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Viruses require the host cellular machinery for protein translation and replication. Upon proliferation, virions damage cells

and are released from the infected cells before infecting other cells. Acute inflammation occurs when host cells are damaged

by infection. The cell receptors to which severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) binds, are widely

distributed compared to those for other viruses, thereby resulting in various symptoms such as rhinitis, pneumonia, and en-

teritis. In general, RNA viruses, including SARS-CoV-2, exhibit a high frequency of gene mutations. Antigenic modulation

due to genetic mutations of the spike protein causes cytokine storms because of strong activation of the innate immune sys-

tem, similar to the phenomenon previously observed in highly pathogenic avian influenza. The proportion of severely ill pa-

tients due to coronavirus disease 2019 (COVID-19) varies from country to country, and factors that are responsible for the se-

verity of the disease include antibody-dependent enhancement (ADE), Bacillus Calmette-Guérin (BCG) vaccination, and hu-

man leukocyte antigen (HLA) type. ADE and HLA types may also influence the protective effect of immunity, including its

vaccine response against SARS-CoV-2.

This report is a secondary publication of our previous review report “J Tokyo Wom Med Univ 91: 2-10, 2021.”
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Introduction

As viruses differ from bacteria and cannot self-replicate,
they penetrate (infect) cells and use the replication en-
zymes of infected cells for replication. After replication,
viruses damage cells, leave the infected cells, reinfect
nearby cells, or transmit to other individuals through sa-
liva, feces, blood, and other sources. If the virus is highly
replicative, then the cell damage is worsened, leading to
viral toxicity. In chronic infections, several cells do not

cause acute injury. Viral genes are inserted into an in-

fected cell’s DNA (provirus), which is retained extrach-
romosomally as episomes. Until viruses are produced
again by activation stimuli, the provirus synchronizes
with the infected cell division. Presumably, at least 8% of
human DNA comprises proviruses and their fragments.
Because an antigenic shift occurred due to a mutation in
its characteristic spike protein (the reason it is called co-
rona), severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2) is referred to as novel coronavirus; how-
ever, it is believed that the virus is not a unique diver-

gence of the normal form, and the viral infection can be
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treated by the host’s normal immune response. In the pre-
sent study, we explain the structure of SARS-CoV-2 as
well as discuss factors that control the exacerbation of the
disease, and the current state and challenges in vaccine

development.

Characteristics of the Virus

Viruses are microscopic particles that cannot replicate.
Until giant viruses were discovered."” It was believed that
viruses could only be observed using electron micro-
scopes. In general, the size of a virus ranges from 0.038
to 1 pm compared to 1-2 pm for a bacterium, and pre-
sumably, both bacteria and viruses can pass through the 5
um mesh of a typical surgical mask. In a recent study, the
virus uptake volume of the 0.1 pm SARS-CoV-2 was re-
duced by 20% to 40% by wearing cotton masks and sur-
gical masks, and it was found that N95 masks could re-
duce uptake volume by 80%-90%.'

According to the International Committee on Taxon-
omy of Viruses (ICTV), a virus classification and naming
institution, as of 2019, viruses were classified into 168
families, 103 subfamilies, 1,421 genera, 68 subgenera,
and 6,590 species,’ and moreover, multiple serotypes ex-
isted for each species. Among viruses that cause cold
symptoms in humans, rhinovirus of the family Picor-
naviridae is the most common; however, other 110 types
of viruses are also responsible for causing viral infec-
tions. Typically, rhinovirus and other viral infections ex-
hibit minor symptoms. Nevertheless, viruses that cause
fatal infections, such as Ebolavirus, human immunodefi-
ciency virus (HIV), and rabies Lyssavirus, make up a
negligible proportion of all viruses. Symptoms that arise
from viral infections depend on the site of viral infection
(the virus receptor expression site). For example, as ra-
bies Lyssavirus receptors are nicotinic acetylcholine re-
ceptors, they cause neurological symptoms (impaired
neurotransmission) by damaging the nerve cells. More-
over, HIV receptors are CD4 molecules, and thus, HIV
produces immunodeficiencies by damaging helper T
cells. Because the expression site and frequency of virus
receptors differ depending on the species, viral infections
are characterized by species and tissue specificity. Never-
theless, certain viruses use nonspecific receptors similar

to those of bacteria. Due to these characteristics (species

specificity ), to create an experimental animal infection
model, the target experimental animal must continue to
be infected with a human virus for a period ranging from
a few weeks to a few months (adaptation). SARS-CoV-2
infections have been confirmed in vitro in monkey kid-
ney cell lines and in vivo in hamsters.® Animals such as
rhesus macaques, cynomolgus macaques, and African
green monkeys are known to present the same infection

pathways and symptoms as humans.”

Virus Classification

Viruses are classified by genotype as either DNA or
RNA viruses and can be further separated into two types:
single-stranded (ss) and double-stranded (ds). Further-
more, sSSRNA viruses can be divided into those with posi-
tive polarity (+) and those with negative polarity (-) (Ta-
ble 1).° Although (+) RNAs can be directly translated
into viral proteins as mRNAs, (=) RNAs cannot be trans-
lated into viral proteins until they are transcribed into (+)
RNAs. Furthermore, viruses can be categorized into
those with an envelope derived from the infected cell
(enveloped) and those without (nonenveloped). Because
envelopes represent the plasma membranes of virus-
infected cells, viruses do not comprise the genetic infor-
mation of envelopes. Viral genes are protected by capsid
proteins. Capsids can be classified as icosahedral or heli-
cal. The capsid of SARS-CoV-2 is helical.

SARS-CoV-2

SARS-CoV-2 is a (+) ssRNA virus belonging to the fam-
ily Coronaviridae. The ICTV named the virus SARS-
CoV-2 and the disease caused by it as coronavirus dis-
ease 2019 (COVID-19)." Coronaviruses are classified as
alpha (o), beta (), gamma (Y), and delta (8). o~ and B-
coronaviruses trigger respiratory tract or intestinal infec-
tions in 10%-30% of infected individuals. They account
for 15%-30% of viruses that trigger typical cold symp-
toms rhinoviruses are the most common cause of cold
symptoms, followed by coronaviruses and then by influ-
enza viruses.

Viruses in the coronavirus genera are (+) ssRNA vi-
ruses that comprise envelopes derived from infected cells

containing three major glycoproteins (spike protein, en-



Table 1. Taxonomy of virus.’

Naked or

Nucleic acid enveloped Capsid Family and major diseases
s Parvoviridae
Erythema infectiosum
Naked
Icosahedral Adenoviridae Papillomaviridae
DNA Gastroenteritis Papilloma
ds Herpesviridae Hepadnaviridae
Herpes HB
Enveloped Poxviridae
Complex Variola
Rhabdoviridae Orthomyxoviridae ~ Arenaviridae
o Rabies Influenza Lassa fever
ss (-
. Paramyxoviridae Filoviridae Bunyaviridae
Helical Measles/Mumps/RS Ebola virus disease ~ CCHF/SFTS
Enveloped Coronaviridae
SARS/MEAS/COVID-19
RNA Polyhedron Flaviviridae DF/JE/YF
ss (+) X Togaviridae Retroviridae
Spherical Rubella AIDS/ATL
Caliciviridae Picornaviridae
HE/IG (Noro) polio/HA/Rhino
Naked Icosahedral .
ds Reoviridae
1G (Rota)

Virus-derived RNA dependant RNA polymerase is utilized for mRNA synthesis complementary to the genome in

single-strand (-) RNA virus. Complex capsids include helical and icosahedral structures.

ss, single-stranded; ds, double-stranded; CCHF, Crimea-Congo Hemorrhagic Fever; SFTS, severe fever with

thrombocytopenia syndrome; JE, Japanese encephalitis; YF, Yellow fever; RS, respiratory syncytial; IG, infectious

gastroenteritis; HA, HB, HE, hepatitis A, B, E; AIDS, acquired immunodeficiency syndrome; COVID-19, corona-

virus disease 2019; ATL, adult T-cell leukemialymphoma; SARS, severe acute respiratory syndrome; MERS, mid-

dle east respiratory syndrome; DF, dengue fever.
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Structural diagram of SARS-CoV-2.

Figure 1.
SARS-CoV-2 is a + ssSRNA virus, in which the RNA is covered
with a helical capsid. The envelope derived from the infected cell

consists of three major glycoproteins, namely, spike protein (S), an
envelope protein (E), and membrane protein (M), and a small num-
ber of haemagglutinin esterases (HE), similar to those observed in
type C influenza virus.

velope protein, and membrane protein) and possess lim-
ited amount of hemagglutinin-esterase (HE) similar to
those of the type C influenza virus (Figure 1). Influenza

virus structures differ in polarity and segmentation (seg-

mented /unsegmented ) of ssSRNA (influenza viruses :
negative strand, segmented ; coronaviruses: positive
strand, unsegmented) and types of constituent proteins
(infected cells are different). Presumably, RNA viruses
may undergo frequent base substitutions by mutation,
and their genetic information changes continually. More-
over, unsegmented ssSRNA has no mutations due to anti-
gen shift (reassortment of segments) compared to seg-
mented ssSRNA, and these viruses are therefore less prone
to mutations. An antigenic shift occurred due to a muta-
tion to SARS-CoV-2’s characteristic spike protein.'""
Furthermore, because SARS-CoV-2 has potent interferon
(IFN) inhibitor genes, it is likely to replicate.” As with
the Spanish flu of 1918 influenza and highly pathogenic
avian influenza infection, it tends to induce a cytokine
storm and triggers an overactive innate immune re-
sponse. ""* After its spike protein binds to the
angiotensin-converting enzyme (ACE) 2 expressed on
host cells, SARS-CoV-2 enters the cell by the action of

transmembrane protease/serine (TMPRSS) 2 on the sur-
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Figure 2. Life cycle of the coronavirus.

The spike protein binds to the ACE2 enzyme on the plasma membrane of type 2 pneumocytes and in-

testinal epithelial cells. After binding, the spike protein is cleaved by a host membrane serine protease,
TMPRSS2, facilitating viral entry. Modified from reference 19.

1% Thus, the simulta-

face of the infected cell (Figure 2).
neous expression of ACE2 and TMPRSS?2 are necessary
for coronavirus infections.” Although the expression of
human influenza virus receptors and proteases is limited
to the upper respiratory epithelial cells, these molecules
exhibited various expressions in the the nasal passage,
bronchi, lung parenchyma, esophagus, ileum, colon,
prostate, and cornea.” Therefore, SARS-CoV-2 is similar

to influenza considering the onset of fever that accompa-

nies the activation of innate immunity; however, its in-
fections induce various symptoms such as rhinitis, pneu-

monia, and intestinal inflammation.

Viral Interference

The phenomenon of viral interference (where infection
by one type of virus hinders the infection by another type

of virus) has long been known. Previous studies reported
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Figure 3. Fc-dependent antibody-dependent enhancement (ADE) hypothesis in SARS-CoV-2 infec-

tion.

A. Specific antibodies targeting viral surface proteins (yellow) bind to and neutralize the virus. This

promotes viral entry into host phagocytes and blocks their attachment to the cell surface viral receptor.

B. Interplay of the cell surface Fc receptor with the viral epitope-bound antibodies promotes viral in-

fection of the target cells (ADE). Incomplete binding of the mutated viral ligand (green) to antibodies

promotes exposure of the viral epitopes to the cell surface receptors, leading to enhanced invasion of

the virus to the target cells.

C. Viral infection is mediated by host cell surface receptors. Mismatched antibodies are incapable of

blocking viral epitopes (pink), thereby accelerating subsequent infection.

a substance that inhibits the replication of other viruses,
namely IFN (currently, Type I IFN).” Presumably, one
reason for viral interference is that the Type I IFN pro-
duced by the activation of innate immunity from the in-
itial virus infection inhibits the replication of the other vi-
rus infection. Another possible reason is the competition
for replication enzymes because the initial virus expends
the replication/transcription enzymes of the infected cell.
On comparing influenza virus and coronavirus, it is as-
sumed that a coronavirus would prevail (since it has (+)
RNA that can directly assemble proteins) due to the dif-
ference between (+) RNA and (-) RNA. Additionally,
the virus that prevails also differs depending on whether
it has an IFN inhibitor gene. In recent years, interference
between influenza virus and rhinovirus infections has
been observed.” As this is also a (+) ssSRNA virus akin to
the rhinovirus, presumably similar interference will occur
with the SARS-CoV-2 outbreak. In particular, influenza
did not spread in Japan during the winter of 2019; how-
ever, COVID-19 was widely spread.

Factors that Control Exacerbation of Disease

Antibody-dependent enhancement (ADE)

ADE explains the exacerbation of disease after vacci-
nation and after a secondary viral infection by a different

25-27

type (serotype) of virus.”™ For example, for viruses with
two or more serotypes (antigen types), exacerbation of
disease occurs when there is an infection with a type 2
virus after the initial infection with a type 1 virus estab-
lishes immunity. After infection with the type 1 virus and
production of neutralizing antibodies, even if a second
infection with the type 1 virus occurs, the infection
would not be successful because the viral antigens would
be completely neutralized by the neutralizing antibodies
(Figure 3-A); however, if the virus in the second infec-
tion was a type 2 virus, the neutralizing antibodies could
not completely neutralize the virus, but the viral antigens
would remain uncovered because the antigenicity of type
1 slightly differs from that of type 2 (Figure 3-B). As an-
tibodies that incompletely bind to the virus also bind to

the Fc receptors of infected cells and promote exposure



of the cells to the virus, the frequency of binding between
the viral antigens and the cell’s viral receptors is higher
than in typical infections (Figure 3-B). As a result, after
establishing immunity, infection with a virus of different
antigenicity causes exacerbation of the disease. With
SARS-CoV-2 infections, fusion of the viral and cellular
membranes (uncoating) occurs by TMPRSS?2 acting on
the viral envelope. When neutralizing antibodies firmly
bind to the spike protein (Figure 3-A), and if phagocyto-
sis of the virus occurs, TMPRSS2 is unable to act on the
spike protein, and uncoating does not occur. In contrast,
with a mutated spike protein, ACE2 and TMPRSS2 both
act on the spike protein, and infection (uncoating) is suc-
cessfully established by the aforementioned mechanisms
(Figure 3-B). The principle of the current mainstream
ADE hypothesis is as follows: antiviral efficacy is inhib-
ited, and viral replication accelerates because expression
signals for Type I IFN inhibitory signals, which have an-
tiviral effects and interleukin (IL)-10, which is an inhibi-
tory cytokine are transmitted from nonspecific molecules
(leukocyte immunoglobulin [Ig] like receptor [LILR])
that recognize viruses and Fc receptors. On analyzing the
antigenicity of 80 variants of natural mutants and artifi-
cial mutants of the spike protein, it was found that neu-
tralizing antibody responsiveness of SARS-CoV-2 was
altered.” Furthermore, as the variants differ country wise,
it can be inferred that enhancement by ADE also dif-

fered.””

Bacille de Calmette et Guerin (BCG): Inhibition by

activation of innate immunity

In Africa in 1990, BCG vaccination was carried out to
reduce the mortality caused by tuberculosis in children;
however, in addition to tuberculosis, lower mortality
from viral pneumonia was observed after vaccination.”
This gave rise to the Trained Immunity hypothesis in
2011,” and immense research was conducted. As a result,
in 2016, it was found that BCG vaccination enabled the
innate immune system to swiftly respond to the invading
pathogens via epigenetics (changes in gene expression or
cell phenotype that are not accompanied by changes in
the DNA sequences).” In 2018, it was demonstrated that
BCG vaccination could inhibit experimental infection
from a yellow fever viral vaccine strain,” thereby sug-

gesting that chromatin that encodes IL-1 unravels due to

BCG’s repeated stimulation and its production becomes
easier (trained immunity).” Since IL-1p induces the pro-
duction of Type I IFNs that have an antiviral effect,” it
can be assumed that it inhibits the replication of unspeci-
fied viruses. As these studies were conducted before the
SARS-CoV-2 pandemic, they did not cover SARS-CoV-
2; however, if considered along with epidemiologic stud-
ies in recent years, presumably, the enhancement of
SARS-CoV-2 infections can be suppressed by trained
immunity. As BCG is a live attenuated vaccine, it contin-
ues to replicate to maintain a trained immunity state
within the body until approximately 15 years of age;
however, it is unclear whether this trained immunity state
persists afterward. Several severe symptoms in elderly
population may result from age-related inactivation of
trained immunity by BCG vaccination. Epidemiologic
studies have reported that the number of deaths from
SARS-CoV-2 per million population reduced in coun-
tries that use the Japan and Russia BCG strains for vac-

% Furthermore, in a

cines including higher viable counts.
“retrospective observational study, ” it was reported that
when BCG vaccination rates increased by 10%, mortality
from coronavirus infections reduced by 10.4%.” In a
“prospective clinical study” that excluded immunocom-
promised patients and patients taking steroids, the safety
of vaccinating those aged 65 years or older with BCG
(strain 1331) and protection against viral respiratory in-
fections has been confirmed.” In contrast, Israel imple-
mented BCG vaccination between 1955 and 1982 and
has continued administering BCG vaccination to immi-
grants from regions with a high prevalence of tuberculo-
sis since 1982. Although it did not detail whether the
BCG used was the Japanese, Russian, or Danish strain,
there was a report from Israel that the efficacy of the
BCG vaccine was not supported after comparing the
SARS-CoV-2 positive rates of 3,064 subjects born from
1979 to 1981 (aged 39-41 years) with 2,809 subjects
born from 1983 to 1985 (aged 35-37 years).” WHO
stated that there is no evidence that BCG prevents severe
COVID-19, and the clinical relevance is unknown. Thus,
BCG vaccination is not recommended for preventing se-
vere COVID-19."”



Table 2. Draft landscape of COVID-19 candidate vaccines in phase 3 compiled by WHO (October 19, 2020).4

COVID-19 Vaccine Vaccine Type of candidate vaccine Number  Timing of Route of
developer/manufacturer platform yp of doses doses Administration
Sinovac Inactivated Inactivated 2 0, 14 days M
Wuhan Institute of Biological Products/ Inactivated Inactivated 2 0, 21 days M
Sinopharm
Beijing Institute of Biological Products/ Inactivated Inactivated 2 0, 21 days M
Sinopharm
University of Oxford/AstraZeneca Non-Replicating ChAdOx1-S 1 M
Viral Vector
CanSino Biological Inc./Beijing Institute ~ Non-Replicating Adenovirus Type 5 Vector 1 M
of Biotechnology Viral Vector
Gamaleya Research Institute Non-Replicating Adeno-based (rAd26-S+rAd5-S) 2 0, 21 days M
Viral Vector
Janssen Pharmaceutical Companies Non-Replicating Ad26COVS1 2 0, 56 days M
Viral Vector
Novavax Protein Subunit Full length recombinant SARS CoV-2 2 0, 21 days M
glycoprotein nanoparticle vaccine
adjuvanted with Matrix M
Moderna/NIAID RNA LNP-encapsulated mRNA 2 0, 28 days M
BioNTech/Fosun Pharma/Pfizer RNA 3 LNP-mRNAs 2 0, 28 days IM

Human leukocyte antigen (HLA): Inhibition by

antigen-presenting capacity

When a virus infects a cell, its antigens are broken
down into peptides, and the major histocompatibility
complex (MHC) of the antigen-presenting cell is ex-
pressed (HLA in humans). Cytolytic T cells (Tc) specific
to virus-antigens are activated and damage cells express-
ing antigens on their self-MHC (MHC restriction). Be-
cause Tc activation strength toward viral antigens de-
pends on the MHC type, differing MHC types may influ-
ence disease exacerbation upon viral infection. More-
over, the onset of acquired immunodeficiency syndrome
(AIDS) in HIV-infected individuals possessing HLA-B*
35 is accelerated because they cannot induce HLA-B*35-
restricted Tcs, which indicates poor interaction between
HLA-B*35 and HIV antigen peptides (the level of HLA-
B *35 antigen presentation capability is low)." Con-
versely, in HIV patients, slower progression to AIDS is
correlated with HLA-B*57 and HLA-B*27.”* In SARS-
CoV infections, numerous HLA polymorphisms are cor-
related with susceptibility: HLA-B*4601, HLA-B*0703,
HLA-DRB1%1202," and HLA-Cw*0801.” The correla-
tion between SARS-CoV-2 infections and HLA suscepti-
bility is presently being investigated.

Current State and Challenges of
SARS-CoV-2 Vaccine Development

According to WHO, as of October 19, 2020, 42 COVID-
19 candidate vaccines were in the clinical phase. Among
these, 10 candidates were in the final stage, that is, phase
3 (Table 2).” The types of vaccines include viral vector,
RNA, DNA, recombinant protein, and inactivated vac-
cines. Of these, viral vectors, RNA, and DNA vaccines
imitate viral infections to simultaneously stimulate innate
immunity and induce type 1 helper T cells (Th1, which
activates cellular immunity) and follicular helper T cells
(Tth, which activates humoral immunity). In contrast, re-
combinant proteins and inactivated vaccines can induce
Tth, but they need to be administered with adjuvants be-
cause it is difficult to induce innate immunity and Thl.
Of these, viral vector vaccines are of replication-gene de-
fective strain, and cell death of infected cells by viral rep-
lication does not occur. Nevertheless, recombinant pro-
teins are synthesized, and they can also induce Thl,
which is the state closest to viral infection. Therefore,
their efficacy was presumed. AstraZeneca’s vaccine uses
chimpanzee-derived adenovirus antibodies because anti-
chimpanzee adenovirus antibodies do not exist in human
sera.” CanSino Biologics Inc.’s viral vector vaccine uses
human adenovirus type-5 vector (a typical virus vector

used in gene therapy) that is less likely eliminated by an-



tibodies in vivo.” This vector was initially used as an
Ebola vaccine in 2014, and its safety and immunogenic-
ity have been verified by China and Sierra Leone. The re-
sults of experiments in both countries are excellent.”
Even after concluding clinical trials and selling vac-
cines, we should be prepared for the possibility that these
vaccines may only be effective on certain individuals and
not on others; furthermore, in few individuals, these vac-
cines may cause adverse reactions due to interactions be-
tween HLA and antigens, and because ADE is triggered

by differences in viral antigenicity, as aforementioned.

Conclusion

No structural gap was observed between SARS-CoV-2
and other coronaviruses, and it has also been verified that
SARS-CoV-2 evokes a normal immune response.” De-
tailed research is available into the structure and proper-
ties of the virus, and expectations for the practical use of

these vaccines are increasing.
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