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A B S T R A C T

A new pandemic is ongoing in several parts of the world. The agent responsible is the newly emerged severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2). The symptoms associated with this virus are known as the
coronavirus disease-2019 (COVID-19). In this review, we summarize the published data on virus specific anti-
bodies in hospitalized patients with COVID-19 disease, patients recovered from the disease and the individuals
who are asymptomatic with SARS-CoV-2 infections. The review highlights the following: i) an adjunct role of
antibody tests in the diagnosis of COVID-19 in combination with RT-PCR; ii) status of antibodies from COVID-19
convalescent patients to select donors for plasma therapy; iii) the potential confounding effects of other coro-
naviruses, measles, mumps and rubella in antibody testing due to homology of certain viral genes; and iv) the role
of antibody testing for conducting surveillance in populations, incidence estimation, contact tracing and epide-
miologic studies.
1. Introduction

The emergence of a new virus, initially known as 2019-novel coro-
navirus (2019-nCoV), was reported in Wuhan, China in December 2019
in patients with atypical pneumonia. This outbreak spread to other cities
in China as well as other countries. The virus was renamed as severe
acute respiratory syndrome coronavirus -2 (SARS-CoV-2) and the disease
caused by this virus is currently known as coronavirus disease-2019
(COVID-19) (Li et al., 2020c; Zhu et al., 2020). The virus infections in
individuals lead to a range of clinical manifestations including asymp-
tomatic, fever, nasal congestion, runny nose, cough, expectoration, chest
tightness, abdominal distension, acute respiratory distress symptoms,
diarrhea, pneumonia and fatality in a fraction of cases (Chen et al.,
2020a; Guan et al., 2020; Holshue et al., 2020; Huang et al., 2020c; Wang
et al., 2020a). The virus was first isolated from the bronchoalveolar
lavage fluid (Zhu et al., 2020). SARS-CoV-2 is the latest addition to the
coronavirus family known to infect humans. Of this group, four members
(229E, NL63, OC43 and HKU1) cause only mild symptoms in the infected
individuals. SARS-CoV was the cause of an outbreak in 2002–2003
(K. Muthumani).
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(Drosten et al., 2003; Zhong et al., 2003) involving a total of 8096
confirmed cases and 774 deaths spanning 32 countries with a mortality
rate of approximately 10% (Drosten et al., 2003). Middle east respiratory
syndrome coronavirus (MERS-CoV) was associated with an outbreak in
Saudi Arabia in 2012. The cases and deaths due to this virus were 2494
and 858, respectively with a high fatality rate of approximately 33%
(Zaki et al., 2012).

SARS-CoV-2 has led to significant infections involving more than 200
countries around the world. This is a highly contagious pathogen and the
reproductive number or R nought (RO) supports this view (Zhao et al.,
2020a). This has led to the declaration of a pandemic by WHO on March
11, 2020. As of April, 15, 2021, there are 140,322,903 cases and 3,003,
794 deaths, respectively at the Global level. The therapeutic options were
non-existent or limited during the early stage of epidemic for reducing
deaths and duration of hospitalizations. This situation has been improved
as we learnt more about the disease and the symptoms. Specifically,
studies showed that remdesivir, steroids, plasma and monoclonal anti-
body therapies provide relief to patients with advanced COVID-19.
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Figure 1. A, Cross-sectional view of SARS-CoV-2 virus particle; B, Schematic
representation of SARS-CoV-2 viral genome.
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The lack of availability of vaccines during the early days of pandemic
and limited drug options scenario turned healthcare officials’ attention to
rely more on measures such as wearing a mask to limit the spread of the
virus. This has been shown to prevent the transmission of virus through
droplets and aerosol from the infected individuals. In addition, testing for
virus in COVID-19 patients and suspected individuals, contact tracing,
quarantine, social distancing and personal protective equipment have
resulted in a reduced number of infections. The characteristics of SARS-
CoV-2 infection include a median incubation period of around 5–10 days
for the development of disease related symptoms from the time of
exposure to the virus. Hence, it is important to develop tests that have the
ability to detect the virus during the acute phase of infection. For this
reason, several molecular tests based on viral nucleic acid detection have
been developed. These include real time RT-PCR and others (Azzi et al.,
2020; Broughton et al., 2020; Huang et al., 2020c; Li et al., 2020c; Lu
et al., 2020; Moran et al., 2020; Smithgall et al., 2020b; Xiao et al., 2020).
Nucleic acid tests (NATs) are considered the gold standard for the diag-
nosis of COVID-19. The molecular tests (such as Cobas and others) show
sufficient specificity and sensitivity to detect SARS-CoV-2 in infected
individuals using specimens including throat swabs, nasopharyngeal
swabs, bronchoalveolar lavage, sputum and saliva. These tests require a
laboratory infrastructure or depend on mobile laboratory to perform the
tests. Recently approved tests such as Xpert Xpress SARS-CoV-2
(Cepheid) and ID Now (Abbott) can be carried out within 45 min and
13 min, respectively in comparison to 3.5 h for Cobas test (Basu et al.,
2020; Collier et al., 2020; Smithgall et al., 2020b). In addition to nucleic
acid tests, viral antigen assays have also been developed for detecting the
virus (La Marca et al., 2020; Mak et al., 2020; Smithgall et al., 2020a).
These tests have the potential to be carried out both in clinical labora-
tories and also in point-of-care settings. While these assays are easy to
perform (immunochromatography tests), the sensitivity depends on
monoclonal/polyclonal antibody combinations employed in different
tests. The antibodies, induced in response to SARS-CoV-2 infection and
present in the sera/plasma/saliva, serve as analytes for the serological
tests. The serological tests share the flexibilities as viral antigen assays.
The antibodies have been reported to appear in the sera/plasma within
the first week or secondweek following the onset of symptoms in patients
and persist for up to 3–6 months (Grzelak et al., 2020; Long et al., 2020b;
Prevost et al., 2020; Zhou et al., 2020). Hence, the tests will identify
ongoing and past infections with SARS-CoV-2. In addition, serological
tests can serve as an adjunct test for RT-PCR as there are reports that PCR
negative cases were detected by serological tests (Guo et al., 2020;
Mlcochova et al., 2020; To et al., 2020; Xu et al., 2020; Zhang et al.,
2020a; Zhao et al., 2020b).

In this review, our aim is to summarize the virus specific antibody
status in response to SARS-CoV-2 infections in hospitalized patients with
COVID-19, patients recovered from disease and infected individuals who
are asymptomatic. The presence of antiviral IgM, IgA and IgG antibodies
has been demonstrated by a number of technologies including ELISA,
immunochromatography, ELISpot, Cell-ELISA, Chemiluminescence and
luciferase immunoprecipitation methods. The functional aspects of an-
tibodies were also evaluated by virus neutralization assays. The infor-
mation on the kinetics of antibody responses and their persistence over
time in the patient groups provide opportunities in the diagnostic and
therapeutic arenas. Further, antibody assays have been and will continue
to be useful for identifying convalescing patients as donors for plasma
therapy and for conducting surveillance of SARS-CoV-2 infections in the
population.

2. SARS-CoV-2: virus and genome organization

The schematic representation of SARS-CoV-2 virus is shown in
Figure 1A. The virus particle has spherical or oval structure and the
proteins present on the surface of virion confer unique appearance as
noted with other coronaviruses (Jin et al., 2020). There are four proteins
contributing to the structure of the particle. These include spike
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glycoprotein (S), Envelope (E), Membrane protein (M) and Nucleocapsid
(N) protein. The viral RNA genome is complexed with N protein which is
present in the core surrounded by membrane in which the glycoproteins
(S, E and M) are anchored. The size of virus particles, in images through
transmission electron microscopy, ranges from 60 to 140 nm in diameter
with protrusions of S protein on the surface in the range of 8–12 nm (Jin
et al., 2020; Zhu et al., 2020). There is no information available regarding
the stoichiometry of the structural proteins present in the virus particles.

SARS-CoV-2 viral RNA genome is similar to that of other coronavi-
ruses as shown in Figure 1B and the genome size is approximately 30 Kb
(Ciotti et al., 2019). The complete sequence of the viral genome, gener-
ated through next generation sequencing (NGS), was released on January
10, 2020 (Jin et al., 2020; Zheng et al., 2020; Zhong et al., 2003). Since
then thousands of sequences of viral genomes have been acquired and
published (Chen and Li, 2020; Forster et al., 2020; Lu et al., 2020; Saha
et al., 2020; Stefanelli et al., 2020; Yadav et al., 2020; Zhou and Zhao,
2020). The investigators from University College London reported on the
analysis of 7500 SARS-CoV-2 genomes and noted 198 mutations that
appear to have independently occurred more than once (van Dorp et al.,
2020). Mercatelli and Giorgi (2020) carried out an analysis of 48,635
SARS-CoV-2 complete genomes keeping Wuhan genome (NC-045512.2)
as a reference (Mercatelli and Giorgi, 2020). The mutations noted pre-
dominantly are of single nucleotide polymorphisms (SNPs) and short
insertion/deletion events (indels). The latter includes frameshift and
in-frame deletions. Recently, Korber and colleagues from Los Alamos
National Laboratory showed a specific mutation in Spike protein
changing from D614 to G (Korber et al., 2020a). The virus containing
spike D614G variant was found to be more infectious in several cell types
in comparison to ancestral form (Korber et al., 2020b; Li et al., 2020b; Shi
et al., 2020; Yurkovetskiy et al., 2020). The structural analysis of this
variant showed that the conformation is shifted toward ACE2 binding
competent state (Yurkovetskiy et al., 2020). The variant virus results in
high virus titers in the upper respiratory tracts of COVID-19 patients.
There is also a report associating the variant to a higher fatality rate
(Becerra-Flores and Cardozo, 2020). However, this needs to be verified in
other cohorts of patients. Several variants have also been recently re-
ported which include the U.K. B.1.1.7, Brazil P.1 and South African
B.1.351 (Burki, 2021). Further, sequence analysis also showed that
SARS-CoV-2 genome exhibits 82% similarity to SARS-CoV and 56% to
MERS-CoV (Chan et al., 2020; Lu et al., 2020). In addition to D614G,
notable mutations affecting change in amino acids are in non-structural
protein12 (NSP12), N, ORF3a, ORF8, NSP2, NSP6 and NSP13 proteins
(Mercatelli and Giorgi, 2020).
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3. Diagnostic platforms used for the detection of SARS-CoV-2
infection

3.1. Nucleic acid tests

The nucleic acid test is dependent on the amplification methods uti-
lizing nasopharyngeal or oropharyngeal swabs collected from individuals
in addition to other specimens including sputum and saliva. As the
genome of SARS-CoV-2 is a positive-sense single-stranded RNA, the
method utilizes reverse transcriptase enzyme to transcribe viral RNA to
DNA followed by PCR amplification of the DNA. A positive test result in
this method indicates the presence of viral RNA due to viral infection and
replication in the individuals. The primers used for amplification of viral
target genes include ORF 1a/b, E, RdRp and N. There are several versions
of the tests available (Azzi et al., 2020; Huang et al., 2020c; Lee et al.,
2020; Liu et al., 2020c; Smithgall et al., 2020b) (Moran et al., 2020; Xiao
et al., 2020). The time required for the completion of assays range from
3.5 h to 5–10 min (Basu et al., 2020; Collier et al., 2020; Smithgall et al.,
2020b). Further, assays using alternate methods such as loop-mediated
and helicase dependent amplification are also available in the market.
The availability of tests based on near patient platforms is likely to
accelerate speed and volume of testing capacity.

3.2. Viral antigen tests

The available ELISA and lateral flow assay kits are designed to detect
N, S and RBD of S proteins (La Marca et al., 2020; Mak et al., 2020). The
specimens used for this test include nasal and throat swabs and saliva. A
positive result by this test indicates the presence of viral protein due to
virus infection and replication in the individual. These tests utilize
monoclonal antibodies or a combination of monoclonal and polyclonal
antibodies with reactivities against viral proteins. Specifically, the assays
capture S and N proteins present in the virus particles. While ELISA may
require 2–3 h for completion, lateral flow assays can be completed within
15 min.

3.3. Serologic tests

As noted with other infectious agents, SARS-CoV-2 infection leads to
eliciting innate and adaptive immune responses in the host. Regarding
the latter, antigen presenting cells (APC) present antigen to the CD4 T
helper cells (Th1) and also secrete IL-12 for further stimulation of Th1
cells (Rabi et al., 2020). This results in priming of CD8þ T cells that can
target the cells harboring foreign antigens for elimination and also the
stimulation of B cells. Antigen-antibody interactions at the appropriate B
cell surfaces drive virus-specific cell proliferation, antibody isotype
switching (through class switch recombination), cell maturation and cell
residence in systemic and mucosal sites (Hurwitz, 2020). Upon engage-
ment with the pathogen/vaccine antigens, naïve B cells will be primed.
Activated B cells internalize the antigens for processing and present MHC
Class II restricted peptides to follicular T helper cells (Tfh cells). Tfh cells
provide stimulatory signals to the primed B cells in the form of ligands or
soluble cytokines, resulting in proliferation of the B cells in the dark zone
of germinal centers (Crotty, 2014). Proliferating B cells also undergo
somatic hypermutation and class switching to enable more potent
binding of their BCRs to the antigen, as those B cells with lower affinity to
the antigens will not survive. Interaction of the Germinal Center (GC) B
cells with Tfh cells can also promote differentiation of the GC B cells into
short-lived plasma cells and long-lived memory B cells (Akkaya et al.,
2020). Short-lived plasma cells reside in lymphoid organs and are
responsible for secretion of antibodies into the systemic circulation
(Khodadadi et al., 2019). However, as the name implies, short-lived
plasma cells have relatively short lifespan, and the death of this popu-
lation ultimately results in waning antibody titers, a process known as the
primary antibody response (Figure 2). Memory B cells, however, have
long lifespan and primarily reside in periphery of the body where there is
3

a high likelihood of encountering pathogens, such as the palatine tonsils
and Peyer's patches (Jones et al., 2016). Upon re-engagement with the
antigens (frequently the pathogens), they can undergo rapid proliferation
and differentiation into antibody secreting plasma cells in a process
known as the secondary antibody response or memory B cell response.
Memory B cell responses also result in the formation of long-lived plasma
cells, which frequently reside in the bone marrow and constantly secrete
antibodies to maintain systemic antibody titers against the specific
pathogens (Brynjolfsson et al., 2018). This has been shown in the case of
SARS-CoV where innate and adaptive immune arms came into play upon
infection (Azkur et al., 2020; Zhong et al., 2003). The analysis of survi-
vors and non-survivors revealed that survivors mounted adaptive im-
mune response in the form of antibodies in comparison to non-survivors
(Ahmed et al., 2020a). The studies published on SARS-CoV-2 also indi-
cate a similar scenario (Azkur et al., 2020).

The antibody testing assays are designed to evaluate the humoral
immune responses elicited in patients in response to SARS-CoV-2 in-
fections. Specifically, the presence of antibodies in the sera/plasma/
saliva of patients is determined using ELISA (Figure 3) and lateral flow
immunochromatography assays (Figure 4). Chemiluminescence immu-
noassays (CLIA) are also being used to detect antibodies in both ELISA
and rapid assay formats. The use of luminescent chemical as a substrate
enhances the sensitivity in comparison to the chromogen based ELISA. In
addition, methods such as ELISPOT and cell-ELISA are used to quantify
antibody-secreting cells from peripheral blood mononuclear cells (Boo-
nyaratanakornkit and Taylor, 2019; Zarletti et al., 2020). A positive
result in the assay indicates that the individual was exposed to
SARS-CoV-2. The antibodies detected belong to three different classes
including IgG, IgM and IgA. The antibodies serve to provide defense
against the virus through mechanisms including neutralization of virus
and ADCC in mucosal surfaces, tissues and blood. While the antibody
assays may not be useful in the diagnosis of SARS-CoV-2 infections, they
can be used in combination with RT-PCR assays in specific cases. The
advantages with these assays are quick turnaround and visual interpre-
tation of the results in case of lateral flow assays. Further they are useful
for estimating the infection rates in the population.

4. SARS-CoV-2 viral proteins

4.1. Spike (S) protein

S codes for a protein of 1273 amino acids (aa) with respect to Wuhan-
Hu1 strain. The features of the protein are the following: Signal peptide,
1–12 aa; Ectodomain, 13–1213 aa; Transmembrane domain, 1214–1234
aa; Cytoplasmic domain, 1235–1273 aa. S is a type I membrane protein
and contains S1 (13–685 aa) and S2 (686–1273 aa) subunits which carry
out binding to ACE2 receptor and fusion of viral and cell membrane,
respectively (Hoffmann et al., 2020; Ou et al., 2020; Walls et al., 2020;
Wang et al., 2020a). These characteristics make S protein as a target for
host immune response and also a candidate for vaccine and therapeutic
interventions. S protein is present on the surface of virus particles and
forms homomeric trimers (Walls et al., 2020). The homology of
SARS-CoV-2 S protein to SARS-CoV is 76% and is much less (35%) to
MERS-CoV (Ahmed et al., 2020a; Grifoni et al., 2020). Zheng and Song
showed through bioinformatic analysis that the non-conserved regions of
SARS-CoV-2 has higher antibody epitope score (Zheng and Song, 2020).
There are several forms of S protein generated as substrates to measure
the antibodies present using the whole blood, finger-stick blood and
sera/plasma/saliva from COVID-19 patients. These include full length S
protein (1–1213 aa) without the transmembrane and cytoplasmic tail, S1
subunit of S, N-terminal of S (1–294 aa) and RBD (329–538 aa). S protein
and truncated variants are generally expressed using insect and
mammalian cells through eukaryotic expression vectors. Considering the
trimeric feature of spike protein on the virus particles, Krammer and
colleagues generated ectodomain of S and S1 subunit with the addition of
a trimerization domain at the c-terminus (Stadlbauer et al., 2020). The



Figure 2. Overview of the primary and secondary immune responses.
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predominant S variant containing D614G mutation has also been
included in the antibody evaluation (Yurkovetskiy et al., 2020).

4.2. N protein

N codes for a protein of 419 amino acids and is abundantly expressed
in virus infected cells. The RNA binding domain (41–186 aa) and
dimerization domain (258–361 aa) are key features. N is phosphorylated
at residue 176 and present in the virus particles in association with viral
RNA through specific interaction with M protein. This is a conserved
protein among coronaviruses as it shows 90% and 48% homology to
SARS-CoV and MERS-CoV, respectively (Ahmed et al., 2020a; Grifoni
et al., 2020; Jaimes et al., 2020; Zhang and Holmes, 2020). The assays
screening for antibodies against this protein utilize N expressed and
Figure 3. SARS-CoV-2 antibody detection by ELISA.

Figure 4. (A) Schematic representation of the test strip for ICGA. (B). A typical
test result of an ICGA. Top panel, control human serum; Bottom panel, human
serum positive for antibodies for the virus. C, control; T, test line.
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purified using bacterial expression system (Azkur et al., 2020; La Marca
et al., 2020).

4.3. E protein

E codes for a protein of 75 amino acids, a membrane protein and is
involved in virus morphogenesis and assembly. The features of this
protein include a surface domain (1–16 residues), transmembrane
domain (17–37 aa) and an intravirion domain (38–75 aa). This is a
conserved protein among coronaviruses and exhibits a homology of 94%
and 36% to SARS-CoV and MERS-CoV E proteins, respectively. In our
survey, we noted that one study utilized E protein in the evaluation of
immune responses in patients (Zhang and Holmes, 2020).

4.4. M protein

M is an abundant membrane protein present in the virus particles.
This protein has been shown to have a pleiotropic role in functions
including virus assembly and morophogenesis, regulation of replication
and packages viral RNA into the virions. M ORF codes for a protein of 222
amino acids with molecular weight in the range of 25 kDa. M contains
three transmembrane domains and the surface exposed residues corre-
spond to 2–19 aa and 72–79 aa. The intravirion residues correspond to
101–222 aa (Korber et al., 2020b; Zhang et al., 2020a).

5. Synthetic peptides as substrates for evaluation of antibody
responses

Peptides representing ORF1a/b, N and S proteins have been used as
substrates in a chemiluminescent immunoassay (Cai et al., 2020; Long
et al., 2020a; Yu et al., 2020). Peptide library covering the entire S
protein was utilized for the screening and resulted in the identification of
two highly reactive peptides (TESNKKFLPFQQFGRDIA and
PSKPSKRSFIEDLLFNKV) overlapping RBD and fusion regions, respec-
tively (Poh et al., 2020).

6. Serological assay platforms

6.1. ELISA

ELISA is the work horse of the diagnostic laboratories. This method
has been utilized by several investigators for detecting antibodies against
SARS-CoV-2 (Amanat et al., 2020b). In addition to in-house developed
tests, assays from commercial vendors were also used in a substantial
number of studies. An advantage with this assay is that it enables the
quantification of antibodies. The assays fall into two versions. In one
version, antigen bound antibodies were detected by anti-human anti-
bodies conjugated to HRP. In another version, antigen coated microtiter
wells were incubated with sera and the bound antibodies were quantified
by antigen conjugated with HRP. The latter version improves the speci-
ficity of the assay. The key steps involved in the assay are presented in
Figure 3. Given the variation in terms of samples used for analysis (sera
from patients and healthy controls) and cut-off values set in each case, it
is difficult to compare the data between studies. The other assays include
chemiluminescence immunoassays (CLIA) and fluorescence immunoas-
says (FIA) (Kontou et al., 2020). CLIA utilizes chemical probe (lumines-
cent molecule) as a substrate for quantification of antigen-antibody
complexes.

6.2. Lateral flow immunochromatography

The rapid test is based on the principles of immunochromatog-
raphy (ICGA) to detect virus specific antibodies using gold conju-
gated antigen or antibodies as described (Koo et al., 2005). The test
strip consists of four distinct regions designated as sample pad,
conjugate pad, nitrocellulose membrane coated with the test antigen
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as a line and absorbent pad (Figure 4). All the pads will be over-
lapped to enable migration of samples along the test strip. For
detecting the antibodies against the viral proteins, recombinant
protein or anti-human antibody will be conjugated to colloidal gold
(40 nm) for use as a detector reagent in the conjugate pad of the
device. Both the detection reagent (gold particles) and sample
migrate by capillary action. In addition, the recombinant protein will
also be used to coat the formatted test line. In a typical ICGA,
anti-SARS-CoV-2 antibody in the sample serum can be captured on
an antigen-colloidal gold complex using N or S proteins. The complex
moves through a sample pad and is then trapped at a test line band
containing recombinant SARS-CoV-2 protein.

6.3. Luciferase immunoprecipitation system assay

This assay is based on an enzymatic reaction and has been used to
detect antibodies in the human sera against pathogens and self-
antigens (Burbelo et al., 2005; Haljasmagi et al., 2020). The assay
utilizes a chimeric protein, in which the viral antigen is fused to
luciferase enzyme coding sequences, as a substrate for capturing
specific antibodies present in the sera. The luciferase activity in this
assay is proportional to the amount of antibodies bound to the
chimeric protein upon incubation with the sera. The advantage with
this assay is that it does not require purified recombinant protein for
detecting antibodies as other assays require. The cell lysate, collected
after transfection of cells with the plasmid DNA encoding chimeric
protein, is used directly for the assay. Body fluids from patient-
s/individuals suspected of infection used for evaluation of antibodies
against SARS-CoV-2 include serum, plasma, whole blood, finger-stick
blood and saliva.

6.4. SARS-CoV-2 neutralization assays

The correlates of protective immunity for SARS-CoV-2 are not
known. Studies published on SARS-CoV and MERS-CoV have impli-
cated that humoral and cellular responses may contribute to this
process (Ahmed et al., 2020b; Azkur et al., 2020). Hence, the eval-
uation of neutralizing antibodies is useful for reasons including
plasma therapy. The serological tests are not designed to detect
neutralizing antibodies. However, the reactivity of antibodies to spike
protein correlate with the neutralizing titer (Suhandynata et al.,
2020b). While plaque reduction neutralization test is the gold stan-
dard for evaluating neutralizing antibodies (Smithgall et al., 2020a),
pseudotype virus assay is commonly used for this purpose. The
SARS-CoV-2 pseudovirus is produced by co-transfection of HEK293T
cells with 1:1 ratio of DNA plasmid encoding SARS-CoV-2 Spike
protein and backbone plasmid pNL4-3.Luc.R�E-. The supernatant
containing pseudovirus is harvested 48 h post-transfection and the
pseudovirus is titrated using the stable commercially available
CHO-ACE2 cell line. The neutralization assay is carried out in 96-well
plates with 10,000 CHO-ACE2 cells. The samples (sera/plasma), upon
serial dilution, are incubated with SARS-CoV-2 pseudovirus at room
temperature for 90 min, before the mixture is added to the already
plated CHO-ACE2 cells. The cells are incubated for 72 h, and sub-
sequently harvested and lysed with BriteLite reagent (PerkinElmer,
USA). Luminescence from the plates are recorded with a BioTek plate
reader and used to compute percentage neutralization of the samples
at each dilution.

7. Evaluation of antibodies against SARS-CoV-2 in the sera/
plasma of COVID-19 patients

There are several reports on the serological studies of COVID-19 pa-
tients (Amanat et al., 2020a; Bloch et al., 2020; Chen et al., 2020a; Guan
et al., 2020; Long et al., 2020a; Ni et al., 2020; Stringhini et al., 2020;
Walls et al., 2020; Weiss and Murdoch, 2020; Wolfel et al., 2020).
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Globally, there are hundreds of companies that offer tests for virus spe-
cific antibody detection. However, these tests vary in their sensitivity and
specificity for the detection of virus specific antibodies. The results from
studies using these multitude of tests are compounded by differences
between them. These include: i) the methods used for the assays were
different; ii) studies have utilized both in-house developed and com-
mercial ELISAs; iii) lateral flow chromatography method was used for
rapid tests; iv) luciferase immunoprecipitation method was utilized; v)
Western blot method was utilized; vi) utilized pseudotype virus assays for
evaluating neutralizing antibodies; vii) the number of patient samples
used between the studies varies widely; viii) recombinant proteins
derived from prokaryotic and eukaryotic expression systems have been
used as substrates for detecting antibodies; ix) full length N protein and
peptides from N were used; and x) full length S, S1 subunit of S, S2
subunit of S, RBD, N-terminal domain of S, peptides from S and E proteins
were used for the assays.

A representative summary of the published studies on antibodies
against SARS-CoV-2 in patients is listed in Table 1. These studies are
highlighted as they show differences in the substrate (recombinant viral
protein/peptides) and technologies used for evaluation of antibodies. A
large number of the studies focused on addressing the time of appearance
of antibodies in COVID-19 patients. It is clear that it is difficult to
pinpoint the exact timing of infection in patients. In individual reports,
based on the information available from hospital records, the incubation
period from the time of infection to developing disease related symptoms
ranges from 5 to 20 days. Hence, the investigators in the field opted to
report their findings with respect to the detection of IgM, IgA and IgG
antibodies in the sera in terms of days after the onset of symptoms in
patients.

Zhao et al. investigated the antibody status using N and S1 subunit of
spike proteins expressed in bacteria and mammalian cells, respectively as
the antibody capturing antigens (Zhao et al., 2020b). Antibodies were
detected in patients after the onset of symptoms and antibody (Piccoli
et al., 2020) levels were shown to increase. The antibody dynamics and
responses were the subject of investigations by Xiang and co-workers
(Xiang et al., 2020). The results showed detection of IgM and IgG anti-
bodies against N protein on the fourth day after the onset of symptoms.
Generally, the appearance of IgM antibodies was with a median of 5 days
though studies show 1–7 days (Zhao et al., 2020b) and IgG specific an-
tibodies were seen towards the end of first week (day 7) or in the second
week after the onset of symptoms (Rokni et al., 2020; Tan et al., 2020).
Similarly, Gao et al. used ELISA based on N protein to monitor IgM, IgA
and IgG specific antiviral antibodies in plasma samples (Gao et al., 2020).
IgM and IgA antibodies were detected 5 days after disease onset and IgG
was detected 14 days after the onset of disease (Lee et al., 2020). In
contrast, microbeads assay using N and S proteins detected IgM and IgG
with a median of 5 and 4 days, respectively after symptoms onset
(Suhandynata et al., 2020a).

Studies involving a chemiluminescence immunoassay format also
showed that sera were positive for both IgM and IgG in week 3 after
symptoms. While IgM showed a declining trend, IgG are observed to
continuously increase (Lee et al., 2020; Xiao et al., 2020). The evaluation
of total antibodies in patients by ELISA showed an increase in the anti-
bodies against RBD containing S protein. The analysis of sera collected on
day 1–3, 4–7, 8–14 and 15–39 days from symptoms onset exhibited a
positive rate of 28.6%, 53.6%, 98.2% and 100%, respectively (Zhao et al.,
2020b). In another study involving total antibodies, IgM and IgG, total
antibodies were detected first followed by IgM and IgG. This reflected in
the sensitivity of 64.1% for total antibodies during early stage (0–7 days
post onset) in contrast to 33.3% for IgM and IgG (Lou et al., 2020).
Similar reactivities were also evident in the immunochromatography
assays carried out by Imai et al. (2020). Analysis of sera from 112 patients
showed IgM seropositive rate of 22.8%, 48.0% and 95.8%within 1 week,
1–2 weeks and >2 weeks, respectively. The seropositive rate with IgG
registered 3.3%, 8,0% and 62.5% for the same sample set. The analysis of
sera from 16 patients collected at 14 days or longer after symptoms onset



Table 1. Detection of antibodies by different platform assays using recombinant viral antigens as substrates.

Viral antigen used Assay format Source Antibodies tested Reference

N, S Lateral Flow assay Sera IgM (Shen et al., 2020)

N ELISA Plasma IgM, IgG (Zhang and Holmes, 2020)

N, RBD Chemiluminescent assay Sera IgM, IgA, IgG (Ma et al., 2020)

U Lateral Flow assay Sera IgM, IgG (Wu et al., 2020a; Yong et al., 2020)

N, RBD Lateral Flow assay, ELISA Sera, Saliva IgM, IgG (To et al., 2020)

N, RBD ELISA Sera IgM, IgG (Ni et al., 2020)

RBD, S1, S2 ELISA Plasma IgG (Wu et al., 2020b)

RBD ELISA Sera IgG (Duan et al., 2020)

RBD ELISA Sera IgM, IgG (Shen et al., 2020)

U Chemiluminescent assay Sera IgM, IgG (Yeh et al., 2004)

RBD ELISA MAb IgG (Cao et al., 2020)

S peptides ELISA Sera IgG (Poh et al., 2020)

RBD ELISA Plasma Total antibodies, IgM, IgG (Zhao et al., 2020a)

U Lateral Flow assay Sera IgM, IgG (Pan et al., 2020)

S peptide Chemiluminescence assay Sera IgA, IgM, IgG (Yu et al., 2020)

S1, N ELISA Sera IgG (Zhao et al., 2020b)

E, N ELISA Sera IgM, IgG (Zhang and Holmes, 2020)

N ELISA Sera IgM, IgG (Tan et al., 2020)

N ELISA Sera IgM, IgG (Xiang et al., 2020)

N ELISA Sera IgM, IgA, IgG (Guo et al., 2020)

N, S Chemiluminescence assay Sera IgM, IgG (Xiao et al., 2020)

N, S Chemiluminescence assay Sera IgM, IgG (Hou et al., 2020)

N, S1 ELISA Sera IgM, IgG (Sun et al., 2020)

S1 subunit ELISA Sera IgA, IgG (Jaaskelainen et al., 2020)

N, S Chemiluminescence assay Sera IgM, IgG (Ou et al., 2020)

N Lateral flow assay Sera IgM, IgG (Lee et al., 2020)

S, N Chemiluminescent assay, ELISA Sera IgA, IgM, IgG (Padoan et al., 2020a)

N, S peptide Chemiluminescence assay Sera IgG (Long et al., 2020a)

RBD ELISA Sera IgM, IgG (Pereira et al., 2020)

N, S ELISA Sera IgM, IgG (Liu et al., 2020c)

S peptide Chemiluminescence assay Sera IgM, IgG (Cao et al., 2020)

S ectodomain, S1, S1 (1–294), RBD ELISA Sera IgA, IgM, IgG (Okba et al., 2020)

S1 ELISA Sera IgA, IgG (Beavis et al., 2020)

RBD ELISA Sera Total antibodies, IgM, IgG (Lou et al., 2020)

N Lateral flow assay Sera IgM, IgG (Lou et al., 2020)

S, S1, RBD, N Single molecule array assay Plasma IgM, IgA, IgG (Norman et al., 2020)

RBD ELISA Sera IgM, IgG (Premkumar et al., 2020)

N, RBD Luminex Saliva, Sera IgM, IgA, IgG (Randad et al., 2020)

N, S Chemiluminescence Sera IgM, IgG (Nuccetelli et al., 2020)

S LFA Sera IgM, IgG (Mlcochova et al., 2020; Pickering et al., 2020)

S, N LFA Sera IgM, IgG (Mlcochova et al., 2020)

S1 cell-ELISA PBMCs IgG (Zarletti et al., 2020)

U, substrate not mentioned.
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showed rates of seropositivity for N protein (94% and 88% for IgG and
IgM, respectively) and RBD (100% and 94% for IgG and IgM, respec-
tively). The analysis of sera or plasma revealed an increase in seropositive
rate with time interval showing 81.8–100% in samples taken>20 days
after symptoms onset (Lassauni�ere et al., 2020) (Tan et al., 2020) (Wolfel
et al., 2020) (Long et al., 2020a).

A longitudinal analysis of sera from 338 patients, with different
severity of illnesses and positive for SARS-CoV-2 confirmed by RT-PCR,
revealed that IgM was detected in the first week after symptoms onset,
peaked in second week and started to decline to background level. On the
other hand, IgG was maintained for a long time. Interestingly, IgM level
was found to decline rapidly in recovered patients whereas in deceased
patients, IgM remained high or both IgM and IgG were undetected during
disease course (Hou et al., 2020). This trend was also noted by Sun et al.
(2020). Both N and S specific IgM reached peak in second week while IgG
increased in third week. It was noted that a combined detection of N and
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S specific IgM and IgG could identify up to 75% of patients in the first
week after the onset of symptoms. However, Qu et al. observed antibody
responses between 17 and 23 days after onset of illness (Qu et al., 2020).
Stronger antibody responses were observed in patients under critical
conditions. The appearance of IgA and IgG antibodies against S1 showed
a trend noted with IgM and IgG (Jaaskelainen et al., 2020). Padoan et al.
reported that IgA response peaked at week 3 and was stronger and
persistent than IgM response (Padoan et al., 2020b). A similar pattern in
terms of appearance of IgM and IgG was noted when E and N antigens
were used as substrates (Zhang and Holmes, 2020). Further, based on the
analysis of the serial samples collected from patients, an increase of both
IgM and IgG was noted 6–7 days after the onset of symptoms (Padoan
et al., 2020a, 2020b). This is also echoed in the studies by Long et al.
where 100% of patients were tested positive for IgG within days after the
onset of symptoms (Long et al., 2020a).
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The dynamics of antibody responses was analyzed by Pereira et al.
(2020) using RBD expressed in insect cells in an ELISA. While none of the
four sera collected within first 4 days of illness showed reactivities, sera
collected from 5-9, 11–18, 19–28 and 29–42 days after onset registered
IgM and IgG antibodies (Pereira et al., 2020). Montesinos et al., used a
panel of 128 PCR confirmed cases and 72 controls to compare the results
generated by ELISA and lateral flow assays (Montesinos et al., 2020).
Both assays revealed similar values with the sera collected 14 days after
onset of symptoms. Kruttgen et al. compared ELISA assays from four
companies (Euroimmun, Epitope Diagnostics, Mikogen and Viramed)
using a panel of 75 sera from virus positive patients (Kruttgen et al.,
2020). The IgG antibodies showed a sensitivity of 86.4%, 100%, 86.4 and
77.37%, respectively. The ultrasensitive high-resolution profiling of an-
tibodies by Single Molecule Array assay showed superior sensitivity in
detecting antibodies in the first week after symptoms onset (Norman
et al., 2020). Analysis of plasma from COVID-19 patients indicated 86%
sensitivity in detecting IgM, IgA and IgG in comparison to other assays.

The immunochromatography assays detecting IgM and IgG antibody
was recently used to test a panel of 97 PCR positive cases. This assay
showed positive result for 71.1% of the samples. The assay also detected
positive cases among 53 PCR negative samples which may also be a
reflection of the sensitivity of the PCR assay. The IgM and IgG antibodies
were evaluated for their diagnostic feasibility by ELISA assay using N and
S antigens. These studies showed that the positive rate was low in early
stage sera (Liu et al., 2020b). Okba et al. utilized ELISAwith a truncated S
protein as a substrate for evaluating IgA, IgM and IgG antibodies in
COVID-19 patients (Okba et al., 2020). IgA showed a strong correlation
with COVID infection. However, IgM was more sensitive but less specific
than IgG assay. Burbelo et al. analyzed the antibodies against N and S
(1–538 and 1–513 aa) of SARS-CoV-2 using LIPS assay (Burbelo et al.,
2005). In accordance with the results noted with ELISA, antibodies were
observed 8–10 days after the onset of symptoms. The comparison of
antibody pattern in asymptomatic group of SARS-CoV-2 positive in-
dividuals with the symptomatic group showed that IgG antibody positive
rates were 81.1% and 83.8% for asymptomatic and symptomatic groups,
respectively in 3–4 weeks after exposure. IgM values were 62.2% and
78.4% for the same groups (Long et al., 2020a). The levels of IgG anti-
bodies were higher in symptomatic than asymptomatic groups during the
acute phase of infection. Similar data were also reported by other groups
(Shirin et al., 2020; Long et al., 2020b). The investigation into the early
convalescent phase (8 weeks after discharge from the hospital) showed a
decline in IgG level and also a decrease in neutralizing antibodies within
2–3 months. It was reported that IgG titers showed a decline with a
half-life of 49days (Piccoli et al., 2020).Unlike adults, it has been reported
that SARS-CoV-2 infected children exhibit less severe symptoms. The
analysis of S protein specific antibodies showed that the pediatric patients
hadmore active B cells and neutralizing antibodies (Bahar et al., 2020; Lei
et al., 2020; Lynch et al., 2020; Mairesse et al., 2020; Wang et al., 2020b).
A difference in the antibodies has also been reported in female versusmale
patients (Zeng et al., 2020). Analysis of sera frommild, general, severe and
recovering patients, a high level of IgGwas noted in females thanmales in
severe disease status. In a recent review, Nikolich-Zugich et al. noted that
the onset of immune response is slower in older adults (Nikolich-Zugich
et al., 2020). Based on the studieswith SARS-CoVandSARS-CoV-2, failure
to switch from innate to adaptive immune responses impacts on antibody
development. It has been noted that sicker COVID-19 individuals showed
a high titer S specific antibodies in comparison to asymptomatic and also
patients recovered from the disease.

In addition to the studies listed above, there are several reports
recently published on the kinetics of antibody responses in COVID-19
(Bailey et al., 2020; Guthmiller et al., 2020; Huang et al., 2020b; Li
et al., 2020b; Mlcochova et al., 2020; Piccoli et al., 2020). Overall, a
typical scenario regarding the kinetics is the following: i) the incubation
period in the individuals lasts anywhere from 5-10 days after infection to
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show the symptoms; ii) IgM and IgA antibodies appeared in the first week
and IgG antibodies showed up in the second week though IgG antibodies
have also been noted within the first week after the onset of symptoms
(Mlcochova et al., 2020); iii) IgA and IgG antibodies persist for an
extended period than IgM; iv) patients with severe illness showed high
titer of antibodies in contrast to individuals who are asymptomatic; v)
IgG antibodies against SARS-CoV-2 proteins present in the sera/plasma
of individuals for periods ranging from 3-6 months in comparison to
IgM/IgA antibodies; vi) it has been suggested that detection of antibodies
in individuals gives an indication about the ongoing and past infections
with SARS-CoV-2; vii) the timing of appearance of antibodies after the
onset of symptoms precludes the antibody tests in the realm of COVID-19
diagnosis; viii) SARS-CoV-2 viral proteins show varying antigenicity
profiles.

8. Characteristics of antibodies against SARS-CoV-2 in
convalescing COVID-19 patients

As pointed out earlier, currently there are three options available
for treating COVID-19 disease. These include remdesivir, steroids and
plasma therapy. Regarding the latter, there are patients available
who have recovered from the disease (Bloch et al., 2020; Chen et al.,
2020b; Kumar et al., 2020; Rojas et al., 2020). Such a strategy to use
plasma derived from patients who have recovered from infections
goes back more than hundred years and has been successfully used in
SARS-CoV and MERS-CoV outbreaks and influenza (H1N1) cases
(Cheng et al., 2005; Zhou et al., 2007; Hung et al., 2011; Ko et al.,
2018). There are several reports regarding the use of plasma from
recovered COVID patients to treat severely ill COVID-19 patients
(Cao et al., 2020; Duan et al., 2020; Ni et al., 2020; Shen et al.,
2020; Wang et al., 2020a; Zhang and Holmes, 2020). The plasma
samples, collected from recovered patients 13–27 days after their
discharge, were weakly positive for IgM while high IgG titers were
noted in ELISA using N protein as the substrate (Zhang and Holmes,
2020) in addition to the demonstration of high IgG titers against RBD
of Spike protein as substrate (Ni et al., 2020; Shen et al., 2020; Xu et
al., 2020). Virus neutralizing activity was also shown using a pseu-
dotype virus entry assay and/or infectious virus in the plasma of
these patients (Shen et al., 2020). Poh et al. screened the sera with
peptides covering the entire spike protein and identified two peptides
(TESNKKFLPFQQFGRDIA and PSKPSKRSFIEDLLFNKV) overlapping
receptor binding region and fusion peptide region with high re-
activities in the sera of convalescent patients (Poh et al., 2020). As a
large differences noted in the antibody response to viral proteins in
patients, it is likely that data regarding antibodies and neutralization
may be useful in the selection of plasma donors for plasma therapy.
It is likely that data regarding antibodies and neutralization may be
useful in the selection of plasma donors for therapy. It is important to
note that neutralizing antibodies were detected in all samples posi-
tive for SARS-CoV-2 by PCR assay. Hospitalized patients demon-
strated high titers of antibodies to viral protein and this correlated
with high neutralizing antibody titer (Suhandynata et al., 2020b). It
is likely that commercial assays have the potential to predict the
presence of neutralizing antibodies. The investigation into the early
convalescent phase (8 weeks after discharge from hospital) showed a
decline in IgG level indicating an important role for antibody tests in
plasma therapy and also a decrease in antibodies within 2–3 months
(Long et al., 2020b).

9. Role of serologic tests in diagnosis and seroprevalence in the
population

Serologic testing is not currently used for diagnosis of COVID-19.
There are several reasons for this: i) Acute SARS-CoV-2 infections
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quickly lead to the onset of symptoms in the patients. The duration
from infection to symptoms takes 5–10 days in a majority of cases; ii)
The symptoms precede the generation of antibody response in the
host; iii) Molecular tests demonstrate the presence of virus through
amplification of viral RNA (Theel et al., 2020), a direct measure of
the presence of the virus. Based on the low sensitivity noted with
immunoassays (ELISA and immunochromatography) during the early
stage of infection, these assays may not be stand-alone assays for the
diagnosis of COVID-19 disease. The retrospective analysis of the
samples, registered negative for SARS-CoV-2 by RT-PCR, showed the
presence of antiviral antibodies (Gao et al., 2020) (To et al., 2020)
(Li et al., 2020c; Xu et al., 2020; Zhao et al., 2020a). These data
suggest that combining serological tests should improve early diag-
nosis. Serological assays have been used to evaluate the individuals’
exposure to SARS-CoV-2 who may or may not be symptomatic.
Healthcare workers (HCW), who were in close proximity to patients
with COVID-19 disease, were the subject of several studies evaluating
antibodies against SARS-CoV-2. Chen et al. examined 105 HCW using
ELISA with RBD and N proteins and detected a positive rate of
17.14% (18/105) (Chen and Li, 2020). Similarly, a seropositive rate
of 9.3% (54/578) was reported (Garcia-Basteiro et al., 2020). How-
ever, Korth et al. reported a rate of 1.6% (5/316), a rate likely due to
the safe practices adhered to by HCW in that study (Korth et al.,
2020). Seroprevalence studies involving a total of 17,368 individuals
in Wuhan and other regions noted seropositive rate between
3.2-3.8% (Xu et al., 2020). Stringhini et al. conducted a seropreva-
lence study in Geneva, Switzerland involving 2,766 participants
(Stringhini et al., 2020). Screening of individuals for IgG antibodies
against S1 domain of S protein showed a prevalence of 4.8%, 8.65%,
10.9%, 6.6% and 10.8% for week 1–5, respectively. Recently, a large
study undertaken in Spain, which suffered heavily due to
SARS-CoV-2, involved sera from 70,000 individuals and a, positive
rate of around 5% was seen. A strikingly different picture emerges
from the analysis of sera from children attending the hospital for
other diseases in Seattle area where ~1% positive was observed
(Dingens et al., 2020). Sera from individuals attending hospital in
San Francisco showed a positive rate of 0.26% in a total of 387
patients (Ng et al., 2020). These results indicate that the extent of
positive rate of antibodies depends on several factors including
location being close to the endemic areas for SARS-CoV-2. The results
from the seroprevalence studies should be interpreted with caution.
This is partly due to the fact that studies have been carried out with
different assays with varying sensitivity and specificity. The sero-
logical assays can also be utilized to Identify donors for convalescent
plasma therapy and provide information about the correlates of
protection (Amanat et al., 2020a). The screening of general and
defined populations for estimation of incidence and seroprevalence
against SARS-CoV-2 is outlined in Figure 5. The disappearance of
antibodies in the sera of individuals infected with SARS-CoV-2 over
time is an important issue. The approach of verifying plasma from
Figure 5. Screening of defined and general populations for estimation of inci-
dence and seroprevalence for SARS-CoV-2.
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convalescing COVID-19 patients for the treatment of severely ill pa-
tients may be impacted due to this. The use of vaccines based on
Spike protein and inactivated viruses further add a layer of
complexity to the seroprevalence studies. Further studies are needed
in this area.

10. Antibody cross reactivities with coronavirus N, S and E
structural proteins: impact on the effectiveness of SARS-CoV-2
tests?

Of the structural proteins S, N, E and M, the homologies between
SARS-CoV-2 and SARS-CoV are 76.0%, 90.6%, 94.7% and 90.1%,
respectively (Ahmed et al., 2020a) (Grifoni et al., 2020). The extent of
similarities points out that there is potential for cross reactivite anti-
bodies between viruses. Hence, a positive result in an antibody test using
the N protein is likely the result of reactivities against N of SARS-CoV or
SARS-CoV-2. However, the homology is much less in specific regions of
the S protein of these viruses. As SARS-CoV has not been in circulation
since the earlier outbreak and the limitation regarding the persistence of
antibodies, it is likely that a combination of two viral proteins may
confirm the seroconversion due to SARS-CoV-2. The common cold
coronaviruses (strains 229E, NL63. OC43 and HKU1) also exhibit ho-
mology to structural proteins of SARS-CoV-2. This prompted us to start
thinking about the preexisting immunity against these viruses in the
population and the influence it may have on antibody testing against the
virus causing COVID-19. There was around 70% seropositivity against S
protein from 229E, NL63, OC43 and HKU1 in the general population
(Zhou et al., 2013) and also seropositivity ranging from 90.6 to 91.8% in
adults for 229E, NL63 and OC43 and 59.2% against HKU1 using N pro-
tein ELISA (Severance et al., 2008). This is similar to the data reported by
other investigators (Hruskova et al., 1990; Mourez et al., 2007). Recently
it was reported that a total of 45 B cell epitopes are identical in S and N
proteins between SARS-CoV and SARS-CoV-2. These results raise con-
cerns regarding the potential to have false positive cases of COVID-19. As
noted in Table 1, several antibody assay kits are based on N only and/or S
proteins and hence may likely lead to the over estimation of the preva-
lence of SARS-CoV-2. The answer to this false positive test results is in
developing test kits targeting the unique non-conserved immunogenic
regions of SARS-CoV-2 S protein such as RBD as shown and also pointed
out by the bioinformatic analysis (Premkumar et al., 2020).

Recently it was revealed that there is a limited homology between
SARS-CoV-2 and rubella, mumps and measles (Franklin et al., 2020).
Specifically, Macro domains present in the non-structural protein 3
(NSP3) of SARS-CoV-2 and p150 of rubella share 29% amino acid
sequence identity. Similarly, homology was also noted between
SARS-CoV-2 S2 domain of S protein with the fusogenic proteins (F) of
mumps and measles viruses in post-fusion conformation. The in-
vestigators have hypothesized that these homologous regions may
contribute to the less severe effect observed in children with COVID-19
disease. It has been reported that rubella IgG titer was high in
COVID-19 patients with severe disease in comparison to patients with
moderate disease. These results warrant follow up studies to understand
their significance. The emergence of SARS-CoV-2 has raised questions
about the effectiveness of currently approved vaccines. Specifically, an-
tibodies elicited by Spike protein based vaccines showed reduced effect
in in vitro neutralization assays against U.K and South African variant
viruses resulting from an altered interaction between RBD and ACE2. As
antibody tests depend on a number of B cell epitopes present in the Spike
protein, specific mutations in RBD region may not alter antigen-antibody
interactions in other parts of Spike protein.

11. Use of antibody tests for vaccine development and clinical
trials

The serological tests, that detect and quantify antibodies against
SARS-CoV-2 S and N proteins in COVID-19 patients, provide relevant



Figure 6. Diagnosis and follow up of patients with COVID-19. Acute infection
with SARS-CoV-2 is detected by nucleic acid and antigen assays.
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information for the design of candidate vaccines and their clinical eval-
uation. The correlates of protective immunity in the case of SARS-CoV-2
are not clear. It is likely that a combination of cellular and humoral re-
sponses against the viral proteins contribute to the protection of host as
noted with other pathogens (Florindo et al., 2020; Huang et al., 2020a;
Poland et al., 2020; Sariol and Perlman, 2020). This may be applicable to
SARS-CoV-2. The benefit of antibodies present in convalescent COVID-19
patients has been demonstrated in the form of plasma therapy to severely
ill patients (Liu et al., 2020a; Schwartz et al., 2020). The presence of
distinct subtypes of antibodies including IgG and IgA with neutralizing
activity towards SARS-CoV-2 lend to their role in providing relief to the
recipients of plasma therapy (Casadevall and Pirofski, 2020; Li et al.,
2020a; Liu et al., 2020a; Schwartz et al., 2020). It was recently reported
that individuals, negative for SARS-CoV-2 infection by RT-PCR, have
been shown to harbor antibodies which reacted with S2 domain of S
protein of SARS-CoV-2. It was suggested that prior infection with related
common cold coronaviruses may be the source of such antibodies. The
preexisting antibodies exhibited neutralizing activity against
SARS-CoV-2 live virus and S protein pseudotyped virus in cell cultures.
These studies highlighted that a candidate vaccine representing S protein
would be an ideal candidate as shown recently with mRNA, DNA and
vectored vaccine platforms (Krammer, 2020; Poland et al., 2020).
Interestingly, the preexisting antibodies present in healthy individuals
are of IgG subtype. On the other hand, antibody pattern in COVID-19
patients consists of IgM, IgA and IgG subtypes. These observations
serve critical roles: i) facilitate the selection of plasma donors for therapy
among convalescing COVID-19 patients; ii) help to distinguish between
preexisting vs. de novo synthesis of antibodies during infection and
vaccine trials.

12. Conclusions

Here we have discussed the data on antibodies observed in patients
from the perspective of breadth, kinetics, cross reactivity with related
coronaviruses and other viral agents and surveillance of populations for
the rate of virus infection. The anti viral IgM, IgA and IgG antibodies in
individuals with COVID-19 disease were detected in the first week and
second week, respectively after symptoms onset. By weeks 2–3, tests for
IgG specific antibodies are seen in 100% of the infected individuals. A
combined use of IgM and IgG tests enhanced the sensitivity of detection
of antibodies close to symptoms onset. The current paradigm used for the
diagnosis of COVID-19 is presented in Figure 6. As shown here, nucleic
acid test detects viral RNA and plays a major role in the diagnosis.
Another method for this purpose is the antigen assay which detects viral
proteins.
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Due to the sensitivity issues with RT-PCR tests, the antibody tests may
complement with RT-PCR for diagnosis of COVID-19 disease in specific
cases. This is supported by the reports that PCR negative cases were
detected by serological (Basu et al., 2020; Chen and Li, 2020; Collier
et al., 2020; Huang et al., 2020c; Li et al., 2020b; Mlcochova et al., 2020;
Pickering et al., 2020; Smithgall et al., 2020a). The antibody tests are
useful for the analysis of antibody status in patients recovered from
COVID-19 disease. The analysis of plasma showed predominantly of IgG
type and a low level of IgA and IgM. Recently, U.S. Food and Drug
Administration issued an emergency use authorization (EUA) for the use
of convalescent plasma for the treatment of hospitalized patients with
COVID-19 disease (https://www.fda.gov/media/141477/download).
The plasma therapy has been in use in several countries. In this regard, it
should also be mentioned that monoclonal antibodies have also been
approved for use in humans with COVID-19 disease (Focosi and Farrugia,
2020; Nagoba et al., 2020). Further, results of the seroprevalence studies
using IgG and IgM antibody tests can be used as evidence of past exposure
to the virus at the population level. Specifically, antibody tests in areas
with large number of infections such as Spain and Wuhan, showed pos-
itive cases of around 5% and 3.8%, respectively. However, the prevalence
rate is much lower in locations away from infectious clusters. The sero-
logical tests will also be useful in epidemiologic studies, incidence esti-
mation and contact tracing. Interestingly, pediatric patients showed less
severe disease and antibody development. Similarly, women with
COVID-19 had strong antibody response and also less severe illness.
Future studies should expand on these results with a large cohorts of
patients. Another area of interest is the time course of antibody devel-
opment in different populations such as asymptomatic, mild, severe and
convalescent stages of virus infected individuals. A related question is
that whether antibody levels predict immunity to re-infection by
SARS-CoV-2. Barouch and colleagues reported that rhesus macaques,
infected with SARS-CoV-2, showed resistance to reinfection with the
same virus later due to immune protection (Mercado et al., 2020).
Though there are reports in support of reinfection of individuals previ-
ously infected with SARS-CoV-2 (Mulder et al., 2020; Tillett et al., 2020;
Zhang et al., 2020b), this area needs further investigation. Overall, the
availability of tests for determining the status and functionality of anti-
bodies in patients and general population will be useful for controlling
SARS-CoV-2 epidemic in the future.
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