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Humoral immunological kinetics of severe acute respiratory syndrome
coronavirus 2 infection and diagnostic performance of serological
assays for coronavirus disease 2019: an analysis of global reports
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As the coronavirus disease 2019 (COVID-19) pandemic continues to rise and second waves are reported in some
countries, serological test kits and strips are being considered to scale up an adequate laboratory response. This
study provides an update on the kinetics of humoral immune response to severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection and performance characteristics of serological protocols (lateral flow assay
[LFA], chemiluminescence immunoassay [CLIA] and ELISA) used for evaluations of recent and past SARS-CoV-
2 infection. A thorough and comprehensive review of suitable and eligible full-text articles was performed on
PubMed, Scopus, Web of Science, Wordometer and medRxiv from 10 January to 16 July 2020. These articles
were searched using the Medical Subject Headings terms ‘COVID-19’, ‘Serological assay’, ‘Laboratory Diagnosis’,
‘Performance characteristics’, ‘POCT’, ‘LFA’, ‘CLIA’, ‘ELISA’ and ‘SARS-CoV-2’. Data from original research articles
on SARS-CoV-2 antibody detection >second day postinfection were included in this study. In total, there were
7938 published articles on humoral immune response and laboratory diagnosis of COVID-19. Of these, 74 were
included in this study. The detection, peak and decline period of blood anti-SARS-CoV-2 IgM, IgG and total an-
tibodies for point-of-care testing (POCT), ELISA and CLIA vary widely. The most promising of these assays for
POCT detected anti-SARS-CoV-2 at day 3 postinfection and peaked on the 15th day; ELISA products detected
anti-SARS-CoV-2 IgM and IgG at days 2 and 6 then peaked on the eighth day; and the most promising CLIA
product detected anti-SARS-CoV-2 at day 1 and peaked on the 30th day. The most promising LFA, ELISA and
CLIA that had the best performance characteristics were those targeting total SARS-CoV-2 antibodies followed
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by those targeting anti-SARS-CoV-2 IgG then IgM. Essentially, the CLIA-based SARS-CoV-2 tests had the best
performance characteristics, followed by ELISA then POCT. Given the varied performance characteristics of all
the serological assays, there is a need to continuously improve their detection thresholds, as well as to mon-
itor and re-evaluate their performances to assure their significance and applicability for COVID-19 clinical and

epidemiological purposes.

Keywords: COVID-19 serology, diagnostics, laboratory tests, SARS-CoV-2.

Introduction

The coronavirus disease 2019 (COVID-19) pandemic has caused
an unprecedented global health emergency and economic un-
certainty. As the incidence of COVID-19 continues to rise, many
countries have sought to develop or procure serological test kits
and strips with the plan of scaling up laboratory investigations
into the COVID-19 pandemic.

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
is the etiological agent of COVID-19. It is one of the three highly
pathogenic members of the family of coronaviridae.! Infection
with SARS-CoV-2 has been associated with a range of hallmarks
that progress from mild to severe clinical presentations before
terminating in death in less than 10% of cases.?

The WHO has recommended RT-PCR as the gold standard pro-
tocol for screening individuals with typical symptoms who are
suspected of having COVID-19. Although appropriate use of RT-
PCR provides very accurate results, test reagents and consum-
ables are mostly in short supply. Besides, this protocol is labo-
rious, expensive to operate, requiring technical expertise and it
has a long test turnaround time. Also, one of the major techni-
cal drawbacks in using RT-PCR is the significant number of cases
of false-negative results, despite patients having clinical features
and radiologic findings that are highly suspicious of SARS-CoV-2
infection. The false-negative results could be due to wrong sam-
pling, where SARS-CoV-2 might have been present in the lower
respiratory tract rather than upper respiratory tract samples of-
ten collected for laboratory diagnosis. This poses a challenge in
the proper evaluation of some SARS-CoV-2-infected people.?

It has been observed that the transmission dynamics of
COVID-19 have made it an arduous task and challenge in
the control of the pandemic, despite WHO-proposed measures
having already been introduced.* Consequently, the COVID-19
pandemic has seriously challenged the operation of the en-
tire healthcare system, including hospitals, laboratory diagnosis,
the management of patients and every other aspect of human
endeavor.>®

In the quest to augment several lapses in the use of RT-
PCR testing for COVID-19, serological assays that detect and /or
measure antibodies (immunoglobulins) against SARS-CoV-2 have
been developed and evaluated for performance by many institu-
tions and private biotechnology firms. Global efforts to scale up
the testing and diagnosis of COVID-19 has led to the commercial
production of serological kits and devices. Some of these products
have gained executive approval in some countries. For instance,
the US Food and Drug Administration (FDA) gave expedient ap-
proval for some COVID-19 serological kits based on their accuracy
and reliability.”

Instances have arisen where massive production and the use
of finger-prick assays and in vitro testing have been encouraged
in the UK and the USA to scale up COVID-19 surveillance through
rapid testing and measurement of either antigens or antibodies
to SARS-CoV-2. These rapid testing protocols adopted in these
countries are point-of-care testing (POCT), which are designed as
lateral flow devices (colloid gold-based immunochromatographic
cassettes or test strips) with a diverse range of performance char-
acteristics. These devices require a small sample volume (in mi-
croliters), are conducted within a short period (a few seconds to
minutes), and are easier to perform as their use requires less tech-
nical expertise and equipment compared with protocols that de-
tect nucleic acid.®

The transmission dynamics of the COVID-19 pandemic make
it very challenging to control despite measures put in place
in various countries of Africa and elsewhere outside the con-
tinent. Adequate laboratory diagnosis of COVID-19 plays a
highly significant role in the control and prevention of the pan-
demic. However, some of the emerging challenges of testing for
SARS-CoV-2 generally include sourcing personal protective equip-
ment, low human capacity, scaling up testing, overwhelming
contact tracing and inadequate hospital capacity to accom-
modate COVID-19 patients, resulting in increased morbidity
and mortality. Hence, improved testing capacity, adequate
provision of human and material resources, combined with
innovative ways of scaling up contact tracing and improved
testing capacity, are essential in the control of the COVID-19
pandemic.

This study sought to provide an update on the kinetics of
humoral immune response to SARS-CoV-2 infection and perfor-
mance characteristics of serological protocols (lateral flow assay
[LFA], chemiluminescence immunoassay [CLIA] and ELISA) used
for evaluations of recent and past SARS-CoV-2 infection. Data
from original research articles on SARS-CoV-2 antibody detection
>second day postinfection were included in this study. Further-
more, this study examined whether these tests could be possible
solutions that can ameliorate the constraints of underdiagnosis
in resource-limited settings.

This review is conducted under the following sections:

1. Virology and structural organization of SARS CoV-2 useful in
molecular and serological diagnosis.

Humoral immune response to SARS CoV-2.

COVID-19 serological assays.

Challenges of SARS-CoV-2 serological testing.

Accuracy and applicability of COVID-19 serological assays.
Performance characteristics of COVID-19 serological assays.
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Article selection criteria

Search strategy

A thorough and comprehensive review of suitable and eligible
full-text articles was performed on PubMed, Scopus, Web of Sci-
ence, Wordometer and medRxiv from 10 January to 16 July 2020.
These articles were searched using the MeSH terms ‘COVID-19’,
‘Serological assay’, ‘Laboratory Diagnosis’, ‘Performance charac-
teristics’, ‘POCT’, ‘CLIA’, ‘ELISA” and ‘SARS-CoV-2'.

Article evaluation and data extraction

Eight authors independently evaluated and scrutinized titles and
abstracts to prospective studies to check for potentially eligible
articles and to acquire full texts from credible databases. Articles
that were unavailable, incomplete or contained duplicate data
were excluded. Furthermore, data from review articles were not
considered for computing the antibody kinetics and performance
characteristics of the serological assays.

Data were extracted from all eligible studies using the follow-
ing criteria: (1) author, title, published date, the countries where
studies were conducted, study design, sampling technique, par-
ticipant inclusion criteria, number of participants enrolled and
number of participants with known and available results; (2) main
data, consisting of the results of serologic tests and RT-PCR for
COVID-19 (sensitivity, specificity, positive predictive value [PPV]
and negative predictive value [NPV]), number of days after the
onset of symptoms, days of detection, peak and decline of anti-
bodies; and (3) the test protocol used for serology and SARS-CoV-
2 RNA detection.

Search outcome

In total, there were 7938 published articles on humoral immune
response and laboratory diagnosis of COVID-19. Of these, 74 were
included in this study based on selection criteria.

Main findings

Structural organization of SARS-COV-2 useful in
serological diagnosis

SARS-CoV-2 is a single-stranded RNA virus with positive polar-
ity 910

The SARS-CoV-2 genome consists of 14 open reading frames
(ORFs) that code for 27 viral proteins, where the longest ORF
coding for the 15 non-structural proteins plays an important
role in viral propagation and immune evasion; the ORF codings
for structural and accessory proteins are located on the 5” end
and 3° end, respectively.!’ The first ORF code encompasses
two-thirds of the viral genome and translates the polyproteins
ppla and pplab, which are implicated in the encoding of the
16 non-structural proteins. However, the remaining ORFs code
for the viral structural and accessory proteins. The structural
protein nucleocapsid (N) proteins, spike (S) glycoprotein, matrix
(M) protein and small envelope (E) complete the remaining one
third of the viral genome.'? These proteins and RNA-dependent
RNA polymerase have been substantially harnessed for primers
and antigens in the molecular and serological assays used for
COVID-19, respectively.!3

Humoral immune response to SARS-COV-2 infection

There is ongoing research into better understanding the viral
genome assembly, replication and mutation of SARS-CoV-2.
These viral attributes drastically influence the diagnostic perfor-
mance of both molecular and serological assays as well as the
transmissibility of SARS-CoV-2 and its immune responses.'*

Prior to SARS-CoV-2 infection, an unexposed individual was
expected to have a negative test for either anti-SARS-CoV-2 IgM
or IgG (Figure 1). However, following exposure to the infection,
SARS-CoV-2 now induces a humoral immune response, which
commences with the development of IgM, indicating an acute
or ongoing infection from the third day of the first week of
infection, as reflected by a positive outcome in either the IgM or
IgM/IgG serological test.> The level of IgM in an individual with
the activated humoral immune response against SARS-CoV-2
continues to rise until it peaks during the third week following
infection.’® By the end of the third week, IgM levels decrease with
a concomitant elevation in the level of IgG from the third to the
seventh week post symptom onset (PSO), which is revealed by
a positive outcome in either the IgG or IgM/IgG serological test
(Figure 2).1

The median period for the development of all the classes of
immunoglobulins following the activation of humoral immune
response is 13 d.'® Individually, IgM, IgG and total immunoglob-
ulins have an average duration of 11, 12 and 14 d, respectively.!®
These immunoglobulins can be measured and monitored by a
diverse range of antibody-based serological testing techniques,
which include rapid diagnostic assay (e.g. lateral flow immunoas-
say [LFIA] with colloidal gold], CLIA, ELISA and neutralization
assay with various diagnostic performance ratings (e.g. sensi-
tivity, specificity, accuracy, PPV and NPV), sampling methods
(e.g. finger prick, venipuncture), turnaround time and setting.'®
Previous studies have demonstrated the diagnostic roles of these
antibody-based serological testing techniques based on their
performance. Zhao et al.'” demonstrated that within the first 7 d
PSO of COVID-19 infection, the sensitivity of total antibody, IgM
and IgG were 38.3%, 28.7% and 19.1%, respectively, which was
lower compared with the RNA-based test of 66.7% sensitivity. As
the duration of PSO increased, the sensitivity of the RNA-based
test decreased by 21.2%, while those of the total antibody, IgM
and 1gG increased by 61.7%, 65.6% and 60.78%, respectively,
within the 15th to 39th day PSO. When the RNA- and antibody-
based tests were combined, sensitivity significantly improved to
78.7%, 97.0% and 100% within 1-7, 8-14 and 15-39 d PSO, re-
spectively. The implication of this study indicates the unreliability
and unsuitability of serology within the window period of infec-
tion, but also reveals an impressive sensitivity for total antibody-
based assay in detection of SARS-CoV-2 as the PSO period
progresses.

The study further revealed that the percentage of patients
with undetectable RNA but with detectable immunoglobulin
increased from 28.7% within the first 3 d to 100% within 15-
39 d of PSO. This is where the total Ab (which is better than
testing IgM and IgG individually) comes in, to rule out people
with undetectable RNA.Y” The same study recommended the
combination of both RNA- and antibody-based tests to scale
up the sensitivity of RNA during the course of the infection. This
combined approach was observed to attain timely diagnosis of
SARS-CoV-2 infection, prevent multiple sampling several days
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Figure 1. Kinetics of antibody response in SARS-CoV-2 infection. The entry of the SARS-CoV-2 virus into the host cell through interaction and binding
between the host’s angiotensin-converting enzyme 2 (ACE2) proteins (receptor) and the viral spike (S) protein (ligand) (1). Following replication and
release from the host cells (2), antigen-presenting cells (APCs) like macrophages and dendritic cells engulf some of the viruses, digest and present the
digested antigen fragments on their class II MHC molecules to the helper T (Th) cells (3). Th cells, in turn, activate B cells (4), activated B cells proliferate
and differentiate into memory B cells or plasma cells with high affinity to the SARS-CoV-2 antigens (5). Plasma cells release SARS-CoV-2-specific
antibodies (IgM, IgG or IgA) that bind and neutralize the viruses, thus preventing the viral entry into the host cell (6).

for infection status confirmation, and enhance the ability to
prioritize relevant treatments and isolation management.&-2°

The changes of the antibody response against SARS-CoV-2
are presently under study, as antibodies may be regarded as
potent diagnostic tools to complement RT-PCR-based findings.
The SARS-CoV-triggered humoral S- and N-specific IgM response
reached a climax within 4 wk and was no more detectable at
3 mo PSO; the switch to IgG often occurred about day 14 and
IgG were demonstrated up to 36 mo.?!2?

In another study, the authors demonstrated that in 34 SARS-
CoV-2 laboratories established, the cases studied were positive
for IgM and IgG at week 3 PSO.'> Therefore, in the majority
of those patients, the acute phase of infection persisted for

>30 d. In an inverse relation, as IgM levels decrease, IgG levels
rise gradually from the third to the seventh week, signifying the
activation of the humoral immune response against the virus.'®
Thus, the humoral response activated by SARS-CoV-2 may be
similar to that elicited by SARS-CoV.!>16

In an immunodynamics study reported by Zhao et al.,*’ it was
observed that the antibody profile in COVID-19 patients showed
that seroconversion sequentially appeared for total antibodies,
IgM and IgG with a median time of 11, 12 and 14 d, respectively.
Full concentrations of SARS-CoV-2 antibodies were detected by
double recombinant antigen sandwich immunoassay, which
utilized the receptor-binding domain (RBD) of S1 protein and
the horse raddish peroxidase-conjugated antigen; IgM p-chain
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Figure 2. Timeline of IgM, IgG and total antibody kinetics during SARS-CoV-2 infection. The level of IgM in an individual with the activated humoral
immune response against SARS-CoV-2 continues to rise until it peaks at the third week following infection. By the end of the third week, IgM levels
decrease with a concomitant elevation in the level of IgG from the third to the seventh week postonset symptom (POS). For the total antibody, it
peaks at the middle of the second week and reaches a plateau in the middle of the third week. The blood concentration persists for several weeks

and months postinfection (image made with Biorender.com).

capture immunoassay was used for anti-SARS-CoV-2 IgM de-
tection. On the other hand, an indirect ELISA kit based on
recombinant NP antigen was used for anti-SARS-CoV-2 IgG de-
tection.!” The seroconversion rates recorded were 93.1%, 82.7%
and 64.7% for total antibodies, IgM and IgG, respectively, and no
significant difference was observed between severely and mildly
affected COVID-19 patients.

The sensitivity of serum anti-SARS-CoV-2 detection was
lower than the RT-PCR RNA assay within 7 d from the onset of
illness (38.3% vs 66.7% for serological vs RT-PCR). However, the
sensitivity increased steadily from the eighth to the 39th day
PSO and overtook that of the RT-PCR test.!” More significantly,
detectable and measurable levels of total anti-SARS-CoV-2 in
the sera were found in COVID-19 patients with undetectable
SARS-CoV-2 RNA in their respiratory tract samples.’” These re-
sults highlighted the importance of combining molecular and
serological tests for the correct diagnosis of COVID-19 patients
at different stages of the disease. In agreement with these
reports, Jin et al. recorded the specificity of serum anti-SARS-
CoV IgM and IgG as 90% compared with that of the RT-PCR
test.??

In a study by Guo et al., which was carried out on two cohorts
of SARS-CoV-2-infected patients, the early antibody response to
NP protein was evaluated. Of 208 patients, 90.4% and 93.3%
harbored plasma IgM and IgA, respectively. Also, 77.9% of
plasma samples were IgG positive, and the median time for both
IgM and IgA detection was on day 5 PSO (IQR 3-6) and day 14
PSO (IQR 10-18) for IgG.>* The authors observed that swift and
unanticipated IgA seroconversion might be an upshot of the

cytokine storm promoting the germline transcription of « and
genes of the heavy chain constant.

Furthermore, it has been reported and established that T-
cell-independent antibody responses can cause excitation of a
specialized B cell subset to produce both IgA and IgM throughout
the infection of some pathogens.?> Although T-cell-independent
antibody response against viruses is still controversial, some
viruses can act in vivo as T-cell-independent antigens and there-
fore cause eliciting protective isotype-switched antibodies in the
non-appearance of conventional T-cell help. Inactivated virus
or virus-like particles can also elicit IgM response, but factors
induced when an active virus infection is ongoing seem very
important and are required before there can be induction of the
isotype switch and then IgG or IgA responses.?®

In another study of 214 COVID-19 patients, 68.2% and 70.1%
were positive for rN-specific IgM and IgG, respectively; and 77.1%
and 74.3% were positive for rS-specific IgM and 1gG, respec-
tively.?” These findings indicated that the detection of rS-specific
IgM was more sensitive compared with that of rN-specific IgM,
which may be because of the lower immunogenicity of the N pro-
tein compared with that of the S protein. A bioinformatics study
reported a lower number of B cell epitopes in the NP protein of
SARS-CoV-2 than in the S protein, especially as the positive rates
of IgM and IgG were low during the early stages of the disease
(0-10 days post-disease onset (DPO)). On the other hand, IgM
and/or IgG specific for rN and rS reached a climax at 11-15 DPO.?’

The sensitivity of the tests and the epitope on which the test
is based are significant factors for the well-organized detec-
tion of specific SARS-CoV-2 antibodies and timing of the humoral
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response. Consequently, several tests are rapidly being developed
in many laboratories. For example, Li et al. developed a point-of-
care LFIA test based on the RBD antigen of the SARS-CoV-2 S1
protein that can help in the concomitant detection of IgM and
IgG in human blood within 15 min, with higher sensitivity than
the individual IgG and IgM tests; however, the detection limit of
the test was not determined.!® Also, Amanat et al. developed
sensitive and specific ELISA assays based on the recombinant full-
length S protein and RBD epitope, permitting the screening and
detection of seroconversion upon SARS-CoV-2 infection 3 d PSO.?8
Of note, no cross-reactivity from other human coronaviruses was
noted, in agreement with another study highlighting that S1 is
a specific antigen for SARS-CoV-2 diagnosis, as cross-reactive
antibodies against the S protein of Middle East respiratory
syndrome-related coronavirus (MERS-CoV) were not detected in
a COVID-19 patient.?® Additionally, strong IgA and IgM responses
were discovered and the 1gG3 response was stronger than that
of 1gG1.?% The sensitivity of the test may create challenges for
the early detection of IgM. Several patients were more positive
for IgG than IgM during the time of hospital stay and 5 d later;
likewise, they had an earlier IgG than IgM seroconversion.3°

Furthermore, SARS-CoV-2-specific antibodies were detected
in the sera of six infants born to mothers with COVID-19. Five of
the six infants and their mothers had elevated levels of IgG and
two of them also had elevated levels of anti-SARS-CoV-2 IgM.
Three of the six infants who had elevated levels of IgG also had
normal levels of IgM. However, two of their mothers displayed
elevated levels of IgM. How the newborns that developed IgM
require additional investigation. Undeniably, due to its large
magnitude, IgM is not typically transferred through the placentg;
however, it is affected by some pathology that compromises its
configuration. The newborn might be in contact with the virus if
the latter crosses the placenta, although no virus was detected
from RT-PCR analysis.?!

Currently, several studies are investigating the connection
between antigen-specific antibodies and the clinical characteris-
tics of COVID-19 patients, but interestingly, among people with
comorbidities, lesser anti-RBD IgG, but not anti-NP IgM or IgG,
have been reported, although the difference was not significant
when compared with people without comorbidities.

COVID-19 serological assays

The recent pandemic outbreak of the SARS-CoV-2 virus and its
rapid spread poses an urgent need for both diagnostic and ther-
apeutic interventions to manage the infection and the outcome
of the disease. The diminishment or absence of IgG and per-
sistence of IgM are considered biomarkers for recent infection.
As the epidemic progresses more individuals could get infected.
The measurement of these antibodies is a good differential
that helps to distinguish between recent and older infections.!’
The detection of IgM (from days 1 to 7) in the absence of IgG
represent an acute/recent infection, whereas the simultaneous
detection of IgM and IgG could represent acute reinfection.'®
On the other hand, the detection of IgG in the absence of IgM
denotes a past infection.!®

The increasing number of confirmed COVID-19 cases has
resulted in an unprecedented rise in demand for antibody-based
tests from researchers and healthcare policymakers. Recently, a

list of >200 serological products was released by the Foundation
for Innovative New Diagnostics (FIND); these products, which are
predominately from China, are currently either available for use
or are in industrial development and evaluation. However, only
12 have received emergency use authorization from the FDA.
Serological products from a host of other countries, including
South Korea, Germany, the USA and the UK, were also present
on the FIND list.

Some commercially available serology-based tests have been
considered to be inadequate for COVID-19 diagnosis if used
alone, due to their low degrees of sensitivity and specificity. For
instance, anti-SARS-CoV-2 IgG takes a relatively long period (not
yet reported) for quantification.'® More details regarding the lim-
itations of COVD-19 serological assay follow later in this article.

Cases of poor performance characteristics of some serological
kits/devices underscore the need for re-evaluation and validation
before being made available to end-users. This is to prevent
clinicians and healthcare professionals from using these sero-
logical kits/strips off the shelf for clinical purposes. Furthermore,
despite kits’ satisfactory diagnostic performance, it is important
to include internal quality control and external quality assurance
measures in all tests run on human samples to ensure accuracy,
precision and reproducibility of test results.

Challenges of SARS-CoV-2 serological testing

Serological tests rely on the detection of specific anti-viral anti-
bodies (IgM, IgA, IgG or total antibody) in patient sera, plasma
or whole blood.?? Determining the optimal antigenic epitopes
to maximize sensitivity, but minimize cross-reactivity, particu-
larly against other human coronaviruses, has meant that the
development of high-quality serological testing has been slower
than molecular-based diagnostics.’-32 Initial candidate epi-
topes have largely focused on the immunogenic viral structural
proteins which include nucleocapsid (N) and spike (S) protein,
particularly the S1 subunit and the RBD.3? To date, a range of
serological tests for COVID-19 have been developed, each with
particular test characteristics. Broadly, these serological tests
can be divided into tests that (1) can be performed at the point of
care; (2) can be performed in routine diagnostic laboratories; and
(3) can only be performed in specialized reference laboratories.

Initial studies have reported that most patients with COVID-
19 seroconvert by day 10-14 (approximately 80%), with almost
100% seroconversion by day 20.7 However, comparisons across
published studies are challenging due to (1) different antigens
used in assays; (2) differences in the complexity of patient pop-
ulations; and (3) variations in the RT-PCR assays used as the gold
standard for determining the sensitivity of serological assays.
Further, it is not clear whether the type and number of antibodies
correlate with the severity of COVID-19, or more importantly,
with immune protection from reinfection.

At present, the most widely available (and most publicized)
serological tests are POCT, which involves the detection of anti-
SARS-CoV-2 antibodies through binding to immobilized antigen,
generally bound to colloidal gold on a test strip. The relatively
cheap and simple nature of lateral flow assays means that pro-
ductionis suited to scaling up for increased testing capacity. How-
ever, there are limited published data on the performance char-
acteristics of serological POCT, and high-quality data are urgently
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needed to guide laboratories, public health agencies and govern-
ments in the appropriate and responsible deployment of POCT,
and serological assays more broadly. Currently, the WHO recom-
mends the use of POCT immunodiagnostic assays in research
settings only, and not for clinical decision-making until further
evidence is available.’® Ideally, validation of serological assays,
including POCT, should be performed against a serum panel that
includes samples from (1) patients at acute and convalescent
stages of infection (to assess sensitivity) and (2) patients with
other human coronavirus infections (to assess specificity).

Also, serological tests are relevant to fully characterize the
SARS-CoV-2-specific antibody response. Differences in the profile
of the antibody response across patients might reveal important
aspects of the pathogenesis of COVID-19, explaining the great
differences observed in the general population. Indeed, the cor-
relation with disease severity and clinical characteristics is poorly
understood. Old age and comorbidities seem to increase the risk
for a poor outcome of the disease; however, increasing cases
of young people who experience severe illness, requiring hos-
pitalization for assistance by mechanical ventilation, may pose
questions about the leading factors of disease progression.*?

Some challenges are posed by the potential cross-reactivity
with other human coronaviruses, due to their high homology
at the genetic level. The evidence related to this aspect are still
controversial; however, SARS-CoV-specific antibodies are unde-
tectable in the sera of patients 6 y after infection. This observation
excludes the presence of cross-reactivity in the sera of COVID-19
patients and might make researchers confident about the speci-
ficity of these antibodies.>? Moreover, it would be interesting to
understand whether the differences in the progression of the
disease might be related to the level of the immune response.

Accuracy and applications of COVID-19 serological
assays

Although various reports of reputable serology assays are in-
credibly encouraging, product end-users must be pragmatic
regarding their accuracy and applicability for COVID-19 clinical
and epidemiological use. The unsustainability of RT-PCR tests
for the COVID-19 laboratory response in some countries has
necessitated a search for alternative assays with high sensitivity
and specificity with a short turnaround time from preanalytical
(sample collection) to postanalytical phases (availability of
test results),> thus enabling prompt and large-scale testing
for COVID-19. While none of the antibody-based serological
assays have been approved by the WHO, a number of them
have been approved for clinical and epidemiological use in some
countries.>? Antibody testing might have a useful role in clinically
diagnosing COVID-19 patients with late presentations, prolonged
symptoms and those with negative results from RT-PCR tests.
Furthermore, these tests could be used to monitor the quality
and duration of humoral immune response in COVID-19 patients
and vaccination. Epidemiologically, SARS-CoV-2 antibody tests
can be used for seroprevalence studies in public health research
and to inform decisions about returning to work following
asymptomatic SARS-CoV-2 infection.

This could offer an opportunity for clinical diagnosis and
interruption of transmission through targeted isolation of the
most infectious cases and their close contacts.?? SARS-CoV-2 an-

tibody testing has been shown to have good clinical applications,
given the varied symptoms of COVID-19 and reported cases of
false-negative results of RT-PCR tests when respiratory swabs are
collected =5 d PSO as their sensitivity begins to decline.>

Considering this, many researchers are now conducting an
independent performance evaluation of these antibody-based
assays. For instance, a study referred to as the ‘COVID-19 Testing
Project’” was conducted by the University of California, Mas-
sachusetts General Hospital, the Chan Zuckerberg Biohub and
the University of California.?* This study evaluated 10 lateral flow
assays and 2 ELISAs to assess performance characteristics for
anti-SARS-CoV-233 on plasma/serum of 80 symptomatic COVID-
19 patients with RT-PCR positive results, 52 non-SARS-COV-2
patients’ respiratory viral infections (SARS-CoV-2 RT-PCR nega-
tive) and 108 archived sera of blood donors collected in 2018 or
earlier.®

The assessment found that the assays of the products had
varying sensitivities that increased over time, increasing from
about 81% to 100% at >20 d PSO.?3 Based on this, it was inferred
that anti-SARS-CoV-2 tests were important for longitudinal stud-
ies because a negative result may indicate an actively infected
person who has not developed a detectable level of antibodies
to the virus. Conversely, the proportion of false-positive samples
reported from the non-COVID-19 group ranged from 0% to 16%.
The detection agreement indices of the lateral flow assays and
ELISAs ranged from 75% to 94%.33

In another evaluation study of SARS-CoV-2 antibody-based
tests by the Chinese company Innovita, anti-SARS-CoV-2 anti-
bodies were found in 83% of COVID-19-confirmed patients with
an assay specificity of 96%.3% After FDA authorization, these
tests were anticipated for at-home use.?* Despite the merits of
serological devices, limitations abound due to issues of misdi-
agnosis following indications of significant false-negative and
false-positive results observed during the evaluation of these kits
and devices during quality checks.

These rapid test kits have been observed to be unsuitable
for testing patients with <14 d PSO. To augment these lapses,
several studies recommend combining both the serological and
RT-PCR-based protocols to provide a more accurate diagnosis of
COVID-19 instead of only using the molecular testing approach,
which introduces a myriad of strenuous demands on diagnostic
and healthcare delivery establishments and regulatory bodies,
as well as material, financial and human resources meant to sus-
tain testing capacity.1”-19:29.35 Also, there are several studies that
have been conducted by diagnostic industries and independent
researchers aiming to evaluate the performance characteristics
of various anti-SARS-CoV-2 test protocols, some of which have
reported promising results.*>*? It is worth noting that the clin-
ical use of SARS-CoV-2 antibody tests should be on products
that evaluated and reported the performance characteristics
(especially sensitivity and specificity) during the acute phase of
COVID-19.

Performance characteristics of COVID-19 serological
assays
The most promising (best) LFA on total SARS-CoV-2 antibody test

had a sensitivity, specificity, PPV and NPV of 100%, 100%, 100%
and 100% at days 4, 5, 4 and 5, respectively, while the worst had a
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sensitivity, specificity, PPV and NPV of 35.95%, 63.6%, 33.3% and
26.2% atdays 1, 3,1 and 2, respectively. The most promising LFA
with the best anti-SARS-CoV-2 IgM test had a sensitivity, speci-
ficity, PPV and NPV of 95.8%, 100%, 100% and 98.4% at days 5,
6, 6 and 5, respectively, while the least had a sensitivity, speci-
ficity, PPV and NPV of 15.7%, 36.4%, 43.2% and 17.4% at days 1,
3, 1 and 3, respectively. The most promising (best) LFA on anti-
SARS-CoV-2 IgG test had a sensitivity, specificity, PPV and NPV of
100%, 100%, 100% and 100% at days 8, 9, 8 and 10, respec-
tively, while the least had a sensitivity, specificity, PPV and NPV of
13.2%, 59.9%, 65.1% and 25.0% at days 1, 2, 3 and 2, respectively
(Table 1).

The most promising (best) ELISA on total SARS-CoV-2 antibody
test had a sensitivity, specificity, PPV and NPV of 93.9%, 100%,
100% and 100% at days 3, 5, 4 and 3, respectively, while the least
had a sensitivity, specificity, PPV and NPV of 46.1%, 86.6%, 76.6%
and 55.3% at days 1, 3, 2 and 1, respectively. The most promising
ELISA with best anti-SARS-CoV-2 IgM test had a sensitivity, speci-
ficity, PPV and NPV of 89.5%, 100%, 100% and 95.7% at days 4,
6, 4 and 5, respectively, while the least had a sensitivity, speci-
ficity, PPV and NPV of 64.9%, 88.1%, 70.6% and 80.0% at days 1,
3, 2 and 3, respectively. The most promising (best) ELISA on anti-
SARS-CoV-2 IgG test had a sensitivity, specificity, PPV and NPV of
100%, 100%, 100% and 100% at days 8, 10, 8 and 9, respectively,
while the least had a sensitivity, specificity, PPV and NPV of 46.1%,
86.6%, 72.5% and 56.2% at days 5, 7, 6 and 7, respectively. The
most promising (best) ELISA on anti-SARS-CoV-2 IgA test had a
sensitivity, specificity, PPV and NPV of 97.4%, 100%, 100% and
98.0% at days 4, 5, 6 and 5, respectively, while the least had a
sensitivity, specificity, PPV and NPV of 46.1%, 68.3%, 58.1% and
53.3% at days 14, 13, 14 and 13, respectively (Table 2).

The most promising (best) CLIA on total SARS-CoV-2 antibody
test had a sensitivity, specificity, PPV and NPV of 100%, 100%,
100% and 100% at days 2, 3, 2 and 3, respectively, while the
least had a sensitivity, specificity, PPV and NPV of 58.7%, 92.3%,
81.6% and 61.5% at days 1, 2, 1 and 1, respectively. The most
promising (best) CLIA on anti-SARS-CoV-2 IgM test had a sensi-
tivity, specificity, PPV and NPV of 96.8%, 100%, 100% and 98.5%
at days 1, 3, 3 and 2, respectively, while the least had a sensitiv-
ity, specificity, PPV and NPV of 63.1%, 90.5%, 84.9% and 58.1%
at days 12, 10, 9 and 11, respectively. The most promising (test)
CLIA on anti-SARS-CoV-2 IgG test had a sensitivity, specificity, PPV
and NPV of 95.7%, 100%, 100% and 98.7% at days 7, 9, 8 and 7,
respectively, while the least had a sensitivity, specificity, PPV and
NPV of 43.8.1%, 68.7%, 76.1% and 54.9% at days 1, 3, 2 and 1,
respectively (Table 3).

The detection, peak and decline periods of blood anti-SARS-
CoV-2 IgM, IgG and total antibodies for POCT, ELISA and CLIA
vary widely. The most promising of these assays for POCT de-
tected anti-SARS-CoV-2 at day 3 POS in 21.1% (n=19) and
peaked on the 15th day in 93.3% (n=21)>® of COVID-19 pa-
tients; ELISA products detected anti-SARS-CoV-2 IgM and IgG
at days 2 and 6 in 34.1% (n=38)"' and in 46.7% (n=15)"’
COVID-19 patients, respectively, and peaked on the eighth day
in 92.1% (n=38)"! of COVID-19 patients. The most promising
CLIA product detected anti-SARS-CoV-2 IgM and IgG at days 1
and 4 in 33.3% (n=6)?*> and 60.0% (n=35),%* respectively, and
peaked on the 30th day in 97.8% (n=87)"3 of COVID-19 patients
(Tables 4-6).

Conclusions

Given the varied performance characteristics of all the sero-
logical assays, there is a need to continuously improve their
detection thresholds, as well as to monitor and re-evaluate their
performances to ensure their significance and applicability for
COVID-19 clinical and epidemiological purposes. When found
satisfactory, their use will be imperative for scaling up COVID-19
testing in the face of the economic downturn in resource-limited
countries. It is recommended that public institutions, private
firms, researchers and healthcare policymakers consider the
development and evaluation of alternative means of reducing
the current PCR test turnaround time and improving the test
capacity of serological tests to secure improved epidemiological
data for SARS-CoV-2.
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