CP in nCoV-2019 patients.
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• CP must be free of HIV, HCV, HBV syphilis, human T-cell lymphotropic virus 
1 and 2, and Trypanosoma cruzi and any other transfusion/locally transmitted 
infections.

• CP from either male donors or from female donors with no pregnancy history 
is preferentially used to avoid any risk of TRALI (Transfusion Related Acute 
Lung Injury) [62].

• For retrospective testing and scientific investigations, donors blood products 
(serum, plasma, whole blood) should be saved at −800 C.

6.3 Plasma donation

Convalescent plasma donors may be identified during national disease-specific 
cohorts, during hospitalization of the patient, by the practitioners treating outpa-
tients, and through various specific online/social helpline-networks.

6.3.1 FDA guidelines

The FDA recommends three approaches for the administration of CP. First is 
directed for the treatment of patients of nCoV-2019 through EUA. Second, patients 
with severe nCoV-2019 illness who are unable to participate in RCT through 
expanded access protocol. The third one involves clinical trials where clinicians are 
advised to enroll patients in the trials to examine the effectiveness of CP therapy in 
nCoV-2019 [63].

6.4 Dosage

Various dosage regimens were utilized in various hospital setups for the manage-
ment of SARS-CoV2 infected patients. Universally 200 ml of convalescent plasma 
in 1 or 2 doses with an infusion rate of 100 to 200 ml/h are administered with an 
interval of 12 hr. apart. The dosage regimen is decided according to body weight 
and antibody titer [64]. Standard hospital procedures and recommendations should 
be followed for thawing and transfusion of plasma through a peripheral or central 
venous catheter.

6.5 Follow up

CP therapy is still an experimental model. For future scientific investigations 
and correlations, the blood products of the recipient should be stored (prior and 
after transfusion). As per published trials, the response post CP therapy is mainly 
assessed i.e., PaO2/FiO2 ratio clinically or through Ct scan or X-ray (radiological) 
of the infected organ. However, elicitation of nCoV-2019 antibody titer or increased 
ALC in recipients, as well as a decline in SARS-CoV2 viral load either in terms of 
absolute quantification or increase of cycle threshold (Ct) value, could be consid-
ered as surrogate endpoints [65].

7. Risk associated with the use of CP therapy

Major adverse events associated with CP transfusion are not much evident so far. 
However, risk assessment before/after the transfusion is important. Several stud-
ies/clinical trials have shown that the use of CP therapy in severely ill nCoV-2019 
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patients is safe and early administration with adequate anti-SARS-CoV-2-NAb 
titer is helpful in faster recovery and survival of nCoV-2019 patients [18, 66]. CP 
therapy is contraindicated in certain individuals such as those who are allergic to 
plasma protein or sodium citrate, patients with selective IgA deficiency (70 mg/
dl in patients four years old or older), or the ones who received treatment with 
immunoglobulins in the last 30 days as it could lead to the development of serum 
sickness [67].

However, large U.S. national registry, through its interim report, showed that 
among over 100,000 hospitalized adults that had nCoV-2019 infection, low inci-
dences of transfusion reactions were documented in the first 5,000, and 20,000 
patients transfused with nCoV-2019 CP therapy, which is suggestive of the fact that 
transfusion of convalescent plasma is safe and poses no additional risk of complica-
tions among hospitalized patients with nCoV-2019 [52, 68]. An RCT compared the 
safety of convalescent plasma transfusion with fresh frozen plasma transfusion 
documented a comparatively less rates between the controls (7%) and CP (4%) 
group of patients and highlighted the safety profile of CP transfusion [69].

8. Conclusions

In the absence of any effective antiviral drug and vaccine (long term effect is not 
yet established) to prevent the infection, several approaches have been explored to 
reduce the duration of the disease course. One therapeutic approach that is being 
utilized globally is convalescent plasma therapy against nCoV-2019. Once the 
person recovers from nCoV-2019, the blood contains antibodies against the caus-
ative virus. In emergency situations, these antibodies can be given to other affected 
people to provide immediate immunity against the virus, reducing the severity and 
helping in faster recovery. FDA has not yet approved the use of CP as a treatment of 
nCoV-2019. It is administered under the EUA or an IND. However, further large-
scale, world-wide controlled clinical trials are needed to prove the efficacy of the CP 
therapy for the current pandemic.
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Chapter 23

Potential Therapeutics Pathways 
in Solving the Challenges of the 
COVID-19 Pandemic
Tafirenyika Mafugu

Abstract

Millions of lives throughout the globe are under threat due to the COVID-19 
pandemic. COVID-19 causes severe respiratory tract infections. In most countries 
COVID-19 Infections and deaths continue to soar despite the various measures put 
in place by the World Health Organization. These measures include limited mobility 
through lock down and banning international travelers. Furthermore, social distanc-
ing, wearing masks, frequent hand washing with soap and sanitizing were under-
taken to slow down the rate of the virus spread. Only few countries like South Korea 
have been able to contain the virus to date. Our only hope is in biotechnology which 
have been used to develop diagnostic kits and more recently approved vaccines: 
vaccines by Pfizer-BioNTech and Moderna; AstraZeneca and Oxford University vac-
cine; Sputnik V vaccine; Sinopharm and the Beijing Institute of Biological Products 
vaccine. However, the vaccines are yet to reach the majority of the world population. 
Hence, there is need for concerted effort among governments and non-governmen-
tal organizations in all nations to develop the necessary infrastructures to step up 
vaccine production, and procurement as well as vaccination programmes. There is 
need for continued effort in biotechnology, to develop COVID-19 therapeutic drugs.

Keywords: COVID-19, social distancing, pandemic, diagnostic kits, prevention, 
biotechnology, vaccines

1. Introduction

The outbreak of the novel COVID-19 (SARS-CoV-2) which the World Health 
Organization declared a pandemic in March 2020 was first detected in Wuhan, 
China [1]. It has endangered millions of lives, especially individuals with chronic 
conditions such as high blood pressure and diabetes [2]. COVID-19 causes severe 
respiratory tract infections. This chapter focuses on the current status of coronavi-
rus cases and deaths worldwide, and the underway efforts to develop a vaccine or a 
therapeutic drug to the pandemic.

2. The current status of coronavirus cases and deaths

On the 12th of December 2020, the World Health Organization (WHO) reports 
that there were 69 808 588 confirmed cases and 1 588 854 deaths worldwide [3]. 
From Figure 1. America and Europe had the highest number of confirmed daily 
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COVID-19 cases of 29 770 479 and 21 688 472 respectively on the 30th of November 
2020. The least numbers of daily confirmed cases are recorded in Africa (1 610 874) 
and the Western Pacific (952 629).

From Figure 2. America and Europe recorded the highest numbers of deaths by 
the 30th of November 2020 while Africa and the Western Pacific recorded the least 
numbers of deaths.

3. An overview of the successes and failures to contain the virus

The COVID-19 pandemic has affected the health, economy, and social mobility 
of people in countries around the world. Limited mobility through a lockdown and 
banning international travelers and social distancing, wearing face masks, and health 
officials and agencies undertook frequent hand washing with soap to slow down 
the rate of infection. These measures delay the spread of viral infections, reduce the 
acute pressure on hospital beds, frontline medical personnel, and resources [4]. The 
measures, thus, prevent the collapse of the national healthcare systems.

Countries like South Korea and Singapore were able to contain the virus due to the 
rapid and extensive tests carried out accompanied by preventive measures, includ-
ing early school closures [5]. Furthermore, interviews were conducted by the South 
Korean government followed by cellphone contact tracing to track down the contacts 
of new coronavirus patients and ordered those contacts to self-isolate [6]. However, 
the United States of America’s failure to contain COVID-19 is attributed to the slow 

Figure 2. 
Number of COVID-19 daily confirmed deaths by WHO region from 31 January 2020 up to 30 November 2020 
(WHO, 2020).

Figure 1. 
Number of COVID-19 daily confirmed cases by WHO region from 31 January 2020 up to 30 November 2020 
(WHO, 2020).
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rate of testing during the first onset of the pandemic due to the shortage of testing 
kits [7]. A huge proportion of the population in the USA has chronic conditions [8]. 
Hence, they easily succumb to the virus. Measures such as lockdown are important to 
slow down the rate of transmission. However, there is a need to develop a vaccine or 
a drug that can treat the coronavirus. It is hoped that Biotechnology companies will 
come with a suitable vaccine or therapeutic drug to ease the pressure of the pandemic.

4. Opportunities in the biotechnology industry

Biotechnology research is essential in the development of key interventions such 
as vaccines and drugs to fight off the pandemic [9]. The new pandemic opened up 
opportunities for medical specialists and biological researchers to look for differ-
ent ways of managing and containing the spread of the virus using biotechnology. 
Rosales-Mendoza, Comas-García and Korban (2020, p.283) assert that the onset of 
Covid-19 opened up opportunities for researchers:

Under these unusual circumstances, academic researchers can work on pending 
manuscripts, analyze data, conduct experiments left behind on the back burner, 
and more importantly pursue new ideas for discovery: developing vaccines and 
monoclonal antibodies and screening antiviral compounds, such as secondary 
metabolites and peptides; thereby, actively participating in finding solutions to 
ongoing real-time global human and economic crises.

More research groups in academia and in private industry are now offering free 
webinars to share and demonstrate new technologies or experimental protocols [9]. 
Young researchers will have valuable new opportunities to acquire and develop new 
skills and ideas to make the best out of this situation.

Efforts were made to develop diagnostic assays, prophylactic vaccines and 
therapeutics using biotechnology to combat the Covid-19 pandemic. Significant 
efforts have been made by biotechnology companies and organizations to develop 
new types of diagnostic kits, ventilators and therapeutic regimens or antivirals [1]. 
Several centres were made available for clinical trials.

Shortages of Test kits prompted Local companies such as CapeBio Technologies 
in South Africa to develop Covid-19 test kits that were more efficient than the 
imported kits [1]. To speed up the production of reagents and test kits for Covid-19,  
the organizations such Department of Science and Innovation, the South African 
Medical Research Council and the Technology Innovation Agency funded com-
panies, organizations and researchers for Covid-19 projects. The University of 
the Witwatersrand collaborated with the University of Oxford and started the 
Ox1Cov-19 vaccine trial in South Africa in June 2020 [1]. Human Research Ethics 
Committee had to approve the vaccine to ensure the safety of participants. The 
Covid-19 pandemic has demonstrated that some developing countries such as South 
Africa have the biotechnological expertise needed to address their health challenges.

5. The role of plants in biotechnology

Plants can play an essential role in producing diagnostic reagents to identify 
infected and recovered individuals, vaccines to combat infection, and antivirals 
to treat symptoms [4]. Plants have been used as a platform for the production of 
plant-derived proteins as diagnostic reagents for more than 30 years [10]. Assays 
for the detection of the virus can either detect the virus genomic RNA or virus 
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proteins. The RNA based assay lacks a universal positive control, which would allow 
standardization across different testing laboratories. Scientists are using biotech-
nology to develop a diagnostic control reagent for COVID-19 based on virus-like 
particles (VLPs) derived from Cowpea mosaic virus [11]. Thus, plant biotechnology 
is playing an important role in the development of diagnostic reagents. In addi-
tion, the plant is also being used to produce vaccines and antivirals that are being 
tested using mice. According to Capell et al., antiviral drugs interfere with the viral 
replication cycle and slow down the infection [4]. The slowed infection gives the 
immune system more time to respond to the virus.

6.  Current efforts and successes in finding a lasting solution  
to the coronavirus pandemic

Healthcare professional researchers are trying different types of drugs exist-
ing in the market [2]. Such drugs have proven effective in the treatment of other 
respiratory illnesses. They are hopeful that some of the drugs may also be effective 
against COVID-19.

Lockdowns due to the COVID 19 pandemic can only be implemented for a rea-
sonably short period as they disrupt industrial production, the global supply chain 
as well as international trade [2]. Hence, there is need to develop thereupetic drugs 
and vaccines through biotechnology.

As a result, the demand for the vaccine, drugs and other medical products is 
rising exponentially as the new COVID-19 cases rise throughout the world. The 
biotechnology industry, such as pharmaceutical companies and research organiza-
tions across the world have the challenge to develop vaccines and drug therapies to 
combat the spread of COVID-19 [2]. Different organizations are working together 
in tracking the pandemic, providing advice on essential interventions, distributing 
vital medical supplies to the needy [12].

Vaccines save millions of lives by boosting the immune system to produce the 
necessary antibodies that recognize and fight off the pathogens they target [12]. 
If the body is exposed to the pathogens later, the immune system immediately 
destroys them, preventing illness. Vaccines consist of small amounts of weakened 
harmless versions of the pathogen that cause the disease.

Several companies including non-governmental entities and the World Health 
Organization are working tirelessly to identify the vaccines and treatment drugs to 
prevent the spread of COVID-19 [1, 12, 13]. WHO is working in collaboration with 
different partners, with more than 50 COVID-19 vaccine in trials to speed up the 
pandemic response. A safe vaccine will first be distributed to people who are most 
at risk while the public health actions continue to suppress transmission and reduce 
mortality. The people who are at risk include health workers, older age groups and 
people with underlying medical conditions. It has not been established how long the 
vaccines will last in terms of protection. Therefore, all measures being taken now to 
reduce the transmission should continue.

The National Institute of Allergy and Infectious Diseases and the Coalition for 
Epidemic Preparedness Innovations – developed a vaccine using mRNA biotech-
nology with hopes to begin human tests of their product in April 2020 [14]. The 
Regional Centre for Biotechnology (RCB), a top research institute in Faridabad, 
India, is actively contributing to the global research efforts to combat the COVID-19 
pandemic. RCB is conducting research activities such as potential inhibitors, mark-
ers and transmission reduction through the virucidal coating [14]. The virucidal 
coating will help destroy or deactivate the virus on different surfaces like glass, 
plastic and textiles, including cotton, nylon, and polyester that can potentially 
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hinder the viral transmission [14]. Several companies have begun the development 
of vaccines and antiviral therapies.

The work previously done on medical countermeasures (MCMs) against other 
coronaviruses, including SARS, are being tested against the novel COVID-19. 
Various other antiviral drugs and biologics are being investigated, and several have 
entered clinical trials to test for efficacy and safety against COVID-19.

By the 18th of November 2020, Pfizer and BioNTech conclude phase 3 study of 
the covid-19 vaccine candidate. Their vaccine, BNT162b2, has proved to be 95% 
effective against COVID-19 beginning 28 days after the first dose. The vaccine has 
met the following conditions:

• Efficacy was consistent across age, gender, race and ethnicity demographics; 
observed efficacy in adults over 65 years of age was over 94%

• Safety data milestone required by the U.S. Food and Drug Administration 
(FDA) for Emergency Use Authorization (EUA) has been achieved

• Data demonstrate vaccine was well tolerated across all populations with over 
43,000 participants enrolled; no serious safety concerns observed; the only 
Grade 3 adverse event greater than 2% in frequency was fatigue at 3.8% and 
headache at 2.0% [15].

The following plans are under way:

• Companies plan to submit within days to the FDA for EUA and share data with 
other regulatory agencies around the globe

• The companies expect to produce globally up to 50 million vaccine doses in 
2020 and up to 1.3 billion doses by the end of 2021

• Pfizer is confident in its vast experience, expertise and existing cold-chain 
infrastructure to distribute the vaccine around the world [15].

The vaccines by Pfizer-BioNTech and Moderna are nucleic acid/genetic vaccines 
[16]. Nucleic acid/genetic vaccines use synthetic virus genes to initiate the immune 
response. The genetic material causes the body’s cells to produce the antigen, which 
in turn stimulates the production of antibodies [16, 17]. Although the immune 
response is long-lasting, the genetic instructions are short-lived. Nucleic acid 
vaccine technology allows the creation of vaccines and prompt manufacture of 
thousands of doses once the viral genetic sequence is known [18].

Similarly, viral vector-based vaccines provide the body cells with genetic 
instructions [19]. They use a harmless virus to transport the instructions [19]. The 
body’s cells produce the antigen, which triggers antibody production. The Covid-19 
vaccine Sputnik and the vaccine made by AstraZeneca and Oxford University use 
this biotechnology [16].

The third type of vaccines is called Inactivated vaccines. Inactivated vaccines 
contain viruses with destroyed genetic material, but they can still stimulate the 
immune system to produce antibodies [20]. The vaccine by Sinopharm and the 
Beijing Institute of Biological Products use this biotechnology [16].

Finally, the Protein-based vaccines use either fragment of or the entire virus 
protein, which triggers an immune response. Coronavirus vaccines produced by 
Novavax, Sanofi and Bektop, use this biotechnology although they are currently not 
yet approved [16].



Biotechnology to Combat COVID-19

448

Once a vaccine has been produced, it is critical to identify the dose that best 
balances safety and efficacy. Age is also another important factor that should be 
considered since the immune functions decline with age leading to poor vaccine 
responses. Currently, it has not been proved whether older adults would need high 
doses of Covid-19 vaccine as is the case with influenza vaccines [21]. After pass-
ing all the trial phases, each vaccine must be licensed and then production must 
be increased to meet the global demands. It is critical to ensure that vaccines are 
affordable and accessible to both low income and middle-income countries for 
immunization programmes can be implemented.

Efforts are being made to use monoclonal antibodies in the treatment of COVID-19. 
Currently, cocktail REGN-CoV 2 and Lilly’s LY-CoV555 which target the viral spike gly-
coprotein (S-protein) are under trial for the treatment of the coronavirus [22]. Eleven 
other monoclonal antibodies that target the S-protein are under trial [22]. Monoclonal 
antibodies are vital especially for the elderly who may not respond well to the vaccine.

Although there is no cure for COVID-19, patients have been found to benefit 
from the use of remdesivir [23]. However, the solidarity trials done in October 2020 
indicated that the remdesivir and other drugs (hydroxychloroquine, lopinavir and 
interferon) had little or no effect on mortality and duration of hospital stay for 
patients in hospital[Who 2020]. The use of corticosteroids has been found to be 
effective against severe COVID-19 [24].

7. Conclusion

Biotechnology has raised hope to the world through the production of several 
vaccines. However, until there is an efficacious vaccine and an effective treatment 
drug that is accessible to everyone, we should keep in mind that SARS-CoV-2 or 
coronavirus is likely to remain a seasonal pathogen. The current measures that are 
in place to prevent the spread of infection should be maintained because it will take 
a long time for the vaccine to be accessible to all nations. The efforts that are being 
made to come up with more vaccines and therapeutic drugs should continue to be 
supported. The governments and the private sector should collaborate in providing 
the necessary funding to companies and researchers who are working tirelessly to 
develop new vaccines and treatment drugs.
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Abstract

Covid-19 is a pandemic and the whole world is facing the loss in terms of 
 morbidity and mortality of the human resources. Therefore, there is an urgent 
need for various therapeutic agents or drugs to treat the covid-19 patients. 
Although, vaccination process is under way, it is not possible to provide the vac-
cination to whole world in a short period. Therefore, it is an essential strategy to 
work on the various therapeutic aspects of covid-19 treatment. The present book 
chapter will discuss and review the various aspects of the treatment strategies of 
the covid-19. Further, we will provide an overview of the virus and host based 
potential therapeutic targets along with existing therapeutics which are effective 
against SARS-CoV-2 virus. Also, the novel vaccines are being developed against 
covid-19 deadly virus will be discussed.

Keywords: SARS-CoV-2, covid-19, therapeutics, pandemic

1. Introduction

The new covid-19 pandemic was reported in Wuhan, China in December, 2019 
[1]. This disease is caused by corona virus also known as SARS-CoV-2 and charac-
terized by severe acute respiratory distress syndrome [2]. As per the recent report of 
WHO on 20 December, 2020, there have been over 75 million cases and 1.6 million 
deaths reported worldwide since the start of the pandemic [3]. In 2002, SARS-CoV 
(Severe Acute Respiratory Syndrome Coronavirus) outbreak was reported in China 
then spread worldwide, whereas, MERS-CoV (Middle East Respiratory Syndrome 
Coronavirus) emerged in Saudi Arabia in 2012 with 37% mortality rate. Similar to 
SARS and MERS, newly identified severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) belongs to beta-coronaviridae family and showed close resemblance 
with them [4]. These three zoonotic viruses have pandemic potential and able to 
produce severe respiratory infection in humans [5].

The SARS-CoV-2 infection is transmitted through respiratory secretions either 
in droplet or aerosol form from one person to another [6]. Apart from respiratory 
secretions, urine, stool and close proximity with patients may be the sources for 
dissemination of SARS-CoV-2 [7, 8]. Based on phylogenetic studies, the genomic 
sequence of SARS-CoV-2 virus is 96% similar to bat corona viruses so these bats 
may be potential reservoir host for human corona virus [9]. However, there are 
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no clear evidences which have suggested virus transmission directly from bats to 
human population [10]. Further, some studies suggested that pangolins can be 
considered as intermediate hosts between bats and human [11, 12]. Severe infec-
tious covid-19 cases have rapidly progressed to dyspnoea, shock and acute respira-
tory distress [13]. In addition, the other organ dysfunctions have also been reported 
from patients including severe cardiac injury, acute renal, gastrointestinal, liver 
injury, neurological defect along with coagulation impairment and death [13].

It is important to understand the virus biology, and replication cycle to identify 
effective therapies against SARS-CoV-2, because most of therapies are directly 
targeting the stages in the virus life cycle. Highly pathogenic SARS-CoV-2 are envel-
oped, single-stranded positive sense RNA betacoronavirus with size ranging from 
80–120 nm, and their genomes encode non-structural proteins (nsps), structural 
proteins, and several accessory proteins [14]. Genome of RNA virus contains ten 
open reading frames (ORF1–10) and has total 29,903 nucleotides [15]. Among the 
ten ORFs ORF2–10 generates four structural proteins S (spike), N (nucleocapsid),  
E (Envelop protein), M (Membrane protein) along with auxillary proteins. 
However, large replicase polyproteins (PP1a/b) encoded by ORF1ab further gets 
cleaved by proteolytic enzymes into non structural proteins (nsp1–16) [15].

The SARS-CoV-2 virus entry in host cell is mediated with attachment of the spike 
(S) glycoprotein with the host angiotensin-converting enzyme 2 (ACE2) receptor 
thereby infection process starts [16]. Further, virus S protein cleaved by the cathepsin 
L proteases which get activated in a pH- dependant manner allows the release of 
viral genome into host cell cytoplasm [17]. In addition, other host cell proteases like 
TMPRSS2 (Transmembrane Protease Serine Type-2) and TMPRSS11D (Airway 
trypsin like protease) participate in the cleavage of spike protein into its constituents 
(S1 and S2) which further lead to entry of virus genome into host cell through non 
endocytic pathway [18]. S1 subunit of spike protein possesses receptor binding 
domain (RBD) which binds with host receptors and S2 subunit favors fusion of viral 
membrane with host cell [19]. Once the virus genome released inside the host cell, 
then host ribosomes are involved in the process of translation of virus genome con-
taining ORF1ab into replicase polyproteins PP1ab [20]. These PP1ab further cleaved 
by important viral proteases include 3CLpro (3 chymotrypsin like proteases) and 
PLpro (papain like proteases) to generate nsp2–16 [20]. These nsp2–16 are partici-
pated in virus replication and transcription complex, while virus structural proteins 
are translated from another ORF2–10 containing viral genome and contribute to 
outer structure of virus [21]. At last, the newly born virions are delivered outside 
the infected cell by exocytosis after completion of their structural assembling in the 
endoplasmic reticulum golgi bodies complex [22].

The WHO (world health organization) has declared covid-19 a public health 
emergency due to its high spreading potential across the world. Although, vaccine 
development trial has almost finished and vaccination drive is going to be started. 
However, till now there are no effective therapies or specific drug candidates against 
this communicable disease. Thus, it is required to understand detail biology of virus 
(SARS-CoV-2) to further elucidate novel drug therapeutics.

2. Therapeutic agents to tackle the covid-19 infection

2.1 ACE-2 modulators

Like SARS-CoV, it is confirmed that SARS-CoV-2 virus also interacts with ACE-2 
human enzyme for entry and replication into the host cell. SARS-CoV-2 spike pro-
tein has high binding affinity with ACE-2 enzyme present in respiratory epithelial 
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cell of host [23]. Hence, the therapeutics which inhibit spike protein-ACE-2 interac-
tion would be considered effective therapy against SARS-CoV-2. ACE-2 enzyme is 
a zinc metalloproteinase which contains two domains in its structure which include 
amino terminal domain and carboxy terminal domain [5]. ACE-2 enzymes are 
exhibits in type-I and type-II alveolar cells of respiratory tract, liver, kidney, testes, 
heart and intestine [24]. Wu et al. [25] have found that ACE-2 enzymes are highly 
expressed in alveolar epithelial type-II cells in an around 83% which indicate these 
cell can be served as reservoir for virus. ACE-2 enzyme is a key regulator protein of 
RAS (Renin-Angiotensin System) system which contributes to vascular homeostasis 
[26]. In RAS system, angiotensinogen glycoprotein is cleaved by renin enzyme 
present in kidney to angiotensin-I, which has converted into angiotensin-II (Ang-II) 
by ACE-1. Further, Ang-II binds to angiotensin receptor (ATR1) and produces 
vasoconstriction, cell proliferation, inflammation, thrombosis and vascular con-
striction [27]. For the counterbalance of AngII- ATR1 axis effect, AngII is cleaved by 
ACE-2 enzymes into Ang1–7 peptides [28]. These angiotensin peptides further act 
on MASR (mitochondrial assembly receptor) and exhibits protective effects such 
as anti-inflammatory, anti-apoptotic and vasodilatation. Rothlin and co-worker 
[29] have reported the protective effects of ACE inhibitors and angiotensin recep-
tor blockers (ARBs). They have found that patients with Covid-19 infection are 
taking ACE inhibitors and angiotensin receptor blockers exhibited lower mortality 
as compared with non-user patients. Previous study revealed that SARS-CoV virus 
down-regulates the ACE-2 enzymes present in host cell surface and increased ACE 
enzyme activity which lead to severe lung injury [30]. Increased ACE enzyme activ-
ity has been observed in SARS-CoV-2 patients. Hence, it has been proposed that 
delivery of soluble ACE-2 recombinant protein compete with host ACE-2 enzymes 
for the SARS-CoV-2 spike protein and ultimately neutralize the virus load and 
further, protect the patients from lung injury. For this purpose, recombinant human 
ACE-2 such as APN01 and GK2586881 have been analyzed and found effective in 
patient suffered from acute severe respiratory syndrome (Figure 1) [31].

2.2 TMPRSS2 inhibitors

Transmembrane serine protease-2 (TMPRSS-2) is present in host epithelium 
cells of various tissues [32]. It is involved in the pathogenesis of SARS-CoV-2 
through cleavage of spike protein and facilitates virus entry into host cell [33]. 
Matsuyama et al. [34] demonstrated that over-expressed protein TMPRSS-2 
containing vero E6 cell lines are susceptible for SARS-CoV virus infection and 
used as pharmacological tool for SARS-CoV-2 research. Thus any drug candidate 
which inhibits TMPRSS-2 protease may be effective in SARS-CoV-2 infection. In 
this regard, in vitro study conducted against SARS-CoV-2 to check the efficacy of 
compound camostat mesylate blocked the spike mediated virus entry in caco-2 
cells [35]. In addition, some repurposing studies have been conducted to evaluate 
the efficacy of other proteases inhibitors such as nafamostat, 4-(2 aminomethyl) 
benzenesulfonyl fluoride and mucolytic drug bromhexine which can offer new 
therapeutic option for this pandemic (Figure 1) [36, 37].

2.3 JAK–STAT inhibitors

In covid-19 infection, patients suffer from severe acute respiratory syndrome 
in which huge amounts of various cytokines are released from immune cells lead-
ing to multiorgan failure and death [38]. Moreover, JAK–STAT signaling pathway 
is involved in SARS-CoV-2 virus entry into host cell which has linked with AAK1 
(Adaptor-associated protein kinase-1) related clathrin mediated endocytosis [39]. 
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Activation of JAK–STAT pathway through Ang-II/AT1R may generate cytokines 
storm including IL-1, IL-2, IL-6, IL-7, IL-10 and TNF-α [39]. Thus, it may be sug-
gested that JAK–STAT inhibitors could be potential therapeutics for the covid-19 
infection. Further, Junior and co-workers [40] have shown that baricitinib, a 
JAK–STAT inhibitor, has potential to prevent generation of cytokines through 
inhibition of JAK–STAT signaling and also block the entry of SARS-CoV-2 via 
inhibiting AAK1 related clathrin mediated  endocytosis (Figure 1).

2.4 Cathepsin L inhibitors

Cathepsin L is a cysteine protease reside in endosomes and works in acidic pH [41]. 
It cleaves S1 virus spike glycoprotein and facilitates three actions including virus entry 
into host cell, virus-host cell endosomal membrane fusion and RNA release. Serine 
protease (TMPRSS-2) acts on the surface of host cell membrane in neutral pH [42], 
whereas, cathepsin L mediates its action at host cell membrane as well as inside the 
endosomes in acidic pH [43]. Therefore, Liu and coworkers, [17] have proposed that 
the combined use of serine protease and cathepsin-L inhibitors could be effective ther-
apeutics to prevent virus entry and their genome release inside the host cell thereby 
inhibit the virus replication. In addition, they have also mentioned some cathepsin-L 

Figure 1. 
Diagram showing the therapeutics approach to treat the infection of covid-19 patients.
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inhibitors compounds which are found effective against coronavirus infection such as 
dec-RVKR-CMK, K11777, small molecule 5705213, MDL28170, SSAA09E1, EST, and 
oxocarbazate. Based on the proposed mechanism, it is reported that the combined 
use of TMPRSS-2 inhibitors including camostat and nafamostat mesylate along with 
cathepsin-L inhibitor E64d have shown inhibitory potential against SARS-CoV and 
SARS-CoV-2 infection in human epithelial cells (Figure 1) [44].

2.5 Furin inhibitors

Furin, is a human protease enzyme, present in multiple tissues and highly 
expressed in lungs [45]. It has been reported that SARS-CoV-2 virus contains furin 
like cleavage site (FCS) in its spike protein which has made covid-19 virus more 
pathogenic in nature as compared to other ancestors virus of coronaviridae family 
[46]. SARS-CoV-2 virus utilizes host furin protease for the cleavage of spike protein 
and gain entry into the host cell. Moreover, mortalities from SARS-CoV-2 infection 
have been reported in those patients compromised with cardiac disease, diabetes, 
obesity and hypertension and likely to be associated with higher circulating furin 
level [47]. Hence, scientists have drawn attention towards furin inhibitors to 
provide new therapeutic intervention against covid-19 infection (Figure 1).

2.6 Inhibitors of virus structural proteins and enzymes

Structural proteins and virus encoded enzymes of SARS-CoV-2 may be con-
sidered as important drug targets because these are responsible for virus survival 
and propagation. Researchers and pharmaceuticals companies have focused to 
develop short interfering RNA (siRNA) based therapeutics to target virus struc-
tural proteins and enzymes such as 3CL pro, PLpro and RNA dependant RNA 
polymerases to combat covid-19 infection [48]. Some previous studies revealed 
that siRNA therapeutics have already been designed against SARS-CoV and MERS 
viruses and found effective in outbreaks [49]. In addition, heptad repeat 1 region 
(HR1) present in the S protein involved in fusion and entry of virus could also be 
a good target for the development of fusion inhibitors against covid-19 [50]. Xia 
and co-workers, [51] have developed EK1C4 fusion inhibitors which target SARS-
CoV-2 spike protein and found effective in HCoV-OC43 challenged mice. Recently 
in clinical trials, many chemical peptides, existing drugs and new drug candidates 
have been recognized through virtual and high throughput screening techniques 
against SARS-CoV-2 coded enzyme proteases [52]. Based on computational strat-
egy, 6LU7PDB compound has been identified which acts as non-covalent inhibitor 
of 3CL pro enzyme in SARS-CoV-2 infection [53]. Some 3CL pro enzyme inhibitors 
antiviral drugs such as lopinavir and ritonavir have been found effective against 
SARS-CoV-2 virus infection [54]. In addition, some therapeutics are also identi-
fied which showed high binding affinity with SARS-CoV PLpro enzyme such as 
ribavirin, valganciclovir, beta-thymidine and some natural products like platycodin 
D, baicalin and catechin [55]. Moreover, RNA dependant RNA polymerase (RdRp) 
inhibitor antiviral drug remdesivir was approved by FDA for emergency treatment 
for covid-19 patients [56]. However, still its role is controversial for the treatment of 
covid-19 patients (Figure 1).

2.7 Inhibitors of cytokines

During covid-19 infection, higher amounts of cytokines have secreted from 
inflammatory cells and serve as potential therapeutic targets for drug development. 
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The major cytokines, IL-6, IL-1, TNF and interferons are generated during cytokine 
storm which cause the increased vascular permeability, vascular leakage along with 
dissemination of virus which may lead to fatal pneumonia and acute respiratory 
distress syndrome [57, 58]. However, many neutralizing strategy against these 
inflammatory mediators are being used to cope with this cytokine storm in covid-19 
pandemic. Chi and co-workers, [59] reported the use of antibodies against IL-6 
receptor (tocilizumab and sarilumab) for the treatment of covid-19 infection. 
Anti-TNF drug etanercept has shown favorable effect in covid-19 patients [60]. 
Moreover, another targeting approach against cytokine IL-1 is important because 
it is the major cytokine present in higher amount in alveolar lavage of covid-19 
patients and secreted from inflammatory macrophages and monocytes [61]. Cavalli 
& coworkers, [62] have reported the use of anakirna in high dose and found safe in 
72% patients suffered from covid-19 and ARDS with non-invasive ventilation out-
side the ICU. Furthermore, interferons (IFNs) have immunostimulant and antiviral 
effects and their use as a treatment along with some antiviral drugs have been found 
effective against MERS, SARS and IBV viruses (Figure 1) [63].

2.8 Antiviral drugs

As per the previous information related with SARS & MERS outbreak, many 
existing anti-viral drugs are being repurposed against SARS-CoV-2 virus in covid-
19 pandemic. Remdesivir is a prodrug that converts into active metabolite and 
inhibits RNA dependant RNA polymerases (RdRp) thereby preventing the viral 
RNA synthesis [64]. It is prescribed against ebola virus infection and reported 
to have in vitro antiviral activity towards SARS and MERS coronaviruses [56]. 
Recently, it was reported that remdesivir prevents SARS-CoV-2 infection in human 
liver cancer cells [65]. Based on one clinical trial, remdesivir has been found 
clinically effective in 36 out of 53 patients suffered from covid-19 infection and 
receiving oxygen support [66]. In addition, many clinical trials are being carried 
out to check efficacy of remdesivir in covid-19 patients in various countries. Hung 
& co-workers, [67] have conducted clinical trial by using the combination of triple 
antiviral drug include lopinavir, ritonavir and ribavirin along with interferon 
which were found more promising compared to antiviral drug used alone in patient 
suffered from covid-19 infection. Another antiviral drug, favipiravir inhibits viral 
RNA polymerase enzyme and reported to have antiviral activity against many 
RNA viruses such as influenza, bunya and filoviruses [68]. However, to check the 
clinical efficacy of favipiravir in covid-19 patients various clinical trials have been 
performed in China and found favorable results (Figure 1) [13].

2.9 Corticosteroids

Corticosteroids are extensively used for SARS-CoV, MERS-CoV, H1N1 influenza, 
and ARDS that have similar pathological features with covid-19. But, their role in 
reducing mortality and improving these conditions remain controversial [69]. It 
was reported that corticosteroids did not improve the outcome during the SARS 
and MERS outbreaks, but delayed viral clearance and increased rates of secondary 
infections [70]. A systemic review and meta-analysis are conducted in covid-19 
patients by van-Paassen et al. [71], their findings based on observational and 
clinical studies suggested the beneficial effects of corticosteroids on mortality rate 
and reduced ventilation support. However, delayed viral clearance and increased 
secondary infection have also been observed. Similarly, the study has been con-
ducted in China in 201 patients confirmed with covid-19 pneumonia. In 62 patients 
who received methylprednisolone likely had decrease risk of death [72]. As per 
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another report of Mishra & Mulani, [73] corticosteroids are not recommended in 
the late course of acute respiratory distress syndrome (ARDS) condition because 
their persistent use more than 2 weeks has increased risk of death in ARDS patients. 
It seems that corticosteroid treatment work like double edged sword in covid-19 
fight, therefore duration of corticosteroid therapy needs to be clarified in clinical 
trials (Figure 1).

2.10 Convalescent plasma therapy

Convalescent plasma is obtained from donors who have recovered from covid-
19 infection, possess antibodies against SARS-CoV-2 that may neutralize the virus 
and modify the immune response [74]. Convalescent plasma therapy offers short 
term protection strategy and generates immediate immune response in suscep-
tible patients. This approach has already been used in earlier outbreak of corona 
viruses such as SARS and MERS [75]. In this corona pandemic, many clinical 
trials have also been conducted against SARS-CoV-2. Recently the clinical study 
conducted by Duan et al. [76] revealed that the convalescent plasma therapy was 
well tolerated and positively improved the clinical outcomes in severe covid-19 
patients. Salazar et al. [77] reported the use of convalescent plasma therapy in 25 
patients who had severe covid-19 disease and evaluated safety along with clinical 
outcomes at 14 day after the transfusion. They found clinical improvement in nine 
patients within seven days and other were discharged at day 14. Hence, convales-
cent plasma therapy has potential to treat covid-19 cases but some adverse events 
have also been reported such as allergic reaction, dyspnoea and acute lung injury 
[78] (Figure 1).

2.11 Ivermectin

Ivermectin is an broad spectrum antiparasitic drug and its antiviral activity 
has also been reported against number of viruses both in vitro and in vivo [79]. 
Recently, in vitro study revealed that ivermectin can inhibit SARS-CoV-2 replication 
by reducing viral RNA up to 5000 fold at 48 h. in culture cells [80]. However, the 
mechanism of action of ivermectin is not clearly known. Choudhry and Sharma, 
[81] have mentioned that ivermectin may act by creating acidic environment and 
blocking the importin IMP2/β1 mediated viral intranuclear import (Figure 1).

2.12 Hydroxychloroquine

Hydroxychloroquine has been prescribed since decades in the prevention and 
treatment of malaria as well as rheumatoid arthritis and systemic lupus erythema-
tosus (SLE) like chronic inflammatory condition [82]. In SARS-CoV-2 pandemic, it 
was suggested that hydroxychloroquine may have potential to treat covid-19 affected 
patients [83]. Food and Drug Administration (FDA) has granted permission for 
emergency use of hydroxychloquine in the treatment of covid-19 patients during 
initial stage of pandemic [84]. Recently, many in vitro studies have been conducted 
and found that hydroxychloroquine possess inhibitory activity against SARS-CoV-2 
[85, 86]. Further, several studies have been published regarding the use of hydroxy-
chloroquine in covid-19 but results are conflicting. One population based cohort 
study conducted by Rentsch and coworkers, [87] stated that there was no difference 
observed in mortality of covid-19 patients who had already received hydroxychlo-
roquine for the treatment of rheumatoid arthritis or systemic lupus erythematosus. 
Similarly, in an observational study in covid-19 hospitalized patients, hydroxychlo-
roquine did not show any benefit over mortality reduction (Figure 1) [88].
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2.13 Vaccines

Various vaccine developments are being carried out across the world due to 
urgent need to overcome this covid-19 pandemic. Now in covid-19 emergency, 
vaccines could only be considered as potent therapeutics against SARS-CoV-2 
deadly virus which normalize social life and working environment as it was earlier 
before pandemic. For the effective vaccines development against SARS-CoV-2 
virus, various components are being used which include inactive or live-attenuated 
viruses, virus-like particles, viral vectors, protein-based, DNA-based, and mRNA-
based vaccines [89]. Till now various potential vaccine candidates have already been 

Type/ 
plateform

Vaccine 
Construct

Developer Clinical Stage & 
Current Status

References

Inactivated 
virus

Nucleic acid National institute for 
communicable disease 
control and prevention, 
China

Phase-III [91]

Inactivated 
virus

Novel corona 
virus inactivated 
vero cells

Bejing institute of 
biological products 
Sinopharma

Ongoing
Phase-III

[92]

Inactivated 
virus

Whole virion 
inactivated 
SARS-CoV-2 
antigen

Bharat Biotech, India Phase-I / II
(DCGI-CDSCO 
Approved for 
emergency use in 
India)

[93, 94]

DNA S Protein INOVIO Pharmaceuticals, 
with, International 
Vaccine Institute and 
Seoul National University 
Hospital of South Korea

Phase-I/ II
(Phase–III study 
put on hold by 
FDA,US)

[95, 96]

RNA LNP-
encapsulated 
m-RNA

Moderna with national 
institute of allergy and 
infectious disease, USA

Phase-III [FDA 
issued Emergency 
Use Authorization 
(EUA)]

[97, 98]

RNA Lipid 
nanoparticle 
encapsulated 
mRNA 
(BNT162b2)

BioNTech and Pfizer Phase-III (FDA 
issued EUA)

[99]

Protein 
subunit

Full length 
SARS-CoV-2 
glycoprotein 
nanoparticle 
vaccine

Novavax, USA Phase-III 
(Planning to 
apply FDA EUA 
in April, 2021)

[100, 101]

Non 
replicating 
virus vector

ChAdOx1-S University of Oxford with 
Astrazeneca (UK) and 
Serum Institute, India

Phase-III 
(Approved for 
emergency use 
in some selected 
countries)

[102, 103]

Non 
replicating 
virus vector

Adeno virus 
based

Gamaleya Research 
Institute (Sputnik U)

Phase-III 
(Approved for 
use in Russia)

[104]

Table 1. 
List of various important vaccines which are developed or being in different development phases against  
covid-19 infection.
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developed and undergone for vaccination shot which have completed their clinical 
evaluation phase successfully [90]. However, several new vaccines are still under 
clinical developmental phase (Figure 1). Some important vaccines which are being 
developed against SARS-CoV-2 virus are mention below in Table 1.

3. Conclusion

Covid-19 is a devastating situation to the whole world and this infection is the 
reason for the morbidity and mortality of millions of people around the globe. It 
has shown impact on the health, economy and social aspect of the general popula-
tion. Various therapeutic agents like ACE-2, TMPRSS2, JAK–STAT, cathepsin L, 
furin inhibitors, antiviral drugs, corticosteroids and plasma therapy have been 
tried for the treatment of covid-19 infected patients; however, conflicting results 
are obtained during the various clinical trials in the use of some therapeutic agents. 
Further, various vaccination programmes through various vaccine candidates are 
under progress; nevertheless, it will take time to complete dosing the millions of 
people. Therefore, various therapeutic agents are in need and require research to 
tackle this SARS-CoV-2 infection.
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Chapter 25

COVID-19 Researches: Where 
India Stands So Far?
Nikhil Srivastava and Gyaneshwer Chaubey

Abstract

By the end of the year 2019, in the month of November first pneumonia-like 
case of COVID-19 was detected in an individual aged 55 years in the Hubei Province 
of Central China. However the ‘patient zero’ or the first patient contracted with 
the disease is still unknown, but it is speculated that first contraction with virus 
occurred in Wuhan province of China. The rate by which the number of cases of the 
disease surged in China was remarkable and by the mid of January 2020 cases begin 
to appear in different parts of the world. WHO declared the COVID-19 outbreak 
a Public Health Emergency of International Concern by the end of January 2020. 
Researchers from different parts of the world continue to study the pathogenesis 
and spread pattern of this disease. This chapter emphasizes upon some of the 
prominent studies in the field of COVID-19 researches from India. It also focuses 
upon the ACE2 gene polymorphism which has decreased the susceptibility against 
the virus amongst human population, and explains how at the molecular level ACE2 
receptor concentration may affect the entry of the virus into the host cell. It also 
highlights the impact of the viral RNA on mitochondrial machinery of the host cell 
and how it instigates a pro-inflammatory response by declining the efficiency of 
immune system in whole. We also aim to highlight two potential drug candidates 
of COVID-19 and how these are performing against the virus according to several 
studies.

Keywords: COVID-19, India, ACE2, hydroxychloroquine, mitochondria

1. Introduction

India reported its first COVID-19 case on January 30th, 2020 which was about 
the same day when World Health Organization (WHO) declared this outbreak 
“a public health emergency of international concern” [1, 2]. Today, when India 
is reporting ~100,000 cases every day, an extreme load on healthcare system is 
proving to be a challenging situation for the middle-income nation [3]. World 
Health Organization (WHO) accounted first severe acute respiratory syndrome 
coronavirus (SARS-CoV) from 2002 to 2003, which spread through 26 countries 
across the world and was considered ‘the first serious emergent disease of 21st 
century’ [4]. The Coronavirus disease (COVID-19) spread in 2019–2020 is caused 
by a novel coronavirus designated as SARS-CoV-2 [5]. Coronaviruses belong 
to Coronaviridae family of the order Nidovirales whose members are large and 
enveloped containing a single-stranded (+) RNA as genetic material, these are 
considered the largest known RNA viruses with genome size of 25 to 32 kb and 
virions of 118–140 nm in diameter [6]. Within the family Coronaviridae there are 
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two sub-families- Coronavirinae and Torovirinae further divided into six genera 
out of which members of the genus Betacoronavirus infects mostly mammals and 
genus Deltacoronavirus infect mammalian as well as avian hosts [7]. The COVID-19 
causing SARS-CoV-2 belongs to genus Betacoronavirus [8].

As the surge in the number of cases started to be reported all across the world, 
major disparities on the basis of ethnicity, gender and populations were also noticed 
in different regions. The advancing age, and pre-existing medical conditions like dia-
betes, high blood pressure (BP), renal-associated diseases etc. increase the vulnerabil-
ity of a person towards the severity in consequences of the disease [9, 10]. However, a 
surprising observation emanating from the pandemic is the rate of hospitalization of 
younger, ostensibly healthy individuals; which reflects that differences in the vulner-
ability of individuals to infection in the spectrum of COVID-19 symptoms remain 
to be understood [11]. This review will focus upon some of the studies leading to 
understanding the genomics of Indian populations and their vulnerabilities towards 
the SARS-CoV-2 infection, the studies relating to the mitochondrial impacts of the 
SARS-CoV-2 infection, molecular mechanisms through which ACE2 expression 
affects the viral pathogenesis and about two potential drug candidates of COVID-19.

This chapter provides an account on some of the major contributions towards 
the understanding the COVID-19 disease by Indian scientists and researchers.

2.  ACE2 rs2285666 association with spatial distribution of COVID-19  
in India

Host-pathogen interaction studies have revealed that ACE2 receptor present 
on the host cell works as a receptor for the spike glycoprotein of SARS-CoV-2 
[12]. ACE2 is present on X-chromosome in humans, in which a polymorphism 
rs2285666 is shown to have significant disparity amongst Europeans and Asians 

Figure 1. 
Srivastava et al. have shown a direct correlation between the rs2285666 polymorphism and ACE2 gene 
expression.
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[13, 14]. The decreased expression of ACE2 is frequently associated with increased 
susceptibility towards the severity of COVID-19 disease. Shrivastava et al. used this 
information as the principle of their study to find out the frequency of alternate 
allele (allele T on plus strand or allele A on minus strand) of this single nucleotide 
variation (SNV) in Indian populations and predict the cause of low infection rate as 
well as low Case Fatality Rate (CFR) in western states of India (Figure 1) [15].

In yet another study they showed that the overall genome of South Asians share 
greater genetic affinity with West Eurasians, however the ACE2 gene has greater 
genetic affinity with East Eurasians. The phylogenetic analysis of haplotypes 
distinctly classifies three types of haplotypes in order to identify the SNP which 
reveals greater affinity between South Asians and East Eurasians. Out of these three 
haplotypes- haplotype 3 (ht3) is shown to be harbored by East Eurasians and South 
Asians and derived from rs2285666 [16]. The ACE2 gene rs2285666 polymorphism 
is also shown to have association with type 2 diabetes mellitus (T2DM) in which A 
allele is associated with higher risk of T2DM [17]. The protective role of ACE2 in 
nephric tubules is shown in several studies, and its reduced expression contributes 
to the development and progression of kidney injury and diabetic nephropathy 
is explored by Reich et al. [18]. These studies strengthen the hypothesis of the 
association of rs2285666 (TT-plus strand or AA-minus strand), which increases the 
expression of ACE2 receptor protein with lower case fatality rate.

3. Molecular mechanisms of ACE2 expression during COVID-19

Angiotensin converting enzyme-2 (ACE2) receptors serve as medium for entry 
of SARS-CoV-2, the receptor is found attached in the plasma membrane of the 
cells in the heart, vessels, gut, lung, kidney, testis and brain and very rarely found 
solubilized in the circulation [19]. The function of ACE2 is to break down Ang II 
and form Ang 1-7, therefore ACE2 helps in checking the levels of Ang II and plays 
an important role in renin-angiotensin system (RAS) [20]. It is an established fact 
now that ACE2 expression is significantly down-regulated during COVID-19 which 

Figure 2. 
Homo-dimerization of ACE2 receptor in case of higher expression levels of ACE2 gene results into decreased 
interaction and entry of virus into the host cell. BOAT transporter protein makes this process even more 
difficult, thereby decreasing the levels of viral multiplication.
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results into abnormally increased levels of Ang II, which leaves critical organ sys-
tems susceptible to hyper-inflammation and failure [21, 22]. In an unpublished but 
important paper, it is significantly shown that the homo-dimerization of ACE2 as a 
result of its higher expression levels prevents binding of Spike protein (S-protein) 
complex of SARS-CoV-2 virus [23]. This study supports the hypothesis that ACE2 
in its monomeric form, can bind to S-protein of the virus with greater preference. 
ACE2 acting as e-QTLs (Expression quantitative trait loci) due to natural genetic 
variations it results into homo-dimerized forms which lead to lowered cleavage by 
TMPRSS2 (Figure 2). The presence of broad neutral amino acid transporter, B0AT1 
make the completion of this step even more difficult implied by the virus to get 
into the host cell. It is identified that natural variations in host genes like ADAM17, 
RPS6, HNRNPA1, SUMO1, NACA, BTF3 might help in bringing such homo-dimer-
izing structural variations in ACE2.

4. SARS-CoV-2, the highjacker of host mitochondria

A very interesting study focuses on yet another important aspect of COVID-19, 
that how ‘the powerhouse of the cell’ i.e. mitochondria are affected by the SARS-
CoV-2 infection. The non-structural proteins of the virus are translated from two 
open reading frames (ORFs), ORF1a ORF3a, ORF6a, ORFF7a, ORF8a and ORF1b 
present in the genomic RNA of the virus. ORF1ab is responsible for the production 
of spike (S) protein, the envelope proteins (E), the membrane proteins (M), and 
the nucleocapsid proteins (N) of the viral structure [24–26]. Host mitochondria 
play a crucial role in the host immunity against the viral infection. The viral RNA 
genome portions and proteins localization into the mitochondria results into 
its dysfunction and production of mitochondria derived double-membranous 
vesicles (MDV) which work as a site of viral safe-house for unchecked replication 
(Figure 3). The viral pathogenesis is amplified as the hijacked mitochondria induce 
inflammatory responses and decrease the effectiveness of innate and adaptive 
immune responses [25].

Figure 3. 
There is an important role played by the host mitochondria in the host immunity against the viral infection. 
The MDV’s (mitochondria derived double-membranous vesicles) formed from the hijacked mitochondria are 
the sites of unchecked viral replication.
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5.  Rapamycin and hydroxychloroquine: story of two repurposed drugs 
against the virus

SARS-CoV-2 spreads rapidly in comparison to its two cousins- SARS-CoV and 
MERS-CoV [27]. Therefore an effective drug development strategy is needed 
to control the faster spread of the disease, which is a time-consuming process. 
Repurposing or repositioning the already existing and approved drugs can help to 
shorten this time span and cost expenses. Rapamycin, which is an mTOR-inhibitor, 
is proposed to be a potential drug candidate against COVID-19 [28]. Rapamycin can 
play significant roles as a potential antibiotic in case of COVID-19, it can check the 
packaging of viral particles, prevent cytokine storms and also through its anti-aging 
and anti-obesity effects can be useful in this viral infection [28–30].

Hydroxychloroquine (HCQ ), which is a much hyped candidate drug against 
COVID-19, has received a very straight forward judgment - it has no benefit in 
treatment of Covid-19 [31]. A group of medical doctors studied a population 
consisting of a total of 4984 patients with COVID-19, out of which 35.5% were 
provided with HCQ or its congeners and 62.01% were provided standard of care or 
had included antiviral medication. However, the estimated success of the treatment 
of both the groups was similar (77.45% and 77.87% respectively). This study shows 
that HCQ does not show any significant benefit in patients affected by COVID-19. 
Apart from many limitations in this study which includes patient cohort selection, 
variations in HCQ dosage etc. this study aligns with many studies regarding the 
ineffectiveness of the drug [32, 33].

6. Conclusion

COVID-19 is one of the most infectious diseases of 21st century which has 
already claimed to take lives of millions. The disease caused by the SARS-CoV-2 
virus may affect a person symptomatically or asymptomatically. The range of 
symptoms may vary from mild to very high complications which may even lead 
to death. The people with already declined immunity with pre-occurring comor-
bidities like diabetes, cardiac-related ailments, and kidney-related problems are 
highly vulnerable towards the extreme effects of the disease. Strict actions like 
frequent hand-wash, use of face-masks and face-covers, use of hand sanitizers, 
at the community level are important to defeat this disease. Preventions and 
precautions are necessary to protect vulnerable and comorbid people from this 
viral infection along with normal people. The ICMR and Ministry of Health of the 
Government of India have provided several recommendations against the spread 
of COVID-19. India being one of the fastest growing nations amongst the South 
Asian countries needs to invest and believe more into research and development 
field, home to some prominent institutions of the region those are performing 
with their expanded capabilities towards the good cause of the nation. As of now, 
when every day approximately 100,000 cases of the disease are being observed 
in India, it is a need of time that people and government put more faith in science 
and medicine.
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Abstract

Mass testing for COVID-19 is essential to defining patient management 
 strategies, choosing the best clinical management, and dimensioning strategies for 
controlling viral dissemination and immunization strategies. Thus, it is of utmost 
importance to search for devices that allow a quick and reliable diagnosis of low 
cost that can be transposed from the bench to the bedside, such as biosensors. These 
devices can help choose the correct clinical management to minimize factors that 
lead to infected patients developing more severe diseases. The use of nanomateri-
als to modify biosensors’ surfaces to increase these devices’ sensitivity and their 
biofunctionality enables high-quality nanotechnological platforms. In addition to 
the diagnostic benefits, nanotechnological platforms that facilitate the monitoring 
of anti-SARS-CoV-2 antibodies may be the key to determining loss of protective 
immune response after an episode of COVID-19, which leads to a possible chance 
of reinfection, as well as how they can be used to assess and monitor the success of 
immunization strategies, which are beginning to be administered on a large scale 
and that the extent and duration of their protection will need to be determined. 
Therefore, in this chapter, we will cover nanomaterials’ use and their functionalities 
in the surface design of sensors, thus generating nanotechnological platforms in the 
various facets of the diagnosis of COVID-19.

Keywords: COVID-19, SARS-CoV-2, nanotechnological platforms, nanomaterials, 
biosensors, diagnosis, sensor surface design

1. Introduction

SARS-CoV-2 is a virus in the coronavirus family, discovered in December 2019 in 
Wuhan, China, and the cause of COVID-19 [1]. Coronaviruses (CoV) are RNA viruses 
and can cause anything from the common cold to more serious diseases with neuro-
logical, gastrointestinal, and pulmonary involvement [2]. They are zoonotic viruses; 
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that is, they can be transmitted between animals and people due to their ability to 
recombine their viral proteins between coronaviruses of different hosts [3].

COVID-19 was defined as Pandemic on March 11, 2020 (1), and by February 1, 
2021, there are already 103,221,369 individuals infected worldwide, and the number 
of global deaths already exceeds 2,232,563 [4]. Before SARS-CoV-2, two other 
CoVs causing a pandemic disease were identified: the first was SARS-CoV in 2002, 
originating in Foshan (China), which caused Severe Acute Respiratory Syndrome 
(SARS); the second was MERS-CoV, which originated in the Arabian Peninsula in 
2012, causing the Middle East Respiratory Syndrome (MERS) [5].

A significant bottleneck in COVID-19 is mass diagnosis. The real-time reverse-
transcription polymerase chain reaction (RT-PCR) is the “gold standard” method 
for demonstrating the presence of SARS-CoV-2. This diagnosis is reliable; however, 
most countries have suffered from a lack of supplies and equipment and its high 
cost. IgM and IgG antibodies can be detected in the serum of patients with COVID-
19, where their monitoring can indicate recent or late infection and the duration of 
the post-infection protective immune response.

The development of easy-to-use alternative platforms is encouraged with 
specific attention paid to sensitivity and simplicity to specifically detect targets at a 
very low concentration, in about minutes, enabling portable on-site screening upon 
further optimizations of the detection limit. However, the accuracy of these tech-
niques depends on several factors; variations in these factors might significantly 
lower the sensitivity of detection.

Nanomaterials can be applied in several types of sensors due to their physical 
and chemical properties, making them possible to detect by colorimetric, fluo-
rescence, magnetism, surface plasmon resonance, and electrochemical [6–10]. In 
electrochemical sensing, the conductive nanomaterials are interesting for applica-
tion due to their well-known ability to improve the catalytic activity, the electron 
transfer speed, and the conductivity of the sensors. Furthermore, the superficial 
area and amplify the analytical signal can be increased by deposition of nanomate-
rials over electronic surfaces, enhancing the sensitivity regarding target analytes’ 
detection. Therefore, the group has been working with several nanomaterials to 
develop sensors.

Therefore, in this book chapter, we describe case reports and proof-of-concept 
for a simple, label-free electrochemical sensor for the fast and direct detection of 
SARS-CoV-2 through the detection of the specific probe. Early and widespread 
testing has proven to reduce mortality rates and improve contact tracing. However, 
the value of testing is directly linked to the availability and accuracy of diagnostic 
tests as concerns grow. Additionally, we have demonstrated in this work the pos-
sibility of a biorecognition element between the target concentration and the viral 
load exploring different electrode materials and redox markers allows for improved 
sensor properties with higher effectiveness than the commercially available assay or 
traditional diagnostic methods.

2. Diagnosis of COVID-19: the old and the gold

Coronaviruses infect human cells mainly by binding proteins from viral spikes 
(spike proteins) to molecules of the angiotensin-converting enzyme 2 (ACE2), [11] 
widely expressed in human organs and tissues, such as nasal, bronchial epithelial 
cells, and pneumocytes. After entering the cell, viral replication occurs and the host 
cell’s subsequent death, whether epithelial, endothelial, or immune cells [12].

Due to the increase in viral replication, the epithelial-endothelial barrier’s 
integrity is compromised, accentuating the inflammatory response, causing edema 
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and inflammatory infiltrates. Furthermore, it compromises coagulation pathways, 
increasing fibrin degradation products and alterations in leukocytes and red blood 
cells. Together with the inflammatory infiltrate, the resulting edema contributes to 
the ground-glass opacities seen in imaging studies and too low oxygenation [13].

Symptoms and clinical evolution depend on the triad: virus strain, host immu-
nity, and pre-existing conditions, known as comorbidities, such as hypertension, 
obesity, diabetes, cardiovascular disease, chronic lung disease, chronic kidney 
disease, and malignancies [14]. Symptoms range from the most common in flu-like 
conditions, such as fever, cough, and shortness of breath, nausea, diarrhea, loss of 
smell and taste, and more severe symptoms such as pneumonia leukopenia, kidney 
failure, myocarditis, meningitis, and thromboembolic events [15].

The immune response against COVID-19 has been extensively investigated and 
is directly related to clinical evolution. The presence of lymphopenia and increased 
production of chemokines and proinflammatory cytokines have been demonstrated 
in patients with COVID-19, especially in the most severe cases, which can worsen 
tissue damage [16]. Serum levels of chemokines (IL-8) and proinflammatory cyto-
kines (TNF-α, IL-1, IL-6, IFN-γ, IP-10, and MCP-1) are found in greater quantities 
patients with COVID- 19 severe when compared with individuals with mild disease. 
This fact indicates that the cytokine storm is associated with the severity of the 
disease and adverse outcomes, suggesting a possible role of hyperinflammatory 
responses in the pathogenesis of COVID-19 [16, 17].

Studies on the humoral immune response demonstrate that antibodies, such as 
IgA, IgM, and IgG against SARS-CoV-2, appear on the first day after the onset of 
symptoms [18, 19]. IgM levels appear on days 0 to 7, increasing on days 8 to 14 and 
reaching a plateau, while IgA levels increased from days 0 to 14, whereas IgG levels 
were detected on days 0 to 7, increased on days 8 to 14, continued to increase until 
the 15th to the 21st and reached a plateau on the 21st [18]. This kinetics of antibody 
levels indicates a rapid and almost simultaneous response of these three isotypes 
during the first weeks of infection by SARS-CoV-2, IgA and IgG remain with higher 
titers for a longer time when compared to IgM [20, 21].

The amount of antibodies in samples from patients with COVID-19 is dependent 
on the number of viral RNA present: the lower the viral load, the lower the level 
of antibodies present, and the severity of clinical evolution [19–21]. Initial data 
indicate a lower concentration of anti-SARS-CoV-2 antibodies in asymptomatic 
patients, but more quickly, while in mild symptomatic ones, there is a slower but 
more continuous production. Serious patients have high levels of antibodies, mainly 
IgA and IgG. However, there are still gaps about whether specific humoral and 
cellular immune memory persist and for how long [20]. Despite these limitations 
in understanding the long-term humoral immune response, the determination of 
IgA, IgM, and IgG antibodies are widely used in laboratory tests for the detection 
of COVID-19. Early diagnosis also allows the infected patient to have faster access 
to medical care and increases their chances of a better prognosis. It will enable the 
initiation of treatment when the viral load is in low concentrations.

Antibody determination is also important to monitor patients who have been 
vaccinated since immunization stimulates the immune system’s production without 
having to be infected [22]. Results about vaccines against COVID-19 showed that 
vaccinated patients increased the production of specific antibodies and their affin-
ity to levels similar to those observed in patients who recovered from COVID-19 
[23–25]. Data show that a standardized quantification/determination of antibody 
levels may be sufficient to monitor vaccinated patients and estimate the quality and 
duration of this protection [24].

To date, quantitative real-time reverse-transcription polymerase chain reaction 
(RT-PCR), qRT-qPCR assay is the gold standard for the early detection of virus 
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(major steps presented in Figure 1), but the CRISPR–Cas12-based lateral flow, 
Immunochromatographic, ELISA, loop-mediated isothermal amplification (LAMP) 
and other techniques has been developed and applied to screening or to confirm 
positive COVID-19 patients allowing prompt clinical and quarantine decisions this 
infection (Table 1).

To minimize the cost and logistical problems of sample collection and diagnos-
tics, rapid diagnostic systems based on classical methodological approaches, such 
as immunochromatography, were quickly implemented in the detection of SARS-
CoV-2 antigens or antibodies produced against it. However, the accuracy of these 
techniques depends on several factors. The bioavailability of the researched mol-
ecule, as viral genetic material, viral antigens, and various subclasses of antibod-
ies, the stability of these biomolecules to the procedures of sample collection and 
transport to the diagnostic platforms, the possibility of storage for later evaluation 
are significant bottlenecks that have impaired mass testing, especially in developing 
countries and variations in these factors might significantly lower the sensitivity of 
detection. The degree of reliability is uncertain in many of them, and implementing 
a faster and accurate diagnosis system is essential to monitor the disease and define 
policies to control viral spread.

Biosensors are one of the most popular types of point-of-care devices in 
various diagnostics areas, which offer several advantages such as the low cost, the 
capability of miniaturization, and high sensitivity and selectivity. The transposi-
tion of the molecular and immunological diagnosis to miniaturization platforms 
like point-of-care systems implies a drastic reduction in the amount of sample 
needed, increases specificity, reliable measurements in real-time, and portabil-
ity. The development of easy-to-use alternative platforms is encouraged with 
specific attention paid to sensitivity and simplicity to detect targets at a very low 
concentration in about minutes, enabling portable on-site screening upon further 
optimizing the detection limit.

Figure 1. 
Major steps of qRT-PCR as a diagnostic tool at COVID-19 (1) A patient suspected of COVID-19 undergoes 
collection of cells infected with SARS-CoV-2 through a nasopharyngeal swab. (2–3) Viral RNA is extracted and 
purified. The enzyme reverse transcriptase converts RNA into cDNA.
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An overview of some methodologies applied to the diagnosis of (SARS)-CoV-2 
is presented in Table 1. The ELISA-based test was used to validate the antibody–
antigen interaction, or RT-PCR was used to validate the primer, particularly the 
complexity of the assays during inventory shortages, while cyclic voltammetry, 
electrochemical impedance spectroscopy, differential pulse voltammetry was used 
to characterize the electrode functionalization.

Multi sensors, lateral flow tests, mobile biosensors, and wearable biosensors 
are critical parts for precision medicine in COVID-19. Russell, S.M. et al., defined 
these biosensors’ ideal characteristics using some prototypes from recent literature 
as examples [40]. Multi sensors, lateral flow tests, mobile biosensors, and wearable 
biosensors are crucial parts for precision medicine in COVID-19. We propose the 
ideal characteristics of these biosensors using some prototypes from recent litera-
ture as examples. Multi sensors, lateral flow tests, mobile biosensors, and wearable 
biosensors are crucial parts for precision medicine in COVID-19.

In his work, Fukumoto, T. et al. 2020 has developed a fast, easy to use, and 
inexpensive diagnostic method that is needed to help control the current outbreak 
of the new coronavirus based on microfluidic microdevices. A new detection kit - 
the 2019 Novel Coronavirus Detection Kit (nCoV-DK) - cuts detection time in half, 
eliminating RNA extraction and purification steps. The nCoV-DK test effectively 
detects SARS-CoV-2 in all types of samples, including saliva, while reducing the 
time required for detection and risk of human error [41].

Laghrib, F. et al., showed the leading current trends and strategies in diagnos-
ing n-SARS-CoV-2 based on emerging and traditional assessment technologies 
for continuous innovation. Addressing recent biosensors trends to build a fast, 
reliable, more sensitive, accessible, friendly system with easily adaptable n-SARS-
CoV-2 detection and monitoring technology [42]. Overall, we address and identify 
evidence from research that supports biosensors’ use based on the premise that 
screening people for n-SARS-CoV-2 is the best way to stem its spread. The detec-
tion and notification of infectious pathogens in a fast, sensitive, and specific way is 
essential for managing the patient and surveillance of outbreaks. With their ability 
to diagnose in real-time with the high specificity of a low concentration sample, 
biosensors are much more reliable than the rapid test for coronavirus detection. 
The use of nano biosensors has been considered the most promising approach for 
detecting new n-SARSCoV-2 coronavirus disease. Meanwhile, the current work has 
also tried to improve biosensors’ detection sensitivity, simplicity, and performance.

Hui, X. et al. 2020, showed in his work, G quadruplex-based Biosensor: A poten-
tial tool for SARS-CoV-2 detection to discover additional advantageous attributes 
of G-quadruplex as potential to be used in new biosensors, such as ligand binding 
enhanced and unique folding properties [43]. The newly developed G-quadruplex 
biosensors include electrochemical and optical biosensors that have shown better 
performance with potential applications with a wide detection range and a broad 
spectrum of pathogens SARS-CoV-2, the causative agent of COVID-19 disease. 
G-quadruplex is a non-canonical nucleic acid structure formed by the folding of 
guanine-rich DNA or RNA.

3.  Platform with nanomaterials in the diagnosis of COVID-19: a brave 
new world

Biosensors are analytical devices that incorporate a biological recognition 
element capable of detecting the presence, activity, or concentration of the sample 
under analysis connected to a transducer. This biological element can be a micro-
organism, an antibody, oligonucleotides, lectins, biomolecule enzymes that can 
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interact with the target substrate. About the transducer, it can be an electrode, fiber 
optic, or oscillating quartz [42, 44]. Thus, biosensors are one of the most popular 
types of point-of-care devices in various areas of diagnostics, which offer several 
advantages such as low cost, the capability of miniaturization, and high sensitivity 
and selectivity.

Immunosensors are analytical devices of the biosensor class, which detect 
and transmit information regarding biochemical changes involving integrating a 
 biological element with an electronic interface [45, 46]. This integration can convert 
a biological signal into an electrical response that is proportional to the concentra-
tion of the analyte. Thus, these biosensors can recognize a specific antibody or 
antigen by forming an antigen–antibody immunocomplex. The recognition event 
is detected and converted, through a transducer, to a measurable signal (such as 
electrical current, for example). The primary transducers used in immunosensors 
are electrochemical, optical, and piezoelectric. Therefore, the incorporation of 
specific nanomaterial can be intensified by improving the biosensor’s sensitivity 
and versatility.

Genosensors can also be used, a specific type of biosensor based on nucleic 
acid chemistry phenomena, such as the hybridization process [47]. Nucleic acids 
have been widely used in the development of biosensors for drug detection, iden-
tification of pathogenic microorganisms and other biological substances, and the 
diagnosis of diseases. The sensory technique through hybridization involves the 
immobilization of an oligonucleotide probe on the surface of a transducer and sub-
sequent sensor exposure to a sample containing the complementary sequence (tar-
get oligonucleotide) with consequent hybridization. Complementary DNA (cDNA) 
is a DNA synthesized from a messenger RNA molecule in a reaction catalyzed by 
the enzyme reverse transcriptase. Thus, the incorporation of nanomaterials on the 
biosensor’s surface ensures the enhancement of the electrochemical response.

Our group has been demonstrating through publications and patents expertise 
in the development of nanomaterials with specific properties, such as increased 
sensitivity of some devices, biocompatibility, and low genotoxicity, essential 
properties in developing nanotechnological platforms [48–53]. Toxicity is an impor-
tant parameter in nanomaterials, but depending on synthesis methodologies it is 
possible to decrease toxicity. For example, Silva et al. demonstrated some toxicities 
of nanomaterials, some influenced by the crystalline phase, composition or type 
of material [54–61]. In relation to quantum dots, synthesis methodologies were 
developed, making it possible to increase cellular viability and specificity aiming at 
several applicability as biological probes [52, 53, 62–68].

The development of artificial intelligence software enables more accurate detec-
tion and quantification and low-cost analytical platforms [69, 70]. These nanotech-
nological platform [71] s can be used in large-scale production, with low cost and 
low consumption of samples and reagents [6, 72].

High-quality, low-cost nanotechnological platforms based on the detection of 
anti-SARS-CoV-2 antibodies may be the key to defining groups already exposed 
to the disease, even if asymptomatic, that have a potentially protective immune 
response, a crucial factor for delimitation priority immunization groups. Besides, 
we can determine the loss of protective immune response after an episode of 
COVID-19, which leads to a possible chance of reinfection. Some advantages are the 
amount of sample of interest, in the order of μL, simultaneous analysis of several 
analytes in the same device and miniaturization, being portable, light, and easy 
to use the equipment. Also, nanotechnological platforms can be used to assess and 
monitor the success of immunization strategies, which should soon begin to be 
administered on a large scale, and the extent and duration of their protection will 
need to be determined.
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Several diagnostic methods have been reported, aiming at biomedical applica-
tions, especially in the diagnosis of covid-19, to detect the coronavirus in clinical, 
research, and public health laboratories. Based on biosensors for SARS-CoV-2, diag-
nostic methods presented have analytical performance and response times ranging 
from a few minutes to several hours, which make them promise for practical use in 
health care points, showing as a strong ally for control of endemics and pandemics.

An overview of current efforts to improve point-of-care diagnostic systems 
based on biosensors using different nanomaterials at COVID-19 is presented in 
Table 2.

Currently, diverse electrochemical biosensors have been lately developed for the 
detection of the SARS-CoV-2 using modified electrodes with metallic nanoparticle 
or nano-islands or nanostars, carbon nanofiber (CNF), using inorganic quantum 
dots, zinc oxide nanowires (ZnO NWs) or nanorods, bimetallic nanoparticles, 
Graphene Oxide (GO) nanosheet and other modifications show in Table 2. These 
nanomaterials showed excellent applications in biosensors because of their ease 
of functionalization, large surface area, stability, on the stable immobilization of 
probe molecules, the blocking reagent to minimize nonspecific binding, high elec-
tronic conductivity (accelerate the electron transfer), high carrier/charge mobility, 
and strong adsorption capability that increase the sensitivity of electrochemical 
platform due to their excellent unmatched properties followed by enhancement in 
the electrochemical response toward the selective detection of SARS-CoV-2.

Vadlamani, B S. et al., the synthesis of a TiO2 functionalized with cobalt but sus-
ceptible electrochemical sensor based on nanotubes (Co-TNTs) for rapid detection 
of SARS-CoV-2 using peak detection (binding domain receptor (RBD)) present on 
the virus surface [83]. A simple, low-cost, one-step electrochemical anodization 
route was used to synthesize TNTs, followed by an incipient wetting method for 
cobalt functionalization of the TNT platform, which was connected to a potentio-
stat for data collection. This sensor specifically detected the S-RBD protein from 
SARS-CoV-2, even at very low concentrations (range 14 to 1400 nM (nanomolar)). 
Besides, our sensor showed a linear response in the detection of viral protein in the 
concentration range. Thus, our Co-TNT sensor is highly effective in detecting the 
SARS-CoV-2 S-RBD protein in approximately 30s.

Cuy and Zhou, 2019, showed in their review work that timely detection and 
diagnosis are urgently needed to guide epidemiological measures, infection control, 
antiviral treatment, and vaccine research [86]. In this review, biomarkers/ indicators 
for diagnosis of coronavirus 2019 disease or detection of severe acute respira-
tory syndrome coronavirus 2 in the environment are summarized and discussed. 
However, antibody detection methods can be combined with real-time quantitative 
polymerase reverse transcriptase chain reaction to improve diagnostic sensitivity 
and specificity and boost vaccine research significantly. The deep throat saliva and 
induced sputum are desired for the RT-qPCR test or other early detection technolo-
gies. The ultra-sensitive and specific laboratory diagnostic method and portable 
devices are essential to control the rapidly evolving COVID-19 pandemic associated 
with SARS-CoV-2. Currently, computed tomography, RT-qPCR, and LFICS based 
on the colloid Au NPs (colloidal gold method) have been developed.

Based on the table results, we can verify that the biosensors that showed the best 
sensitivities are using carbon-based materials due to their conductive properties, 
metallic oxides (ZnO and TiO2) with supercapacitor properties, and nanocompos-
ites (containing the capacitive and metallic systems).

In nanomaterials, the effects of size, morphology, and chemical structures have 
a strong influence on the optical, electrical, and magnetic properties. Thus, the 
tuning of these parameters allows maintaining the same material and intensifying 
the biosensors’ responses. Another critical parameter is the synergism between 
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nanomaterials, several biosensors using more than one type of nanomaterials 
to further improve sensitivity. Thus, unfortunately, this systematic study of the 
literature in biosensors does not exist, being difficult to compare the sensitivity 
properties using different materials and nanocomposites.

4. Conclusion

Therefore, this chapter showed use of systems in diagnosis COVID-19 and how 
the nanomaterials may enable an improvement in sensitivity when being incorpo-
rated in the surface design of sensors, thus generating nanotechnological platforms. 
The functional improvement of biosensors using nanomaterials has undoubted 
benefits, both from the point of view of biological samples, ease of technical 
execution, better distribution and application logistics and better cost–benefit, 
being able to direct a whole new generation of rapid diagnoses easily transposable 
to combat other human diseases. These nanotechnological platforms could be 
the revolution for the mass diagnosis of COVID-19, without implying an increase 
in investments since it is a low-cost diagnostic proposal. In this way, they can be 
immediately translated into clinical practice and used in all parts of the health chain 
used to combat COVID-19, given its simplicity of use, biosafety, and low cost. The 
use of nanotechnology to modify diagnostic platforms has a special impact as they 
generate patents, strengthen technology, and arouse worldwide interest for their 
technological robustness, which may impact the attraction of resources to countries 
through the export of these or other forms of sharing that be advantageous.
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Abstract

The COVID-19 pandemic is a genuine biosafety occasion that is causing an 
extreme effect on the worldwide society and economy. Various challenges associ-
ated with the outbreak of this pandemic include diagnosis, prevention, and proper 
medication. Engineered nanomaterials such as graphene and graphene derived 
materials could be the potential solution in preventing COVID-19. This study 
endeavors how the improvement of novel materials can assist researchers with 
handling the difficulties in biosafety. In recent years, 2D graphene had caught much 
consideration due to its efficient electrical properties and encouraging presenta-
tions, comprising methods to combat or identify drug-resistant bacterial con-
taminations. The bacteria lose its integrity when exposed to the graphene surface 
because of its efficient viral inhibition tendency.

Keywords: graphene, contact angle, superhydrophobic, mask, COVID-19

1. Introduction

Graphene belongs to the group of carbon comprising of a single layer of atoms 
organized in a 2D honeycomb structure [1]. Pristine graphene usage is limited due  
to its difficulty in bottom-up synthesis [2], lesser solubility [3], and the lower ten-
dency of accumulation due to had proved challenging due to difficult van der Waals 
interactions [4]. To overcome the above limitations, alternative compounds may be 
derived from graphite or other carbon sources through top-down approaches, which 
can also incorporate functionalized oxygen groups on its surface. The protonated 
solvents has the tendency to form multi-layered graphene oxide by the process of 
graphene oxidation, which contains hexagraphene oxidenal based graphene struc-
ture. These derivatives are proven as efficient fillers in several polymer nanocom-
posite materials because of their uniform distribution across the polymer matrices 
[5]. This property has increased the functionality of graphene derivatives in paints, 
efficient and precise sensors, flexible displays, efficient solar panels, packing 
materials [6], sensitive electronic devices prevention [7], for resisting the corrosion 
on different materials [8] and in bio-imaging, biosensors, antibacterial agents, 3D 
bio printing, photo thermal therapy, drug delivery, gene therapy, and tissue  
engineering (Figure 1) [9].
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Palmeri and Papi [10] studied different ways of interactions between various 
graphene-based materials and the viruses, which reveals that the graphene-based 
materials, can help in killing or blocking the viruses. Several recent studies have 
also revealed that graphene derivatives can be considered as a potential material for 
protecting from the COVID-19 virus [10, 11].

2. Mechanism of graphene based materials for prevention of COVID- 19

Earlier research suggests that graphene has a great viral hindrance limit. In 2012, 
the primary proof of graphene antiviral impacts was realized when fine layers of 
reduced graphene oxide -Tungsten oxide were misrepresented for photo inactiva-
tion of virus infecting bacteria under obvious light illumination [12]. Recent 
studies exhibited how the coronavirus spike S1 protein receptor-restricting area 
can cooperate with heparin and alternated compliance. It has suggestions for the 
advancement of initial remedial by adapting heparin and glycosamminoglycans-
based antivirals [13], including treatment of graphene oxide based surface with 
sulfuric acid or sulfate. Sulfur reacted NPs functionalized with reduced graphene 
oxide had been effectively used to collect and photo thermally pulverize herpes 
simplex infection type 1 utilizing near-infrared (NIR) light [14]. This information 
brings up how graphene oxide detention could be combined with NIR medicines 
of lungs. As Gr and GrO absorbers fall under the NIR tissue transparency window, 
they allow the incident light deep into the body. The combination of carbon dots 
and natural antimicrobial polyphenol curcumin is proved to be an efficient model 
for preventing COVID-19 [15]. The respiratory syncytial infection is treated 

Figure 1. 
Role of graphene in the area of bio-imaging, biosensors, antibacterial agents, 3D bio printing, photo thermal 
therapy, drug delivery, gene therapy and tissue engineering. Reprinted with the permission from [9].
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through the combination of Cyclodextrins-functionalized sulfonated graphene 
and curcumin-stacked cyclodextrins functionalized sulfonated graphene, GSCC. 
The sulfonate clusters on the GSCC can simulate the cell exterior and restrain RSV 
disease by an economical inhibition mechanism, recreating cell receptors utilized 
for infection connection. GSCC NPs impacts are because of a twofold component, 
by curcumin-intervened viral inactivation and by the self-consciousness of the 
infection connection to the host cell layers [16].

3. Fabrication of graphene based superhydrophobic coating

Revealed in December 2019, another lethal SAR-CoV-2 infection begins circling 
among the people [17] and spreads through the respiratory beds [18]. Additionally, 
an individual can likewise get in contact with this infection by interacting with 
the debased articles or exteriors and afterward getting in touch with mouth, nose, 
or eyes. A new report states that SAR-CoV-2 has a variable life span on different 
surfaces [19]. In comparison with Cu and cardboard, the adherence of coronavirus 
is estimated to be greater on the surfaces of plastic and tempered steel. Besides, 
the infection is affirmed to be steadier on smooth surfaces compared with uneven 
surfaces like printing/tissue papers, wood, and materials. Much more problematic 
is the discernible degree of the infection on the outside film of the surgical masks, 
which is 7 days [16]. These virus-infected touch surfaces, which can retain the 
virus for longer periods can spread the virus at a faster rate. In the current epidemic 
circumstance, where the coronavirus infections are dramatically expanding every 
day worldwide, improvement of the effective enemy of coronavirus protecting 
surfaces or coatings can be a potential solution for minimizing the spread of the 
virus through any source [20, 21]. Graphene or graphene derivatives are suitable 
for their antibacterial properties [22] and the study by Sametband [23] revealed 
the antiviral characteristics of graphene oxide and slightly reduced sulfuirnc acid 
treated graphene oxide against herpes simplex virus Type-1 by a specified unique 
mechanism. Comparable to receptor heparin sulfate cell surface, graphene oxide 
and its derivatives contain groups of negative charge elements and so the two 
moieties challenging each other in connection with HSV-1 as shown in Figure 2. 
Nanomaterials can be considered as main inhibitor in defending the Vero cell from 
the disease. The viral reduction effectiveness of graphene oxide, reduced graphene 
oxide, graphene oxide-polyvinylpyrrolidone (PVP) composite, graphene oxide 
poly (diallyl dimethyl ammonium chloride) composite with forerunners graphite 

Figure 2. 
(a) COVID-19 structure [2], (b) pictorial representation of the mechanism of breaking the long chain of virus 
envelope. Reprinted with the permission from [16].
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and graphite oxide was analyzed by Ye et al. [24]. This research has opened a huge 
antiviral tendency of graphene oxide against Pseudorabies infection and porcine 
pestilence looseness of the bowels infection. He concludes that antiviral characteris-
tics of graphene oxide are ascribed to its adversely charged, high-pitched structure. 
The graphene oxide formed with PVP, non-ionic polymer demonstrated intense 
antiviral movement, nonetheless, PDDA (cationic polymer) bound graphene oxide 
uncovered no infection hindrance, proposing negative charge as an essential for 
antiviral characteristics. Song and other authors [25] has revealed the graphene 
oxide based label-free technique to identify and sterilize natural infections, for 
example, Enterovirus 71 and endemic gastrointestinal avian flu an infection, which 
have incredible ecological strength and less affectability for carbon-based purifiers 
and detergents. Redox reactions between the graphene oxide layer and the viruses 
due to the physico-chemical process will act as an important parameter in destroy-
ing the viruses. Under higher temperature environment, the antiviral efficiency of 
the graphene oxide sheet will be improved. Chen and the co-authors [26] revealed 
that graphene oxide sheets are accounted for to display critical antiviral restraint 
possibilities towards covered feline COVID and connecting silver particles into 
graphene oxide structure widens its antiviral capability in the direction of non-
enveloped infectious bursal disease virus. Yang et al. [27] synthesized curcumin 
stacked β-CD functionalized sulfonated graphene composite and researched its 
antiviral competence beside negative sense respiratory syncytial infection (RSV). 
The results demonstrated that GSCC could thwart RSV from tainting the host 
cells by deactivating the contamination clearly and blocking the association of the 
disease and have prophylactic and medicinal effects towards the contamination. Du 
et al. [28] researched the antiviral effect of graphene oxide - Silver nanoparticles 
composite as an afterthought impacts of porcine regenerative and respiratory prob-
lem disease. The outcomes propose that the presentation of infection with graphene 
oxide -Ag NPs composite block the infection to enter the host cell with a accuracy 
of 59.2% and advances the creation of IFN-invigorating qualities and interferon-α 
which hinders the infection expansion. Accordingly, Graphene-based surfaces have 
enormous probability in the improvement of antiviral surfaces and coatings for 
keeping fouling from harmful and infectious infections including corona virus, and 
could control the illness transmission [29]. Especially, for coronavirus infection, 
structures with higher carboxyl groups and less endurance of this infection on Cu 
surfaces, graphene oxide/reduced graphene oxide -SO3 coatings enhanced with 
Cu nanoparticles/Cu particles could be a inspiring possibility for the advancement 
of hostile to coronavirus surfaces. These materials are important in successfully 
catching and destabilizing the infection structures and limiting their endurance 
time on different covered surfaces [30]. The schematic representation of the viral 
restriction process from the graphene or graphene derivative based coatings is 
understandable from Figure 3.

Zhong et al. [31] fabricated graphene layer-based superhydrophobic low-melting 
temperature nonwoven surgical masks through dual-mode laser-induced forward 
transfer method with excellent self-cleaning and photo thermal property. These 
functional masks are reusable after sunlight sterilization because the surface tem-
perature can quickly increase to 80 °C under sunlight. In addition, these functional 
masks show the tendency of salt-rejection, which increases its usage lifetime. The 
superhydrophobic surgical masks, which are, produced through roll-to-roll produc-
tion, give efficient protection against viruses. SEM image of pristine surgical mask 
reveals that the melt-blown fibers of 20 μm were smooth and exhibiting non-super 
hydrophobic properties. The wetting tendency of this mask is estimated through 
a static contact angle, which is observed to be 110o, representing a hydrophobic 
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surface. The disadvantage observed with this mask is that the droplets are attach-
ing to the surface. After using dual-mode laser-induced forward transfer method, 
it was observed that nanostructured flakes were seen on the mask surface varying 
its size from 100 nm to few micrometers and the contact was observed to be 141o, 
which represents its superhydrophobicity (Figure 4).

The multi-layered masks for combatting COVID-19 need to be designed as per 
World Health Organization guidelines i.e. the innermost layer should behave like 
a hydrophilic surface and the rest two layers i.e. middle and outside layers are to be 
in hydrophobic nature. There are several combinations of different materials and 
fabrics, which have a greater tendency to increase the efficiency of filtration and 
breathability. As the porosity of the layer increases from the 3rd layer to the 1st 
layer, the extent of droplet filtration will also increase (Figure 5). He also reveals 
that tightly woven fabric in the third layer will attain 80% particle filtration effi-
ciency and enhances breathability. The filtration effectiveness of any mas depends 
on the most penetrating particle size, which is in the range of 0.04–0.4 μm. The 
extent of MPPS filtration varies with the velocity at which filtration is done, fiber 
porosity & diameter, and particle size distribution [32].

Figure 3. 
Sequential representation of the graphene or graphene derivative based coatings in repelling various viruses 
including coronavirus. Adapted image [30].
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4. Cytotoxicity of graphene

Cytotoxicity valuation of nanomaterials is important and beneficial for real 
understanding of their biological action. The in-vitro labeling of therapeutic cells 
with nanoparticles is becoming more and more common and the possible effects 
of the nanoparticles on the esthetic cells are increasing. In general, carbon based 
nanomaterials show specific antiviral activities and low cytotoxicity. It was found 
that the graphene based nanomedicines made for antiviral treatment have been 
tested for against a specific virus and these types of antiviral nanomedicines can 

Figure 5. 
Multi-layered masks with varying porosity from hydrophilicity to superhydrophobicity. Reprinted with the 
permission from [32].

Figure 4. 
Contact angle measurement and SEM images on uncoated and coated graphene nonwoven fiber surgical mask 
Reprinted with the permission from [31].
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also enhances the biocompatibility and reduces the cytotoxicity of the drug. The 
two-dimensional structure and negatively charged surfaces of graphene sheets 
can easily interact with bacteria and viruses and destroy them by disrupting their 
plasma membrane. Graphene sheets can also interact with living cells depending 
on its concentration [33]. Experimental evidences show that the graphene sheets 
inactivate the virus before it enters the cells and the sharp edges of graphene layers 
inactivate the infection by actual interruption of the construction through direct 
association. The antiviral movement of the graphene sheet can be powerful on both 
DNA and RNA infections, and reliant on fixation and incubation time. The in-vitro 
study shows that the carbon based materials disturb the membrane potential, 
membrane integrity, metabolic activity and cellular reproduction and they are 
blamed for DNA damage [34]. Ye et al. [24] reported the antimicrobial and antiviral 
activity of graphene and its derivatives and its cytotoxicity. In this study, he detailed 
the antiviral action of graphene oxide against pseudorabies infection and porcine 
pandemic the runs infection with non-cytotoxic concentration. In this experiment, 
antiviral activity along with the toxic effect of graphene was measured and it was 
found that at low concentration level, graphene show non-toxic effect with good 
antiviral behavior but at higher concentration level, graphene show low toxic effect. 
These results show that the graphene and its derivatives have low toxicity level 
compared to other carbon materials and it can be the promising candidate for the 
next generation antiviral materials.

5. Conclusion

Graphene and graphene derived materials have excellent antimicrobial, anti-
viral and self-cleaning properties and found application in various industries. 
Graphene and graphene-based material have recently received enormous attention 
due to their applicability in tacking lethal SAR-CoV-2 infection. The study suggests 
that the graphene-based coating on different surfaces tend to neutralize viruses 
and bacteria, to a varying degree, due to their antiviral and antimicrobial activity. 
The graphene coated surgical masks could control the transmission of virus and 
protection from the lethal covid-19 virus. It is to strengthen the research in this field 
to evaluate the effectiveness of graphene and graphene-based material for their 
applicability in fighting the Covid-19 virus.
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Chapter 28

Propagation Analysis of the
Coronavirus Pandemic on the
Light of the Percolation Theory
Moez Guettari and Ahmed El Aferni

Abstract

Efforts to combat the Covid-19 pandemic have not been limited to the processes
of vaccine production, but they first began to analyze the dynamics of the
epidemic’s spread so that they could adopt barrier measures to bypass the spread.
To do this, the works of modeling, predicting and analyzing the spread of the virus
continue to increase day after day. In this context, the aim of this chapter is to
analyze the propagation of the Coronavirus pandemic by using the percolation
theory. In fact, an analogy was established between the electrical conductivity of
reverse micelles under temperature variation and the spread of the Coronavirus
pandemic. So, the percolation theory was used to describe the cumulate infected
people versus time by using a modified Sigmoid Boltzman equation (MSBE) and
several quantities are introduced such as: the pandemic percolation time, the
maximum infected people, the time constant and the characteristic contamination
frequency deduced from Arrhenius equation. Scaling laws and critical exponents
are introduced to describe the spread nature near the percolation time. The speed of
propagation is also proposed and expressed. The novel approach based on the
percolation theory was used to study the Coronavirus (Covid-19) spread in five
countries: France, Italy, Germany, China and Tunisia, during 6 months of the
pandemic spread (the first wave). So, an explicit expression connecting the number
of people infected versus time is proposed to analyze the pandemic percolation.
The reported MSBE fit results for the studied countries showed high accuracy.

Keywords: Percolation theory, reverse micelles, electrical conductivity, sigmoid
Boltzmann equation (SBE), Coronavirus, spread

1. Introduction

In late December 2019, the emerging epidemic of Coronavirus, Sars-Cov-2
(Covid-19) first appeared in China. Then, it spread on a very large scale to most of
the world’s countries. For this reason the World Health Organization (WHO) has
declared it a global pandemic. The main distinguishing characteristic of this pan-
demic is its very high contagion power and subsequently, which gives it a spectac-
ular speed of propagation. Recently [1], it was associated with the Spanish flu of
1918 in this regard. For this reason, efforts to forecast, predict, and model the
spread of Coronavirus (Covid-19) global pandemic are accumulating to understand
its contamination mode [2–6]. The objective of these efforts is to explore ways for
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predicting its evolution curve to be able to skirt the contamination, in the absence of
an effective vaccine serving as an antidote against this disease.

In this context, in a recent study [7] on the spread of Covid-19 in 15 different
countries, we have showed that the pandemic spread in a given population follows a
sigmoidal law. Indeed, the curve of variation of the cumulative number of infected
persons I is composed of 3 phases, a linear phase (slow growth) followed by second
exponential phase (fast growth), then another stable phase (slow growth). Given
that, in our laboratory, we are used to using the sigmoidal model to characterize the
percolation phenomenon occurring in colloidal systems [8, 9].We suggest in the
present work to apply the theory of percolation theory on the cumulative number of
infected people in order to better understand the dynamics of the virus spread.

Percolation is a mathematical model which first introduced by S.R Braodblent
and J. Hammersely in 1957 [10]. As a geometric phase transition, he described large-
scale connectivity from other links that are randomly established on small scales.
Such connectivity brought the studied system from one state of disorder to another
more ordered state. This model has been widely applied to explain phase transitions
in a very wide variety of physical systems such as alloys, complex fluids, semi-
conductors, communication networks, etc. As examples of the application of the
percolation model, we can cite the following transitions: Insulating conductive
composite material (Insulator/conductor), Glass transition (Liquid/glass), Polymer
gels (Liquid/gels), Quarks in nuclear matter (confinement/non confinement) [11].

Meanwhile, in our laboratory, we used to study several kinds of colloidal systems,
in particular, the microemulsions water in oil, so-called reverse micelles. These are
nano-droplets of water surrounded by monolayers of surfactant and dispersed in oily
phases. In these systems, a percolation phenomenon has often been highlighted and
widely studied. In fact, in reverse micelle systems, the percolation phenomenon was
manifested by a spectacular increase in the transport properties (viscosity, dielectric
constant electrical conductivity, etc.) of the micelles for a volume fraction, ϕd or a
well-determined temperature Tp [8, 9]. The critical micellar volume fraction and the
temperature signaling the appearance of percolation phenomenon are called the
percolation thresholds (ϕd,c,Tp). This increase has been explained by the fusion of
neighboring micelles, a fusion which in turn leads to the formation of a percolating
network and the exchange of charge carriers (or matter). In the bibliography, the
studies were focused on the viscosity, the electrical conductivity [12] and, of the
dielectric constant of the reverse micelles around the percolation threshold. Theoret-
ically, two models have been proposed [13] to justify the percolation-related experi-
mental observations: a static model and a dynamic model. In the static model, the
sudden change in the conduction of the system is caused by the formation of a
bicontinuous phase of the organic solvent and water at the percolation threshold.
Otherwise, micellar fusions are established between the neighboring micelles giving
rise to micellar exchanges of the charge and the material. Furthermore, concerning
the dynamic model, it is a model that attributes this behavior to the Brownian
movement of droplets. Such movement induces random mutual collisions between
the different micelles accompanied by exchanges of charge and matter.

2. Electrical percolation versus Covid-19 pandemic percolation

2.1 Phenomenological description

It seems imperative to mention that we are dealing here with two systems with
several similarities in dynamics. Regarding the reverse micellar systems, these are
indeed spherical particles of nanometric sizes in Brownian (random) motion. This
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movement leads to permanent inter-micellar collisions giving rise to mutual
exchanges of matter and electrical charges. Therefore, reverse micelles transport
phenomena such as viscosity η and electrical conductivity σ increase exponentially.
On the other side, they are infected people circulating randomly (carriers of the
virus). This circulation leads to the virus spread in various ways (contamination of
surfaces, the spread of droplets carrying the virus, handshaking with contaminated
people...) which giving rise to cumulative number of infected people Ic. We report
in Figure 1 the schematic behavior of two systems. We also present in Table 1 the
detailed analogy between the two systems.

From a qualitative viewpoint, we find that the evolution of the number of people
infected over time followed the same curve as the evolution of the micelles’ electri-
cal conductivity as a function of temperature. These are two trays separated by an
exponential progression. We have measured the electrical conductivity of water/
AOT/reverse micelles of composition W0 ¼ water½ �

AOT½ � ¼ 30,ϕm ¼ VAOT
Visooc tan e

¼ 0:1, 0:15, 0:2,
with an increase in temperature. Results are reported in Figure 2 and compared with
the evolution of the cumulative number of detected cases of Covid-19 in china since
the first case.

2.2 Theoretical background

2.2.1 Sigmoid Boltzmann equation

Authors [13, 14] are used to using the sigmoid Boltzmann equation (SBE) to
model the percolation process in reverse micelles. It is important to elucidate some
notions on the SBE equation so that both the relevance of this equation and the
definitions of both of its terms are understood.

Figure 1.
Schematic representation of the analogy between reverse micelles and the virus spread.

Electrical percolation of reverse micelles Spread of the virus (Covid-19)

σ : Electrical conductivity N : Number of people infected

Reverse micelles: charge carriers Infected people: carriers of the virus

Electrical charge (the Na+ ion) Virus

Nature of movement: Brownian (random) Random

Micellar collision Contamination of surfaces, spread of droplets carrying
the virus, handshaking with contaminated people.

Table 1.
Detailed similarities between reverse micelles and the pandemic spread.
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To describe the evolution of a quantity evolving as a function of a variable, the
Sigmoid-Boltzmann equation (SBE) has the following form:

y ¼ yi � yr
1þ exp x� x0ð Þ=Δxþ yr (1)

Rearranging Eq. (1),

y ¼ yr 1þ yi � yr
yr

� �
� 1þ exp x� x0ð Þ=Δxf g�1

� �
(2)

where y is the measured magnitude of the system which depends on x, yi and yr
are the left and right asymptotes of y, x0 is the center (where y returns the mean of
yi and yr), and Δx is the constant interval of the independent variable that controls
the rise profile or decrease from yi to yr(for a large Δx, the rise is gradual while for
small Δx, the rise is rapid).

The equation therefore essentially deals with the switching of a variable from an
initial state (state of yi) to a final state (state of yr) through a transition x0.

2.2.2 Application for electrical percolation of reverse micelles

By applying this equation to the electrical conductivity of the inverse micelles, σ,
evolving as a function of temperature, T, the equation, therefore, deals with the
switching of the conductivity from an initial state, σi, to a final state, σ f , passing
through the transition, Tp, (percolation temperature).

σ ¼ σ f 1þ σi � σ f

σ f

 !
� 1þ exp T � Tp

� �
=ΔT

� ��1

" #
(3)

From an experimental point of view, it is often convenient to use the logarithmic
scale to better highlight the variations. The equation therefore becomes:

log σ ¼ log σ f 1þ log σi � log σ f

log σ f

 !
� 1þ exp T � Tp

� �
=ΔT

� ��1

" #
(4)

Figure 2.
(a) Electrical conductivity of water/AOT/isooctane reverse micelles (W0 ¼ 30,ϕm ¼ 0:1, 0:15, 0:2 vs
Temperature (b) Confirmed cases of infected persons with covid-19 since the first case in China.
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2.2.3 Application of SBE to the cumulative number of infected persons Ic with Covid-19

In a recent work, we modeled the evolution of the cumulative number of
infected people Ic in 15 countries with the sigmoid Boltzmann equation (SBE),
evolving as a function of time, t. The SBE equation deals with the switching of
numbers, Ic, from an initial state, Ii, to a final state, Imax, through the transition, tp.
At this point, we can consider that the transition, tp, corresponds to what is called
the pandemic peak.

Ic ¼ Ic,max 1þ Ii � Ic,max

Imax

� �
� 1þ exp t� tp

� �
=Δt

� ��1
� �

(5)

Knowing that at least one person is infected therefore Ii ¼ 1 and taking into
account that the maximum number of infected people, Imax, takes huge values, so
Imax≻≻≻Ii, the Eq. (5) becomes:

Ic ¼ Ic,max 1� 1þ exp t� tp
� �

=Δt
� ��1

h i
(6)

On a logarithmic scale, the sigmoid equation becomes:

log Ic ¼ log Ic,max 1þ log Ii � log Ic,max

log Ic,max

� �
� 1þ exp t� tp

� �
=Δt

� ��1
� �

(7)

Considering that at least one person is infected, so Ii ¼ 1, the Eq. (7) becomes:

log Ic ¼ log Ic,max 1� 1þ exp t� tp
� �

=Δt
� ��1

h i
(8)

For the spread of the pandemic in a given population, the Boltzmann equation
(SBE) allows us to derive important parameters describing the spread of the virus.
The most important parameters are the time interval, Δt, the percolation time, tp,
and the maximum number of infected persons, Ic,max :

• The pandemic percolation time tp

This is the transition point corresponding to the pandemic percolation thresh-
old. At this time, the number of infected people rises drastically until the day
with the maximum propagation speed. After that time the speed of virus
spread decreases and the number of infected cases per day begins to decrease.
It represents the pandemic peak

• Maximum number of infected persons Ic,max

It is a cumulative number of infected people signaling the stabilization of the
epidemic crisis in a population. The real maximum number of people infected
is in the vicinity of this number.

• The time constant Δt

It is called the time constant. It characterizes the rise of the exponential part
(gradually or abrupt). Generally, the epidemic state stabilizes when the num-
ber of infected cases N reaches almost the maximum number of infected cases
I ¼ 0:99Ic,max which corresponds to maximum time, tmax of pandemic spread:
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Considering Eq. (6), the tmax value can be calculated from the following equation:

tmax ¼ 2:19Δtþ tp (9)

So, we can estimate the time necessary for the stabilization of the epidemic state
of each country tmax from Eq. (9). From an epidemiological point of view, the Δt
value must necessarily depend on the effectiveness of the precautionary and
preventive measures taken by the authorities of each country.

2.2.4 The characteristic contamination frequency

For reverse micelles systems, the energy required to make two micelles appear
and activate the exchange of charges between them is called the activation energy
of percolation. This energy constitutes a barrier to be crossed for this energy
constitutes a barrier to be crossed to put two micelles in contact and trigger the
exchange of charges. It takes the form of the famous empirical law of Arrhenius [13]:

σ ¼ A exp �Ep=RT
� �

(10)

Where σ is the electrical conductivity of the micelles. R is the universal constant
of ideal gases. T is the temperature. A is a pre-exponential factor having the same
unit as σ. Typically, the refinement of Arrhenius law was effected by the Eyring
transition state theory [15, 16], where the pre-exponential factor A is shown as the
entropic factor of the transition state. In this theory the transition kinetic constant k
is correlated with temperature by law analogous to that of Arrhenius:

k ¼ A exp �ΔH=RTð Þ (11)

k ¼ KBT
h

exp �ΔS=Rð Þ exp �ΔH=RTð Þ (12)

Where k is kinetic constant, ΔS and ΔH are the transition state entropy and
enthalpy, KB is the Boltzmann constant and h is the Planck constant. In another
report [16], the pre-exponential factorAwas also correlated to motion, rate, disorder,
speed… of particles. Tian Hao [6] considers that the movement of infected individ-
uals and individuals exposed to contamination is analogous to that of the movement
of particles in various systems such as granular systems, colloidal systems… He
suggests that the equations of conductivity and viscosity are also applicable in the
description of the viruses spread. In his work, he asserts that Eyring Rate Process
Theory and Free Volume Concept [6, 17] are applicable on the movement of individ-
uals carrying viruses which means that the more the infected and exposed individuals
have the more free volume to move, the higher the probability of transmission.

So, for the virus spread, Arrhenius law can be applied to the cumulative number
of infected cases I as follows:

I ¼ Ac exp �tC=tð Þ (13)

Having the dimension of time, tC is equivalent to the Arrhenius temperature Ea
R

[16], Ac is a pre-exponential factor considered as the contamination frequency
factor and t is the number of days. The contamination frequency Ac can be
determined from the slope of the linear portion of the curve:

ln I ¼ lnAC � tC
t

(14)
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2.2.5 Scaling laws and critical exponents

We have mentioned before that the rationalization of the experimental results
resulted in two theoretical approaches discussing the state of a system during the
percolation phenomenon. A static model which suggests that at the time of perco-
lation, the charge carriers merge with their neighbors, thus establishing a network
of connected particles exchanging charges. Besides, a dynamic model whose
particles carrying the charges are in permanent collision, merge randomly at the
percolation threshold, and exchange the charges. The scheme depicted in Figure 3
simplifies the difference between the two percolation models.

Theoretically, scale laws have been established to identify the predominant
model for a given system. These laws are explained by two equations, which are
applied only around the percolation point. For electrical percolation in reverse
micelles systems, induced by temperature variation, these equations take the fol-
lowing forms:

σ ¼ β Tp � T
� ��s,T≺Tp (15)

σ ¼ γ T� Tp
� �ts ,T≻Tp (16)

Where β and γ are free parameters. S and ts are called the critical exponents.
These two laws are valid near to the temperature of the percolation, Tp. Critical
exponent values exhibit the difference between static percolation and dynamic
percolation [13]. In fact, in the case of static percolation, the predicted theoretical
values of critical exponents were found to be ts ¼ 1:6 and s ¼ 0:7. Divergence of
these values was used to be the proof of dynamic percolation.

In the case of the propagation of Covid-19, these two equations apply to the
vicinity of the peak pandemic as follows:

I ¼ β tp � t
� ��s, t≺tp (17)

I ¼ γ t� tp
� �ts , t≻tp (18)

From an epidemiological point of view, the static percolation model corresponds
to the formation of geolocated chains of transmission of the virus [17]. However,
the dynamic model reflects randomly distributed chains of transmissions in space.

Figure 3.
Schematic representation of the two percolation models.
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2.2.6 Speed of the pandemic spread

Typically, to detect the percolation threshold (temperature, volume fraction… ), a
differential method is used [9, 13]. The method consists of determining the maximum
of the curve ∂σ=∂T versus the temperature (volume fraction...). This curve measures
the speed of the variation of electrical conductivity as temperature varies.

Similarly, we can consider that the differential, ∂Ic=∂t, measures the speed of
propagation of the contamination Vp (and therefore of the virus) as a function of
time. Thus, the maximum speed corresponds to the maximum curve ∂Ic=∂t versus
time (Days).

Vp ¼ ∂Ic
∂t

(19)

3. Application to the cases of China, Tunisia, France, Italy and Germany

Using data provided by Johns Hopkins university resource center [19] on the num-
ber of infected cases in 5 countries (China, France, Germany, Italy and Tunisia) during
6months of the virus spread since the day of the first case detection of until June 30.

3.1 The cumulative number of people infected Ic

We plotted in Figure 4 the variation of the cumulative number of infected
people in each country versus the number of days since the first detected case. The
existence of 3 stages can be discerned: a first phase, where the number of cases
varies gradually over time. A second phase in which the number of cases unexpect-
edly rises very quickly and a third phase in which the rate of increase in the number
of cases is stabilized overtime. We have therefore adjusted all these curves with the

Figure 4.
Variation of the cumulative number of confirmed case Ic versus days since first case t. The red line ( )
represents the sigmoid Boltzmann equation fit (SBE).
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sigmoid Boltzmann equation (SBE) (Eq. (6)). The results are listed in Table 2. The
fit results can therefore be interpreted with respect to the evolution of the epidemic
situation as follows:

• China

The number of infected cases reaches maximum of around 82011.46. The rise
to this maximum lasts approximately 28 days. The transition point to a stable
state is marked around day 18 (pandemic peak) since the first case detected.

• Tunisia

The number of infected cases reaches maximum of around 1142.57. The rise to
this maximum lasts for approximately 58 days. The transition point to a stable
state is marked around day 32 (approximately 1 month) (pandemic peak)
since the first case detected.

• Italy

The number of infected cases reaches maximum of around 227262.40. The rise
to this maximum lasts for approximately 87.58 days. The transition point to a
stable state is marked around day 63 (approximately 2 months) (pandemic
peak) since the first case detected.

• Germany

The number of infected cases reaches maximum of around 227262.40. The rise
to this maximum lasts approximately 93.302 days. The transition point to a
stable state is marked at day 71 (approximately 2.5 months) (pandemic peak)
since the first case detected.

• France

The number of infected cases reaches maximum of around 154264.94. The rise to
this maximum lasts approximately 98.873 days. The transition point to a stable
state is marked around day 75 (pandemic peak) since the first case detected.

3.2 The contamination frequency Ac

By plotting the Arrhenius curve Ln Ið Þ versus 1
t (Figure 5), we have calculated the

contamination frequency, Ac, from the intercept of its linear portion. The results for
the 5 studied countries are listed in Table 3. The low values observed for China and

Nmax tp Δt tmax R2

China 82011.460 18 4 .944 28.827 0.993

Italy 227262.403 63 11.227 87.587 0.929

France 154264.941 75 10.901 98.873 0.993

Germany 184037.613 71 10.184 93.302 0.994

Tunisia 1142.577 32 12.184 58.682 0.994

Table 2.
Fit parameters of number of infected cases Ic (cumulative) with the SBE equation, for the different countries
studied.
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Tunisia reflect a reduction in the contamination frequency in these two countries.
This can be attributed to the anticipation of the authorities of these two countries
for reducing the mobility of people by imposing general confinement very early.
However, the huge values observed for the 3 European countries reflect a very high
contamination frequency. This can be explained by a delay in taking decisions
relating to the restriction of people’s movement.

3.3 The dynamic behavior of virus spread during the critical period

The determination of the critical exponents (Eqs. (17) and (18)) before (s) and
after (ts) the percolation point informed us about the percolation model which
dominated the spread of the virus in each country. The results reported in Table 3
show values have largely deviated from theoretical values. This represents a very
strong tendency toward the dynamic model for all countries. This reveals that the
chains of covid-19 virus transmission are randomly distributed in space and the
contamination is dispersed in all regions. However, this general trend does not
prevent us from observing deviations toward the static model, especially before the
pandemic peak (s value), for Tunisia and China.

Figure 5.
Arrhenius plot of the number of cumulative infected persons Iversus days.

COUNTRY S Δ= S� Sthð Þj j ts Δ= ts � tthð Þj j Ac

TUNISIA 0.160 0.54 0.037 1.563 2416.317

CHINA 0.170 0.53 0.035 1.565 85819.368

GERMANY 0.123 0.577 0.053 1.547 2.532.108

FRANCE 0.121 0.579 0.051 1.549 2.532.108

ITALY 0.076 0.624 0.042 1.558 1.436.107

Table 3.
The critical exponents and contamination frequency for the 5 studied country.
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3.4 Speed of the pandemic spread

In the first section of this article, we stated that the differential ∂I
∂t estimation of

the variation rate in the number of people infected I as a function of the change in
the number of days t since the first case is, therefore, the speed of the pandemic
spread Vp (Eq. (19)). For the 5 studied countries, we measured this differential. The
results were reported in Figure 6. As we can see, the speeds of the virus spread in
the different countries gradually increase over time until they reach a maximum
value Vpmax , then they start to decrease. It is crucial to note that the dates
corresponding to the maximum speeds reached coincide with the dates recorded as
pandemic peaks tp( t

tp
¼ 1) that have been determined by the Boltzmann sigmoid

equation (SBE).
Furthermore, we can also notice that the speeds achieved take on considerable

values except for Tunisia (Vpmax≈55 cases per day), a country which Covid-19 did
not greatly affect.

To assess the speed of propagation between the studied countries, we also have
adjusted our findings by estimating the root mean square speed of propagation
VPRMS for each country:

VPRMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiP

iV
2
pi

n

s
(20)

Where Vpi the spread speed for day i and n is the number of days since the
first case. In Figure 7, we have depicted the variation of the root mean square
speed of Covid-19 in the studied 5 countries. As reported, the highest VPRMS was
recorded for Italy exceeding the speed of VPRMS ¼ 2000 cases/day. However, the
lowest one was recorded for Tunisia with a value that does not exceed VPRMS ¼ 19
cases/day.

Figure 6.
Speed of the pandemic spread Vp versus t

tp
for the 5 studied countries.

527

Propagation Analysis of the Coronavirus Pandemic on the Light of the Percolation Theory
DOI: http://dx.doi.org/10.5772/intechopen.97772



4. Conclusions

We analyzed epidemic data on the cumulative number of cases infected with
covid-19 in 5 countries affected differently by the pandemic. The data describe the
state of the virus spread duringmore than 6months of its appearance (appeared at the
beginning inChina (December 2019)). This analysis was consisted of the application of
the percolation theory on the evolution of the cumulative number of people infected Ic
in each country. Based on an analogy between the spread of Covid-19 in a population
and the electrical percolation of reversemicelles,we introduced the covid-19 pandemic
percolation. First, adjusting the data using the Boltzmann sigmoid equation (SBE)
made it possible to derive important parameters related to the spread of the pandemic:
The first represents the cumulative number of people infected Ic,max , fromwhich the
epidemic state in each country begins to stabilize. The second is the pandemic peak
time tp (threshold of pandemic percolation), this is a critical day corresponding to the
transformation of the epidemic situation from serious to stable state. The third is a time
intervalΔt that we have called the time constant. This constant represents the
momentum of exponential pandemic progression in each country. It allowed us to
estimate the time necessary tmax for the stabilization of the epidemic state in each
country. Comparing the value of this constant in each countrymakes it possible to
assess the effectiveness of the preventive measures taken by the authorities.

By applying the Arrhenius law on the cumulative number of cases in each
country, we introduced a characteristic contamination factor this rate measures the
frequency of interpersonal contact in each country. This permits us to compare
contamination frequency following the traffic restriction measures taken by each
country (border closure, general confinement, geo-located confinement, etc.). The
application of scale laws at the vicinity of the percolation threshold tp has shown a
total predominance of the dynamic percolation model of contamination. This pre-
dominance has been interpreted by the existence of transmission chains of the virus
randomly distributed in each country (and not local chains).

Finally, the determination of the propagation speed Vp of covid-19 in each
country showed that the maximum propagation speed was recorded during the

Figure 7.
The root mean square speed of propagation VPRMS since the first case until 30 June, for the 5 studied country.
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pandemic peak tp (previously determined by SBE equation). Moreover, the calcu-
lation of the quadratic mean root square speed of propagation VPRMS allowed us to
compare the evolution of the speed in each country.

Finally, all of the results show that Tunisia and China have implemented the
most effective strategies to combat the first wave of Covid-19. Indeed, Tunisia’s
authorities have opted for general containment (lockdown) throughout the country
since the second week after the first confirmed case of Covid-19 was discovered.
According to our findings, this strategy significantly reduced the frequency of
contact between individuals carrying the virus, as well as the speed of covid-19
propagation over the next three months. As a result, the total number of cases
infected with covid-19 remained very low. This clearly demonstrates the effective-
ness of this strategy in combating the pandemic. In addition, the second country
which showed low propagation indicators (contact frequency, speed of propaga-
tion, total number of infected people) is China. This is due to China’s adoption of a
strategy known as targeted containment. That is, the confinement was limited to
the city of Wuhan (the site of the virus’s appearance). Such a strategy has clearly
demonstrated its effectiveness by significantly slowing propagation. However, the
three European countries (Italy, France, and Germany) experienced relatively high
propagation rates as well as a high number of covid-19 cases. These outcomes are
the result of the authorities’ failure to implement general containment procedures
on the right time.

This further proves that the most effective strategy to bypass the spread of
covid-19 is either general containment or targeted containment.
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Chapter 29

The Link between Electrical 
Properties of COVID-19 and 
Electromagnetic Radiation
Awaad K. Al Sarkhi

Abstract

The ability of a new vaccine design based on control the intracellular physiological  
consequences of both the electrical properties and the electromagnetic radia-
tion interactions between a virus and a host cell, which is a method to strengthen 
immune system develop protection against COVID-19 and new strains. The capacity 
of COVID-19 to bind to angiotensin-converting enzyme 2 (ACE2) and immune 
evasion mechanisms are only one of the properties required to stimulate a preventa-
tive immune response. In this chapter, a multidimensional new strategy is used to 
exemplify the empowerment function intracellular and extracellular level informa-
tion can play in the support of immunogen against COVID-19 pathogens. Besides 
during this chapter, the nature of electromagnetic radiation is described as a vibrating 
string based on a string-theory and unification of electromagnetic radiation and 
gravitational waves by supporting with multiple cites strong evidence. Overall, we 
demonstrate a new approach to understand the important role of the physiologi-
cal consequences of the interplay between the immune system and COVID-19 and 
designing vaccine strategy immunogens that take advantage of that information 
against COVID-19 and new strains.

Keywords: COVID-19, Electrophysiology, Electrostatic Discharge (ESD), 
Electromagnetic Radiation (EMR), Voltage-Viral Channels, Zinc Homeostasis

1. Introduction

Vaccine design is either a method, or style, or programming to activate the 
immune system to help the immune system develop protection against infectious 
disease. Vaccination includes various strategies of immunogen designs [1–3]. In this 
chapter, we describe a new strategy based on events for the COVID-19 ‘s journey to 
and interaction with the host cells, it seems to have the ability to induce a protective 
response against COVID-19 pathogens.

As known COVID-19 is adept at evasion host immune responses [4] and 
interfere with several receptor signaling pathways such as chemokine receptors 
to produce an active inflammatory response [5, 6]. Our previous work has shown 
the electrical properties of COVID-19 [7]. On another hand, many studies have 
shown a stronger electrotactic attraction over chemical gradients for human T cells 
led to migration [8]. This provides insight into the stronger electrotactic attrac-
tion for COVID-19 over chemical gradients for human T cell migration, and this 
reason virus interfered with several receptors signaling to prevent activation of 
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the host innate immune system to allow for COVID-19 replication. This means the 
COVID-19 have electrical properties to evade interferon signaling and induction to 
avoid the antiviral agents of the host immune system. Evasion of the host antiviral 
immune response is critical for COVID-19 replication or spread. That is why some 
humans get very sick and may lead to death while some do not severely sick or even 
have no symptoms, and the reasons some humans have long-term impacts through-
out their body, maybe get very sick and may lead to death.

In many types of the viral envelope, it has the viral ion channel in the small 
envelope membrane proteins like viroporins [9–12]. From a role and function in the 
viroporin life cycle standpoint, it has viral protein with viral ion channel proteins 
have been shown to play a significant role to help in multiple processes of the 
journey for viral to and interaction with the host cells, such as CoV (SARS-CoV), 
influenza A, Human immunodeficiency virus (HIV)-1 [13, 14].

2. COVID-19’s journey to and interaction with the host cells

The electrical and electromagnetic radiation events are one of the first indica-
tions that virus is undergoing activation steps during infection to replicate the viral 
genome. There are four steps to and interaction with the host cells leads to having 
symptoms and long-term impacts throughout the body, maybe get very sick and 
may lead to death.

Step I. COVID-19 Migration: Virus is attracted by either chemical or electrical 
factors and which are released via the target cells. The behavioral response of a 
virus is the pattern of movement during an external stimulus such as electrotaxis 
and chemotaxis that leads the migration of the virus towards target cells. Several 
electrotaxis studies have shown that electrotaxis in the body in many cells plays an 
important role in physiological processes that can direct the migration of various 
cell types such as inflammation, cancer cells, and immune cells [15, 16]. Mutual 
electrotaxis and chemotaxis of the virus-host cell is a critical element of these 
events; electrical signals from the host cell investments induce spectacular changes 
in form and function of the virus, and the virus triggers the quiescent host cell into 
protease activation, cleavage and activation allow the virus to enter the host cell.

Step II. Binding and interaction of virus-host cell: After virus migration to the 
target cells to bind. Many studies have shown that a Spike protein on the virus can 
bind to angiotensin-converting enzyme 2 (ACE2) receptors on the host cells [5]. 
The angiotensin-converting enzyme 2 (ACE2) is a zinc-containing metalloenzyme 
[17]. An angiotensin-converting enzyme 2 (ACE2) does play an essential role in 
maintaining the physiological and homeostasis in the body [17]. The membrane 
proteins for COVID-19 sense electrical energy by electrotaxis according to the 
important role of zinc in angiotensin-converting enzyme 2 (ACE2) is converting 
chemical energy into electrical energy leads to binding to (ACE2) receptors that 
are found on the surface of many human cells. Angiotensin-converting enzyme 2 
(ACE2) is located on the surface of cells such as (lung, arterial and venous endothe-
lial, enterocytes of the small intestine, and other) cells [18, 19].

Step III Electrical events link with an emitted electromagnetic radiation: 
In the biological cell, contains ions (the potassium K+ and chloride anion Cl–) are 
inside the cell, and ions (sodium Na+, calcium Ca2+ cations, and chloride anion 
Cl– (at higher concentration) are outside the cell [20]. After the virus enters a host 
cell leads it to changes the electrical steady state of the virus because the different 
distribution of electrical charges inside and outside the virus leads to an electrical 
gradient (voltage) across the membrane. This electrical gradient is a difference 
across the viral membrane that generates a store of potential energy in the form 
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of an electrochemical gradient [21], which helps create the electric field or an 
electrical potential by the movement of ions across the two sides of the membrane 
[22, 23]. The viral membrane marks the border between the internal and external 
of the COVID-19 particle, which means, here the difference in electric potential 
between the inside and outside the COVID-19 particle. Thus, the viral membrane 
is responsible for the establishment of the electrical potential and serves as an 
insulator, all this indicates that there are lost or gained an electron, so there are 
lost or gained electrical charges. In another word, the viral membrane functions 
as an insulator and a diffusion channel to the movement of electrical charges, we 
will call it “Voltage-Viral Channels”. The voltage-viral channels are formed by the 
movement of electrical charges that are activated by changes in the viral membrane 
potential close and open the viral channels. The viral membrane potential changes 
the modification of viral channels by complex mechanisms are regulating either 
closing or opening, and voltage-viral channels directionally diffuse the electrical 
signals. Virus enters host cells after binding via charges conductivity, the voltage-
viral charges channels embedded in a COVID-19’s envelope can actively collaborate 
in a COVID-19 entry through an endocytic process, whereas the customary view 
considered a spike protein is a part that appears to play a key role in entry to the 
host cell [4].

Moreover, the movement of ions generates an electric current by membrane 
depolarization (the influx of positive charge), in repeated motifs are regular by 
opening and closing of the channels because of a high potential difference. This 
electrical potential (high voltage) of the fluid surrounding a spike (S) protein 
is being electrically charged leads to generate corona discharge as results being 
a charged spike (S) protein have a sharp point, in adding to the protein–protein 
interactions (PPIs) leads to generate electrostatic force [24–26]. One of the side 
effects from an electrostatic discharge (ESD) is an induced to generate a corona 
discharge method, according to our previous work [7]. The corona discharge is a 
series reaction are creating a free electron that ionizes atoms surrounding it to cre-
ate a positive ion and a free electron [24]. A corona discharge is classified into two 
general categories based on the type of attraction if all the electrons are attracted 
inward and the ions are repelled outwards, called a positive corona, else all the ions 
are attracted inward and all the electrons are repelled outwards, called a negative 
corona [24]. When the electrons from an inner orbit are released, the vacancy will 
be filled by the electrons from an outer orbit led to the excess energy from this shift 
is emitted as electromagnetic radiation, thus serve to ionize other atoms [27]. The 
emitted ionized radiation via the corona discharge method ionizes different cellular 
compartments inside the host cell. This emitted ionizing radiation can be damaged 
deoxyribonucleic acid (DNA) for host cell or many sorts of mutagens, thus cause 
host cell death via apoptosis [28].

Step IV. Fusion of virus-host cell: In the corona discharge method, occurs 
through a difference of electrical potential of the space surrounding a spike (S) 
protein, it in the COVID-19’s envelope, that is electrically charged by voltage-viral 
channels. In adding to the protein–protein interactions (PPI) that occur between 
COVID-19 proteins (spike (S), envelope (E), membrane (M), and nucleocapsid 
(N), are disassembled under this high voltage condition, resulting in that form 
viral fusion, according to the phenomenon by Zimmermann [29, 30]. The fusion 
virus-host cell fusion finally triggers the fusion of the COVID-19 and endosomal 
membranes, leading to the release of virus RNA genome in the host cell cytoplasm, 
thus, the loss of ion homeostasis or fluctuation in the level of the ion triggered by 
COVID-19 activity excites the activation of the host defensive programmed cell 
death pathways, from stress responses to apoptosis [28]. Finally, COVID-19 is 
replication and secreted from the host cell through exocytosis [31].
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Step V. Activation and the disorganized immune response: Besides modifying 
cellular processes to support COVID-19 propagation, the stress responses to apop-
tosis triggered by an electrical and an electromagnetic radiation events activity may 
have deleterious consequences for the host cell leads to inflammatory in response to 
virus such as the cytokines, chemokines in plasma, and chemokine-receptor, and 
interfere with several receptors signaling pathway [6]. Because the COVID-19 seems 
is an electrically excitable virus has a structure that permits virus to pass chemi-
cal signal or an electrical signal to another virus or to the host cell that actively 
responds to effects some change brings it about and a stimulus such as B cell, T cells, 
Cytokine, chemokine, chemokine receptor, cytokines, and mast cell that (involved 
in the development of asthma or allergic rhinitis). These cells and their recep-
tors produce an incongruous signal cause by the disorganized immune responses. 
Sometimes the properties electrical for COVID-19 permit to pass an electrical signal 
without the need for angiotensin-converting enzyme 2 (ACE2) receptors to recog-
nize chemical messengers, as known in neurons cells the electrical signal transmis-
sion is faster than that which occurs across the chemical signal. The COVID-19 
factories will be able to direct the synthesis of viral proteins by they possess both 
fusion functions and encode their genetic information using an RNA genome by 
forcing them to rapidly-produce thousands of similar copies of COVID-19 in the 
human cell. In changes to membrane potential for host cell during the second step 
and third step, because the electric field is the gradient of the voltage distribution, 
in general, electrical signals within biological cells are driven by ions [29, 30]. This 
means that there is a change in membrane potential and property host cell excit-
ability if it is considered to have an excitable membrane (e.g., taste receptors, beta 
cells, alpha cells, delta cells, enteroendocrine cells, and immune cells) [32]. Cell 
excitability. Such COVID-19 pump takes in virus from one side of the membrane 
(decreasing its concentration there) and releases them on the other side (increas-
ing its concentration there) such as processes concentration gradients across the 
membrane [29, 30].

Finally, novel viruses are produced from infected cells by transport, thus that 
can infect other cells. While both a protease and a zinc metalloenzyme inside the 
(ACE2) uses electrical charges or electrical signal to push a non-spontaneous redox 
reaction such as process electrolysis. As known protease is often used to catalyzes 
the breakdown of proteins, with supplementary helping mechanisms from viruses 
[33]. Because the COVID-19 has an electric potential as discussed under Step III 
when COVID-19 migration to the (ACE2) this means occurs electrolysis.

3. Mechanisms of zinc metalloenzyme

In several studies have shown either the metal zinc, or ions zinc, or zinc 
transporters, or zinc signals, it has acted in different cellular functions and func-
tion of immune cells for both innate immune responses and adaptive immune 
responses [34–37]. This chapter explains the mechanisms of zinc metalloenzyme 
being necessary for regulating zinc homeostasis in the body. The angiotensin-
converting enzyme 2 (ACE2), contains a zinc metalloenzyme [17], in addition 
to the angiotensin-converting enzyme 2 (ACE2) protein contains protease and 
amino acid [17], which means that both a protease and a zinc metalloenzyme in 
the angiotensin-converting enzyme 2 (ACE2) are often used to generate an electric 
current from spontaneous redox reactions like as electrical battery, has two differ-
ent metalloenzymes connected by a salt bridge (amino acid) externally completing 
an angiotensin-converting enzyme 2 (ACE2). An angiotensin-converting enzyme 2 
(ACE2) is using this electric current seemingly as signals.
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To understand an (ACE2) is extensions of spontaneous redox reactions, in this 
redox reaction, zinc metalloenzyme or metal is oxidized to ions (Zn2+) and ions 
other electrode is reduced to metalloenzyme or metal such as two electrodes (a 
cathode and an anode). When electrons are transferred directly from Zn to ions 
another electrode, is allowing the chemical energy interconversion to electrical 
energy. In the zinc metalloenzyme such as (half-cell), which is inside the (ACE2), 
the zinc dissolves via oxidation into the oxidation ions (Zn2+), other words releas-
ing electrons. Results the zinc ion concentration increased to recompense via amino 
acid, which is inside the (ACE2), the zinc ions leave, and anions enter the zinc. In 
the other electrode such as (another half-cell), the ions onto this electrode reduce, 
taking up electrons that are leaving the zinc.

4. Vaccine strategy

To optimize vaccine design, it seems relevant to investigate the relationship 
between the electrophysiology properties for COVID-19, which can include the 
COVID-19 ‘s journey to and electrochemical interactions with the host cells, and the 
regulate zinc homeostasis on an intracellular level which includes (the mechanisms 
of zinc metalloenzyme inside the angiotensin-converting enzyme 2 (ACE2), zinc 
transporters, and zinc signals) through the physical processes. In several studies 
have shown the zinc is an essential supplement that serves to regulate different 
physiological mechanisms, it has antiviral properties [34–37]. It is well known that 
zinc homeostasis or the zinc metalloenzyme homeostasis is crucial for a single cell 
or even inside cell level, protects the cell against oxidative damages, and supports on 
functions of the immune system [34].

Consequently, by investigating from this relationship, the findings that are the 
regulated zinc homeostasis on the intracellular level is targeted to inhibit or prevent 
COVID-19 before infection or even infection has already occurred. Zinc-regulation 
plays a critical and essential role in maintaining immune cell numbers and activi-
ties. The surprising efficiency of the influence on influenza virus, HCV, SARS-
CoV-2, treatment of COVID-19, suggest a novel strategy for the vaccine design of 
COVID-19. Continuous monitor every period of the zinc homeostasis in the body, 
and correct zinc homeostasis if there is a defect in zinc homeostasis. This strategy 
can enhance antiviral immunity and innate immunity functions, it holds promise as 
an effective vaccine design strategy that should be further explored.

5. The nature of electromagnetic radiation (EM radiation)

To exploitation of biophysics, electrochemical, and physical processes for 
combat infectious diseases by blocking or disrupting their electrostatic discharge 
(ESD) properties link with electromagnetic radiation (EM) interactions something 
in a skillful manner. Here, electromagnetic radiation is imagined as a flow of tones 
produce via the vibrating strings with free ends, whereas tones produce via the 
vibrating strings with fixed ends in the darkness. In nature the electromagnetic 
radiation, more studies have suggested that the electromagnetic radiation has 
behaved either a wave or a particle, and some of the studies have suggested, it 
behaves as a wave and a particle at the same time. In this chapter, we will raise the 
conjecture (the purport of which will hereafter be called the “Principle of Diplopia 
and String”), to the status of a postulate, and introduce another postulate, which is 
only apparently irreconcilable with the former, namely, that the introduction of a 
“gravitational wave” will prove to be necessary since the view here to be developed 
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will require a unification of electromagnetic radiation and gravitational waves. 
Those two postulates suffice for the attainment of a simple and consistent theory of 
electromagnetic radiation. Thus, those two principles contribute as key to solve the 
mystery of the wave-particle duality for objects, the darkness, the dark energy.

5.1 Vibrating strings with free ends

To describe the electromagnetic radiation based on the principle of diplopia and 
string. We must imagine the electron, which that is a closed vibrating string loop or an 
opened vibrating string. To render our presentation more precise and to distinguish 
this electron verbally from others which will be introduced hereafter, we call it the 
“electronString” and the free electronString. Thus, that is an electronString, which is 
the quotient of a combination between energy, and its mass (− 9.11 x 10–31 kg) [38].

If the electromagnetic radiation is imagined as a flow of tones, these tones we 
will call the “photonTone” with each photonTone carrying a separated packet of 
energy. To prove these tones means sound waves, and sound waves are part of the 
electromagnetic. First, according to several studies of electromagnetic radiation, 
which is a vibration of electric and magnetic fields at right angles. Accordingly, the 
tones or a sound wave are a disturbance that travels through a medium, this medium 
is a vibration of electric and magnetic fields, where here the tones, which is a vibra-
tion of electric and magnetic fields.

Let us apply the pair production [39, 40], based on the principle of diplopia and 
string when photonTone at extreme energy (gamma ray) can create two electron-
Strings. Here, the gamma ray or high photonTone, makes an electronString and 
its anti electronString, where the anti electronString is positively charged with the 
same mass as the electronString. By several studies have shown the sound waves 
carrying mass [41], and because the photonTone is a flow of tones carrying by a 
tones separated packet of energy, which means these photonTones carrying mass. 
Because we used a photonTone at extreme energy, this means the tones (sound 
wave) could carry much of mass to produces an electronString and its anti elec-
tronString. These two electronStrings can recombine with each other and create the 
photonTones. Thus, with the help of certain imaginary physical experiments we 
have settled what is to be understood by:

 ( )es es pht pht− + → +  (1)

where,
(es−): an electronString = −9.11 x 10–31 kg + pht (its energy),
es: a positronString = 9.11 x 10–31 kg + pht (its energy), and
pht: an emitted photonString.

 31 31( 9.11 x 10 kg) + pht + 9.11 x 10 kg + pht -----> pht + pht− −−  (2)

Thus, when a number or amount (9.11 x 10−31 kg) is subtracted from itself, the 
results is zero.

 pht pht pht pht+ → +  (3)

When applying the photoelectric effect as shown in Figure 1 based on the 
principle of diplopia and string, when a photonTone incident on an atom transfers 
all its energy to this electronString, while the electronString containing the energy 
of the photonTone leaves the orbit of the atom.
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Each electronString has a certain amount of binding energy, which is the 
minimum energy that is required to remove an electronString from an atom, this 
electronString is held in place by the electrostatic pull of the positively charged 
nucleus. For example, when an electronString absorbs a photonTone incident, this 
electronString becomes the move to a higher energy shell or become a free electron-
String, when this electronString drops back down to a lower-energy shell. Thus, this 
electronString will release energy represent a photonTone. Now, the electromag-
netic radiation can be pictured as a vibrating photonTone by oscillating electric and 
magnetic fields that move in a straight line at a constant velocity.

5.2 Vibrating strings with fixed ends

If darkness is imagined as a flow of tones, these tones are producing via the 
vibrating strings with fixed ends by the gravitational wave, thus can generate 
standing waves. Where the gravitational waves squeeze and stretch strings in their 
path as they pass by to vibrate the string produce their tones, these tones represent 
energy. The tones are standing wave modes that arise from the combination of 
reflection and interference such that the reflected waves interfere constructively 
with the incident waves.

In the musical instrument, the vibrating strings are squeeze and stretch the 
string in their path as they pass by to vibrate the string produce their tones [42], 
as in the darkness is created from two waves with equal frequency, amplitude, and 
wavelength traveling in opposite directions by applying superposition. Where 
occur the destructive or constructive interference of counter-propagating waves 
one form of energy decreases and the other increases such that the total energy 
remains constant, we will call this a pair of the superposition of standing waves 
“diplopia waves”.

6. Conclusion

Effectiveness of vaccine against several types of viruses such as COVID-19 is 
mainly realized through investigating the relationship between the electrophysi-
ology properties for a virus, and the regulate zinc homeostasis on intracellular 
level through the physical processes such as viral binding, membrane fusion, 

Figure 1. 
Here, a photon incident on a hydrogen atom transfers its energy to an electronString, which leaves the orbit and 
is detected.



Biotechnology to Combat COVID-19

540

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

‘Biotechnology to Combat COVID-19’ is a collaborative project  
with Biotechnology Kiosk

Author details

Awaad K. Al Sarkhi
College of Science, Technology, Engineering, and Mathematics [CSTEM], 
University of Arkansas at Little Rock, USA

*Address all correspondence to: aalsarkhi@ualr.edu

and infection. The regulated zinc homeostasis serves to stabilize the membrane 
potential which could play a role in preventing the virus of COVID-19 entry into 
the host cell. In additionally, the regulated zinc homeostasis serves to inhibit viral 
replication by protecting the deoxyribonucleic acid (DNA) from damage via an 
emitted ionizing radiation or mutagens as discussed under step III, protect the cells 
from exposure to oxidizing agents because the Zn2+ concentrations are directly 
belonging to the intracellular redox state. Interestingly, all this evidence used in this 
chapter supports the essential role for regulating zinc homeostasis to inhibit the 
physiological consequences as discussed under step III by this new vaccine strategy. 
This vaccine strategy is based on the properties of COVID-19, the voltage-viral 
charges channel activity required to inhibit the physiological consequences via 
dampening specific electrochemical functions associated with COVID-19’s journey 
to and interaction with the host cells and to strengthen immune system develop 
protection against COVID-19 and new strains.
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The Economic, Climate Change 
and Public Health Edges of the 
Geopolitics of COVID-19: An 
Exploratory Bibliometric Analysis
Jean Pierre Doussoulin and Benoît Mougenot

Abstract

We are in the middle of the storm and this does not allow us to see clearly 
what is coming. This often generates partial analyses of the issues of the situation. 
Therefore, this manuscript attempts to generate an integral perspective on the 
issues of the crisis. This chapter proposes a discussion of the Coronavirus crisis 
following analysis and comparison of the most important outstanding conversa-
tions of general public health, economics and environmental issues. The objective 
of this chapter is to travel on the far side of the discussion of the articles presently 
planned within the academic world and that were analyzed within the bibliometric 
review, that consist of these three issues. This analysis that integrates these dimen-
sions allows to give an additional prospective answer to the queries exposed by 
the COVID crisis, conjointly taking into consideration geopolitics as a forgotten 
dimension within the public discussion. Our paper helps to indicate the positions of 
every one of those ideas and enrich the literature on the environmental sciences and 
public health by providing analysis of the consequences of international policies.

Keywords: COVID-19, health, growth, environment, geopolitics and bibliometric 
analysis

1. Introduction

Governments across the globe are putting into place unprecedented measures of 
lockdowns and social distancing measures and trillions of dollars in monetary and 
fiscal policies in the fight against COVID-19. These can only help slow down the 
spread while medical science works on a vaccine as a way to stop the disease. This is 
the ultimate solution. Everything else is temporary because of the prevalence of the 
contagious element and the seasonal peaks [1].

The objective of this chapter is to go beyond the discussion of the articles cur-
rently proposed in the academic world and which were analyzed in the bibliometric 
review, which deal with the issues of health, economics and the environment 
separately. This analysis that integrates these dimensions allows us to give a more 
prospective answer to the questions posed by the COVID crisis, also taking into 
account geopolitics as a forgotten dimension in the analysis.

Government has the vaccine but the question is who gets it first and why. It can 
be a sad reality in life that sometimes the people that desperately need the vaccine 
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will not necessarily be the first to receive it. The other issue that arises is who can 
afford this vaccine because if it is only developed and rich countries that are able to 
reach this stage [2].

People genuinely believe that the only way to truly contain this, ultimately is the 
vaccine. That is why we have dozens of companies. Sampling is very important in 
the race to find an effective vaccine that involves researchers around the world at 
this point in time. There are over 50 companies looking into developing COVID-19 
vaccine. It is quite unprecedented. This is a reflection, not only of the seriousness of 
the pandemic itself but, the state of science and biomedical science in particular. All 
around the world, China, Singapore, Europe and the US, there are a whole range of 
companies from the very traditional big multinational biopharmaceuticals to small 
biotech companies [3].

Governments and other groups have committed to hundreds of millions for 
vaccine research but aside from cost there are also questions over affordability 
and accessibility. It cannot be expensive because this is going to be something the 
governments will have to pay. This is something that is going to be very challenging 
which is why there are only a few companies that are pursuing this route [4].

Researchers think that in the case of COVID- 19 that governments are looking 
at a combined effort from both public and private sectors. The Singapore govern-
ment has research for a vaccine to cover the country. The companies are working 
on a product which if successful, could vaccinate many people quickly and at a low 
cost. Right now the choice is half for manufacturing or vaccine for human trials. 
The industry is presently working with the Health Sciences Authority (HSA) in 
Singapore to identify a time for those for the first clinical trials. That is going to be 
relatively soon in the US and in China the first clinical trials on humans have already 
begun, this is just the initial stage in what is usually a long process [5–7].

2. Methodology

The methodology of this chapter considers two parts. We carry out a biblio-
metric analysis of the literature taking into account three dimensions: sustain-
ability, health care, economic growth in order to provide an analysis related to 
COVID-19.

Figure 1 presents the examination of how these three measurements may be 
reconsidered utilizing the methodology used by Doussoulin [8, 9]. As demonstrated 

Figure 1. 
Three dimensions: economic growth, health care and sustainability. Source: [8].
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in Figure 1, when π = 100%, z = 0 and w = 0, all consideration devoted by the public 
authority are allocated to economic development. On the other hand, in the event 
that π = 0, z = 0 and w = 100%, at that point all consideration is given to medi-
cal services. It is additionally conceivable consideration regarding the earth as a 
characteristic asset which can be addressed where π =0, z = 100% and w = 0, which 
relates to a green future [1, 10].

In a second part and considering this bibliometric analysis, we will carry out an 
analysis of the three dimensions in search of characterizing the race for vaccines.

3. Conceptual evolution of COVID-19: a bibliometric analysis

3.1 Data sources and collection

This chapter selects the Scopus collection as the main data source (https://
www.scopus.com/). The search terms are the followings: COVID-19 and economy 
or COVID-19 and environment or climate change or COVID-19 and public health. 
The period analyzed was from 2019 to 2021. All languages have been considered. 
Initially, the Scopus database considered various type of documents, but only 
original articles were included in the present analysis. 7806 documents were 
selected for the analysis but finally limited to the first 2000 due to the limitation 
of the Scopus importation in BibTex file and imported into Bibliometrix and 
Biblioshiny.

3.2 Research software

Bibliometrix and Biblioshiny open-source packages are used from the R language 
environment. Bibliometrix allows completing the full process of scientific literature 
analysis and data process. Biblioshiny captures the core Bibliometrix code and 
creates an online data analysis framework [3]. Biblioshiny enables users to perform 
pertinent bibliometric and visual analysis based on an interactive web interface.

Network analysis and mapping using the Bibliometrix and the Biblioshiny 
packages, the research allows showing bibliometric indicators on COVID-19 such 
as publication volume in number of articles, citation count, and keywords. Then, 
the article presents figures and maps such as a citation network diagram, thematic 
evolution map, and an international collaboration network map to identify research 
hotspots, research status and the dynamics of COVID.

3.3 Results of most relevant sources

The journal that published most articles about COVID-19 during the period were 
presented in Figure 2. International Journal of Environmental Research and Public 
Health was the journal that published the highest number of articles on COVID-19 dur-
ing the period (72 articles). Frontiers in Public Health was the second leading journal 
with 63. The journal Frontiers in Public Health published 34 articles and the Journal of 
Medical Internet Research 23 articles. International Journal of Environmental Research 
and Public Health is the source with the higher impact, with an h index of 12.

3.4 Mapping the scientific collaboration

A map shown in Figure 3 identifies the country collaboration of the main 
producing countries. Two countries hold a connection line indicating the status 
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of collaboration among them. The scale of cooperation is represented through 
the thickness of the line. The United States, China, Australia, Western European 
countries showed deepened cooperation and exchange among scholars.

Figure 4 shows a co-citation analysis, with each box representing an 
article in the COVID literature. The size of the box indicates the volume of 
the citation (the larger the box, the more author’s documents are cited) and 
the proximity of the boxes indicates a close relationship between the co-cited 
documents.

3.5 Analysis of keywords and co-keywords

Figure 5 illustrates the keyword co-occurrence network. The number of 
occurrences of the keywords is represented through the dimension of the box. 
When authors’ keywords were more co-selected in the COVID-19 literature, 

Figure 2. 
Most relevant sources in the field of COVID-19.

Figure 3. 
Country collaboration map.
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the box is larger. The topic similarity and its relative strength is represented 
through the distance between the elements of individual pairs. Different box 
colors were assigned to individual clusters. A network of three distinct clusters 
are highlighted in Figure 4, representing individual subfields in COVID-19 
research.

3.6 Keywords top authors and sources relations

In Figure 6 a three fields graph represented the relationships between the 
keywords, the main authors’ keywords and the sources. Therefore, the diagram of 
rectangles with distinct colors illustrated the main elements. The value of the sum 
of the relations appearing between the element represented by the rectangles and 
the diagram of the other elements designed the height of the rectangles. The size of 
the rectangles depends on more relations the element had.

The analysis showed in which research topics of the bioeconomy concept the 
authors of bioeconomy publications had explored and which sources they had most 
often published. The research topics were considered here as the keywords of the 
authors.

Figure 4. 
Co-citation network.
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Figure 5. 
Author keywords co-occurrence network in the COVID literature.

Figure 6. 
Relationships between author keywords (left), authors (middle) and source (right).
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4. Three dimensions of the Corona race

Ten COVID-19 vaccine candidates are now in late-stage trials. The world is 
celebrating what could be the breakthrough in fighting COVID-19. Pharmaceutical 
companies are also cheering the fact that the public sector has invested billions more 
in development. It is the private sector that will rake in the cash under existing agree-
ments, they control the price and get profits. Pharmaceutical firms say that is fair as 
development is expensive and time-consuming and results are not announce. It is a 
gamble for governments too which are reserving millions of doses of a vaccine [11, 12].

Companies are taking billions of dollars in revenue, part of the funding for the 
vaccine researcher’s public money but the profits stay in private hands. The com-
panies can secure exclusive licenses to a vaccine and ultimately decide on a price 
because they have a monopoly [13–15]. For patents, the race to find the vaccine is 
in full swing and two German companies are among the leaders in the field, Cure 
Vac in Tübingen and BioNTech in Mainz which this weekend added promising early 
results from its phase 3 clinical trial. Both are working which added vaccines using 
messenger mRNA vaccines [16].

The vaccine takes a snippet of the coronavirus’s genome to begin a defensive 
response without exposing it to the actual virus mRNA, essentially teaching the body 
to fight a dummy of the virus to help make it immune. Research into this technology 
has been going on for 20 years and has involved billions in public money and private 
investment but developing vaccines is highly risky and mixes of candidates active 
ingredient or vaccine candidate can fail at any stage in clinical trials because of a lack 
of efficacy or safety issues. Which is why pharmaceutical companies turn to public 
funding. This is then distributed by groups like the coalition for epidemic preparedness 
innovations (CEPI) which is co-funding development of some COVID-19 vaccine 
candidates. The main focus of this cooperation with CEPI is to produce a vaccine as 
quickly as possible and get it to the population. The commercial side is secondary for 
now although vaccine development is co-funded. The companies own licenses and 
distribution based on this the rules are relaxed [17–19]. That would have ensured 
that CEPI retains intellectual property rights to ensure a vaccine that is affordable for 
everyone and widely accessible. Pharmaceutical companies stand to make huge profits. 
If they succeed in coming up with a vaccine successfully which comes onto the market, 
that opens the door to a flood of similar vaccines and active ingredients that offers great 
opportunities so public funding could earn billions for private firms. The fear is biotech 
companies can name their price for access to this powerful pandemic fighting weapon 
according to professor of public economics Massimo Florio [20].

He argues that the problem with public funds being used to develop a vaccine for 
this coronavirus in the current emergency [15], that there is absolutely no alterna-
tive to disburse such funds. The government will be able to negotiate on prices and 
other conditions.

There are alternatives about the issue of what citizens are going to do the next time 
but the governments are in a bad negotiating position for what they are giving these big 
pharma companies. It is important in the future not to be stuck in this bad negotiating 
position and that governments or possibly a coalition of governments develop their 
own research and development capacity in this area [21, 22].

Private firms, of course, are about making a buck but that is that one of the rea-
sons why individuals were not ready for this outbreak. The problem is that govern-
ments have entirely delegated to the private pharmaceutical industry the research 
and development of the weapons against pathogens and other diseases [23, 24].

There is a risk of disconnection or misalignment between the public health agenda 
and the private agenda if you are a pharmaceutical company. A manager of a pharma-
ceutical company has financial investors listed on the stock exchange [25, 26].
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Some scholars, analyzed in Figures 4 and 6, will look into how people could 
solve the issue of a messenger RNA vaccine cold chain at a reasonable cost. People 
have heard it was minus 80 degrees Celsius if the interim results on efficacy from 
the candidate vaccine made by Biontech and Pfizer hold up to scrutiny [27]. By the 
end of November, if hurdles involving safety could be clear edit is hoped then some 
countries could approve it quickly maybe even by the end of the year. Companies 
will have already produced enough doses to vaccinate between 15 and 20 mil-
lion people and should have production capacity for over a billion more in 2021. 
Manufacturing infrastructure has been set up in parallel with the trials to speed the 
whole process up [28, 29].

There is a big hurdle to overcome with this particular vaccine which is that it has 
to be kept at freezing temperatures minus 70 degrees Celsius to remain stable for any 
length of time and that the logistics will be expensive and problematic. Every step of 
the cold chain and the delivery process has to be as foolproof as you can make it, and 
you have to train people to work with products at such a low temperature [30].

Pfizer has even been building special containers for keeping its doses that could 
be good news and that they do not spoil instantly after thawing, but they also keep 
at normal refrigerator temperatures for around five days which makes the task 
maybe slightly less impossible [31]. There are many other vaccines going through 
late stage trials that might also prove safe and effective and some of them are based 
on other platforms with formulations that don not have to be kept at temperatures 
that low or anywhere close to it. With luck one or more of them will prove safe and 
effective too and can be used in places that don’t have high-tech cold chain infra-
structure [32].

This section outlines a set of matters involving the COVID-19 crisis through the 
exploration of three dimensions: sustainability, health care and economic growth.

4.1 Health care dimensions of COVID-19

It is common for vaccines to take 10 to 12 years to make it to the market but with 
a pandemic taking an unprecedented toll around the world, there are hopes that the 
timeline could be accelerated in this kind of situation. Things that generally might 
take several months to two years to go through are now being done in parallel. For 
example, the Coalition for epidemic preparedness innovation has set itself a very 
ambitious target of 16 weeks to try and do these kind of tests in parallel to find the 
same kind of information. This means that the regulatory authorities also have 
to change the approach in which they take the data on from the vaccine studies. 
They use what are called adaptive approaches or rolling submissions where small 
amounts of data based on the information found will come in sequence. They can 
sort of give provisional authorization along the way. It is a very different paradigm 
to assessing vaccines in this kind of pandemic situation compared to under normal 
circumstances [4–6].

Government agencies like the biomedical Advanced Research and Development 
Authority called Barda for short, are pushing to modernize the way the U.S. 
produces emergency vaccines like the flu shot. It is giving grants worth hundreds 
of millions of dollars to companies like Sanofi which uses recombinant DNA not 
chicken eggs to produce flu vaccines. One of its main jobs is to help create a market 
for drug companies to develop emergency vaccines through the use of its grants. In 
late January 2020, HSS secretary Alex declared an emergency and response to the 
coronavirus outbreak as part of that Barda announcement [7, 33].

The COVID-19 pandemic in the UK, may have subsided for now, but it is accelerat-
ing in many parts of the world. The search for treatments alongside a vaccine remains 
as urgent as ever. A landmark drug trial has revealed the steroid dexamethasone to 
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be effective in reducing deaths by up to a third on many patients who come into the 
intensive care unit, who have a hyperimmune response. Their immune system goes 
into overdrive so it is the hyperimmune response which actually causes a lot of the 
damage to the lungs. Dexamethasone helped to just kind of dampen it all down for a 
56-year-old. The patient believed that Dexamethasone saved his life because his body 
wasn’t functioning, it was machines that were basically keeping him alive [34, 35].

It is backed by the Bill and Melinda Gates Foundation, as well as the govern-
ments of Germany, Japan and Norway. It is a relative newcomer to the global vaccine 
community. It was created in 2017 to help speed up the process of developing new 
vaccines. Furthermore, it invested about twenty-three point seven million dollars in 
the push to develop a COVID-19 vaccine and it plans to invest a total of 100 million 
dollars in order to get vaccine candidates to early-stage clinical trial [11, 36].

The Oslo based global coalition says it needs about two billion dollars more in addi-
tional funding to fully develop viable vaccines against COVID-19. Most of the Biotech 
companies working on vaccines or treatments already had a head start by previously 
working on SARS and Middle East respiratory syndrome which are part of the corona-
virus family. Biotech firm Moderna has had one of the most promising starts [12].

Moderna is using a new technique had called messenger RNA or mRNA to 
develop its vaccine candidate. The drugmaker has already started to deliver its 
vaccine to national health officials. The vaccine was co-designed with the National 
Institute of Allergy and Infectious Diseases after Chinese scientists decoded the 
coronaviruses genetic sequence in January 2020 [13, 37]. Moderna set a record 
within the drug industry for the speed at which it developed its vaccine candidate 
using its mRNA method. It took Moderna about 42 days after the coronavirus’s 
genome was sequenced, for comparison it took about 20 months to develop a vac-
cine to the human testing phase during the SARS outbreak in 2002 [14].

Moderna plans to start a small-scale human trial of the vaccine soon in Seattle 
Washington, an epicenter of the COVID-19 outbreak in the United States. It will 
take about three months or more to show that it is safe and then if persons show 
that it is safe, it has got to be put it into what is called a phase 2 trial to show that 
it works. The reason is that there are medical ethical and other considerations in 
giving this to normal people to prevent infection [15, 16].

Researchers must be sure of the medicial ethic first to do no harm. People need 
to make sure it is safe, citizens need to make sure it works. This entire process will 
take at least a year. In a year and a half Johnson & Johnson is also in the race, the 
company is working with Barda on a potential treatment [17].

It is also developing a vaccine using a deactivated version of the COVID-19 as 
mentioned earlier. Sanofi is also working with Barda on a COVID-19 vaccine, it 
plans to have a vaccine candidate to test in a lab within six months and on people 
within a year to eighteen months but approval could be as long as three years away. 
Inovio Pharmaceuticals has partnered with a Chinese company called Beijing to 
speed up the development of its DNA vaccine [18].

It received an initial grant of nine million dollars from the Coalition for epidemic 
preparedness. Innovations in Opium is using the same method for the COVID-
19 vaccine as it did with its DNA vaccine against the Middle East respiratory 
syndrome. Currently there have not been any DNA vaccines approved for use on 
humans. Doctors and global health experts have tried to temper vaccine expecta-
tions saying that even though this stage has gone quickly, reviewing test results in 
getting a vaccine deployed to the public could take many more months or even a 
year to 18 months.

Likewise, it would still be the fastest people have ever seen a vaccine get devel-
oped and the way that breaks down right now for the lead program is that it is 
starting phase 1 clinical trials in people now, which will take about 3 to 4 months to 
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determine the safety of the vaccine. Then they are going to move into phase 2 which 
will involve more people and remember these are healthy people.

4.2 Economics dimensions and chaos in global financial markets

The growing coronavirus outbreak is causing chaos in global financial markets. 
It is freezing supply chains, it is causing companies all over the world to create work 
from home plans and banned business travel. In late January 2020, Chinese scien-
tists in Shanghai released the fully sequenced genome of the novel COVID-19 that 
was wreaking havoc in Hebei province which kicked off the race at drug companies 
and government labs to develop a cure for corona virus or at least its symptoms in 
terms of vaccines in the US [19].

The US has moved at a pace people have never seen before, still it is going to 
be at least a year to a year and a half until they have a vaccine broadly available to 
deploy. Among COVID-19 belongs to a larger family of corona viruses. That family 
of viruses includes the one that caused the SARS outbreak in 2002 and Middle East 
respiratory syndrome to spring up in 2012. The official name of the new COVID-19 
is severe acute respiratory syndrome coronavirus - or SARS Cove - the one discov-
ered in December 2019 in Wuhan China causes a disease that scientists decided to 
call COVID-19.

This naming convention works the same way with HIV and AIDS. HIV is the 
virus that causes AIDS. The disease symptoms of COVID-19 include fever fatigue 
and coughing. Some people become infected but don’t develop any symptoms. Most 
people, around 80% recover without any special treatment, about 1 in 6 people with 
the disease end up developing a serious illness, older people and those with underly-
ing medical conditions are most likely to come down with serious issues.

The disease travels through small droplets that spread when people cough or 
sneeze. Those droplets land on objects. People touch those objects and then touch 
their eyes, nose or mouth and that is how people catch the new COVID-19. There is 
no vaccine to prevent them from getting it, there is no vaccine for any of the corona 
viruses, for that matter. That is why vaccines have become a big market for drug 
companies’ scientists and researchers no longer give them away. The Polio vaccine 
has become a thirty-five-billion-dollar market with strong and steady demand for 
vaccines against established diseases like polio measles and hepatitis. Creating vac-
cines for emergency pandemics becomes tricky.

Researchers are giving the vaccine to see if it can prevent disease, the risk toler-
ance is lower than if people were already sick. Companies are giving them a treat-
ment, that is why people have to be so careful here, they say it could take perhaps 
eight months to get through phase two.

That is how it will take about a year before you even know if they have some-
thing that is safe and that works to protect people. Other drug companies are 
hurrying to develop various treatments for the coronavirus, and they could come 
much sooner.

The drug is already being tested at the epicenter of the outbreak in Wuhan 
China and Gilead is now expanding to other countries, including the United States. 
Researchers should know within a period of a few months whether this particular 
drug works. If it does the implementation of that would be almost immediate. 
The pressure to develop a corona virus vaccine grows each day as the number of 
infected people rises and the death toll climbs even higher but there is a real risk to 
pushing too hard and too fast. some drug companies plan to push testing schedules 
into human trials rather than spending months testing the vaccines on animals 
in labs.
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That could lead to what is called immune enhancement where a person or animal 
who receives a vaccine ends up with a more serious disease than unvaccinated 
subjects according to Reuters. Leading health and drug company officials recently 
advocated for fast tracking human testing of coronavirus vaccines during a closed-
door meeting convened by the World Health Organization.

The question facing health officials if accelerating testing schedules is worth 
these kinds of risks. That all depends on whether countries like the United States 
can contain the fast-spreading novel coronavirus.

4.3 Planet conservation and COVID

No war, no recession, no other pandemic, has had such an impact on CO2 
emissions during the last century as the one observed by COVID-19 in just a few 
months. For example: Germany might even reach its climate goals as the corona 
lockdown causes the economy to produce much less CO2, the factories devoid of 
workers, thousands of flights cancelled, empty streets because people are working 
from home instead of driving to the office. Global economic activity has been put 
into an induced coma, bad for the world economy but from a climate perspective 
the corona virus pandemic is not entirely negative. Environmental activists might 
actually rejoice measures have been implemented immediately, thick smog has 
given way to blue skies [21, 22].

The current situation has seen people spending more time at home. They may 
have decided to have a spring-clean or get started on that bathroom renovation. 
Keep in mind you are responsible for the disposal of all the waste you produce [23]. 
Things like food scraps, demolition materials, hard rubbish and e-waste all have 
different requirements for correct disposal. Councils and the waste and recycling 
industry continue to provide waste services to the public. Like any business, some 
disruptions may occur from time-to-time due to physical distancing require-
ments, but they are not restricted activities and remain operating [24]. The regular 
curbside bin collections, such as recycling, household and garden waste continue 
as usual.

Hard rubbish collections are also available from your local council. Private waste 
collections, such as skip bin hire, are operating for waste such as construction and 
demolition materials [25]. For people working in the waste industry, the risk of 
transmission of coronavirus when handling waste is low. Waste handlers should 
continue using routine hygiene procedures such as wearing gloves and washing 
hands regularly for at least 20 seconds with soap. Keeping waste services operating 
helps reduce the potential for illegal dumping that costs millions of dollars to clean 
up [26].

Piling up disposable protective equipment and plastic packaging. Initially there 
had been a hope that the slowdown in the world economy would be good for the 
planet. Air traffic almost stopped completely, cruise ships were stranded in port and 
industrial pollution was reduced but the pandemic has had negative consequences 
for the environment, the world was already drowning under a sea of plastic waste 
but the pandemic has made the situation worse [38].

Face masks can stay in the environment for up to 450 years, it takes that long 
before they turn into invisible microplastic. This issue is quite serious as the 
human toll of the coronavirus mounts and the world economy struggles to adjust 
to the new normal. The wider impact on the environment is only now starting  
to become apparent. The global medical emergency has presented an oppor-
tunity to check on the health of the planet in the controversial new lockdown 
measures [39].
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4.4 COVID’s geopolitics: the dimension forgotten in the debate

Issues related to geopolitics and pandemics intersect through the sovereignty of 
the countries, to the logistics of vaccine distribution and power games. All of these 
issues are complex, urgent, and demand a solution through collective action based 
on their global and cross-border reach [22, 40].

As can be seen in Figure 4, the rich nations corner the market for COVID-19 
vaccines and treatments. What does that mean for the world’s poor? The world’s 
largest trial of possible COVID-19 treatments has produced results that are already 
being used to save lives. The race to develop vaccines and treatments for the corona-
virus pandemic is entering a crucial stage with large-scale trials underway [41].

The debate over opaque pricing has raised concerns that pharmaceutical com-
panies could be charging way too much for COVID-19 treatments. The most recent 
disquiet was triggered by Gilead’s Remdesivir at America’s decision to monopolize 
supplies.

The U.S. government has cornered almost the entire global market of Remdesivir 
for the next several months. The drug has been found to shorten hospital stays 
for COVID-19 patients. This America first policy during the pandemic has led to 
expressions of outrage and dismay among some international leaders. U.S. corona-
virus patients may not receive the drug if they do not have enough cash [27, 42].

The drug manufacturer Gilead says governments in the developed world will 
pay three hundred and ninety dollars for a treatment which will come to two 
thousand three hundred and forty dollars a patient. However each vial for the U.S. 
private health insurance system is five hundred and twenty dollars or an average 
cost of three thousand one hundred and twenty dollars a patient. It is not clear how 
much each patient will have to pay either out of pocket or in higher premiums as 
with many drugs that are eventually sold for profit by pharmaceutical companies. 
That was reported in the U.S. in January and many of those drugs are used to treat 
COVID-19 or used in intensive care units. Some economists wonder whether amid 
COVID-19 economic collapse, mass unemployment, the inability of millions to pay 
their rent and social unrest things may be changing. The perception of price goug-
ing by pharmaceutical companies during a pandemic may become part of a wider 
reckoning for the U.S. [28–30].

Gilead says that because its drug reduces the time that COVID-19 patients 
spend in hospital, it priced Remdesivir fairly. Senator Bernie Sanders claimed that 
Remdesivir cost Gilead ten dollars a vial to manufacture and as you heard taxpay-
ers have paid 70 million dollars towards the cost of development. That is crucial as 
many Americans do not have or have lost their health insurance and cannot afford 
to pay for the drug. The problem is Gilead has made the same claim before.

It bought the startup behind a ready to market hepatitis C drug for 11 billion dol-
lars and began to market the drug for 84,000 allowing it to almost recoup the cost 
of acquisition in the first year according to Bloomberg [31, 32]. How much does big 
pharma spend on developing drugs? Well, on average 2.6 billion dollars according to 
Tufts university but advocacy group public citizen believes the cost is closer to 1.4 
billion dollars as governments spend billions securing supplies of potential COVID-
19 vaccines Pfizer is charging roughly 20 dollars for a dose which the company 
claims is 30 percent less.

Other drugmakers charge for seasonal flu jabs and because it is not receiving 
government money for research and development it can expect to make more than 
15 billion dollars in revenue [43].

The opinion is, nothing else is working, nothing to lose. He had dexametha-
sone, his oxygen requirement came down and started to stay down and started to 
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gradually decrease and for the first time there started to be talk of taking him off 
the ventilator which people couldn’t even believe. The patient was given dexametha-
sone here at the hospital in Scotland, one of a large number taking part in a UK 
wide randomized drug trial being run by scientists at Oxford University. The aim 
to test a number of widely available off-the-shelf drugs with the hope of finding 
one or a combination that might work to ease some of the worst symptoms of 
COVID-19 [44].

The patient returning from the brink of death contributed to data that has 
seen dexamethasone approved as a breakthrough treatment for some of the worst 
cases of COVID-19. Dexamethasone has been a great result, and it now means that 
patients who are ventilated or an oxygen can be prescribed in a way they wouldn’t 
been able to be before. The recovery trial has also been successful in ruling out 
the malaria drug hydroxychloroquine, once hailed as a game changer by president 
Donald Trump but found instead to be useless in treating COVID-19. As the world 
waits for a safe and effective vaccine that may yet be a long way off, recovery 
continues to look for treatments [45, 46]. Police officers in New Delhi are donating 
blood plasma, they are just some 2 500 police staff in the Indian capital who recov-
ered from coronavirus but health minister Harsh Vardhan says few people have 
been willing to donate and has launched a campaign as the number of infections has 
increased [47].

This drive will encourage everyone, especially those who have recovered 
from coronavirus. to donate their plasma in large numbers. Plasma therapy is 
treating coronavirus patients around the world. Plasma from a former patient’s 
blood is separated for a transfusion to an infected person. Plasma of recovered 
patients contains antibodies which can fight the virus. This person is the first 
person in Delhi to have donated his plasma after recovering from the coronavi-
rus in April.

Trials to determine its effectiveness are continuing but researchers say the 
results so far are encouraging, it clearly reduces the need for increasing oxygen at 
the stage when the patient is deteriorating.

It does prevent a lot of patients from actually going onto a ventilator. Various 
centers across the world have shown mortality rates to be 50 to 80 percent when 
the patient goes on to a ventilator. By virtue of preventing a patient going onto 
a ventilator, it may be preventing excess deaths. Delhi state government is one 
of many around the country to set up plasma donation centers to make it easier 
for patients needing the therapy. People are struggling to find plasma from those 
who have recovered. Coronavirus is connected to the deaths of around 30,000 
Indians with more than 1.2 million infections. As well as launching a donation 
campaign, the state government in Delhi is organizing transport for those willing 
to come to one of its centers. With far more recoveries than active infections 
health officials are urging Indians who were once sick to help patients who are 
suffering [48].

How can drug companies offset the cost of their research and offer cheaper 
drugs particularly to developing nations? That is a good and important question. 
A couple of things to note about research and development costs, first is the way 
that industry calculates research and development costs that include things that 
you and me would probably not consider research and development, for example 
the lost opportunity costs of foregoing investments with an annual return of 
over 10.

Some wealthier countries are being asked to pledge money to buy vaccines in 
advance which then will be distributed according to a global equitable allocation 
framework by the World Health Organization (WHO). Should all countries and 
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companies adhere to this future framework? It is out there so that vaccine supply is 
truly allocated based on public health need, as said by the WHO and the Bill Gates 
foundation and not captured by narrow political or commercial interests. How that 
is going to work when the world has rich nations snapping up all the available sup-
ply? That is a big concern, these bilateral deals really help no one because it has been 
said before that no one is safe until everyone is safe.

For the world to have herd immunity, people are going to have to beat this thing, 
it will be crucial that this is successful and that countries commit a certain propor-
tion of even the bilateral deals that they have struck to a facility that will share 
vaccines with the world. To be fair to the likes of companies like AstraZeneca and 
Johnson & Johnson, both have said that they are going to produce the vaccine on a 
not-for-profit basis.

What does that mean for poorer nations though even on a not-for-profit  
basis ? Can they afford them? That is a very good question, both companies should 
be applauded for their commitment to not profit from the pandemic. Unfortunately 
what companies say and what they do is not always the same. For instance, if you 
take Johnson & Johnson in the past, they have claimed that their lowest global price 
for an important drug called Bedaquiline was a not-for-profit price but which is 
disputed by independent academics.

It could be produced at profit for less than a quarter of that price. There have 
been calls for the price to be halved and just earlier this month they actually further 
dropped their supposedly not for profit price by over 30 percent following inten-
sive campaigning. It is important to mention that these pledges only apply for the 
pandemic period and if SARS turns endemic [49].

What about the ethics of a vaccine treatment in a hurry? For strict ethical 
standards this should be the case too because vaccines and drugs act differently in 
different patient populations but what it definitely should also mean is that the very 
populations on which these vaccines and drugs are being tested should have equi-
table access to them in the future. It cannot be that they are just the guinea pigs for 
clinical trials but then will not be able to access the vaccines afterwards. In the midst 
of a global pandemic, should generically drugmakers be given licenses to produce 
much-needed treatment drugs? Generic drug reproduction will be crucial to meet 
the demands of this pandemic and national hoarding of physical supplies of drugs 
or vaccines is regrettable.

Should actively using intellectual property to prevent generic ground companies 
be avoided? There is a wealth of research into testing kits, there is one produced in 
Senegal for a dollar. Is there any way of commercializing that kind of expertise as a 
solution for developing nations?. People having accurate rapid diagnostic tests will 
be incredibly important to the global COVID-19 response given that they are simple 
to use, and while there are over 100 tests on the market the majority have limited 
to no evidence on diagnostic performance. An inaccurate test is worse than no test, 
quality assured rapid diagnostic tests are needed but once solid evidence for rapid 
diagnostic tests does emerge.

It will be crucial to scale up the production as quickly as possible. An example to 
cite is actually an excellent example of a private company in the UK collaborating 
with the Pasteur Institute to develop a rapid diagnostic test and then in the future 
locally producing it in Senegal for a price that is affordable for governments in the 
region. Some state actors have also been accused of attempting to hack laboratories 
and drug companies for COVID-19 research and vaccine secrets as more of us are 
lucky enough to work productively from home. Companies are stepping up cyber-
security for employees. One company that helps businesses replace usernames and 
passwords with biometrics is Silicon Valley based. The cost now is if a Silicon Valley 
social media platform like twitter can succumb to a hack.
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5. Conclusions

We are in the middle of the storm, which does not allow us to see clearly what 
is coming and as can be seen in Figure 4, the keywords pandemic and coronavirus 
infection are positioned in the collective unconscious. People are told they may be 
ready by the end of the year probably more likely to be the middle of the next year.

What is going to be the fairest outcome for both drugmakers and developing 
nations. The fairest outcome for the public would be that no one dies from COVID-
19 because they cannot access a drug or a vaccine and the fairest outcome for drug 
makers would be that of the experience with COVID-19. A new era of drug develop-
ment which is collaborative, open and does not have profit as the sole motive for 
innovation manual.

From an economics viewpoint, they are used hopefully for a short period of 
time to address a problem that then individuals hope to be able to move past. It is 
not a big moneymaker for the industry, and it is very hard to predict flu vaccines 
for example grown in chicken eggs, this process takes a long time and it is not as 
reliable as newer methods such as incubating vaccines and cells as opposed to eggs. 
more than 100 national influenza centers in more than 100 countries monitor the 
flu throughout the year and make recommendations on how to create that seasons’ 
flu vaccines.

Society needs something else. People need a mechanism not based on the 
priorities of financial investors. People need a mechanism based on the priorities 
of public health with a long term perspective. Just summing up really briefly SARS 
obviously didn’t change anything. Will this outbreak change something because the 
alarm bells were there even 20 years ago but for some reasons they were in certain 
places and not such a global factor. Still more coronaviruses could come along. 
Vaccines could become big farmers new cash cow. One of the largest pharmaceuti-
cal companies only had four special vaccine units last year. Now everyone is getting 
in on the act, which is great, but they are using our money and can charge what 
they want. Some developers promise to only charge the cost price. It could even be 
cheaper than the flu vaccine, it is a race everyone wants to win whoever makes the 
first successful COVID-19 vaccine also stands to make a fortune.

The use of vaccines has a geopolitical dimension, there is no guarantee that 
prices will be affordable, especially for developing countries. In the Northern 
Hemisphere in winter, there is likely to be a second wave in the pandemic. Is a vac-
cine going to be in place by then to limit the effects of a second wave? What do you 
think the likely outcome will be? Well, individuals do not know. Citizens know that 
many groups are working very hard to still develop a vaccine but no vaccine can-
didate has passed phase three trials yet, people do not really know, how efficacious 
those vaccines are going to be and therefore also how likely they will be successful.

Finally, this text recognizes that there must be autonomous action priorities 
for each territory, which must consist of small victories in economic, health and 
environmental aspects within the territory. It is also relevant to incorporate into the 
discussion the geopolitical influence that recognizes and encourages unequal access 
to vaccines, generating a gap between rich, middle-income and poor countries.
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Chapter 31

Consequence of Meteorological 
Parameters on the Transmission of 
Covid-19
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Abstract

Coronavirus disease (COVID-19) was first detected in Wuhan, China in 
December 2019. The characteristics of the spread of COVID-19 infection from one 
person to another have led to an increasing number of infected cases and caused 
tremendous pressure around the world. The rapid spread of COVID-19 infection 
has made it a pandemic. In India, as of mid-May 2020, there were approximately 
75,048 confirmed cases and 2,440 deaths due to COVID-19 alone. In order to break 
the COVID-19 chain, the Indian government decided to implement a lockdown, 
which was first implemented on March 23, 2020. The significant benefits of the 
lockdown have led to a reduction in air pollutants in cities around the world. The 
significant benefits of the lockdown have led to a reduction in air pollutants in cities 
around the world. The importance of particulate matter, temperature (°C) and rela-
tive humidity (%) to the spread of the COVID-19 virus and its correlation with the 
total number of cases (TC), active cases (AC), recovered cases (RC) and death cases 
(DC) Reference DEL will be discussed in detail in this chapter.

Keywords: COVID 19, Particulate matter, Meteorological parameters,  
Lockdown Impact

1. Introduction

Under the current circumstances, the entire world is at risk of widespread infec-
tion of COVID-19, a pandemic, affecting more than 208 countries [1]. According 
to recent research conducted by researcher [2], there were approximately 4,369,933 
COVID-19 cases worldwide, of which 98% had mild infections, 2% have severe 
infections, and 15% of patients could not survived. On March 22, 2020, the Indian 
government decided to implement a complete lockdown to prevent the spread of 
COVID-19 infection.

COVID-19 showed a profound impact on human health as well as on the econo-
mies of most of the countries. According to the regulations of the World Health 
Organization (WHO), people over the age of 60 and children under 10 are severely 
affected by the coronavirus [3]. According to medical experts, this type of disease is 
somewhat similar to severe acute respiratory syndrome (SARS). In the earlier study 
[4] it was demonstrated the viral aerosol generation and airborne droplet transmis-
sion in case of SARS. As per some of the medical experts it was assumed the spread 
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of the infection mainly through droplets, and sometimes through hand contact or 
indirect contact, but still the exact transmission route of this virus could not been 
recognized.

In India, as of May 13, 2020, there are approximately 75,048 confirmed cases 
and 2,440 deaths [5]. In view of the seriousness of the infection various activities 
and operations related to social gatherings, travel, and industry, including all modes 
of transportation, advertising, construction, and restaurants were restricted, but 
groceries, milk, fruits and vegetables, medicines, etc., were allowed in limited man-
ner. However, during this lockdown period, the reduction of various air pollutants 
were observed over numerous countries [1, 6]. It was also reported the deteriora-
tion of pollutants PM2.5, PM10, SO2, CO and NO2 during the period of China’s 
lockdown [7]. Prior to lockdown, most Indian cities had pollutant levels with a high 
proportion of the Indian urban population [8, 9].

The impact of the COVID-19 pandemic has led to a rapid increase in the number 
of COVID-19 cases in DEL (about 14 million people) in India. The importance of 
particulate matter, temperature (°C) and relative humidity (%) in the spread of 
COVID-19 virus and its correlation with the total number of cases (TC), active 
cases (AC), recovery cases (RC) and death cases (DC) are particularly discussed for 
the duration from January 1, 2020 to May 15, 2020 over Delhi (DEL) and one of the 
neighboring cities (Gurgaon (GW)).

Additionally the study conducted by a group of researchers [10], is in close 
understanding of relationship between air quality and COVID-19 cases in China. 
Air contamination estimated as particulate matter (PM) had additionally been 
demonstrated to be impeding to human wellbeing [11–14] and lead to expanded 
death rates [15, 16]. The prior examination exhibited the observable impact of 
meteorological parameters particularly surface air temperature and relative damp-
ness on particulate issue [17]. Different pollutants were incorporated to characterize 
Air quality through the record of CO, Ozone, SO2, NO2, NH3, Pb, PM2.5 and PM10 
(NAAQS). Anyway, the most responsible toxins answerable for helpless air quality 
list in India are presently PM2.5 and PM10.

In the investigation over DEL [18], the PM has been considered as one of the 
risky contaminations liable for persistent bronchitis and Asthma. Thusly, thinking 
about the criticality of PM and current lockdown circumstance, the investigation 
of fine (PM1.0 and PM2.5) and coarse (PM10) PM information for seven differ-
ent places of Delhi (DEL) and Gurugram called Gurgaon (GW), India was done. 
During the previous (January 1, 2020 to March 22, 2020) and lock-in period (March 

COVID-19 Coronavirus Shantipath SP

DEL Delhi Greater 
Kailash

GK

GW Gurgaon Lodhi Road LR

PM Particulate matter WHO World Health Organization

T Temperature TC Total cases

RH Relative Humidity RC Recovered cases

IIT-Delhi IIT-DEL AC Active cases

US Embassy USE DC Death cases

Mahant Gurmukh 
Singh

MGS NAAQS National Ambient Air Quality 
Standard

Table 1. 
Abbreviations.
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23, 2020 to May 15, 2020), the daily analysis and comparison corresponding to the 
abbreviations mentioned (Table 1), was accompanied. Since the optimized T (°C) 
and RH (%) support droplet stability in the local environment, this may be benefi-
cial to the widespread spread of the virus [19]. According to research conducted in 
different cities in Italy and China, the association between high frequency of corona 
cases/fatalities and persistently high levels of air pollutants for more than four years 
were also noticed (www.downtoearth.org.in).

In this chapter, we strive to understand the relationship between PM, T (°C) 
and RH (%) and their synergy on COVID-19 cases through DEL, corresponding 
to the total number of cases (TC), active cases (AC), by considering the data 
available between April 1, 2020 and May 15, 2020, recover cases (RC) and death 
cases (DC).

2. Data and analysis techniques

This chapter covers the examined results of the study conducted over Delhi 
(DEL) and Gurgaon (GW), India (Figure 1). In the study the major pollutants 
i.e. PM of size ≤ 2.5 μm (PM2.5), ≤ 10 μm (PM10) and ≤ 1.0 (PM1.0) along with 
meteorological parameters, i.e., T (°C), RH (%) were downloaded through Purple 
Air sensors website (https://www.purpleair.com).The average PM and related T 
(°C) and RH (%) for consecutive 24 hours from January 1, 2020 to May 15, 2020 
were used to covers seven different sites in Delhi, namely IIT-DEL, GK, LR, MGS, 
RJ, SP and USE, as well as two locations on GW.

The information comparing to TC just as RC were gathered from the source of 
New Delhi Television Limited (NDTV), an Indian TV media organization. (https://
www.ndtv.com/coronavirus). The 2-tailed Bivariate Pearson correlations using 
Statistical Package for the Social Sciences (SPSS) was applied to verify the correla-
tion among PM, T (°C),RH (%), TC, AC, RC and DC.

Figure 1. 
Study location of Delhi (DEL) and Gurgaon (GW), India.
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3. Results and discussion

This part of the chapter scrutinize the diversity in mean centralization of PM of 
size 1 micron, 2.5 micron and 10 micron generally perceived as PM 1.0, PM2.5 and 
PM10, over DEL and GW. The provocation of meteorology on PM and its relation-
ship to TC and RC related to COVID-19 also covered here.

3.1 Dissemination of PM

The noteworthy distinction is clearly appearing for fine (PM1.0, PM 2.5) and 
coarse (PM10) over DEL and GW in box and whiskers charts view.

The dissimilar dispersal is clearly visible from the distribution pattern of PM 
concentration (PM1.0, PM2.5 and PM10) in above two sites during the period 1st 
January 2020 to 15th May 2020 (Figure 2). The concentrations are expressed in 
μg.m−3 for PM1.0, PM2.5 and PM10.

The low mean convergence of PM (PM1.0, PM2.5 and PM10) over the site GW 
pronounce the better air quality as contrast with DEL. The entirety of the spans of 
PM were displayed divergent focus that shows the different wellsprings of contami-
nations over both of areas for example DEL and GW. The higher mean fixation and 
conspicuous trait of PM2.5 and PM10 showed in Box plot (Figure 3), propose street 
traffic [20] just as ventures, power plants and homegrown discharge.

In pattern investigation (Figure 3a and b) during first January 2020 to fifteenth May 
2020, PM10 display a higher mean convergence of 127.61 μg-m−3 (DEL) and 57.53 μg-m−3 
(GW) though PM1.0 and PM2.5, delineate the mean grouping of 69.22 μg-m−3 (DEL), 
34.20 μg-m−3 (GW) and 111.75 μg-m−3(DEL) and 53.10 μg-m−3 (GW), separately.

The higher PM concentration during this period, obviously recommends the 
effect of vehicular emanation, modern outflow, and different types of burning cycle 
as the significant wellsprings of toxins. After execution of comprehensive lockdown 
through restricting various activities and operations related to social assembly, 
travel, industries operations and transport, started from 23rd March 2020, PM 
mass concentration in DEL (Figure 3a) and GW (Figure 3b) were significantly 

Figure 2. 
Boxplots of daily concentrations of analyzed pollutants over Delhi and Gurgaon; the median is shown by the 
middle line of the box.
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declined. The significant decline in the concentration of PM, clearly confirms the 
influence of the transport and traffic movement in the air quality of DEL. The 
tremendous decline of 48.21%, 51.82% and 52.45% in PM1.0 (21.90 μg-m−3), PM2.5 
(32.19 μg-m−3) and (34.52 μg-m−3) were witnessed the impact of lockdown over GW.

Because of discontinue of all kind of developments, mechanical emanation and 
transportation out and about, the fine (PM1.0 and PM2.5) and coarse (PM 10) par-
ticulate were essentially diminished over both of the areas (DEL and GW) and drew 
closer inside the restriction of NAAQS (PM2.5 = 60 μg-m−3, PM10 = 100 μg-m−3, 
in view of 24-hours normal [2] exhibiting the perceptible improvement in air 
quality. The huge abatement in climatic contamination credited to transportation 
and mechanical outflows over Beijing, Shanghai, Guangzhou, and Wuhan urban 
communities were likewise seen during the crown pandemic.

3.2 Effect of meteorology on PM

The past examinations exhibited the impact of meteorological factors, which 
influence the air quality [21, 22]. The complete example of the improvement of 
discretionary pollutions has the phenomenal relationship with the toxic substance 
release rate into the air all along, wind speed, unevenness level, air temperature, 
and precipitation [23]. Generally, T (°C) has a substantial involvement in air quality 
of the province therefore correlation analysis by considering the period of 1st March 
2020 - 15th May 2020 between PM concentrations and T (°C) for the site DEL 
(Figure 4) and GW (Figure 5) were studied to understand the role of T (°C).

The results shows a significant negative correlation between T (°C) and PM1.0 
(0.72), PM2. (0.73) and PM10 (0.73) in DEL while over GW, it is as 0.54 (PM1.0), 
0.58 (PM2.5) and 0.25 (PM10). In the related Figures 4 and 5, the red, green and 
black dots indicate the data corresponding to PM1.0, PM2.5 and PM10, respectively. 

Figure 3. 
(a, b). Trend analysis showing the effect of lockdown period on particulate matter in Delhi (a) and Gurgaon (b).
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Here the regression analysis reveals significant negative correlation (r) of T (°C) 
with PM in DEL whereas GW has the low negative correlation of 0.25 with PM10. 
The total time of insight demonstrates the declining qualities of PM fixations on the 
increment of the T (°C).

3.3 PM over different locations of DEL and GW

As the long-range transport and buildup furthermore has a gigantic responsibil-
ity in the social event or dispersing of contaminations at metropolitan districts [24]. 

Figure 4. 
Scatter plot among PM1.0, PM2.5 and PM10 and T (°C) over DEL.

Figure 5. 
Scatter plot among PM1.0, PM2.5 and PM10 and T (°C) over GW.
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Further, the centralization of PM1.0, PM2.5 and PM10 for seven particular spaces 
of DEL and GW were bankrupt down and amazed for the situation and Box and 
whisker plot to perceive the possible impact of lockdown (Figure 6a–c).

Before lockdown and during lockdown season of the assessment are per-
ceived by the letter B and A, independently. Preceding lockdown, the mean 
assembly of PM1.0 and PM2.5 over IIT-DEL, GK, LR, MGS, RJ, SP, and USE 
were noticed as 89.29 ± 45.51 μg-m−3, 57.07 ± 32.70 μg-m−3, 90.01 ± 40.72 μg-m−3, 
70.35 ± 28.33 μg-m−3, 133.18 ± 68.15 μg-m−3, 97.53 ± 49.39 μgm−3, 121.31 ± 54.03 
μgm−3 and 146.67 ± 78.63 μg-m−3, 85.04 ± 51.02 μg-m−3, 162.04 ± 91.42 μg-m−3, 
124.75 ± 57.26 μg-m−3, 218.38 ± 144.20 μg-m−3, 163 ± 88.94 μg-m−3, 

Figure 6. 
Boxplots of daily concentrations of analyzed pollutants over different locations of Delhi and Gurgaon; 
median is shown by the middle line of the box. Concentrations are expressed in μg- m−3 for PM1.0 (a), PM2.5 
(b) and PM10 (c). (letter “B” and “A” represents the boxes related to before lock down and during lockdown 
respectively).
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191.09 ± 94.03 μg-m−3, separately (Figure 5a and b). In any case, the mean assembly 
of PM1.0 in the above said regions was 166 ± 89.47 μg-m−3, 103.33 ± 60.19 μg-m−3, 
187.32 ± 116.52 μg-m−3, 134.78 ± 63.75 μg-m−3, 283.46 ± 161.89 μg-m−3, 
200.83 ± 112.21 μg-m−3, 205 ± 105.07 μg-m−3, separately as portrayed in Figure 6c.

The GW area shows the lower PM fixation i.e. 43.31 ± 20.25 μg-m−3 (PM1.0), 
66.55 ± 29.94 μg-m−3 (PM2.5) and 72.63 ± 33.10 μg-m−3 (PM 10) as contrast 
with DEL during the range of before lockdown. The normal PM2.5 and PM10 
focuses over the distinctive examination site of DEL and GW districts are at 
higher side than the given furthest reaches of NAAQS (PM2.5 = 40 μg-m−3) and 
PM10 = 60 μg-m−3) [2]. Prior to lockdown circumstance, the most noteworthy 
PM1.0 esteems were found over the RJ showing mean of 133.18 μg-m−3 and is trailed 
by USE, SP, LR, IIT, MGS and GW, separately. The high interquartile range (RJ, 
USE, SP and LR) recommends that PM1.0 hold very extraordinary fixation exhibit-
ing the enormous spread (56.95-203.85 μg-m−3). The enormous upper stubble over 
the area IIT-DEL, SP and USE shows that the PM1.0 focus fluctuates among the best 
quartile bunch. The upper portions of the scale i.e. positive quartile bunch compar-
ing to practically all areas with the exception of RJ shows the articulated incon-
stancy in the centralization of PM1.0, however, in case of least positive quartile 
group, the concentration spread is relatively less. However, the box plots related to 
before lockdown, show enormous focus disseminations of PM1.0 while the box plot 
associated to during lockdown shows the slight scattering that delineate the limit 
decrease in the grouping of PM1.0.

According to the past examinations, PM2.5 involves with various dangerous 
constituents, which may go into the lungs through the respiratory track and unsafe 
to the human wellbeing, chiefly to youngsters and the older individuals [25]. The 
recently directed investigation, uncover the particulate matter as one of prime 
explanation for damaging outcome on the human respiratory framework by stress-
ing to take repetitive clinical remedy [11]. The spread and inconstancy of PM2.5 
focus has been summed up in box plots as portrayed Figure 6b. The most notewor-
thy mean grouping of fine particulate matter PM2.5 (218.37 μg-m−3), was seen over 
RJ during before lockdown period and 63.41 μg-m−3 during the lockdown period. 
The incredibly upper and lower stubbles (before lockdown) show the instance of 
least quartile that compares to less articulated conduct of PM2.5 focus because of 
the less number of information (4 days) over RJ locale. Notwithstanding that, the 
territories LR, SP and USE divulges the huge upper bristle shows the observable 
irregularity in the convergence of PM2.5.

As contrast with DEL district, GW locale (Figure 6b) clarify the low mean 
PM2.5 focus checking information as 73.51 μg-m−3 (13.98 μg-m−3-188.04 μg-m−3) 
related to earlier lockdown (GW-B) that decreased to 31.97 μg-m−3 (12 μg-m−3-
60.83 μg-m−3) because of the lockdown (GW-A). The lockdown sway was liable 
for the unexpected fall in PM2.5 focuses because of cross country limitation on 
transport development and modern units that related to the emanation of essential 
toxins into the area. Prior to lockdown period, the relating areas of DEL and GW 
were high PM2.5 focus which upholds the finding of surrounding PM2.5 fixa-
tions higher more noteworthy than 60 μg-m−3 over New Delhi [6, 26]. This may 
be because of the area of the site that is near traffic and private contamination 
sources [20, 27]. According to above discoveries, an extremely different source 
of PM concentration has been seen in the examined area. Figure 6c divulges 
the mean convergence of PM10 by showing the most noteworthy worth over RJ 
(283.46 μg-m−3) followed by USE (205.82 μg-m−3) and SP (200.83 μg-m−3) related 
to before lockdown period that further began to disintegrate to 69.36 μg-m−3(RJ), 
58.64 μg-m−3(USE) and 53.59 μg-m−3 (SP) because of the lockdown impact. The 
area GW shows the mean convergence of 72.63 μg-m−3 (preceding lock down) 
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and 34.28 μg-m−3(during lockdown) which and both are extremely close endorsed 
breaking point of 60 μg-m−3 given by NAAQS.

3.4 COVID-19 and associated factor

DEL had been viewed as one of the focal points for Covid in India (https://indi-
anexpress.com/article/india) and to comprehend the quick expansion in COVID-19 
cases, it was important to comprehend the marvel and capable elements for its 
spreading. The aftereffects of 2-tailed Bivariate Pearson Correlation over DEL for 
the period 1 April 2020 to 15 May 2020 has been talked about here.

In light of 45 days information for period first April 2020 to fifteenth April 2020, 
it very well may be seen the normal TC, AC, RC, DC as 3003 ± 2393, 2137 ± 1514, 
821 ± 877, 44 ± 28 individually. During this period the mean centralization of PM 
1.0, PM 2.5 and PM10 has been seen as 31.42 μg-m−3, 46.36 μg-m−3 and 50.78 μg-m−3, 
separately. Be that as it may, normal T (°C) and RH (%) were 34.720C and 27.86% 
individually. The Pearson connection results (Table 2) over DEL uncovered the 
impressive relationship of T (°C) with TC (0.57, p = 0), AC (0.59, p = 0), RC (0.51, 
p = 0) and DC (0.58, p = 0) identified with COVID-19 and unmistakably demon-
strates the expansion altogether and dynamic COVID-19 cases because of height 
of T (°C).

Because of inaccessibility of the information identified with different highlights 
that add to influence the pace of spread of COVID-19 disease inside a DEL area, 
the investigation does not bring up towards temperature as a solitary one factor 
answerable for the transmission of COVID-19. As the increment in the T (°C) over 
DEL during the period of April and May is likewise related to the occasional climate 
wonder, so it is hard to proclaim the precise relationship of T (°C) with the TC. 

2-tailed Bivariate Pearson correlation

TC AC RC DC PM 
1.0

PM 
2.5

PM 
10

Temp RH

TC Pearson 
Correlation

1.00 0.99** 0.98** 0.93** 0.34* 0.21 0.16 0.56** 0.28

p value 0.00 0.00 0.00 0.02 0.16 0.29 0.00 0.06

AC Pearson 
Correlation

0.99** 1.00 0.95** 0.92** 0.33* 0.20 0.15 0.58** 0.25

p value 0.00 0.00 0.00 0.03 0.19 0.34 0.00 0.10

RC Pearson 
Correlation

0.98** 0.95** 1.00 0.92** 0.36* 0.23 0.18 0.52** 0.33*

p value 0.00 0.00 0.00 0.01 0.12 0.24 0.00 0.03

DC Pearson 
Correlation

0.93** 0.92** 0.92** 1.00 0.32* 0.20 0.14 0.58** 0.26

p value 0.00 0.00 0.00 0.03 0.20 0.37 0.00 0.08

RH Pearson 
Correlation

0.28 0.25 0.33* 0.26 0.09 0.06 0.03 −0.07 1.00

p value 0.06 0.10 0.03 0.08 0.55 0.70 0.85 0.65

**shows here that correlation is significant at the 0.01 level (2-tailed).
*showing that correlation is significant at the 0.05 level (2-tailed).

Table 2. 
Two-tailed bivariate Pearson correlation among Total cases (TC), active case (AC), recovered case (RC), 
PM1.0, PM2.5, PM10, temp, and RH over DEL.
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The significant finding identified with the commendable certain connection (0.51, 
p = 0) of T (°C) and RC has been noticed yet likelihood of a critical expansion in RC 
with temperature alone is not sensible to come at some resolution.

There is a connection between RH (%) and the COVID-19 infection persever-
ance. Most infections endure best at low RH (<40%) and amazingly high RH 
(>90%). However, the connection between the endurance of COVID-19 infection 
and relative dampness should be elucidated. Here, the RH (%) shows minimal 
relationship with TC (0.28, p = 0.06), AC (0.25, p = 0.10), and DC (0.26, p = 0.08) 
and moderate connection with RC (0.33, p = 0.03). Such great connection of RH (%) 
with RC recommends the slight positive impact of RH on RC. The lower dampness 
upholds the mist concentrates molecule to decrease its size to remain suspended in 
air for longer time. As in the current month (April to May 2020) the mean RH (%) is 
lower (27.86%) and the disease spread might be because of the suspended mist con-
centrates molecule. In the event of COVID-19 infection scattering, these suspended 
vaporizers particles may assume a significant part in the transmission of infection 
starting with one then onto the next yet dependent upon some insufficient distance. 
To keep away from this disease, Government of India, pronounced the rules to keep 
up the social removing too least of 1 meter distance with someone else which was 
useful to stay away from the conceivable outcomes of contamination and enormous 
expansion in the quantity of TC (0.28, p = 0.06). The expansion of RH (%) with the 
presence of beads in the air supports to the substantial pressurized canned products 
particles to settle down on the ground surface. Thus, for this situation, when the 
contaminated individual, hack or sniffle around there, the mist concentrates drops 
because of its substantialness begins to settle down on a superficial level and further 
add to send the COVID-19 infection through the surface contact.

Some of prior examinations tracked down the critical job of T (°C) and RH (%) 
liable for the spread of numerous respiratory irresistible infections like flu [28, 29]. 
As claimed in the study [19], the urban areas with the common transmission of 
COVID-19 infection were high RH of 60% ~ 90% and low T (°C). To analyze the 
impact of the grouping of particulate poisons on all out number of COVID-19 cases, 
the spatio-transient investigation (Figure 7) was finished. It was tracked down the 
154 number of affirmed instances of COVID-19 on dated 1 April 2020 which com-
pares to the particulate mass centralization of 21.96 μg-m−3 (PM1.0), 34.69 μg-m−3 
(PM2.5) and 39.04 μg-m−3 (PM10). Following 43 days (15th May 2020), the 
instances of COVID-19 in DEL came to up to a greatest number of 8470 with the 
increment of 98.02% and in the comparable example the PM fixation additionally 
quickly expanded by 48% (PM1.0), 40.47% (PM2.5) and 38.02% (PM10).

The increment in the quantity of COVID-19 cases with the expansion of particu-
late matter mass fixation over DEL recommend the impact of fine and coarse mode 
particulate matter on TC. The impact of variable sizes of PM on TC, AC, RC and DC 
were shown utilizing the Pearson connection (r) and Sig. 2-i.e. p-value.

The PM of different size i.e. PM1.0, PM2.5 and PM10 demonstrated the correlation 
(r) with TC, AC, RC and DC (Table 2). The PM1.0 has the moderate correlation 
with TC (0.34, p value = 0.02), AC (0.33, p value = 0.02), RC (0.36, p value = 0.01) 
and DC (0.32, p value = 0.02) whereas PM2.5 and PM10 were least correlation value 
(r) with TC, AC, RC and DC as 0.21 (p value = 0.15), 0.19 (p value = 0.19), 0.23 (p 
value = 0.12), 0.19 (p value = 0.19) and 0.16 (p value = 0.29), 0.14 (p value = 0.23), 
0.18 (p value = 0.23) and 0.13 (p value = 0.36), respectively. Our studies indicate 
that PM1.0is relatively more associated with the various stages of COVID-19 
patients i.e. TC, AC, RC and DC as compare to 2.5 and PM10. These observations 
propose that, while direct COVID-19 contamination is fundamental track of trans-
mission, the part of PM1.0 in infection transmission may play a critical character. 
The RH (%) was related with the PM by meaning the relationship (r) as follows for 
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example 0.09 (PM1.0), 0.05 (PM2.5) and 0.03 (PM10). Likewise the Sig. (2-fol-
lowed) for example p upsides of 0.54, 0.69 and 0.84 identified with PM1.0, PM2.5 
and PM10 individually, exhibit the incredibly less impact of RH (%) on PM over 
DEL during the investigation time frame.

4. Conclusion

From last decade, numerous steps were taken by Delhi administration to tackle 
the pollution problem in distinct vicinities with main focus on air contamination 
over Delhi – NCR region. However, a pandemic (COVID - 19) forced to shut down 
all impurity sources in the form of transportation and industrial practices over 
this region.

The section supports the impact of lockdown over Delhi and Gurgaon on the 
particulate issue. It was the endeavors to exhibit the impacts of meteorological 
factors in COVID-19 in DEL. It was noticed the unmistakable impact of lockdown 
which show the decay of 67.31%, 70.29% and 71.66% more than Delhi and 48.21%, 
51.82% and 52.45% over Gurgaon, in PM1.0, PM2.5 and PM10, separately. It was 
noticed that the Particulate Matter, Temperature and Relative Humidity (RH %) 
legitimize exceptional consideration. Relative humidity (RH %) was found as a 
considerable boundary that showed the huge connection with COVID 19 recuper-
ated cases. For the investigation time frame chosen, the COVID-19 recuperated 
case in Delhi was seen to be supported by lower mean relative moistness (27.86°C) 
that was approved through the moderate relationship of 0.33 (p value = 0.03) with 
Recovered case. Such connection validate the impact of relative humidity (RH %) 
on COVID-19 recuperated cases. In light of double character of RH (%) on the 
scattering of COVID-19 infection, it was anticipated the expansion in the number 
COVID-19 cases in July and August through the surface transmission. However, 
it is essential to conduct an extensive study with long-term data, which might 
enhance the understanding between meteorological conditions and the COVID-19 
transmissibility.

Figure 7. 
Spatio-temporal observation between fine (PM1.0, PM2.5) and coarse (PM10) particulate pollutants and TC 
of COVID-19.
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Chapter 32

COVID-19 Lockdown and the
Aerosphere in India: Lessons
Learned on How to Reduce Air
Pollution
Subhasmita Panda, Priyadatta Satpathy,Trutpi Das
and Boopathy Ramasamy

Abstract

The giant increase in COVID-19 infection across India forced the government to
impose strict lockdown in order to curb the pandemic. Although the stringent
restrictions crippled India’s economy and poor people’s livelihood, it significantly
improved the air quality of most of the polluted cities of India and rejuvenated the
atmosphere. Thus, the major objective of this study is to provide a comprehensive
overview of lockdown on pollutants prevailing in the atmosphere. A prominent
decline in primary pollutants such as Particulate matter (PM), Black carbon (BC),
Oxides of nitrogen (NOx), Carbon monoxide (CO) is observed across the country.
However, lockdown had a trifling impact on Sulphur dioxide (SO2) concentration
over some parts of India due to the constant operation of coal-fired thermal plants
as a part of essential service. Furthermore, the sudden decline in NOx concentration
disturbed the complex atmospheric chemistry and lead to an enhancement of sur-
face ozone (O3) (secondary pollutant) in many cities of India. Thus, lockdown
emerged as a unique opportunity for the atmospheric researchers, policymakers as
well as stakeholders to collect baseline data of pollutants and their major sources.
This will help to set new targets of air quality standards and to develop various
mitigation processes to combat air pollution.

Keywords: COVID-19, lockdown, aerosols, trace gas, air quality index

1. Introduction

Air pollution has created wreaking havoc in many parts of the world. Over the
decades, a rapid increase in population, especially in developing countries like India
and China, has led to rapid urbanization, industrialization, energy consumption,
and exponential growth in vehicles. Consequently, anthropogenic emissions have
increased 2–6 folds, thus deteriorating the regional air quality and turning most of
the Indian cities into non-attainment cities by the National Green Tribunal of India.
Moreover, as per the latest IQAr 2020 report, India is the third most polluted
country and is a home for 22 of the world’s 30 worst polluted cities in 2020 [1].
Besides, they also stated Delhi as the most polluted capital that resides 10 most
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polluted cities of the world. Apart from this, there have been several reports in
recent times on ambient air criteria pollutants, like, particulate matter, O3, CO and
NOx that are at the helm of triggering several environmental health threats leading
to comorbidity and premature deaths [2, 3]. According to the 2019 Global Burden
disease report, �1.67 million deaths were attributed to air pollution, which ascribed
�18% of the country’s total death [4]. Short-term air pollution exposure is often
associated with COPD (Chronic Obstructive Pulmonary Disease), shortness of
breath, dizziness, nausea, asthma, cough, and an increase in rates of co-morbid
symptoms [5]. However, long-term exposure leads to cardiovascular diseases, lung
cancer, and respiratory diseases such as emphysema and is often also accountable
for impairment of the nervous system, kidney, liver, and other organisms. Exposure
of women to severe ambient pollution during pregnancy is related to a high risk of
congenital disabilities, miscarriage and adverse long-term postnatal health [6, 7].
Air pollutants also affect plant growth by inducing changes in soil pH, decrease
in photosynthesis rate (trace metals block the stomata opening) and retartded
growths [8].

Over the last five decades, an increase in greenhouse gas emissions, especially
CO2, has tremendously increased earth temperature globally by preventing solar
radiation from getting reflected on the outer surface. Besides, short-lived climate
pollutants (SLCPs) such as black carbon (BC), tropospheric/surface ozone (O3),
methane (CH4) also significantly contribute to global warming, which in turn lead
to prolonged heat waves, temperature variability, forest fires, droughts, flood,
melting of ice, icebergs, and glaciers along with depletion of the stratospheric ozone
layer [5, 9]. Also, a rampant rise in pollutants such as oxides of sulfur and nitrogen
has led to acid rain (pH<5) which in turn affects surface water, soil, and lowers
biodiversity. Acid rain damages limestone and marble buildings.

This havoc scenario has raised concern among researchers and environmental-
ists to focus on minor constituents of the atmosphere such as particulate matter and
trace gases (mainly SO2, NOx, O3). These species vary enormously with space,
time, meteorology, and climate. In this context, the Ministry of Environment,
Forest and Climate Change initiated a National Air Quality Monitoring Program
(NAMP) all over India. The network comprised of 543 operating stations in 240
cities/towns in 26 states and 5 Union Territories where monitoring is carried out
collectively by the Central Pollution Control Board (CPCB); State Pollution Control
Board (SPCB); Pollution Control Committees (PCC); National Environmental
Engineering Research Institute (NEERI), Nagpur. Apart from these, the Space
Physics Laboratory (SPL) of VSSC has set up more than 42 monitoring stations all
over India under the project ISRO-GBP -ARFINET to study regional aerosol char-
acterization, heterogeneous features, and radiative forcing. Robust monitoring
helps assess the quality of air along with significant sources of pollutants and its
negative impact on the ecosystem and humankind. It also aids in guarding against
extreme events by alerting people through designing and implementing new air
quality management programs into urban city planning platforms.

The main sources contributing to air pollution in India are transportation,
industrial emission, commercial and residential biomass burning, coal-burning for
energy production, agricultural stubble burning, brick kilns, municipal waste burn-
ing, etc. [10, 11]. Besides, the use of solid fuel such as wood, cow dung cakes,
agricultural residue, coal, charcoal for cooking purposes in rural India is adding an
extra burden of pollutants to the air [12]. In this challenging scenario, the Central
government has recently launched National Clean Air Programme (NCAP) to
develop a city-based clean air plan. In the first phase, 122 non-attainment cities
were selected from Indo -Gangetic Plain (IGP) based on ambient air quality
monitoring data of 2011–2015 [13]. The major objective is to reduce 20–30% of
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particulate pollution by 2024 compared to 2017. As a primary initiative of NCAP,
the government has restricted older vehicles (10-year-old petrol vehicle, 15-year-
old diesel vehicle), prioritized public transport, increased infrastructure for CNG
and electric mobility, ordered to close older power plants in the vicinity (�300 km)
of non-attainment cities and promoted conversion of brickkilns into induced draft
zig-zag technology. In addition to the foregoing plan, the Central Government
launched Pradhan Mantri Ujjawala Yojana in 2016 to distribute LPG connection to
below poverty line women in order to reduce household pollution due to solid fuels.
Another significant step taken by the Delhi government was the odd-even scheme
for four-wheeler vehicles to reduce the city’s vehicular fleet volume. However, a
recent study at Delhi and Kolkata revealed that these policies could facilitate a
maximum �20% reduction of the primary emission, which in turn may not facili-
tate in achieving the desired goal of good air quality in these cities [14]. In such a
situation, the national-level lockdown during 2020 to combat the spread of the
novel coronavirus came up as a natural experiment to simulate the sensitivity of air
pollutants. Several reports showed a significant plummet in primary emission
sources or SLCPs (>30%) leading to the emergence of the blue sky after several
decades in India [11, 15, 16]. Furthermore, a recent model-based study by our group
predicted the drastic decline in fine particulate pollutant level during the lockdown
had potentially avoided 73,853–92,116 mortalities during April–June 2020 that
might have surpassed the fatality due to the pandemic [17]. Thus, lockdown pro-
vides a unique opportunity for environment researchers to collect baseline data of
various pollutants, which could help develop new mitigation strategies in the
future. In this context, we have provided a comprehensive overview of the impact
of lockdown on different air pollutants in India.

1.1 Lockdown in India in brief

The government of India ensued lockdown in five phases from 25th March-31st
May 2019. The lockdown phases are briefed below:

Lockdown 1: 1st March-23rd March 2020.
Lockdown 2: 24th March-14th April 2020.
Lockdown 3: 15th April-3rd May 2020.
Lockdown 4: 4th May-17th May 2020.
Lockdown 5: 18th May-31st May 2020.
Lockdown 1 marked the total suspension of all industrial activities, transporta-

tion, agricultural activities, educational institutions, government, and non-
government offices. In addition to these, spiritual gatherings, parties, functions,
and other non-essential gatherings were banned. This lead to a considerable reduc-
tion in anthropogenic emissions for a short period. During the 2nd lockdown, some
relaxations were made in the movement of essential items like goods, medical
equipment, private vehicles in the local area, and agricultural activities. However,
public transportation such as bus, train, airways remained suspended along with
inter-district and inter-state movement. Restrictions were further relaxed during
lockdown-3 to 5 by allowing movement of vehicles (to a limited extent), re-opening
of government offices and IT companies, small and medium-based industries, etc.
However, educational institutions, cinema halls, public gathering places were closed
during the entire lockdown. A more detailed description can be found in our recent
publication [18, 19]. Whenever “lockdown” is mentioned in the running text it
refers to all phases i.e. from 24th March to 31st May 2020. However, different
researchers have taken different pre-lockdown periods for their reference. So, we
have mentioned the pre-lockdown periods in the bracket.

583

COVID-19 Lockdown and the Aerosphere in India: Lessons Learned on How to Reduce Air…
DOI: http://dx.doi.org/10.5772/intechopen.98513



2. Literature selection

This study includes relevant papers indexed in Google Scholar, a prominent
online database for accessing scientific articles. The search string was intentionally
designed to provide appropriate coverage of the diverse research. The search strat-
egy used the following keywords: COVID-19 lockdown, the impact of lockdown on
air quality, India. An initial search in Google Scholar returned 7500 articles. A brief
screening revealed that many articles were not related to air quality but included
only the term COVID-19 and its impact on water, health, etc. Therefore those
articles were excluded. At the end of this stage, 457 articles remained in the
database.

3. Impact of lockdown on different ambient air pollutants

3.1 Aerosols

3.1.1 Particulate matter (PM)

PM refers to the mixture of solid particles and liquid droplets suspended in the
air. It is made up of a large variety of components like dust, smoke, soot (or BC),
acids (such as nitrates and sulfate), metals, organic compounds. Some of the big
particles or dark particles like soot/BC can be seen through the naked eye, while
others can be detected under the microscope. The particles are introduced in the
atmosphere from a wide variety of natural (sea-salt, mineral dust, volcanic erup-
tions, forest fires, etc) and anthropogenic sources (construction sites, unpaved
roads, vehicles, industries, biomass burning, coal and oil combustion, solid waste
burning) either directly (known as, primary sources) or through complex chemical
reactions with gaseous precursors (known as, secondary sources), or both. Further-
more, based on aerodynamic diameter, PM can be classified as coarse (PM10;
diameter ≤ 10 μm), fine (PM2.5; diameter ≤ 2.5 μm), and ultrafine (PM <1 μm).
The different modes of PM originate separately, are transferred separately, and are
removed by different mechanisms from the atmosphere [20]. Furthermore, the
particles are known to influence climate and weather patterns by acting as cloud
condensation nuclei (CCN), thus altering the microphysical properties of clouds
and the hydrological cycle as well. In addition to this, aerosols disturb the earth’s
radiation budget, biogeochemistry of oceans and lakes, impair visibility, etc. The
daily and annual threshold limit recommended by National ambient air quality
(NAAQ) for PM10 is 60 and 100 μg.m�3 while for PM2.5 is 40 and 60 μg.m�3,
respectively. In many recent studies, it is also hypothesized that chronic exposure to
PM induces oxidative stress in the respiratory tract, triggering several health con-
ditions starting from coughing and wheezing to severe asthma attacks, bronchitis to
high blood pressure, heart attack, stroke, and premature deaths.

A remarkable reduction is observed in PM concentration across all cities during
the lockdown. Table 1 depicts the mean percentage change in PM loading over
different Indian cities. A study over India with data from 200 air monitoring
stations revealed PM10 and PM2.5 concentration decreased by 33% and 34%
respectively, during lockdown (25th Mar-30th Apr 2020) as compared to the nor-
mal days (25th Feb-24th Mar 2020) [11]. New Delhi, the capital of India with the
most hazardous air pollution level showed a drastic decline in PM10 and PM2.5
concentration (>50%) during the confinement period [21]. A recent study over
Kolkata, the largest megacity in eastern India revealed that the average
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City Studied Period Percentage
change in PM

References

Pre-Lockdown Lockdown PM 10 PM 2.5

Delhi(34) 03-23 Mar 2020 24 Mar-14 April
2020

51.84
↓

53.11↓ [21]

Delhi 01-24 Mar 2020 25 Mar-31 May
2020

- 37.1↓ [22]

Delhi 01-31 Mar 2019, 01-21 Mar
2020

22-31 Mar 2020 - 25.57↓ [23]

Delhi(63) 01st-24th Mar 2020 25 Mar-17 May
2020

46-58↓ 49-55↓ [24]

Delhi(12) 01 Jan-14 Mar 2020 15 Mar-31 May
2020

89↓ 95↓ [25]

Delhi 01 Jan-23 Mar 2020 24 Mar-31 May
2020

33↓ 49↓ [26]

Delhi 25 Mar-03 May 2019 25 Mar-03 May
2020

57↓ 47↓ [16]

Delhi 20 Mar-15 April (past 3-7
yrs)

20 Mar-15 April
2020

50↓ 50↓ [27]

Hyderabad 01-31 Mar 2019, 01-21 Mar
2020

22 Mar-31 Mar
2020

- 3.99↓ [23]

Kolkata 01 Mar-31 Mar 2019, 01-21
Mar 2020

22 Mar-31 Mar
2020

- 34.52↓ [23]

Chennai - 5.40↓

Mumbai - 19.25↓

Pune 20 Mar-15 April (past 3-7
yrs)

20 Mar-15 April
2020

39↓ 25↓ [27]

Mumbai 36↓ 36↓

Ahmedabad 47↓ 50↓

Kolkata(10) 22 Feb-23 Mar 2020 24 Mar-03 May
2020

57.92↓ 58.71↓ [28]

Chennai 01-24 Mar 2020 25 Mar-31 May
2020

- 11.1↓ [22]

Kolkata - 36.9↓

Mumbai - 24.4↓

Hyderabad - 2.9↑

Mumbai 25 Mar-03 May 2019 25 Mar-03 May
2020

27↓ 1↑ [16]

Mumbai 27↓ 1↑

Kolkata 47↓ 38↓

Chennai - 48↓

Bengaluru 54↓ 52↓

Hyderabad 41↓ 23↓

Jaipur 52↓ 47↓

Lucknow - 49↓

Chennai(5) 01 Mar-23 Mar 24 Mar-31 May - 5.4-97↓ [29]
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concentration of PM10 shows a significant plummet of 51% from pre-lockdown
(17th Feb – 23rd Mar 2020) to lockdown (24th Mar-20th May 2020) with a decre-
ment of 1 μg.m�3 daily during the lockdown [33]. Other studies reported the impact
of lockdown on Kolkata taking data from seven air quality monitoring stations [34].
A reduction in 33% and 42% for PM10 and PM2.5 respectively were observed over
Kolkata during Jan-May 2020 as compared to the same time frame of 2019. Also, the
average PM2.5 concentration was 20 μg.m�3 during lockdown (1st Jan-23rd Mar
2020) while it was 80 μg.m�3 in pre-lockdown days (1st Jan-23rd Mar 2020)
representing a reduction of 75%. Similarly, a significant plummet in PM2.5 concen-
tration in the peak hour (07:00–11:00 hour) during lockdown over Kolkata
(63.4%), Mumbai (56.4%), Chennai (48.5%), New Delhi (21.3%) and Hyderabad
(23.8%) compared to the pre-lockdown period (1st-24th Mar 2020) [22]. More
studies over metro cities during the pandemic revealed that reduction in PM2.5
concentration shows large variability varying from 3–50% over Hyderabad,
Delhi, Chennai, Ahmedabad, Pune compared to the previous year of the same time
[23, 26, 27]. As per some studies, PM2.5 decreased from 102.17 μg.m�3 to 51.66 μg.m�3

(>50%) over Lucknow during lockdown compared to the previous year [16].

City Studied Period Percentage
change in PM

References

Pre-Lockdown Lockdown PM 10 PM 2.5

Bengaluru 01 Mar-22 Apr 2019 01 Mar-22Apr
2020

- 15-22↓ [30]

Maharashtra 01 Jan-24 Mar 2020 25 Mar-01 Jul
2020

51↓ 46↓ [31]

Kolkata 15 Mar-25 May 2017-2019 15 Mar-25 May
2020

20.91↓ 20.04↓ [32]

Kolkata 24 Feb-23 Mar 2020 24 Mar-20 May 51.01↓ [33]

Kolkata Jan-May 2019 Jan-May 2020 33↓ 42↓ [34]

Ankleshwar 25 Mar-15 Jun 2019 25 Mar-15 Jun
2020

19↓ [35]

Vapi 51↓ 40.73↓

Andhra Pradesh
(Gadanki)

15 Feb-31 May 2019 15 Feb-31 May
2020

50.4↓ 46.7↓ [36]

Kolkata 01 Jan-23 Mar 2020 24 Mar-31 May
2020

63↓ 73↓ [26]

Mumbai 47↓ 73↓

Chennai 17↓ 54↓

Bhubaneswar 24 Mar-31 May 2019 24 Mar-31 May
2020

1.92↑ 40.26↑ [37]

Bhubaneswar 25 Mar-31 May 2017-2018 25 Mar-31 May
2020

33↓ 38↓ [19]

Gujarat(9) 01 Jan-23 Mar 24 Mar-20 Apr 32-80↓ 32-78↓ [38]

Kerala Jan-May 2018-2019 Jan-May 2020 17-20↓ 24-47↓ [39]

Kerala 01-24 Mar 2020,
10-17 May 2020

25 Mar-9 May
2020

61↓ 53↓ [40]

The number of monitoring stations is mentioned within the bracket.

Table 1.
Percentage change in particulate matter concentration during the lockdown.
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Furthermore, a prominent diminution in PM10 concentration is observed just after
4 days of nationwide lockdown at Dwarka river basin harboring 239 stone mining
and 982 stone crushing areas [41]. PM10 loading was 100 μg.m�3 on 12th Mar 2020
(before lockdown) which dropped to 60 μg.m�3 (�40%) on 28th Mar 2020 (lock-
down) with the temporary halt of industries. Similarly, studies over the industrial
cities viz. Ankleshwar and Vapi of western India reported a drop in PM10 concen-
tration by 19% and 51% respectively during the first phase of lockdown in compar-
ison to the same period of 2019. Whereas, PM2.5 concentration shows a sharp
decline from 72.23 to 43.60 μg.m�3 at Vapi during the first phase of lockdown over
the same time of the previous year [35]. A continuous drop in the concentration of
PM2.5 and PM10 is also observed in eastern India i.e. Kolkata from 25th Mar -15th
May 2020 in comparison to the previous 3 years (2017–2019) [32]. PM2.5 and PM10
loading curbed down to 38% and 33% respectively during lockdown (Mar-May
2020) over the former two years of the same time over Bhubaneswar, an urban
coastal site in eastern India [19]. A significant reduction of PM2.5 in the range of
24–65% is observed at five different monitoring sites in Chennai, a tropical coastal
site in South India [29]. However, the weekly analysis revealed that the decrement
is not constant throughout the lockdown. There are some weeks with a higher value
of PM2.5 due to the operation of coal-fired thermal power plants as a part of
emergency services [29]. Nevertheless, in Chandigarh, the PM2.5 concentration was
20 μg.m�3 just 21 days before lockdown which reduced to 14.3 μg.m�3 (�28.5%)
during the first phase of lockdown and then increased to 15.4 μg.m�3 during the
second phase because of some relaxations [42]. Maharastra, the worst-hit state by
COVID-19 showed that during 1st-24th Mar 2020 the PM10 concentration was
above the NAAQS threshold limit (> 100 μg.m�3) which reduced sharply up to 51%
during lockdown while PM2.5 dropped down by 46% over normalcy [31]. PM
measurements over Gadanki, a rural site in south India revealed that PM2.5 and
PM10 dropped down by �47% and 50% respectively from pre-lockdown (15th Feb
-21st Mar 2020) to lockdown [36]. Similarly, studies over south India reported that
PM2.5 reduced by 53%, 15–22%, and 24–47% over Kunnur, Bengaluru and Kerala
respectively during lockdown over pre-lockdown (1st Jan-22nd Mar 2020) [30, 39,
40]. Thus, a decrease in traffic density, human mobility, shutting of industries
drastically reduced PM pollution over India leading to the emergence of blue sky
after a decade [25, 43].

3.1.2 Black carbon (BC)

In recent years, with rapid modernization, India has become the second-largest
emitter of BC in the world [44]. BC or soot (as discussed above) is an important
anthropogenic component of atmospheric aerosol with residence time varying from
several days to a week in the lower troposphere [45]. It is released into the atmo-
sphere due to incomplete combustion of fossil fuel, biomass burning, and biogenic
sources by the multiphase reaction [46, 47]. Furthermore, BC strongly absorbs solar
radiation, affecting the Earth’s radiation budget [48, 49], thermodynamics of the
atmosphere [50], lifetime and optical properties of clouds [51], resulting in global
warming. Moreover, inhalation of BC particles causes serious respiratory problems
in humans [52] and aquatic animals [53] and is also responsible for crop damage.
The real-time mass concentration of BC is measured using a seven-channel (370,
470, 520, 590, 660, 880, and 950 nm) instrument called Aethelometer. The instru-
ment is based on spot technology and it measures the attenuation of light at seven
different wavelengths passing through a quartz fiber filter tape, on which aerosols
get deposited. The total mass concentration of BC is estimated from 880 nm wave-
length. Being chemically inert under atmospheric conditions, BC is removed mostly
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by wet deposition from the atmosphere [52]. A recent study on primary BC mea-
surement from ARFINET (Aerosol Radiative Forcing over India Network) reported
10–40% diminution in BC concentration during lockdown (24th Mar-31st May
2020) compared to pre-lockdown (4th -23rd Mar 2020) [54]. Table 2 shows the
reduction percentage of BC over different cities during confinement periods over
normal days. Along with this, a significant reduction in the range of 16–60% over
central and peninsular India and Himalayan and sub-Himalayan regions was
observed during lockdown-2 compared to 2015–2020 at the same time [54]. How-
ever, Indo Gangetic Plain (IGP) showed a maximum reduction of >60% followed
by north-eastern India (>30%) during lockdown-2 with respect to the preceding
5 years of the same period. Similarly, a study over Bhubaneswar depicted a 33%
reduction in BC concentration during March–May 2020 compared to 2017–2018 of
the same time frame [19]. BC concentration also showed a decline of 34% during
lockdown over the same period of 2019 over Gadanki [36]. A notable dwindling in
BC concentration (> 60%) during lockdown-1 over pre-lockdown (1st Jan-14th Mar
2020) is observed at Bengaluru, a megacity in southern India [55]. Nevertheless, a

City Studied Period Percentage
change in BC

References

Pre-Lockdown Lockdown

Andhra Pradesh
(Gadanki)

15 Feb-31 May 2019 15 Feb-31 May
2020

34↓ [36]

Bhubaneswar 01 Mar-21 Mar 2020,
01 Jun-30 Jun 2020

22 Mar-31
May 2020

47↓ [18]

Bhubaneswar 25 Mar-31 May 2017-2018 25 Mar-31
May 2020

33↓ [19]

Bengaluru 24 Mar-01 Jul 2015-2019 24 Mar-01 Jul
2020

60↓ [55]

Hanle 04-24 Mar 2020 25 Mar-14 Apr
2020

31.4↓ [54]

Nainital 8.3↓

Dehradun 45.5↓

Kullu 67.5↓

Lachung 47.7↓

Agra 40.3↓

Gorakhpur 68.3↓

Agartala 44.6↓

Bhubaneswar 8.7↓

Nagpur 1.4↓

Hyderabad 9.8↓

Bengaluru 51.8↓

Anantapur 26.0↓

Goa 19.6↓

Ooty 27.1↓

Thiruvananthapuram 18.5↓

Table 2.
Declining percentage of total BC during lockdown.
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marginal reduction in BC concentration over Challakare (a remote rural location
situated �230 km away from Bengaluru) divulged that lockdown had a minimum
impact on aerosol concentration over the rural location. Moreover, they re-
emphasized that emissions from industries and the transport sector are the major
sources of aerosols of urban and semi-urban locations whereas rural sites are mostly
dominated by meteorological conditions and synoptic wind [55]. The study from
ARFINET also disclosed that the most remarkable plummet is observed at the urban
locations than remote and rural places [54]. Additionally, it was revealed that the
sharp decline in BC concentration is due to strict restrictions in vehicular movement
and other anthropogenic activities which resulted in a decrement of fossil fuel
contribution to the overall BC load [19, 55]. However, no precipitable change is
observed in BC from biomass burning because of domestic cooking activities as well
as mass cooking by different Non-Governmental Organisations to feed the needy
and homeless people.

3.1.3 Aerosol optical depth (AOD)

AOD is a comprehensive variable to measure the aerosol burden (such as dust,
sea salt, smoke, urban haze, etc) distributed within the earth’s surface to the top of
the atmosphere. In other words, AOD gives information about how much direct
sunlight is prevented from reaching the ground by aerosols. Furthermore, it gives
an estimation of PM2.5 surface concentration [56]. Measurements using satellite-
borne observation and aerosol reanalysis products revealed that during lockdown
(24th Mar -22nd Apr 2020) maximum decrement in AOD value is observed in
eastern IGP (�40% of pre-lockdown; 20th Feb-20th Mar 2020) followed by north-
west (27%) and south-India (13%) [4]. In disparity, an increment of 20% is
observed in central India, the most polluted part of India. It might be due to an
increase in secondary aerosol formation, aerosol water content, and other meteoro-
logical conditions. Likely researchers observed a maximum reduction in AOD in the
IGP region followed by western, southern and eastern parts of India [15]. Satellite
visual maps over IGP showed a reduction in AOD during March 2020 compared to
Jan-Feb 2020 and a much more reduction is observed in April 2020 (Figure 1).
However, ground-based measurement revealed that the highest reduction in AOD
is observed at Lahore (60%) followed by Kanpur (52%), Gandhi college (33%),
Bhola near the Bay of Bengal (BoB) (12%). But Karachi, a coastal site near the
Arabian sea showed an enhancement of 4% from pre-lockdown to lockdown. In
addition, both ground-based and satellite measurements over Gadanki revealed a
decrement of �17% of AOD during lockdown over 2019 [36].

Figure 1.
AOD at 550 nm from January-April 2020 (source: [11]).

589

COVID-19 Lockdown and the Aerosphere in India: Lessons Learned on How to Reduce Air…
DOI: http://dx.doi.org/10.5772/intechopen.98513



3.2 Trace gases

3.2.1 Carbon monoxide (CO)

CO is a very stable, odorless, colorless, and poisonous atmospheric pollutant
with a lifetime of two to four months in the atmosphere [57]. However, CO is not
considered as a direct greenhouse gas due to its low absorption in the infrared
region but it increases the concentration of greenhouse gases (such as methane and
ozone) by reacting with the hydroxyl radical of the atmosphere. The indirect radi-
ative forcing by CO is 0.23 Wm�2 due to the formation of ozone, carbon dioxide,
and methane (IPCC,2013). The major emission sources of CO include vehicular
exhaust, waste incinerators, wildlife fires, power stations, biomass burning, fur-
naces, grills, stoves, and incomplete combustion of coal, wood, gasoline, plastics,
fuel oils [58, 59]. The photooxidation of methane and other hydrocarbons also leads
to the formation of CO as a by-product [18]. However, studies revealed biofuel
burning in residential sites to be the major contributor of CO (�86%) followed by
the transport section (�13%) in India. According to Occupational Safety and Health
Association (OSHA), the personal exposure limit for CO is 50 ppm for 8 hours.
However, chronic exposure to CO leads to a neurological disorder, cardiac dys-
function [60] in addition to fatigue, dizziness, food poisoning, stomach pain, etc.
[61] Satellite images showed a significant reduction in surface CO concentration
during the lockdown (Figure 2). Nationwide average CO concentration was
observed to drop upto�21% during lockdown (25th Mar-30th Apr 2020) over pre-
lockdown (25th Feb-24th Mar 2020) [11]. As per studies, CO concentration
dropped by 15% during Jan-May 2020 over 2019 at Kolkata [34]. The lowest
monthly average concentration of CO was reported during April and May 2020
compared to the preceding 3 years of the same month [32]. Studies over western
India during the lockdown revealed a plummet of �21% and 25% over Pune and
Gujrat respectively, during 2020 in comparison to the same period during 2019,
while no significant change is observed at Mumbai [38, 62]. Over Bhubaneswar, the
eastern coastal city showed a reduction of �14% in CO concentration during com-
plete lockdown period compared to the earlier lockdown period (1st Mar-23rd Mar
2020) whereas it showed a diminution of 11.1% during March–May 2020 compared
to the previous year of the same time [18, 37]. A lower reduction of CO compared to
the early phase of lockdown might be attributed to its long residence time in the
atmosphere. Similarly, a lower reduction in CO (�10%) compared to other primary
pollutants is observed at Gadanki during lockdown over the previous year [36].
However, CO measurement at five different sites of Chennai showed a prominent
plummet in the range of 5.60–90.72% during lockdown (Table 3) [29]. Similarly, a
remarkable plummet of 4–44% is observed over Delhi, Uttar Pradesh and Haryana

Figure 2.
Change in surface CO concentration during January-April 2020 (source: [11]).
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City Studied Period Percentage change in
CO

References

Pre-Lockdown Lockdown

Delhi(34) 03 -23 Mar 2020 24 Mar-14 April
2020

30.35↓ [21]

Delhi(63) 01st-24th Mar
2020

25 Mar- 17 May
2020

4-44↓ [24]

Delhi(12) 01 Jan- 14 Mar
2020

15 Mar- 31 May
2020

82↓ [25]

Delhi 01 Jan- 23 Mar
2020

24 Mar- 31 May
2020

31↑ [26]

Delhi 25 Mar- 03 May
2019

25 Mar- 03 May
2020

43↓ [16]

Mumbai 75↓

Kolkata 22↓

Chennai 32↓

Bengaluru 28↓

Hyderabad 23↓

Jaipur 46↓

Lucknow 28↓

Hyderabad 01 Feb–23 Mar
2020

24 Mar - 30 Apr
2020

27.25↓ [63]

Chennai 01 Jan- 23 Mar 24 Mar- 31 May 9↑ [26]

Kolkata 01 Jan- 23 Mar
2020

24 Mar- 31 May
2020

11↓ [26]

Mumbai 01 Jan- 23 Mar
2020

24 Mar- 31 May
2020

15↓ [26]

Chennai (5) 01 - 23 Mar 2020 24 Mar- 31 May
2020

18-25↓ [29]

Kolkata Jan-May 2019 Jan-May 2020 15↓ [34]

Pune 17 Mar- 14 Apr
2019

17 Mar- 14 Apr
2020

21↓ [62]

Andhra Pradesh
(Gadanki)

15 Feb- 31 May
2019

15 Feb- 31 May
2020

10↓ [36]

Bhubaneswar 01- 21 Mar 2020,
01 Jun- 30 Jun

2020

22 Mar-31 May
2020

14↓ [18]

24 Mar- 31 May
2019

24 Mar- 31 May
2020

19-69↓ [37]

Kerala Jan- May
2018-2019

Jan- May 2020 24-67↓ [39]

Kerala 01 Mar-24 Mar
2020,

10 May-17 May
2020

25 Mar-19 Apr
2020,

20 Apr-9 May
2020

67↓ [40]

Table 3.
Reduction in CO concentration during lockdown compared to pre-lockdown days.
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during the lockdown. Chandigarh showed a decrement of 16.3% from 21-days
before lockdown to the first phase of lockdown and then showed an enhancement
of 5.4% in the second phase of lockdown compared to the first phase. A sharp
reduction in the range of 24–67% is also reported over Kerala amid lockdown and
meteorological changes [39].

3.2.2 Nitrogen oxides (NOx)

Nitrogen oxides (NOx = NO + NO2) are primary criteria air pollutants that play
a vital role in tropospheric chemistry as the precursor of surface ozone and second-
ary aerosols apart from being responsible for acid rain and reddish-brown haze
[64]. Besides, NOx affects human health causing several heart and lung diseases as
well as unseasonable death worldwide. The NOx measurement over different parts
of the country revealed that the major anthropogenic emitters of NOx are from
vehicles followed by power plants [65, 66]. Apart from these, soil, lightning, and
wildfire are some of the natural sources of NOx [67]. Owing to a very short lifetime
(�2 days) NOx showed maximum reduction in concentration across all parts of
India as compared to other primary pollutants (Table 4). Satellite data revealed
major NO2 hotspots of India are Delhi, Haryana, Punjab, and in the eastern part of
Bihar, Jharkhand, West-Bengal, and Odisha which disappeared completely during
April 2020 [11] (Figure 3). Similarly, a 60–66% reduction in NO2 concentration
was found over Delhi, Ahmedabad, Mumbai, and Pune [27]. Analysis of NO2
concentration at 63 locations of Delhi, Uttar Pradesh, Harayana revealed a plummet
of 27–58% during lockdown [24]. In Lucknow, NO2 concentration reduced from
43.06 μg.m�3 to 14.57 μg.m�3 (66%) during lockdown 2020 compared to 2019.
According to a recent study over Kolkata NOx showed a decline of 68% during
lockdown (24th Mar-20 May 2020) in comparison to pre-lockdown (17th Feb –

23rd Mar 2020) with a daily decline of 0.373 μg.m�3 during the lockdown [33].
Moreover, NO2 reduced up to 45% during Jan-May 2020 with respect to Jan-May
2019 over Kolkata [34]. On the same note, it was stated a sharp reduction in the
average concentration of NO2 from 41.58 μg.m�3 in Mar 2019 to 18.01 μg.m�3

(�57%) in Mar 2020 [32]. A significant plummet in average NOx concentration is
also observed on the eastern coast of India. Studies over Bhubaneswar revealed that
average NOx concentration decreased by �67% during quarantine days (24th Mar-
31st May 2020) compared to pre-lockdown (1st -23rd Mar 2020) whereas 12.3%
during Mar-May 2020 in comparison to 2019 of the same period [18, 37]. Similarly,
NO and NO2 reduced by �55 and 59% respectively, over Gadanki during lockdown
with respect to 2019 [36]. Significant reduction in the range of 41–55% in NOx
concentration is also observed at Chennai, the southern coastal site of India. Studies
over Hyderabad and Kerala specified NO2 concentration dropped down by 33% and
48% respectively during lockdown over pre-lockdown [39, 63] . NO2 concentration
curbed down by �60% and 30–84% from pre-lockdown to lockdown over Maha-
rashtra and Gujrat respectively [31, 38].

3.2.3 Sulphur dioxide (SO2)

SO2 is one of the potent anthropogenic sulphur-containing air pollutants
responsible for smog and acid rain [20]. According to a 2019 report by Greenpeace,
India has become the largest emitter of SO2 in the world with more than 15% of
hotspots as detected by NASA OMI (Ozone Monitoring Instrument) satellite [68].
It is also revealed that coal-fired thermal power plants and industries are the major
emitters of SO2 in India. In addition, emissions from vehicles, ships, locomotives,
ore smelting are also contributing substantially to atmospheric SO2 concentration.

592

Biotechnology to Combat COVID-19



City Studied Period Percentage change
in NOx

References

Pre-Lockdown Lockdown

Delhi(34) 03 -23 Mar 2020 24 Mar-14 April
2020

52.68↓ [21]

Delhi(63) 01 -24 Mar 2020 25 Mar- 17 May
2020

27-58↓ [24]

Delhi(12) 01 Jan- 14 Mar 2020 15 Mar- 31 May
2020

92↓ [25]

Delhi(NO2) 25 Mar- 03 May 2019 25 Mar- 03 May
2020

59↓ [16]

Delhi(NO2) 20 Mar- 15 Apr (past 3-7
yrs)

20 Mar- 15 Apr
2020

66↓ [27]

Pune(NO2) 63↓

Mumbai(NO2) 60↓

Ahmedabad(NO2) 60↓

Mumbai(NO2) 25 Mar- 03 May 2019 25 Mar- 03 May
2020

59↓ [16]

Kolkata (NO2) 68↓

Chennai(NO2) 32↓

Bengaluru(NO2) 64↓

Hyderabad(NO2) 37↓

Jaipur(NO2) 62↓

Lucknow(NO2) 66↓

Chennai(5) (NO2) 01 Mar- 23 Mar 2020 24 Mar- 31 May
2020

18-42↓ [29]

Ankleshwar 25 Mar- 15 Jun 2019 25 Mar- 15 Jun
2020

80↓ [35]

Vapi 91↓

Chennai 01 Jan- 23 Mar 2020 24 Mar- 31 May
2020

7↑ [26]

Kolkata 79↓

Mumbai 86↓

Delhi (NO2) 29↓

Kolkata 24 Feb- 23 Mar 2020 24 Mar-20 May
2020

68.38↓ [33]

Kolkata Jan-May 2019 Jan-May 2020 45↓ [34]

Kolkata(10) 22 Feb- 23 Mar 2020 24 Mar- 03 May
2020

55.23 [28]

Mumbai 17 Mar- 14 Apr 2019 17 Mar- 14 Apr
2020

63↓ [62]

Pune 62↓

Andhra Pradesh
(Gadanki)

15 Feb- 31 May 2019 15 Feb- 31 May
2020

55-59↓ [36]

Hyderabad 01 Feb–23 Mar 2020 24 Mar - 30 Apr
2020

43.5↓ [63]
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Once released to the atmosphere, SO2 undergoes several reactions with the oxidants
(O3 or H2O2) to form particulate of sulphate either as H2SO4 or ammonium
sulphate. The particulate sulphate causes visibility degradation and poses a great
threat to human health and plants. Nonetheless, short-term exposure to a higher
level of SO2 (>5 ppm) leads to lung damage, inflammation of the eyes, nose, and
throats. Also, it disturbs the plant photosynthesis process leading to foliar injury.

The average concentration of SO2 over Kolkata was 15.35 μg.m�3 before lock-
down (17th Feb – 23rd Mar 2020) which reduced drastically to 9.15 μg.m�3

City Studied Period Percentage change
in NOx

References

Pre-Lockdown Lockdown

Bhubaneswar 01 - 21 Mar 2020 22 Mar-31 May
2020

67↓ [18]

Bhubaneswar 24 Mar- 31 May 2019 24 Mar- 31 May
2020

50↓ [37]

Maharashtra 01 Jan- 24 Mar 2020 25 Mar- 01Jul
2020

60↓ [31]

Gujarat(NO2)(9) 01 Jan- 23 Mar 2020 24 Mar- 20 Apr
2020

30-84↓ [38]

Kerala Jan- May 2018-2019 Jan- May 2020 53-90↓ [39]

01 -24 Mar 2020, 10-17
May 2020

25 Mar-19 Apr
2020,

20 Apr-9 May
2020

66↓ [40]

Table 4.
Percentage change in NOx over India during lockdown.

Figure 3.
Columunar distribution of NO2 during (a) 1st-24th March 2020 (b) 25th March-20th April 2020
(source: [15]).
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lockdown (24th Mar-20 May 2020) with an average reduction of 40%. However,
the daily decrement of SO2 was found to be 0.153 μg.m�3 [33]. A reduction of 3% in
SO2 Jan-May 2020 compared to the previous year of the same time [34]. Similarly,
the monthly average concentration of SO2 during April 2017, 2018, and 2019 was
found to be 7.59, 9.47 and 8.27 μg.m�3 respectively which dwindled up to 5.36 μg.
m�3 during complete lockdown (i.e. Apr 2020), depicting a plummet of �37%
compared to the past three years [32]. A sharp decline in SO2 �63% and �16% is
also observed over Gadanki and Lucknow respectively during lockdown than in
2019 [16, 36]. Kannur (the hotspot of corona) in Kerala showed a decrement of
�62% in SO2 concentration during the quarantine days (25th Mar-9th May 2020)
over normal days (1st -24th Mar 2020 & 10th -17th May 2020) [40]. A reduction of
�40% is also observed over the industrial state of western India during Jan-Apr

City Studied Period Percentage change
in SO2

References

Pre-Lockdown Lockdown

Delhi(34) 03 Mar-23 Mar 2020 24 Mar-14 Apr
2020

17.97↓ [21]

Delhi 01 Jan- 23 Mar 2020 24 Mar- 31 May
2020

24↓ [26]

Ankleshwar 25 Mar- 15 Jun 2019 25 Mar- 15 Jun
2020

67↓ [35]

Vapi 80↓

Chennai 01 Jan- 23 Mar 2020 24 Mar- 31 May
2020

39↓ [26]

Kolkata 15↓

Mumbai 58↓

Delhi 25 Mar- 03 May 2019 25 Mar- 03 May
2020

32↓ [16]

Mumbai 48↓

Kolkata 25↑

Chennai 22↓

Bengaluru 9↑

Hyderabad 9↓

Jaipur 9↓

Lucknow 16↓

Kolkata 24 Feb- 23 Mar 2020 24 Mar-20 May
2020

40.38↓ [33]

Kolkata Jan-May 2019 Jan-May 2020 3↓ [34]

Chennai(5) 01 Mar- 23 Mar 2020 24 Mar- 31 May
2020

25-69↓ [29]

Kerala 01 -24 Mar 2020, 10-17
May 2020

25 Mar-19 Apr,
20 Apr-9 May

62↓ [40]

Andhra Pradesh
(Gadanki)

15 Feb- 31 May 2019 15 Feb- 31 May
2020

63↓ [36]

Table 5.
Mean percentage change in the mean percentage change in SO2 concentration over India during lockdown.
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2020 over the previous year [38]. Likely, SO2 concentration reduced from 28.99 to
9.43 μg.m�3 (�67%) and 19.14 to 9.43 μg.m�3 (�51%) over Ankleshwar and Vapi
respectively located in Gujrat during the first phase of lockdown than the previous
year [35]. However, amid lockdown, an increase in SO2 concentration is observed at
the commercial cum residential sites of Chennai namely Teynampet (40%) and
Velacherry (70%) due to the use of fossil fuels (coal, wood) for cooking purposes
and constant operation of thermal power plants [29]. Chandigarh also showed an
increment in SO2 concentration from 9.9 μg.m�3 (before lockdown) to 10.0 (�1%)
and 11.4 μg.m�3 (15%) during the first and second phases of lockdown respectively.
Similarly, no significant change in SO2 intensity is observed from satellite data over
eastern Odisha, West-Bengal, and South-west industrial regions of Maharashtra and
Gujrat [11]. This is due to the presence of excessive coal mining and the constant
operation of power plants as part of emergency service. Likewise, SO2 measure-
ment over Singrauli, which is home to several coal-fired thermal power plants
showed an increment of 12% during lockdown over normalcy (1st-24th Mar 2020).
Table 5 describes the mean percentage change in SO2 concentration over India
during lockdown.

3.2.4 Ozone (O3)

Surface O3 is a secondary pollutant formed majorly by photooxidation of CO,
methane (CH4), or volatile organic carbons (VOCs) in presence of a sufficient
amount of NOx. The major formation pathways are shown below

COþ OH ! CO2 þH (1)

H þ O2 þM ! HO2 þM (2)

HO2 þNO ! NO2 þ OH (3)

NO2 þ hv ! O 3Pð Þ þNO (4)

O 3Pð Þ þO2 þM ! O3 þM (5)

Net: COþ 2O2 þ hv ! CO2 þO3

During this process, NOx acts as a catalyst until it is removed by surface depo-
sition or converted to other NOy compounds. Also, we can say NO2 helps in O3
formation while NO destroys O3. Being a powerful oxidizing agent, O3 controls the
lifetime of many primary pollutants in the atmosphere. Nonetheless, O3 is a potent
greenhouse gas that substantially contributes to global warming and affects human
health, crop yield, natural ecosystem, and climate.

Table 6 summarises the mean percentage change in O3 concentration over
different parts of India. During lockdown (24th Mar-20th May 2020), O3 concen-
tration shows a sizeable daily reduction of 0.571 μg.m�3 with an average of 42%
compared to pre-lockdown (17th Feb– 23rd Mar 2020) over Kolkata [33]. A reduc-
tion of �7% is also observed during lockdown over 2019 at Gadanki [36]. Similarly,
an 18% decrement in O3 concentration is observed over Maharashtra during lock-
down with respect to pre-lockdown (1st -24th Mar 2020) [31]. In contrast, an
enhancement of 4–6% of O3 concentration is observed at 63 different stations of
Delhi, Uttar Pradesh, and Haryana during lockdown [24]. Some studies revealed
concentration of O3 increased by 32% and 6% over Kolkata and Gujarat during the
lockdown year as compared to the previous year [34, 38]. Likely, an increment of
3% and 2% was observed over Mumbai and Pune respectively during lockdown
over the previous year [62]. Similarly, O3 concentration gets amplified by 5.59%,
9.73%, 3.56% during March, April, and May 2020 compared to the same month of
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2019. Two times enhancement in O3 concentration is also observed at Hyderabad
during COVID-19 lockdown over normal days [63]. An increment of 3% in O3
concentration was also found during the 22nd March-14th April 2020 over the past
weeks (1st - 21st Mar 2020) at Bhubaneswar [18]. Similarly, an 12% increment in O3
concentration was reported during Mar-May 2020 over 2019 [37]. O3 concentration
enhancement is also observed at the commercial (Teynampat) and residential
(Velachery) sites of Chennai by 48 and 5% respectively [29]. O3 concentration over
Chandigarh sharply increases from 38.7 μgm�3 (21 days before lockdown) to
91.4 μg.m�3 (136%) and 128.9 μg.m�3 (233%) during first and second phase

City Studied Period Percentage change in
O3

Author

Pre-Lockdown Lockdown

Delhi(34) 03 -23 Mar 2020 24 Mar-14 April
2020

>10 ↑ [21]

Delhi(63) 01-24 Mar 2020 25 Mar- 17 May 2020 6↑ [24]

Delhi 01 Jan- 23 Mar 2020 24 Mar- 31 May 2020 109↑ [26]

Chennai 80↑

Kolkata 77↑

Mumbai 60↓

Delhi 25 Mar- 03 May
2019

25 Mar- 03 May
2020

6↓ [16]

Mumbai 2↓

Kolkata 63↑

Chennai 51↑

Bengaluru 25↓

Hyderabad 29↓

Jaipur 17↓

Lucknow 28↓

Gujarat(9) 01 Jan- 23 Mar 2020 24 Mar- 20 Apr 2020 16-48↑ [38]

Bhubaneswar 24 Mar- 31 May
2019

24 Mar- 31 May 2020 13-93↑ [37]

Bhubaneswar 01- 21 Mar 2020 22 Mar-15 Apr 2020 3↑ [18]

Chennai(5) 01- 23 Mar 2020 24 Mar- 31 May 2020 3-47↑ [29]

Maharashtra 01 Jan- 24 Mar 2020 25 Mar- 01Jul 2020 18↓ [31]

Hyderabad 01 Feb–23 Mar 2020 24 Mar - 30 Apr
2020

41.73↑ [63]

Kerala 01 -24 Mar 2020,
10 -17 May 2020

25 Mar-19 Apr 2020,
20 Apr-9 May 2020

22↑ [40]

Kolkata 24 Feb- 23 Mar 2020 24 Mar-20 May 2020 42.58↓ [33]

Kolkata Jan-May 2019 Jan-May 2020 32↑ [34]

Mumbai 17 Mar- 14 Apr 2019 17 Mar- 14 Apr 2020 3↑ [62]

Pune 2↑

Andhra Pradesh
(Gadanki)

15 Feb- 31 May 2019 15 Feb- 31 May 2020 7↓ [36]

Table 6.
Percentage change in O3 concentration over India amid lockdown.
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lockdown respectively. The enhancement in O3 is due to insufficient NO concen-
tration as discussed in the previous section which resulted in the accumulation of
O3 in the troposphere.

AQI Possible health implications

Good (0-50) Nominal impact

Satisfactory
(51-100)

Slight discomfort in breathing for sensitive people

Moderately
(101-200)

Discomfort in breathing for older people having a co-morbid system such as asthma,
lung disease, heart disease.

Poor (201-300) Long-term exposure gives rise to breathing problems, especially for heart patients.

Very poor
(301-400)

Chronic exposure lead to breathing issue and respiratory inflammation.

Severe
(401-500)

Serious respiratory problem for healthy people too

Table 7.
Air quality index and possible health impact.

Figure 4.
Change in Air quality index from January-April 2020 (source: [11]).
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3.3 Air Quality Index (AQI)

AQI gives information about daily air quality and related public health risks.
In general, there are six AQI categories as shown in Table 7. The Indian national
predicted the daily air quality data taking 24 hour average of eight criteria pollut-
ants such as (PM10, PM2.5, NO2, SO2, CO, O3, NH3 and Pb), however, for CO and
O3 8-hour average. Exposure to an enhanced AQI leads to acute and chronic health
issues, especially for older age people and children.

Studies in this context stated AQI decreased drastically over Delhi (51%),
Mumbai (30%), Kolkata (19%), Chennai (32%), Bangalore (52%), Hyderabad
(35%), Jaipur (42%) and Lucknow (52%) during 2020 over 2019 [16]. Further, the
order of AQI in lockdown 2020 satisfied > moderate > good > poor while for 2019
the order was moderate > satisfied > poor > good > very poor. It was also stated a
deduction of anthropogenic activities because of strict lockdown in and around
Kolkata has improved AQI from ‘poor’ to ‘good’ or ‘satisfactory’ [28, 69]. In addi-
tion, AQI analysis amid April 2020 over 115 Indian cities revealed AQI in all states
were good or satisfactory except Odisha and Jharkhand where AQI was moderate
(Figure 4) [11]. A decrement of 60–75% in AQI is observed over the industrial cities
of western India such as Ahmedabad, Gandhinagar, Jamnagar, Rajkot while 34–39%
reduction is observed at Surat, Ankleshwar, Vadodra, Bhuj and Panipat [38]. How-
ever, despite the significant reduction of pollutants during lockdown over Gadanki
no change in the AQI category is observed [36].

4. Summary and recommendation

This review clearly illustrates that the strict imposition of lockdown by
the Indian Government not only helped to curb the pandemic spread but also
significantly improved the air quality during quarantine days across numerous cities
nested within different states of India. Thus, this unique scenario emerged as a
natural experiment to get the baseline data of pollutants which will be useful for
policymakers and stakeholders to develop new targets to tweak air quality
standards and various mitigation processes to combat air pollution. However,
it is important to keep in mind the atmospheric chemistry while developing
mitigation strategies for the abatement of primary pollutants. As it is observed,
a sudden reduction in NOx concentration during lockdown leads to an
enhancement of O3 concentration over many parts of India. So, time demands a
better understanding of pollutant sources and the development of extenuation
policies.

We are suggesting a few science-driven measures which can lead to the
co-existence of a sustainable economy and environment hand to hand

a. Decentralization of metro cities and some urban sites.

b. Fossil fuel consumption should be replaced with solar/wind/hydro/CNG/
battery/nuclear energy.

c. A focal shift from fossil fuel-based economy to bio-energy-based economy.

d. Development of clean coal technology to generate electricity.

e. Reducing vehicle density by encouraging the use of public transport,
carpooling, and bicycle

599

COVID-19 Lockdown and the Aerosphere in India: Lessons Learned on How to Reduce Air…
DOI: http://dx.doi.org/10.5772/intechopen.98513



f. Development in geoengineering technique to improve road conditions and
substitute metallic brakes with ceramic.

g. Development of indigenous processes to arrest the PM polluted generated
through biomass and stable burning at various locations in the country.

h. Always encouraging and choosing sustainable ways of existence.
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Chapter 33

A Qualitative Study of Pre-Vaccine 
Decrease of Mortality from 
COVID-19
Vugar Mammadov and Lala Jafarova

Abstract

More than a year has passed since the appearance of disease called COVID-19 in 
the world. This disease became the reason for unprecedented measures taken so far, 
having received the classification of pandemic. The world has faced with pandemics 
before, but society has not yet taken such unprecedented restrictive measures. The 
restrictions of not only local but even of global nature, such as the suspension of 
international flights, various scientific and political events were adopted around the 
world. Media resources have played a key role in the formation and development of 
the attitude towards the disease in people. Despite all the depressing news, the facts 
showed a low mortality rate, which is often ignored by the media. As a result, medi-
cal staff around the world have faced psychological health issues among the differ-
ent groups of the population, especially vulnerable ones such as people with chronic 
disease and with weak immunity. At present, it is early to talk about the results and 
outcomes of the pandemic. However, previous year has taught us many lessons and 
can become a key factor in understanding the role of the media in pandemic times, 
developing strategies for combating diseases and protecting public health.

Keywords: coronavirus, coronavirus pandemics, COVID-19, media and coronavirus, 
infodemic, fake-news, coronavirus and social media, coronavirus and internet, 
coronavirus and healthcare, quarantine, lockdown, coronavirus pandemics and 
politics, coronavirus pandemics and economics, telemedicine

1. Introduction

COVID-19 pandemic has changed the world. More than half of the planet’s 
population, namely, more than five billion people have been isolated during the last 
year, changing regular life, habits and thoughts. Most international flights, travels, 
events and gatherings, sports and cultural programs including World Expo, World 
Sport Cups, and the Olympic Games have been cancelled, political and scientific 
events moved to the online format. The global economy has collapsed and prognosis 
for the next year includes the increase in hunger and poverty. International organ-
isations, national and international leaders could not shade their own weaknesses 
and disorientation. Wrong decisions, non-justified actions and declarations were 
made… Being medico-legal expert who used to look into facts rather than rumoured 
and unproven information, the mortality rate is the first thing that is taken into 
consideration. According to our analysis of mortality rates in different continents 
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and countries that have been made from the beginning of pandemic we have seen 
that panic in the countries, frightening messages from TV screens, media specula-
tions in newspapers have been developing in a similar scenario to aggravate dangers 
of the pandemic, which is probably more beneficial for certain political reasons 
rather than economic, scientific, medical or public. Our definite conclusion is that 
this pandemic is not only medical and biological problem. From other side, our 
observations shown it may have great value for the world if to take right lessons 
from its global effects on our future lives.

Thus, the article provides a qualitative analysis of the factors associated with 
the pandemic in the field of biotechnology and other spheres of life through their 
reflection in the media.

2.  The development of biotechnology as one of the factors of the positive 
impact of the pandemic

Despite its negative impact, the pandemic primarily gave impetus to the devel-
opment of biotechnology that ensured creation of effective tools to combat the 
coronavirus. Biotechnology, in addition to traditional fields such as genetics or 
molecular biology, is also based on information technology. Computer modelling 
tools provide wide opportunities for modern biotechnologies. Those tools ensure 
faster study of viruses, identification of their genome and, as a consequence, devel-
opment of new testing methods and disease prevention. The innovative biotechnol-
ogy tools accelerated study of sequence of the new coronavirus genome. As a result 
of their application in just a few weeks after discovery of the disease [1, 2], its virus 
genome has been analysed.

Prompt decoding and computer modelling of the virus created conditions for 
development of express coronavirus tests [3]. Moreover, biotechnologies ensured 
the development of various types of vaccines against the virus [4] based on differ-
ent methods. In that context, biotech companies have become a kind of founders in 
the hope of fighting against the pandemic as they are at the forefront of research to 
develop vaccines and treatments.

It is the development of modern biotechnology that has led to such a rapid 
development of various vaccines in such a short time. Considering urgency of the 
situation U.S. Food and Drug Administration (FDA) has authorised several  vaccines 
for emergency use. Thus, based on clinical research results as of March 2, 2021 CDC 
information confirms [5–7] the efficacy of the approved vaccines as shown in 
Figure 1.

Although vaccines are the most important tool developed because of the 
application of biotechnology in the fight against coronavirus, their effectiveness 
at the initial stage caused a heated discussion in the media. Moreover, their use 
and side effects have become the subject of massive misinformation and rumours 
among population. In order to avoid similar phenomena in the future and to help 

Figure 1. 
Efficacy of the CDC approved vaccines. Data of 2 March 2021.
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biotechnological companies and states to correctly develop their strategy for 
working with the media, we consider it necessary to analyse information and most 
common media cases related to the pandemic in this context.

3. Coronavirus and the role of the media

Today, computer technology has become an integral part or even a fundamental 
tool for scientific research, especially in high-tech research such as biotechnology. 
However, development of information technology is inherently associated with 
the Internet and media in general. Scientists and biotechnology companies analyse 
media resources in order to study the social aspects of people’s lives and conduct 
relevant research. Moreover, media resources such as social networks create 
opportunities not only for the communication of scientists, but also for identifying 
trends in public discussions and sharing their research or developments. Thus, the 
Biotech-careers web-resource conducted an analysis in their database and found 
109 companies in 364 localities working on COVID-19 as of April 06, 2020 [8]. 
We presume that those numbers are increasing. During the pandemic, reports on 
biotechnology found wide media coverage but what did the pandemic represent for 
society?

The COVID-19 pandemic has become one of the largest threats facing human-
ity. However, can we say that it was the disease, fight against which was worth such 
unprecedented measures as complete lockdowns, the cancellation of all public 
events, depriving people of such a basic right as freedom of movement? What 
became the hallmark of the disease besides the fact that it was a new strain of the 
coronavirus infection?

The humanity has already faced epidemics and pandemics earlier. The diseases 
such as tuberculosis, smallpox, the virus called “Spanish flu” killed thousands of 
people. In our opinion, in addition to purely medical and epidemiological factors, 
the key factor that distinguishes COVID-19 is the role of the media. In contrast 
with the 19th or early 20th centuries when there was no Internet, social media, so 
many TV and radio companies, today the number of such sources of information 
is innumerable. The era when people had to wait for a new issue of the newspaper 
to get information is outdated. Today, thanks to media resources and the Internet, 
information is updated every second. The presence of social networks contributes 
to the prompt dissemination of the information. However, it is often distorted or 
even “overgrown with rumours” on the Internet.

Various viruses coexist with humanity. For example, although the influenza 
virus is activated every year, lockdowns and other global restrictions are not 
enforced. Successful fight against seasonal flu is a prime example of biotech prog-
ress. Experts have learned how to cope with the influenza virus [9], which infects 
thousands of people every year. However, modern biotechnologies allow not only to 
cure people from influenza, but also to prevent its spread.

Because of enforcement of the measures to combat COVID-19, all areas of life 
were paralysed. Even biotech companies faced difficulties in their research due to 
lockdowns and morbidity risk among staff.

Closing the borders of states, stopping civil interstate flights and other measures 
led to many social and economic problems. Thus, the Azerbaijan citizens who 
used to travel abroad for the medical tourism purposes had to postpone planned 
procedures because of the closure of borders and the suspension of air traffic for 
some time. Although restrictions on air traffic had a positive effect on the environ-
ment, it is difficult to assess the balance of harm and benefit when comparing the 
social activities, economy and the environment. Restrictions and associated social, 
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economic problems, depression and increased anxiety in society, the violation of all 
social contacts, when people were afraid or prohibited from meeting with relatives 
and friends, were weighed against the risk of spread of the disease. Therefore, it is 
difficult to assess the benefit of restrictive measures as both economic and medical 
areas play the key role in life of the world community. However, there were also 
exceptions. The Republic of Belarus has not implemented the restrictive measures 
and, nevertheless, the mortality rate in the state was “one of the lowest in the world” 
[10]. If in Azerbaijan throughout all the investigated period of the last 11 months 
mortality rate was not above 1,5%, in Belarus this was less than 0,7%. If today in 
Azerbaijan we have about quarter of million contaminated during last year COVID 
patients, Belarus had slightly more for a few dozen thousands people, but mortal-
ity was twice less. Moreover, this is in a situation, when they did not close schools, 
universities, stadiums, public transport, nothing. They made a military parade of 
Victory Day 9 May 2020, presidential elections, had millions on the meetings and 
demonstrations after but COVID did not appear as frightening as in the rest of the 
world. Belarus and Azerbaijan both have similar geography and population about 
10 million but management of pandemics were very different, and they succeeded 
even more than Azerbaijan and the rest of the world. In one of our past articles, we 
mentioned that the main reason was that the genotype of neither Azerbaijani nor 
Belarus was a target for COVID-19.

Talking about social and other factors, we return to the role of the media. What 
was their role and remains today? At first glance, the media simply broadcast the 
latest summaries of information about the disease and its mortality. The provision 
of statistical information, which often did not represent any value for the average 
reader, caused panic and fear. Therefore, it often had more negative than posi-
tive significance. Obviously, in pursuit of the rating, the media often published 
data on the most rare consequences and symptoms of the coronavirus infection 
[11, 12]. Although the experts later explained the reason for the incident, rumours 
continued to spread, especially on social networks and telephone voice messengers. 
The example of such misleading information is the change in skin colour from the 
coronavirus. Publication and replication of such incomplete information to attract 
visitors is an example of the so-called “hype” [13]. People reading such headings 
and sometimes without even opening the whole article begin to panic and spread 
this information.

3.1 “Infodemic” – new realities

Information resources on various platforms both at the beginning of the emer-
gence of a new virus and today are full of headlines that “the world will no longer be 
the same” [14]. Many new terms have appeared during the pandemic. They either 
did not exist before or were not widely used. Terms such as “fake news”, “lock-
down”, “covidiot”, “doom scrolling”, etc. entered our daily life. Another example of 
such terms is “infodemic” [15]. In our opinion, this word most clearly shows how 
large-scale the flow of information associated with the new virus has become. This 
term, highlighted by the WHO, described the unfounded information, which does 
not reflect the truth. It includes panic news and in some cases concealment of the 
essence of the information, rumours, and conspiracy theories aimed only at mis-
leading the society. Human beings tend to believe and share alarm warnings. Such 
information in addition attracts more readers, which is of higher importance for the 
media resources. That became a key factor of the development of infodemic.

Often, the official media unintentionally sowed panic among the population, 
reporting on the upcoming lockdown, disinfection, etc. Thus, such panic gripped 
the society in Baku, as in other cities of the world, during the announcement of the 
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complete lockdown [16]. People rushed to the markets buying almost everything 
after hearing such news [17]. Although full lockdowns in Baku lasted no more than 
two days, people bought several times more bread than usual. Society affected by 
the impact of the panic experienced as a result of the unexpected announcement of 
the news about the restriction exaggerated by rumours that flooded social networks 
and voice messengers have only fuelled peoples’ fears. On the contrary, along with 
panic and socio-economic tensions, so-called memes or funny pictures about the 
coronavirus [18] were also spreading on the Internet. Of course, this does not mean 
that we should not take the virus seriously. All medical advice must be followed, 
but one must not be afraid. In addition, even if in social isolation, we should do 
it without fear. We should strictly follow personal hygiene and distancing but 
not fear.

A lot of information, which was often fake, had a detrimental effect on both the 
psychological health of people and hindered an effective fight against the pan-
demic. People, left in complete isolation, were forced to search for information on 
the Internet in order to understand what was happening, how to protect themselves 
from the virus. Given the high interest in the subject matter, the unscrupulous 
media, accordingly, published and updated information, which did not always 
reflect reliable data, at lightning speed. Regular users who did not have in-depth 
knowledge of the topic and were unable to distinguish scientific data from rumours 
started to panic at such fake information. People prone to depression, who are in 
chronic stress, suspecting they have a coronavirus, lost their ability to adequately 
assess the situation. A large number of news, often-fake ones, about the coronavi-
rus, and their even greater spread on social networks, indicate that the criticality of 
information perception in times of turmoil decreases sharply. This is what the mass 
distribution of infodemic is based on.

Cybercriminals on the Internet have also contributed to the increase in the scale 
of the infodemic. Thus, they created hundreds of so-called bad bots [19]. These 
programs, imitating the behaviour of a real person, spread deliberately false and 
misleading information. However, during the pandemic, positive bots created by 
official structures served to provide help. Thus, a bot launched in Azerbaijan [20] 
allowed people to check themselves for the signs of the coronavirus infection.

However, is it right to say that the pandemic was accompanied only by false 
news? It is not only the information itself that is very important, but the context 
in which it is presented and its emotional colouring. Thus, national media in all 
countries of the world, as well as global media, began to publish “shocking” data 
on death toll from the coronavirus. Media headlines were mostly representing 
data on negative facts about the coronavirus. In this context, wasn’t it a manipula-
tion of readers aimed only at increasing the “clickability” of the title? It is obvious 
that the worse the news about the disease, the more readers it will attract. Haven’t 
people before that die of AIDS, cardiovascular diseases and other diseases? How 
important is the context of presenting information? Infodemic, when information 
or misinformation spreads virally, like the spread of the viral infection itself, has 
become the result of the work of the media and social networks. Pure statistics, 
even if it concerns mortality, can be frightening or neutral depending on differ-
ent contexts [21]. 3000+ deaths from COVID-19 in Azerbaijan during 12 months 
repeated everyday from TV channels impact deleteriously to the mental health of 
the people and make them panic. This is natural for public to be afraid. However, 
as forensic experts in Azerbaijan we know that the average mortality of the country 
about 60 thousands deaths in the past year makes three thousands less than even 
10% of mortality. Is this a justified reason for things we observed in last year? We 
do not think so. Majority of people continue to die from traditional diseases and 
most of dying COVID patients are also dying from own main diseases aggravated 
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by concomitant coronavirus infections, which was always happened in past when 
influenza made complications for such categories of diabetic, cardiac, oncology, 
hepatic and renal patients.

Literally recently, from a historical point of view, humanity has been fight-
ing epidemics such as “SARS (2002, 10% of deaths from those infected), avian 
flu (2003, 50% of deaths from those infected), MERS (2012, 35% of deaths from 
those infected), Ebola (2014, 40% of deaths from those infected)” [22]. At those 
times, the media was also filled with information of a frightening nature. However, 
humanity coped and literally until 2020, people lived a normal life, and only virolo-
gists and epidemiologists spoke about viruses in everyday life, to a lesser extent - 
representatives of other medical specialties.

Aimed at creation of sensation impressions and mass distribution, and in the 
case of social networks to get more shares, likes, views, journalists and bloggers, 
ordinary users, knowing nothing about medicine, or knowing at the level of the 
non-professional, write about the pandemic, the virus and even give treatment 
advices. How ethical in that context is writing of news by a person who does not 
have professional education in this area? What shall be the criteria? What medical, 
epidemiology and other information can and cannot be published by a non-pro-
fessional? We usually do not look into the education of the author of news but is it 
important in the era of pandemics? There are no definite answers, since everyone is 
entitled to the right to have personal point of view. From a legal standpoint, free-
dom of thought and expression of will is an inalienable human right. However, if 
a person disseminates knowingly false information, gives advice of medical nature 
without a licence, then personal opinion becomes an example of violation of the 
law. If the advice caused harm to health, then this action entails criminal liability. 
At the same time, we know many examples of medical errors done by professionals 
[23]. Therefore, it is impossible to mark the availability of medical education as the 
standard for authors writing or speaking about the pandemic. We can conclude that 
the coronavirus pandemic has led not only to medical but also to many ethical and 
legal issues in society as well.

3.2 Information about the virus: myths and facts in the media

If earlier the society experienced a lack of information, now there is a surplus 
of it. A person is simply not able to assess the scale of the incoming information. 
Thus, the query “coronavirus” in the popular search engine Google as of mid-
February 2021 gives out about 2.220 million [24] search results. Publication of such 
a large amount of information is often accompanied by a decrease in its quality. 
Unfortunately, in this case we have to rely on the search engine and hope that it will 
show the most truthful, complete and interesting information in response to our 
request. Most people in a fast-paced world have neither the time nor the energy to 
browse through a large amount of resources. In the old days, people went to librar-
ies, where there was a large, but limited number of sources. Today, their number on 
the Internet is simply physically incalculable.

In times when only government agencies were the sources of information, it was 
possible to trace its author and purpose for which the publication was made. It is 
clear that at all times the media are always engaged to some degree. It is difficult to 
say, in our opinion that the media is independent when they have sponsors thanks to 
which they actually exist. However, there are state and large private media hold-
ings committed to publishing clear information in order to maintain their status 
as a reliable source. In addition, even in the event of an error, they tend to publish 
an immediate rebuttal. Nevertheless, even they can hardly be called completely 
independent. Rating and audience coverage are also important for them.
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In the context of the coronavirus, many types of media, both private and 
public, have sought to convey information as quickly as possible. However, if the 
“prestigious” resources that treasure their name gave out only official information, 
then the rest of the media, guided only by attracting the audience, often published 
an outright fake. Often, the media, referring to famous doctors on their behalf, 
published information that did not belong to the author at all. What the author 
indicated either as possible or researched was published as accurate information.

Spreading of false information (or so-called “fake news”) has also become a 
serious problem. Such news are distinguished by their manipulative nature [25]. 
Often the authors of publications publish them not by mistake but purposefully. 
To attract the attention of the population media especially online publications for 
which traffic is especially important, often referred to the unconfirmed or even 
false information contributing to its spread. Misleading information can be related 
to both the disease itself and the methods of its treatment. Thus, information about 
folk remedies and methods of disease treatment, with the protocols for the use of 
alternative medicine, which often only worsened the patient’s condition, has filled 
the Internet.

Lack of medical knowledge and panic among politicians contributed to the 
dissemination of such information by the media at the initial stage of the emergence 
of a new virus.

Often, even before the confirmation of the effectiveness of the drug or treat-
ment method and protocol, the media began to spread information about it. Thus, 
at the initial stage of the pandemic, there were reports of the possible efficacy of 
certain drugs such as antimalarial one. Media resources began to replicate informa-
tion about this medicine; even some famous personalities claimed its effectiveness 
[26], which further increased the public interest. Based on unproven information, 
some people began to use this drug without a prescription, which led to serious side 
effects, and in some cases even death [27]. Only after clinical trials, scientists and 
medical professionals concluded that the drug is not only ineffective but can be 
even dangerous for use by certain parts of the population [28]. Nevertheless, unfor-
tunately, despite further denial in the media, there was already data on mortality 
caused by the use of the unverified information. However, at the initial stage, in 
early 2020, COVID-19 was a new type of disease for the medical and scientific com-
munity. This significantly complicated the work of doctors and less of the media. 
In the beginning, when there were no approved and proven effective treatment 
protocols, doctors had to verify any information empirically, that is, to use all avail-
able treatment options to save lives. However, the media, in pursuit of the rating, 
immediately publishing these data, albeit even if unintentionally, misled people.

Since the appearance of a new type of virus, many theories about its origin 
began to appear on the Internet. At an early stage, various rumours that have spread 
on the Internet, in the absence of scientifically proven facts caused distrust among 
people [29]. This fact largely contributed to the emergence of conspiracy theories. 
The so-called conspiracy theories put forward different ideas massively replicated 
in the media. In addition, even when experts denied the causes stated as the reason 
for the emergence of the virus in theory or the resources themselves published a 
refutation, people continued to spread information through social media networks. 
The most popular was the theory of the spread of the virus by the communication 
stations, which led to dozens of cases of the destruction of stations by the popula-
tion [30]. Spreading of such misleading information forced internet resources 
such as popular social media [31] to mark the information about the coronavirus as 
unverified and in some cases to even delete or block it.

In response to mass disinformation the WHO as well as UNESCO, European 
Commission and other organisations have created special web platform such as 
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“mythbusters” to in an understandable form with the help of specialists to debunk 
each of the myths and provide scientifically based information [32–34].

We think reality we have now and experience we gained in last year could make 
us taking very positive lessons as well: decrease of mortality started in the second 
half of the last year and continued to present levels even in pre-vaccine era, 80% 
of contaminated population had mild course of disease, more than 90% of popula-
tion has recovered, young people and children were ill much rare than the older age 
groups, panic took more people to the death rather the disease itself.

3.3 Vaccination and role of the media

Since the very appearance of vaccines in the media, unverified and often false 
information about vaccines began to spread. As well as it was with the coronavirus 
itself. The most widespread conspiracy theory, of course, was the “chipping”. This 
fake appeared at the beginning of the pandemic and explained its appearance as the 
desire of certain forces to microchip all of humanity by means of vaccination.

The efficacy and safety of vaccines has been the subject of debates. Although 
vaccines appeared just a couple of months ago, the media were already filled with 
information about mortality after their introduction [35]. Unfortunately, mortality 
from the vaccine as a reaction of the body (anaphylactic shock) is quite possible, 
even in the case of the administration of long-used, well-studied vaccines.

COVID-19 vaccine has recently appeared. Due to its urgency, it has not passed 
long-term clinical trials, which usually take 2–3 years. However, preliminary data 
made it possible to speak about their effectiveness and safety, which gave the WHO 
reason to approve the first yet vaccine.

The media circulating conspiracy theories and other fakes earlier are now 
publishing news about the need for vaccination. An interesting fact is that even now 
the Internet is filled with information about vaccines’ side effects, which alternates 
with a call for vaccination. The media, with their fast-changing and sometimes 
diametrically opposed news, is often misleading their viewers and readers. Many 
people, reading about mortality from coronavirus, want to be vaccinated immedi-
ately, while others, reading about its side effects, start to panic.

Publishing only information on side effects and mortality from vaccinations, the 
media rarely covers how many people were successfully vaccinated. How many and 
at what level developed antibodies after? That is, one gets the impression that the 
media are not engaged in providing information, but in only attracting an audience 
or so-called hype.

It is also necessary to note the inadmissibility of discrimination against people 
who refuse vaccination. Coercion violates a constitutional human right and right 
for autonomy and dignity. Moreover, for some people, vaccination is contraindi-
cated due to the medical reasons, such as allergies to its components. However, 
media are actively broadcasting information about “covid passports”, manipulating 
peoples’ fears.

Azerbaijan is the first country in the South Caucasus region and is one of the 
first in the world that ensured vaccines’ delivery and has launched vaccination on 
18th of January 2021. Vaccination is implemented free of charge for the citizens and 
on voluntary basis thus protecting the autonomy of decision-making.

The Cabinet of Ministers approved the “Strategy of vaccination against COVID-
19 in the Republic of Azerbaijan for 2021-2022” on 16 January 2021 by the Order No. 
48 s. The phased vaccination strategy implemented in the country prioritises the 
elderly and medical workers.

The vaccines approved so far by the CDC are not yet available in Azerbaijan due 
to the lack of sufficient amount of them at the manufactures and high demand. 
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However, the country has contributed $21 million [36] to the COVAX [37] initia-
tive and supports all international activities in the fight against the coronavirus 
[38]. Moreover, as the delivery of vaccines within the COVAX is still expected [39], 
Azerbaijan has already purchased 4 million vaccines of Coronavac from China 
[40] to start the vaccination early. The procedure takes time because it includes 
an examination of those wishing to be vaccinated. For check-up and vaccination 
purpose, the State Agency for Compulsory Medical Insurance has launched a new 
electronic service called “COVID-19 vaccine appointment” [41]. Vaccinated citizens 
will be issued an electronic certificate in case of need a vaccination document when 
travelling abroad.

3.4 Social networks and phone messengers as a source of disinformation

Today, in addition to official state and private information companies, social 
networks have become a great source of information. Conceived to create a means 
of convenient communication and exchange of information between people, social 
networks have become independent sources of information. Although most of the 
official media, government officials and various international and other structures 
have official pages in the networks, in addition to them, there are millions of other 
pages. Some pretend to be original, creating fake profiles on behalf of the official or 
structure. Others share information at the rumour level, creating a false impression 
of credible awareness.

Smartphone messengers posed a special threat in this sense specifically when 
messages were sent from person to person, and the author could only be identified 
by involving law enforcement agencies. Thus, one of the most “egregious” fakes, 
widespread in Azerbaijan, was a voice message about the alleged disinfection of 
the entire country from a helicopter [42]. Unfortunately, doctors themselves often 
participated in the spread of such fakes, as they later explained “under the influence 
of panic” [43] or, more horribly, for the sake of joke [44].

During the pandemic, Azerbaijan had to introduce fines, administrative or 
criminal liability for spreading rumours about the coronavirus [45]. Of course, 
doctors, like the rest of the population were in fear and stress during the peak 
period of the pandemic in the country and in even more risk of being in constant 
contact with patients. However, the role of the media, especially unofficial ones that 
disseminated such information should not be underestimated. In the case of instant 
messengers, the situation is even more complicated for a number of reasons. First, 
they guarantee the confidentiality of the information sent through their platform. 
Secondly, personal correspondence is not an official source of information and only 
expresses the opinion of the author, to which everyone is entitled by law. Moreover, 
since the information is private it does not imply distribution. However, unfor-
tunately, the pandemic has shown that information can be disseminated through 
instant messengers even faster and on a larger scale than through publications on 
the Internet. For example, some messengers had to mark frequently sent messages 
as a possible fake or even prohibit their forwarding [46]. However, these restric-
tions are sometimes ineffective. The user can not only simply forward the message 
to others, but also write a new one, referring to initial information as “heard” one, 
“it was said that…”. As a result, the original message is further distorted and over-
grown with rumours. There is no responsibility of messengers in this context. It is 
impossible, since they do not break the law by their work. They only do what they 
were created for, namely they represent the means of communication.

People who use social media or phone messengers should understand their 
responsibility by sending comic messages on such a serious topic as the coronavi-
rus. In addition, it is the personal responsibility to trust rumours or not. The only 
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possibility to protect our safety in this regard is to verify all the incoming infor-
mation with the official sources, such as the state ministries’ websites and think 
critically about the news we get.

3.5 COVID-19: role of media in the positive effects of the pandemic

Along with high uncertainty and anxiety, the pandemic has created conditions 
for development in some areas. As a result of total lockdown the digitalization of 
society has accelerated. People were forced to spend more time on the Internet. 
Many workers were transferred to the so-called remote job. Online shopping began 
to develop in those countries where it was not popular before. Even areas that previ-
ously seemed impossible online have begun to adapt to the new environment. Thus, 
online pharmacies began to appear in Azerbaijan, school and university studies 
also switched to online training, and special training platforms were launched. 
Telemedicine has started to be developing.

Online commerce and marketing are the areas that have benefited most from 
the coronavirus-related restrictions. Clothing manufacturers often used the coro-
navirus theme. Advertisements for T-shirts with various inscriptions and images on 
the topic of coronavirus appeared on the Internet. Some companies have supported 
healthcare [47] by producing medical equipment, which was also a good marketing 
strategy.

Although internet commerce has grown rapidly due to the pandemic, it is 
difficult to say that it will permanently eliminate shopping malls, at least not in the 
next decades. Hiking to the malls often has nothing to do with shopping. People, 
especially the youth, went to shopping malls, which usually have restaurants, 
cinemas, and a lot of entertainment such as bowling, to spend their leisure time and 
meet with friends.

The field of telemedicine is perhaps one of the few that has evolved during the 
pandemic. Today it is still too early to talk about general surgical interventions 
that can be performed remotely via the Internet (although such experiments have 
been implemented already [48]). However, telemedicine in today’s conditions has 
become a real salvation for both patients and doctors. First, patients could save 
the time they usually spend travelling to the hospital. Secondly, the doctor and 
the patient were both protected from possible infection, since often people them-
selves did not even suspect that they were infected (the so-called “asymptomatic 
patients”). In addition, in some cases, the patient does not need a real examination, 
but a consultation, an adjustment of the treatment course. The psychological effect 
is also important when the patient turns to the doctor “to calm down his fears”. In 
the case of the field of psychology, telemedicine was easily possible, and it did not 
lose its meaning either. Since in psychological practice the factor of communication 
prevails and does not require physical contact such as, for example, in the case of 
traumatology.

4.  General information about the impact of the disease in Azerbaijan 
and around the world

The coronavirus pandemic is a unique phenomenon. Right after the emergence 
of the virus and information from China, people around the world were locked-up 
in their homes. Cities and streets became empty. The world community divided into 
groups of those who feared the new virus and those who did not believe in it. Fear 
changed the world. Politicians had to enforce restrictive measures to create a sense 
of security among citizens. Moreover, the population blamed politicians who did 
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not act. However, there was also another part of the population that was left with-
out income because of restrictive measures, whose business went bankrupt. On the 
contrary, they wanted the restrictions to be lifted as soon as possible. Many people 
came out to mass demonstrations against the mask regime and other restrictions in 
such big cities such as London, Berlin, Madrid, Amsterdam [49–52].

Comparative statistics analysis for 9 months (March 2020 – February 2021) 
shows more than two fold growth in morbidity and mortality in the world. 
Coronavirus cases at the end of February 2021 almost doubled compared to May 
2020 (about 112 million compared to more than 5 million) [53]. The coronavirus 
death toll also increased significantly. Thus, for the mentioned period it has 
increased from 351,886 in May 2020 to more than 2 million 400 thousand deaths 
to date. However, recovery rate also has increased indicating that more than 87 
million or about 80 percent of patients have already recovered [54]. The above data 
give us reason to believe that most of the people currently undergoing treatment 
will fully recover. 99,6% of those who are active cases now have a high chance to be 
recovered. So, our observations of global mortality rate being 6–7% in early months 
of March – April, went down to 5–5,5% in May – June, then to 4% in August and to 
2,2% from the fall of the year till start of the vaccination. This says a lot. So pres-
ent mortality rate at 2,2% is not a result of vaccination but this is result of natural 
processes, which can be scientifically explained or not, but this is a fact which all of 
us should accept.

The disease, which was classified as the pandemic by the WHO, which affected 
more than 100 million people in one year has been also registered in Azerbaijan. At 
the beginning of January 2020, when there were no cases of infection among the 
population, epidemiological and overall situation in Azerbaijan was not so tense. 
Even before the first officially documented coronavirus case, the authorities have 
started the development of the antiviral measures. These measures included the 
adoption of the Action Plan to prevent the spread of the new coronavirus disease 
in the Azerbaijan Republic, and then the creation of the Task Force under the 
Cabinet of Ministers (Task Force or Operative Headquarter under Prime-Minister) 
to combat coronavirus [55]. However, the escalation of the situation in the media 
made the situation worse. Global and local media resources covered information 
of a purely medical or biological nature. This information was not familiar for the 
average reader, but aggravated fear in society.

The first case of the coronavirus infection was registered at the end of February 
2020 in Azerbaijan [56]. The shocking news from other countries by that time 
have already scared people. Subsequently, after the first death case that followed in 
March [57] social situation deteriorated. The massive information flow, which was 
accompanied by frightening statistics about the rapid spread of the virus and lack 
of treatment of the unknown disease filled local media. The further introduction 
of quarantine measures led not only to the deterioration in the emotional state of 
people, but also disrupted the work of almost all areas.

Throughout the year, easing and tightening of the quarantine regime have 
changed alternately several times, that had a negative impact on the psyche of the 
people and the economy of Azerbaijan. Thus, according to the latest data, the state 
spent 2 billion manats (local currency, 1 USD = 1,7 AZN manat) to fight the corona-
virus in the country in 2020 [58]. The imminent recession in the economy, business 
activity, tourism and other spheres negatively affected the economic condition of 
people. As a result, the income of the population has significantly decreased or 
stopped altogether. Although the state has provided financial support [59] to the 
citizens and entrepreneurs [60], people accustomed to the certain level of incomes, 
who took out a flat or a bank loan on a mortgage, found themselves in very difficult 
circumstances. The most difficult situation was observed in the tourism, restaurant, 



Biotechnology to Combat COVID-19

618

and entertainment sectors. Under the conditions of quarantine measures, their 
work was either prohibited or significantly restricted. Consequently, the economic 
factor has become an additional reason for the deterioration of the psychological 
health of the population. Moreover, under the conditions of the strict quarantine, 
restrictions and even ban to leave home were applied in the country [61].

Implemented during the quarantine time limit for leaving home [62] negatively 
affected people’s everyday life. In fact, people were limited to outdoor walks. The 
time restrictions on leaving the house forced people to make a choice between visit-
ing, for example, a bank and taking a walk in the park or even doctor visit.

The ban on the work of gyms and admission to parks has become an additional 
fact of the aggravation of not only the physical but also the psychological health of 
the people. Accustomed to a sports lifestyle were limited even to visiting parks and 
the sea. Morning jogging along the embankment was allowed only in compliance 
with epidemiological measures, such as wearing a medical mask, which questioned 
the benefits of such a run. In our opinion, in Azerbaijan, where the summer sea-
son is very hot wearing a medical mask during that times was more harmful than 
beneficial especially while morning jogging. Wearing a mask limited calm breath-
ing, caused shortness of breath and additional sweating. In general, from a medical 
point of view, the value of wearing a mask in the hot summer season, weighed down 
by the high levels of humidity that is observed in the most parts of the country, 
from our point of view, are not just controversial, but rather negative. Thus, sweaty 
masks, in conditions of poor air exchange during summer season, often absent or 
very weak wind attracts bacteria more than protects health. Such measures had 
an extremely negative impact on both the physical and emotional state of people. 
Moreover, unfortunately, masks were not distributed free of charge on a massive 
scale to the country’s whole population. Therefore, some people ignored the need 
to change the mask every 2 hours, and there was no point in it due to the high air 
temperature, which some days was above 40 degrees Celsius, and high humidity.

Even during the hot summer months, within the framework of quarantine 
measures people were deprived of the opportunity to visit the beaches. Access to 
the beaches was opened only at the beginning of August when the beach season in 
Baku was already ending [63]. Moreover, the opening also took place subject to the 
necessary epidemiological measures [64] such as social distance between beach 
loungers and limiting the number of people on the beach. To this end, a website was 
created where people could book their place in advance on the beach and estimate 
how many people are there.

Places of religious worship were also closed in Azerbaijan during the tough quar-
antine as well as in many countries. However, people who were already in the stress-
ful state and used to find peace only in such places through prayer were deprived 
of this opportunity. The pilgrims were deprived of the opportunity to perform the 
Hajj [65], the devout deprived of carrying out religious rites in relation to those who 
died from the coronavirus. The closure of churches [66], temples, mosques and 
other places of worship at certain times has been implemented around the world. 
Unfortunately, it is difficult to maintain social distance in places of worship. There 
were also recorded cases of mass infection in such places [67, 68] that ensured the 
restrictive measures. Nevertheless, such restrictive measures have created an addi-
tional burden on the psychological health of people and have disrupted the usual 
way of life. The mosques remain closed even at present. Moreover, the closure of the 
religious sites while restaurants are open is also causing debates in the society.

We believe that one of the unjustified measures taken in the fight against coro-
navirus in Azerbaijan as well as in many other countries was the disinfection of the 
streets. The chemicals used for the disinfection were further absorbed into the soil, 
disrupting the ecology and harming biodiversity. Moreover, these substances posed 
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a particular threat on people’s health, especially of those suffering from allergies 
and lung diseases. Therefore, both from an environmental and a medical point of 
view, this measure caused more damage than benefit. Large financial resources were 
allocated for its implementation, which in the conditions of the economic downturn 
was spending that could be directed to health care needs. An additional, albeit not 
so important, negative factor of disinfection is the inconvenience of the population. 
Often people were advised not to leave the house during disinfection.

From the epidemiological point of view, mentioned restrictive measures might 
be justified if they made sense in terms of reducing the rate of increase in the 
incidence. However, the statistics, unfortunately, show the opposite. Moreover, 
the negative influence of the lack of sports activity and walking in the fresh air, the 
importance of vitamin D produced by the body under the influence of sunlight is 
widely known. That is, the restriction on walking in the fresh air led to stress and 
an even greater weakening of natural immunity, which is so important in the fight 
against the virus.

Restrictive measures in connection with the coronavirus in Azerbaijan have been 
further tightened as a result of the introduction of martial law at the end of 2020. 
Coronavirus disease during the war has become an additional burden on the health-
care system. The outbreak of the Patriotic War or the Second Karabakh 44-day 
war [69] at the end of September created tension in society. News reports from the 
front line were combined with statistics on the spread of coronavirus infection. 
Moreover, the restrictive measures have been further tightened in connection with 
the introduction of martial law in the country. The country’s health care had to 
solve a difficult task of allocation of resources between the needs of the front and 
coronavirus hospitals. In this respect, this period was especially difficult for doc-
tors. Consequently, the health care system was overloaded during this period.

The Task Force significantly weakened the quarantine regime, however, has not 
completely lifted it as of February 2021. Thus, a number of restrictions such as the 
necessity to wear medical masks, large shopping centres and metro remain closed, 
public transport does not work on the weekends, will remain valid until April 
2021 [70].

The coronavirus emergence also gave impetus to the development of domestic 
healthcare in Azerbaijan. Thus, foreign experts from China, Russia, Italy and 
Cuba were repeatedly invited to the country to exchange experience and help to 
fight coronavirus [71–74]. For the first time in the country, modular hospitals were 
opened [75]. Factories for the production of medical masks and even disinfection 
tunnels [76] for domestic use and export have been launched.

As of February 2021, statistics on coronavirus in Azerbaijan show about 80 
percent recovery [77]. At present, some patients are still in hospitals, some are 
being treated at home, so it is difficult to give a final figure yet. However, based on 
one-year observation we can assume that the final death rate from the disease in the 
country will be low and not more than 2 percent.

Not only Azerbaijan experienced coronavirus-related restrictions. Worldwide 
unprecedented control measures have been taken. Thus, all international sporting, 
cultural and scientific events have been cancelled. Many events such as interna-
tional chess tournaments and even political meetings with the participation of state 
officials were held in the online format.

Restrictive measures of unprecedented scale and often-conflicting media 
coverage may have resulted from the lack of timely action by the WHO [78], which 
declared pandemic and gave appropriate medical advice to the member-states quite 
late. Were these measures justified? Experts have yet to figure it out. At the initial 
stage, when the world was gripped by panic due to the unknown type of virus, 
such measures may have been necessary. However, by the middle of 2020, their 
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destructive side in relation to the economy and the psychological health of people 
became clear. A similar situation and restrictive measures were observed in many 
countries of the world and for now, people still do not have the opportunity to 
return to their usual way of life. For now, continuation of quarantines around the 
world, restrictive measures when the coronavirus infection has already been studied 
and vaccines have been developed and made available, is questionable and causes 
controversial ideas among the world community.

5. Conclusion

Despite all the restrictive measures taken in the world, the pandemic did not 
stop, and only a year after its emergence the European Commissioner admitted that 
“the borders do not prevent the coronavirus” [79]. Unfortunately, society has gone 
through practically a halt in all social life. It has been deprived of the opportunity 
to visit other states for more than a year. However, today there is no decision to 
completely lift restrictions by all states. Some countries announce quarantines even 
in 2021 [80]. The Internet today is filled with “predictions” about how the world 
has changed, that it will no longer be the same again after COVID-19. Positive 
ideas are replaced by negative ones and vice versa. All this information affects the 
psychological state of readers. For some, coronavirus is depressing, for the others it 
has opened up new opportunities and ideas. “What will the world be like after…?” 
Journalists and representatives of other spheres argue. A little over a year has passed 
since the emergence of the new virus. What can we conclude for today? First, the 
impulse that the virus gave to the development of biotechnologies and medicine. 
In just a year, several effective vaccines for coronavirus appeared at once in par-
ticular thanks to the development of biotechnology. Have we encountered such 
lightning-fast vaccine development before? Perhaps, the developments scientists 
have launched today will give positive results for medicine in the future. Despite 
all the seeming global changes, if we remove the noise created in the media, then 
nothing has essentially changed. At each stage of human development, one can note 
the events that “changed” life. Thus, “Spanish flu” has led to the death of millions 
of people. At that time, it seemed that society would not return to normal life. 
Nevertheless, humanity coped with the disease and continued its development.

However, we consider the role of the media to be the most important aspect of 
the pandemic. Media resources are the most important source of information. We 
have witnessed how misrepresentation of information or its deliberate distortion 
can harm society, how it affects psychological health. Nor should the role of the 
state be underestimated in this regard. Politicians, heads of states are interested 
in the development of society, elimination of threats and maintenance of public 
health. However, inappropriate or unnecessarily strict measures can sometimes 
only exacerbate the situation. In this context, a well-coordinated and close coop-
eration between representatives of the health system, scientists and the media is 
necessary. State should not allow the spread of fakes, or vice versa, withhold infor-
mation. The average citizen cannot and does not have to be a scientist to understand 
a situation. Moreover, the main task of the media is to convey reliable information 
not through scary headlines, but through proven science-based information. 
Oftentimes, politicians or lawyers with no medical knowledge make decisions that 
are medically unfounded. However, there are also opposite situations, when the 
opinion of a specialist is expressed in the media, but it is so full of terminology that 
it is not clear to readers or viewers.

From a historical point of view, the significance of the pandemic in our opin-
ion should be assessed as a unique experience, thanks to which people got the 
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opportunity to re-evaluate approaches to the digital transformation of society, 
rethink its economic, socio-political, ecological fields and outline the main conclu-
sions about the priorities for the further development of humanity.

For Azerbaijan as well as other countries, it is necessary to develop popular 
science journalism. Such journalism should research on how to balance the infor-
mation flow during such a hard times as a pandemic. It is necessary to conduct 
an objective assessment of media work, effectiveness of healthcare management, 
identify its weak sides and develop new strategies. The organisation of the health-
care system should ensure its preparedness for extreme situations such as pandemic.

We hope people will not face such pandemics in the future but we – the world 
community must be prepared for that and do not let panic destroy our lives.
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