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were observed for reactivity of patients’ sera with reduced and non-reduced NP protein. Pepscan analysis revealed weak to
moderate reactivity towards different RBD peptide pools, which was more focused on peptides encompassing aa 181-223 of RBD.
NP peptides, however, displayed strong reactivity with a single peptide covering aa 151-170. These findings were confirmed
by peptide depletion experiments using both ELISA and Western blotting. Altogether, our data suggest the involvement of
mostly conformational disulfide bond-dependent immunodominant epitopes in RBD-specific antibody response, while the IgG
response to NP is dominated by linear epitopes. Identification of antigenic epitope in NP and RBD of SARS-CoV-2 could
provide important advances for the development of passive and active immunotherapy as well as diagnostic tools for the control
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Abstract

Given the emergence of SARS-CoV-2 virus as a life-threatening pandemic, identification of immunodominant
epitopes of the viral structural proteins, particularly the nucleocapsid (NP) protein and receptor binding
domain (RBD) of spike protein, is important to determine targets for immunotherapy and diagnosis. In this
study, epitope screening was performed using a panel of overlapping peptides spanning the entire sequences
of the RBD and NP proteins of SARS-CoV-2 in the sera from 66 COVID-19 patients and 23 healthy subjects
by enzyme-linked immunosorbent assay (ELISA). Also, three non-overlapping peptides belonging to the S2
domain of spike protein were assessed. Our results showed that while reactivity of patients’ sera with reduced
recombinant RBD protein was significantly lower than the native form of RBD (p<0.001), no significant
differences were observed for reactivity of patients’ sera with reduced and non-reduced NP protein. Pepscan
analysis revealed weak to moderate reactivity towards different RBD peptide pools, which was more focused
on peptides encompassing aa 181-223 of RBD. NP peptides, however, displayed strong reactivity with a single
peptide covering aa 151-170. These findings were confirmed by peptide depletion experiments using both
ELISA and Western blotting. Altogether, our data suggest the involvement of mostly conformational disulfide
bond-dependent immunodominant epitopes in RBD-specific antibody response, while the IgG response to
NP is dominated by linear epitopes. Identification of antigenic epitope in NP and RBD of SARS-CoV-2 could
provide important advances for the development of passive and active immunotherapy as well as diagnostic
tools for the control of COVID-19 infection.
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Introduction

COVID-19 has remained a major health concern since the World Health Organization (WHO) declared it a
pandemic on 11 March 2020 (1). As of 16 May 2021, severe acute respiratory syndrome (SARS) coronavirus
2 (SARS-CoV-2) has infected more than 161 million people worldwide, with over 3 million deaths (2).
This has imposed a huge burden on health care systems worldwide and provoked a serious economic crisis
following inevitable social lockdown (3). Thus, there is a desperate need for developing sensitive and robust
diagnostic tests and potentially effective vaccines for SARS-CoV-2 to alleviate the growing socioeconomic
impacts. To this goal, obtaining illuminating insights into the immune response, particularly the antibody
response, to SARS-CoV2 is obviously crucial. From the experience with SARS-CoV virus, it is postulated
that neutralizing antibodies elicited against SARS-CoV-2 in convalescent individuals may be important
correlates of protection (aroused either by natural infection or vaccination) (4, 5), and detection of virus-
specific antibodies may provide a robust diagnostic tool for epidemiological purposes. Moreover, early
seroconversion and high antibody titers could be used as a prognostic marker for disease severity and ARDS
development in patients with SARS-CoV-2 (5). However, despite extensive investigations, precise definition



of the immune responses, especially targets of adaptive immune responses to SARS-CoV-2 infection is still
elusive.

Like other coronaviruses infecting humans, SARS-CoV-2 is an enveloped positive-sense RNA virus, composed
of four structural proteins known as spike (S), envelope (E), membrane (M), and nucleocapsid (NP) proteins
(6). Apart from NP which is associated to the viral RNA genome, the other three, S, E, and M proteins
organize the viral envelope and are directly accessible to the host immune system (6). The S protein is a
large type I transmembrane glycoprotein that is responsible for receptor binding and membrane fusion. With
a total length of 1273 amino acids, S protein has two functional domains, S1 and S2, located in the N- and
C-terminal, respectively (7, 8). S1 subunit itself consists of an N-terminal domain (14-305 residues) and a
receptor-binding domain (RBD, 319-541 residues) which binds to the host receptor angiotensin converting
enzyme 2 (ACE2), while the S2 subunit which plays an important role in SARS-CoV-2 fusion with the
target cells, harbors the fusion peptide (FP) (788-806 residues), heptapeptide repeat sequence 1 (HR1)
(912-984 residues), HR2 (1163-1213 residues), transmembrane (TM) domain (1213-1237 residues), and
cytoplasmic domain (1237-1273 residues) (8, 9). It has become evident that SARS-CoV-2 like other human-
infecting coronaviruses (e.g. SARS-CoV, MERS-CoV) can elicit IgM and IgG antibodies directed against
the S and NP protein, and the RBD of S protein, after initial infection (10). This antibody response is
initially used in serological assays for diagnostic purposes (11). However, due to the presence of several
cross-reactive epitopes in NP and S with SARS-CoV and MERS-CoV (12), the detected antibody response
may not represent only anti-SARS-CoV-2 antibodies and could be a reflection of previous exposures to other
human coronaviruses (13). Moreover, these serology-based assays do not offer any clue about antibody
functionality, including neutralization potential which is a prerequisite in vaccine development. On the other
hand, antibody-dependent enhancement (ADE) through low quality, low quantity, and non-neutralizing
antibodies is a concern with human coronaviruses (14), further necessitates epitope dissection in order to
resolve virus-specific and favorable antibodies from unfavorable cross-reactive antibodies.

Since SARS-CoV-2 virus largely depends on the spike glycoprotein for binding to ACE2 receptor and cell
entry (6), several studies have focused on detecting antibodies against S protein and its RBD to assess their
neutralizing effect. However, antibodies against nucleoprotein appear earlier in the course of seroconversion
(15) and could be more indicative for diagnostic applications. In the current study, we present several
immunodominant epitopes on the S and NP proteins by Pepscan analysis on the sera from Iranian SARS-
CoV-2 patients. This information may be useful for designing COVID-19 diagnostics and vaccines.

Materials and Methods
2.1. Patients and healthy controls

For primary screening, the total number of 120 cases, including 97 COVID-19 patients and 23 healthy
controls, were recruited in this study. Healthy control samples were collected from the Blood Transfusion
Organization of Iran 5 months before the COVID-19 epidemic in Iran and stored at -20 °C. All patients
were laboratory-confirmed positive for SARS-CoV-2 by real time PCR using throat or nasopharyngeal swab
specimens. Patients’ sera were collected during routine clinical testing and incubated at 56 °C for 30 minutes
to inactivate viruses and then stored at -20 °C until use. The mean age and standard deviation of patients
and controls were 58.6+£15.8 and 50.5£5.1, respectively. The patients group included 63 male and 34 female
subjects, and the healthy control group included 18 males and 5 female individuals. All patients were admitted
to Imam Khomeini hospital affiliated to Tehran University of Medical Sciences. Physical examination and
pulse oximetry were performed for all patients, and chest CT scanning was performed for suspicious cases.
Patients with the following criteria were admitted; 1) saturation of oxygen (SpO2) level <93% without
supplementary oxygen and 2) characteristics of COVID-19 disease on the patient’s CT scan, i.e., involvement
of more than half of the lungs. Also, patients with comorbidities and severe symptoms or signs of COVID-19
on their CT scan with normal SpO2 levels were admitted. Major clinical manifestations observed in patients
include fever, cough, dyspnea, and low blood oxygen saturation levels. Serum samples were collected from
all patients 3-7 days after hospital admission.



Patients were classified into severe and non-severe groups. Severe illness included patients who had SpO2
<60% or required intensive care unit (ICU) or received invasive (mechanical) ventilation. Altogether, 49
patients (50.5%) were classified as severe, and 48 patients (49.5%) were non-severe.

Subsequently, 66 of 97 screened patients with the highest levels of NP and RBD-specific antibodies were
selected for Pepscan analysis. The mean age and standard deviation of the selected patients were 59.6+15.1.
They included 44 male and 22 female patients which 45 (68.2%) were in severe condition of disease and 21
(31.8%) were non-severe.

This study was approved by the Ethical Committee of the National Institute for Medical Research Develop-
ment (NIMAD) of Iran (IR.NIMAD.REC.1399.194). Written consent was obtained from all patients included
in this study or their legal representatives.

2.2. Linear peptide synthesis

The sequences we used for the design of linear peptides of the RBD, S2, and NP of SARS-CoV-2 were
obtained from GenBank under accession numbers NC_045512.2 and MN908947.3. For epitope screening of
RBD and NP, we designed panels of linear peptides spanning the entire sequence of the RBD and NP protein
of SARS-CoV-2 (each peptide contains 20 amino acid residues with 5 residues overlapping with the adjacent
peptides). For epitope screening of S2, only three non-overlapping individual peptides, FE-18, FI-22, and
CK-16, with lengths ranging from 16-22 aa, were used. All the peptides were synthesized by Pepmic company
(China). Peptide synthesis was performed using a standard solid-phase Fmoc method. Peptides were purified
to homogeneity (purity more than 90%) by HPLC and identified by laser desorption mass spectrometry.
Peptides were used individually or as pooled sets. Three peptides were combined to form one pooled peptide
set. To obtain a stock solution, lyophilized individual peptides were dissolved in deionized water or Dimethyl
Sulfoxide 3% (DMSO, Sigma Aldrich, Germany) according to the manufacturer’s instruction. Amino acid
sequences of peptide sets are shown in table 1.

2.3. Detection of IgM and IgG anti-RBD and -NP antibodies by enzyme-linked immunosorbent
assay (ELISA)

For ELISA assays, we used recombinant SARS-CoV-2 NP protein expressed in Baculovirus-insect cells (Cat#
40588-V08B, Sino Biological Inc, China), and RBD expressed in HEK293 cells (Cat# 40592-VO8H, Sino
Biological Inc). RBD (1.0 pyg/ml) or NP protein (1.5 pg/ml) were coated in flat-bottom 96-well Maxisorp
microtiter plates (Nunc, Denmark) in phosphate-buffered saline (PBS) (pH 7.4) overnight at 4°C. After
blocking with 3% w/v skimmed milk (Sigma Aldrich) in PBST (0.05% v/v Tween-20 in PBS, Sigma-Aldrich)
as the blocking buffer, 1:200 diluted sera were applied onto the plates in the blocking buffer and incubated at
37degC for 1 h, followed by three washes with PBST. Subsequently, plates were incubated with horse-radish
peroxidase (HRP)-conjugated mouse monoclonal anti-human IgM or IgG (produced in our lab) at 1:1000
and 1:2000 dilution, respectively in the blocking buffer at 37degC for 1 h. The reactions were developed
by the addition of tetramethylbenzidine (TMB) substrate solution (Pishtaz Teb, Iran) for 15 minutes and
stopped by the addition of 1M H2SO4. Then, the optical density (OD) of the reactions was measured at
450 nm wavelength minus 630 nm using a microplate reader (Biotek, USA). The quantitative cut-off value
for seropositivity for COVID-19 was defined as the mean OD of healthy samples plus 2 SDs.

2.4. Peptide-based ELISA

Preliminary peptide-based ELISA was performed using pooled sets of three peptides. ELISA was performed
according to the protocol described in section 2.3. with the following modifications. In brief, flat-bottom
96-well Maxisorp plates (Nunc) were coated with 3.5 pg/ml of each peptide in 3 peptide pool sets, native
proteins (1.0 pg/ml of RBD or 1.5 pg/ml NP protein) or 1% 2-Mercaptoethanol (2-ME, Sigma Aldrich)
reduced proteins in PBS and incubated overnight at 4 °C. After washing three times with 0.05% PBST, the
plates were blocked using blocking buffer for 1 h at 37 °C, before the addition of serum samples at 1:200
dilution in the blocking buffer for 1 h at 37°C. HRP-conjugated mouse monoclonal anti-human IgG antibody
was used at 1:2000 dilution for detection of peptide-bound antibodies. Development was performed by the



addition of TMB and stopped with 1M H2SO4.
2.5. Peptide adsorption of patients’ sera

To verify reactivity of RBD-specific and NP-specific antibodies to the identified peptides from both proteins,
a depletion assay was performed. Using principles similar to the previous section, we performed peptide
adsorption as follows. P151-170 of NP and P204-223 of RBD were selected as the immunodominant peptides.
P136-155 of NP and P196-215 of RBD were selected as non-reactive irrelevant control peptides. 2.0 pg/ml of
selected peptides were incubated with the patient’s sera for 3 h at 37 °C to adsorb peptide-specific antibodies.
Peptide-adsorbed patients’ sera were then incubated for 1h at 37°C in NP or RBD pre-coated ELISA plates.
ELISA analysis was performed as described in section 2.4. Non-adsorbed sera were added as control.

2.6. Western blotting

To analyze reactivity of peptide-adsorbed sera with SARS-CoV-2 RBD and NP proteins, 2 ug of each protein
in native or 1% 2-ME reduced form were subjected t010%. Polyacrylamide gel in SDS sample buffer. Proteins
were separated by electrophoresis at 100 V for 1h, then transferred to a 0.45 ym hydrophilic polyvinylidene
fluoride (PVDF) membrane at 110 V for 1.5 hours. Successful transfer and equal protein loading were
confirmed by Ponceau S (Sigma Aldrich) (0.1% Ponceau S in 5% acetic acid) and Coomassie Brilliant Blue
(Sigma Aldrich) staining (0.1% Brilliant blue in 50% methanol, 10% acetic acid, 40% dH20) on PVDF
membrane and polyacrylamide gel, respectively. Membranes were blocked in 5% skimmed milk in PBS
overnight at 4°C, after de-staining with H20. Subsequently, the membranes were incubated with serum
samples diluted in blocking solution for 45 minutes at room temperature (RT). After washing for 5 times
with PBST, membranes were incubated with secondary HRP-conjugated mouse monoclonal anti-human IgG
at RT for 45 minutes, followed by washing 5 times for 5 minutes. Finally, positive signals were detected by
chemiluminescence ECL Prime (GE Healthcare, Sweden) solution.

2.7. Statistical analysis

GraphPad Prism software, version 8 (GraphPad Software Inc., La Jolla, USA) was used for plotting graphs
and statistical analysis. All values were expressed as mean +- standard deviation (SD). Statistical analysis
was performed using Mann—Whitney U test for Pepscan analysis and Wilcoxon test for comparing reactivity
against reduced and native target proteins and depletion assays analysis. Differences were considered to be
significant at P<0.05(*), P<0.01(**), P<0.001(***), and P<0.0001(****).

Results
3.1. IgM and IgG responses to RBD and NP proteins

Serum levels of IgM and IgG against RBD and NP proteins were determined in patients’ sera (n=97) by
ELISA (Fig. 1). Sera from 23 healthy individuals were used as controls. Our data demonstrated that based
on assigned cut-off OD values (cut-off =mean +-2SD of normal individuals) anti-RBD and anti-NP IgG were
positive in 94% and 92%. and anti-RBD and anti-NP IgM were positive in 90% and 80% of patients’ sera,
respectively. Subsequently, 66 serum samples from patients with IgG titer higher than the cut-off level (0.33
for anti-RBD IgG and 0.43 for anti-NP IgG) were selected for further Pepscan experiments.

Identification of linear epitopes on the SARS-CoV-2 RBD and NP proteins

We next assessed the linear dominant antigenic determinants within the RBD domain of the spike protein
(319-541 aa), NP protein (1-419 aa), and three different fragments within the S2 domain of the spike protein,
namely FE-18 (802-819 aa), FI-22 (888-909 aa) and CK-16 (1254-1269 aa), by Pepscan analysis. A total of
66 serum samples from COVID-19 patients were selected for epitope mapping which had been verified to
be reactive to the target proteins by ELISA. Serum samples from 23 healthy subjects were also included as
negative controls. A set of 20-aa overlapping peptides spanning the entire RBD domain and NP protein in
pools of 3 adjacent peptides were used as coating antigens in ELISA (Table. 1), and serum samples were
tested against each of the peptides. To test whether the reactivity is proportional to linear epitopes or



conformational ones, reduced as well as native proteins were also used as coating antigens, and all sera were
assessed with these antigens as well.

1.

Reactivity against native and reduced SARS-CoV-2 RBD proteins Native and reduced SARS-CoV-2
RBD proteins were employed to assess the reactivity of RBD-specific IgG antibodies with cysteine
bonds dependent and independent epitopes. Significantly higher reactivity was observed with native
non-reduced protein as compared to the reduced preparation (p=0.0002 ) (Fig. 2).

. Reactivity against RBD peptide pools While all of the 66 serum samples from COVID-19 patients were

reactive against native RBD protein, less than 40% of these samples recognized peptide pools A to
D, and pool E alone reacted with about 40% of patients’ sera. On the other hand, reactivity with all
RBD peptide pools was significantly higher in patients’ sera than healthy controls (Fig. 3A).
Identification of the immunodominant peptide in pool E Since patients’ sera showed better reactivity
with pool "E” of RBD peptides, we evaluated the reactivity of 25 pool "E” positive serum samples
with individual peptides of this peptide pool. Most samples reacted either with peptide P204-223 or
181-200 of RBD (Fig. 3B).

. Depletion assay confirmed specific reactivity with P204-223 on SARS-CoV-2 RBD protein Further

assessment was performed to verify specific reactivity of RBD-specific antibodies from 10 patients to
P204-223 peptide from RBD protein (Fig. 4). Patients’ sera were adsorbed with P204-223 as the
most reactive peptide and P196-215 as the non-reactive peptide, and evaluated by ELISA against
native RBD (Fig. 4A). Two of these samples were also tested by Western blotting (Fig. 4B). The
reactivity of non-adsorbed sera against RBD was slightly higher in comparison with that of P204-223
adsorbed sera (p=0.274 ). It confirms that the antibody response against RBD is largely related to
the conformational epitopes.

Identification of linear epitopes on the SARS-CoV-2 NP protein

2. Reactivity against native and reduced SARS-CoV-2 NP proteinsNative and reduced SARS-

CoV-2 NP proteins were employed to assess the reactivity of NP-specific antibodies with cysteine
bonds dependent and independent epitopes. The reactivity to native NP was similar to the reduced
NP (p=0.206 ) (Fig. 5), suggesting that denaturation does not significantly alter recognition of the
NP protein by patients’ antibodies.

Reactivity against NP peptide pools Pepscan analysis of peptide pools covering the entire NP protein
against sera obtained from COVID-19 and healthy controls also revealed significantly higher reactivity
of patients’ sera than healthy controls in each block of peptides (Fig. 6A). Most pools of peptides were
recognized by less than 50% of patients’ sera, while one distinct antigenic site corresponding to aa 136
to 185 in the N-terminal domain of NP protein (pool I) reacted very strongly with more than 75% of
the serum samples from COVID-19 patients. This suggests that the identified region, namely pool I,
contains at least one of the major linear immunodominant epitopes that induces the antibody response
in COVID-19 patients. The results also indicate that the reactivity against pool I was collectively
weaker than reactivity to native NP protein (p<0.001) (Fig. 6A), which may reflect the contribution
of other potential conformational epitopes in native NP.

Identification of the immunodominant peptide in pool I Next, we further assessed individual peptides
within pool I from NP protein which includes aa 136-155, 151-170, and 166-185, to precisely determine
the exact 20-mer epitope which attributes to the highest reactivity of COVID-19 patients’ sera (Fig.
6B). Sera obtained from 25 patients were used in this experiment. The data revealed that peptide
P151-170 is the dominant hit from pool "1”.

Depletion assay confirmed specific reactivity with P151-170 on SARS-CoV-2 NP protein Further as-
sessment was performed to verify the specific reactivity of NP-specific antibodies from 10 patients to
the dominant P151-170 peptide from NP protein (Fig. 7). Patients’ sera were individually adsorbed
with P151-170, as well as P136-155 as the non-reactive peptide, and evaluated by ELISA against na-
tive NP (Fig. 7A). Two of these samples were also tested by Western blotting (Fig. 7B). The data
revealed that peptide P151-170 adsorbed sera have decreased reactivity (p=0.0156 ) with native NP
in comparison with non-adsorbed sera.



6. Identification of linear epitopes on the SARS-CoV-2 S2 proteinThree peptides of S2 domain,
including FE-18 (aa 802-819), FI-22 (aa 888-909), and CK-16 (aa 1254-1269) were selected to assess
serum reactivity of 66 patients and 23 normal subjects. Almost 50% of patients’ sera reacted with
these three peptides (Fig. 8), among which CK-16 displayed the highest reactivity.

Discussion

Identification of major antigenic determinants of SARS-CoV-2 proteins which provoke remarkable antibody
response in COVID-19 patients may provide valuable information for understanding the virus-neutralizing
antibody response and developing efficient vaccines and serological assays.

Here, we have mapped the linear immunodominant epitopes on SARS-CoV-2 NP and RBD proteins by
Pepscan analysis using 20-aa overlapping peptides spanning the whole sequence of both proteins. We showed
that Iranian patients with COVID-19 develop significant anti-RBD and anti-NP IgG and IgM antibody
responses. However, while the antibody response against RBD seems to be largely raised against the S-S
bond-dependent conformational determinants, the antibody response against NP protein is mostly directed
linear epitopes.

Despite strong serological reactivity of convalescent patients against RBD reported in studies using full-
length RBD antigen of SARS-CoV-2 (16, 17), reports on serological reactivity to ”linear” immunodominant
sites on SARS-CoV-2 RBD are very limited in the literature. Although Zhang et al. reported four linear
immunodominant sites on RBD detected by sera from COVD-19 patients (18), we and others observed low
reactivity to peptides designed from the RBD of SARS-CoV-2. Weak serological reactivity to peptides within
the RBD was also observed in a recent study using a highly multiplexed peptide assay (PepSeq) platform by
Ladner et al. (19). Meng Poh and colleagues using a pepscan analysis, failed to find a linear immunodominant
epitope exactly localized to RBD region with high reactivity to patients’ sera (20). This weak/ lack of
reactivity in peptide-based approaches implies that antibodies reactive to RBD region are largely directed
against conformational epitopes and/or epitopes generated by post-translational modifications. Pepscan
analysis in our assay and peptide-based antibody assays exclusively detects linear epitopes created by the
primary structure of proteins and are blind to epitopes generated in the secondary or tertiary structure of
proteins. Interestingly, the reduction of S-S bonds within the native RBD molecule by a reducing agent
resulted in a significant reduction of antibody reactivity in patients’ sera (Fig. 2).

To assess the linear epitopes which provoke anti-RBD antibody response, we performed Pepscan analysis
using 20-aa long overlapping peptide covering the entire RBD domain. Although antibody reactivity against 5
different peptide pools, each consisting of 3 peptides, was significantly higher in sera from patients compared
to healthy subjects, it was significantly lower when compared with reactivity to the native RBD protein
(Fig. 3A). Of the 5 peptide pools, pool "E” which covers the C-terminal residues of RBD (aa 181-223)
displayed the highest reactivity. Thus, we investigated the antibody response to the three peptides of this
pool in 25 selected patients’ sera to identify the most immunodominant one. Both peptides P181-200 and
particularly P204-223, but not peptide P196-215, displayed modest reactivity with some of the samples (Fig.
3B). Preincubation of serum samples from 10 of these patients with peptide P204-223 resulted in slightly
lower reactivity of these samples to native RBD by ELISA and Western blot (Fig. 4). All these findings
suggest that the antibody response to RBD is dominated by S-S bond-dependent conformational epitopes.
The fact that the immunogenicity of RBD mainly relies on the conformational structures and/or post-
translational modifications (i.e., glycosylation) is proved by studying the binding footprint of neutralizing
monoclonal antibodies that inhibit RBD binding to ACE2. Studies revealed residues that are distal in the
linear sequence of RBD and their presence and glycosylation state contributed to antibody binding (21, 22).

We adopted a similar approach to investigate the antibody response against the NP protein. SARS-CoV-2
NP is a 419 aa phosphoprotein that associates with the viral RNA genome as well as other proteins to
form the ribonucleoprotein core (23). Like SARS-CoV, NP protein of SARS-CoV-2 consists of three distinct
domains: an N-terminal RNA-binding domain (NTD) which associates with the RNA genome, an intrinsically
disordered central Ser/Arg (SR)-rich linker and a C-terminal domain (CTD) which allows dimerization of



NP proteins (24, 25).

Our results revealed that in contrast to RBD, NP-specific antibody response is mainly directed against
linear epitopes. No significant difference was observed between serum levels of antibody against reduced and
non-reduced NP protein (Fig. 5). This was also supported by the Pepscan data which showed substantially
higher reactivity of the anti-NP antibodies from patients’ sera with all peptide pools, particularly peptide
pool 7T, which covers aa 136-185 (Fig. 6A). When the three peptides within this pool were dissected and
tested in a number of patients’ sera, the antibody response was almost entirely directed against one of these
three peptides which encompasses aa 151-170 (Fig. 6B).

Amino acids 151-170 are located on RNA-binding terminal domain of NP protein which has been previously
reported by Amruna et al. as an immunodominant epitope in SARS-CoV-2 and as a disease severity cor-
relate in COVID-19 patients (26). Sequence homology analysis demonstrated that the epitope we identified
in SARS-CoV-2 NP protein is highly conserved among human coronavirus strains, including SARS-CoV,
MERS-CoV, HKU1-CoV, and OC43-CoV. Although most studies only address the diagnostic value of nucle-
ocapsid protein and its epitopes for detection of seroconversion in COVID-19 patients, the highly conserved
nature of this epitope in NP protein would be an advantage in developing epitope-based vaccines against
SARS-CoV-2 which can develop cross-protection against other human coronaviruses. The majority of vac-
cines which are under clinical investigation against SARS-CoV-2 are developed based on viral spike protein
and mostly rely on the ensuing neutralizing antibody response which blocks viral entry rather than killing
infected cells. This could be largely attributed to the localization of NP protein. While the three other
structural proteins of the virus, S, M, and E reside at the interface of the virus to the external environment,
the NP protein is located inside the viral particles and is not accessible to the antibody during the course of
infection. Therefore, although elevated anti-SARS-CoV-2 NP IgG and IgM antibody titers were observed in
our study and have been reported by other investigators (27, 28), they do not seem to have neutralization
potential.

Since most of our current knowledge about SARS-CoV-2 NP protein comes from previous studies on SARS-
CoV, better evidence in this regard could be obtained from SARS-CoV literature. Several studies during the
SARS outbreak clearly showed that SARS-CoV NP protein could not induce strong neutralizing antibody
responses neither in human nor in animal (29-31); however, significant cytotoxic T lymphocyte (CTL)
response against NP has been reported using vector-based vaccines containing NP protein (29, 32, 33) . Kim
and colleagues introduced an effective DNA vaccine using SARS-CoV NP protein as a target antigen fused
to calreticulin (CRT) to enhance MHC class I presentation of linked antigen to CD8(+) T cells. Their results
showed that the NP-based vaccine generated strong NP-specific humoral and T-cell immune responses in mice
(34). Recently, it has been suggested that SARS-CoV-2 NP could be considered as an advantageous vaccine
target owing to its conserved nature and strong immunogenicity (35). A recently published data by Ahlen et
al. (36), also showed a DNA vaccine based on a codon-optimized SARS-CoV-2 NP gene induced high titers
of anti-NP antibodies in immunized rabbits, but most interestingly, they showed that immunization of mice
with a DNA vaccine expressing the SARS-CoV-2 NP protein induced the strongest T cell response against
a peptide region spanning our P151-170 peptide.

In this study, we also observed a substantial IgG response against CK-16 peptide fragment from the S2
domain of spike protein. The S2 subunit, composed of a fusion peptide, HR1, HR2, transmembrane and
cytoplasmic domains, is responsible for viral fusion and host cell entry and thus plays a crucial role in the
virus pathogenicity (8). The CK-16 peptide (aa 1254-1269) is located at the very C-terminal end of the spike
protein (in the cytoplasmic domain of S2). Tt is surprising to see the high immunogenicity of CK-16 because
it is located in the cytoplasmic domain of S2 and after viral entry, is not accessible to B cells. Whether
the antibodies that recognize this epitope are neutralizing or not necessitates further study. However, it
is interesting that CK-16 peptide shares a high sequence identity with C-terminus end of spike protein
from all other coronaviruses, and the CK-16 peptide region is identical among SARS-CoV-2, SARS-CoV-1,
SARS-CoV S Urbani, SARSr-CoV ZXC2land SARSr CoV-RaTG13 (8, 37). It implies that this epitope may
serve a functional role for the virus. It has been shown that C-terminus of S2 subunit contributes to the



stabilization of the trimeric structure of the spike protein (38), and destabilization of this area in the spike
protein of SARS-CoV interferes with spike trimerization and reduces fusion and infectivity of SARS-CoV
(39). A similar mechanism could be postulated for antibodies directed against CK-16 in SARS-CoV-2 that
may destabilize the trimeric structure of spike protein and reduces viral pathogenicity. Yang Li et al. have
also reported IgG antibodies against this epitope in the sera from some convalescent COVID-19 patients,
however, the neutralization assay was not reported for this epitope (40).

On the other hand, due to high homology with other coronaviruses, it is possible that some patients have
preexisting antibodies to this region, and the corresponding B cell clones against this region are expanded
after SARS-CoV-2 infection. This epitope has also been identified in 2 other publications studying antibody
response in convalescent sera from SARS patients (41, 42); hence the functional importance of this epitope
also remains to be elucidated. Most recently, in a comprehensive linear epitope landscape using sera from
1,051 COVID-19 patients, Yang Li and colleagues revealed an immunodominant region at the C-terminal
domain of S2 subunit rich in linear epitopes which covers our CK-16 (43). Although the clinical and functional
significance of antibodies against this region were not proved in their study, the reactivity of a large number
of COVID19 patients’ sera against this region reinforces its immunogenicity, making it more deserving for
further investigation.

In summary, we identified the dominant B cell linear epitopes on RBD and NP proteins of SARS-CoV-2
in COVID-19 patients. These epitopes may serve as a vaccine candidate after being confirmed for their
neutralization function using appropriate assays.
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No. aa position Sequence

RBD Peptides RBD Peptides RBD Peptides

1 P1-20 RVQPTESIVRFPNITNLCPF

2 P16-35 NLCPFGEVENATRFASVYAW
3 P31-50 SVYAWNRKRISNCVADYSV

4 P46-65 DYSVLYNSASFSTFKCYGVS

5 P61-80 CYGVSPTKLNDLCFTNVYAD
6 P76-95 NVYADSFVIRGDEVRQIAPG

7 P91-110 QIAPGQTGKIADYNYKLPDD
8 P106-125 KLPDDFTGCVIAWNSNNLDS
9 P121-140 NNLDSKVGGNYNYLYRLFRK
10 P136-155 RLFRKSNLKPFERDISTEIY

11 P151-170 STEIYQAGSTPCNGVEGFNC
12 P166-185 EGFNCYFPLQSYGFQPTNGV
13 P181-200 PTNGVGYQPYRVVVLSFELL
14 P196-215 SFELLHAPATVCGPKKSTNL
15 P204-223 ATVCGPKKSTNLVKNKCVNF
NP Peptides NP Peptides NP Peptides

1 P1-20 SDNGPQNQRNAPRITFGGPS
2 P16-35 FGGPSDSTGSNQNGERSGAR
3 P31-50 RSGARSKQRRPQGLPNNTAS
4 P46-65 NNTASWFTALTQHGKEDLKF
5 P61-80 EDLKFPRGQGVPINTNSSPD

6 P76-95 NSSPDDQIGYYRRATRRIRG

7 P91-110 RRIRGGDGKMKDLSPRWYFY
8 P106-125 RWYFYYLGTGPEAGLPYGAN
9 P121-140 PYGANKDGIITWVATEGALNT
10 P136-155 GALNTPKDHIGTRNANNAA
11 P151-170 ANNAAIVLQLPQGTTLPKGF
12 P166-185 LPKGFYAEGSRGGSQASSRS
13 P181-200 ASSRSSSRSRNSSRNSTPGS

14 P196-215 STPGSSRGTSPARMAGNGGD
15 P211-230 GNGGDAALALLLLDRLNQLE
16 P226-245 LNQLESKMSGKGQQQQGQTV
17 P241-260 QGQTVTKKSAAEASKKPRQK
18 P256-275 KPRQKRTATKAYNVTQAFGR
19 P271-290 QAFGRRGPEQTQGNFGDQEL
20 P286-305 GDQELIRQGTDYKHWPQIAQ
21 P301-320 PQIAQFAPSASAFFGMSRIG

22 P316-335 MSRIGMEVTPSGTWLTYTAA
23 P331-350 TYTAAIKLDDKDPNFKDQVI
24 P346-365 KDQVILLNKHIDAYKTFPPT
25 P361-380 TFPPTEPKKDKKKKADETQA
26 P376-395 DETQALPQRQKKQQTVTLLP
27 P391-410 VTLLPAADLDDFSKQLQQSM
28 P399-418 LDDFSKQLQQSMSSADSTQA
S2 Peptides S2 Peptides S2 Peptides

1 FE-18 FSQILPDPSKPSKRSFIE

2 FI-22 FGAGAALQIPFAMQMAYRFNGI

3 CK-16 CKFDEDDSEPVLKGVK
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Figure 1. Detection of RBD and NP-specific IgM and IgG antibodies in serum of COVID-19
patients and normal individuals. The results represent OD values obtained by ELISA in serum from 97
patients (P) and 23 normal individuals (NI). The solid lines represent mean values = SD. NP: Nucleocapsid
protein; RBD: Receptor binding domain.
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Figure 2. Reactivity of patients’ sera with native and reduced SARS-CoV-2 RBD protein.
Native and reduced SARS-CoV-2 RBD proteins were used for coating ELISA plates, and the sera from 48
COVID-19 patients were tested. Reactivity with native RBD was significantly stronger than the reduced
protein, p<0.001 (***). RBD: Receptor-binding domain.
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Figure 3. Mapping the immunodominant epitopes of the SARS-CoV-2 RBD protein by Pep-
scan analysis against antisera from COVID-19 patients and identification of the immunodom-
inant peptide. (A) Sera of COVID-19 patients (n = 66) and healthy blood donors (n=23) were subjected
to 5 pools (A to E) of overlapping peptides. Each pool containing three 20-mer adjacent peptides that
covers the entire RBD domain of S protein. The reactivity of sera with the overlapping peptide pools from
RBD protein was determined by ELISA. (B)Identification of the immunodominant epitope among ”pool E”
peptides from RBD protein. Individual peptides (P181-200, P196-215, and P204-223) of the positive peptide
pool of RBD (pool E) were screened with plasma samples from 25 COVID-19 patients having the highest
reactivity with this pool to determine the most reactive peptide. The solid lines represent mean values +
SD, P<0.001 (***),P<0.0001 (****). RBD: Receptor binding domain; P: Patients; NI: Normal individuals.

A B

2.0

Optical Density (450 nm)

Patient #2

Patient #1

Non-adsorbed P204-223 adsorbed
T sera

0.0-

Figure 4. Depletion assay with P196-215 and P204-223 of SARS-CoV-2 RBD protein. (A)
Specific reactivity of 10 COVID-19 patients’ sera antibodies to P196-215 and P204-223 peptide of RBD
protein was assessed by evaluating the reactivity of P196-215 and P204-223 adsorbed and non-adsorbed sera
against native RBD by ELISA.(B) Two representative serum samples were also tested by Western blot. The
solid lines represent mean values = SD. RBD: Receptor binding domain.
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Figure 5. Reactivity of patients’ sera with native and reduced SARS-CoV-2 NP protein. Native
and reduced SARS-CoV-2 NP proteins were used for coating ELISA plates, and the sera from 48 COVID-19
patients were tested against each form of protein. The total reactivity of patients’ sera with reduced NP was
comparable with the corresponding reduced protein. NP: Nucleocapsid protein.
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Figure 6. Mapping of the immunodominant epitopes on the SARS-CoV-2 NP protein by
Pepscan analysis against antisera from COVID-19 patients and identification of the immun-
odominant epitope. (A)Sera of COVID-19 patients (n = 66) and healthy blood donors (n=23) were
subjected to 9 pools (F to N) of overlapping peptides that cover the entire NP protein sequence. The re-
activity of sera with the overlapping peptide pool that covers the entire sequences of the NP protein was
determined by ELISA. (B) Identification of the immunodominant epitope among ”pool I” peptides from NP
protein. Individual peptides (P136-155, P151-170 and P166-185) of the positive peptide pool on NP protein
was screened with plasma samples from 25 COVID-19 patients to determine the most reactive peptide. The
solid lines represent mean values + SD, P<0.001 (***),P<0.0001 (****). NP: Nucleocapsid; P: Patients;
NI: Normal individuals.

>
v]

ns

3 -
- *
= —
=
(=1
wn
o T
2
2
3 Patient #1 - —
3 17
2
8

-
B Patient #2 -
= T
& g & ‘ b :
©° o & Non-adsorbed  P151-170 adsorbed
X ) &
0@' (.,'\' sera sera
Q Q

Figure 7. Depletion assay with P136-155 and P151-170 of SARS-CoV-2 NP protein. (A)
Reactivity of NP-specific antibodies from 10 patients to P136-155 and P151-170 peptide was assessed in
P136-155 and P151-170 adsorbed and non-adsorbed sera against reduced and non-reduced forms of NP by
ELISA. (B) Two representative serum samples were also tested by Western blot. The solid lines represent
mean values + SD, P<0.05 (*). NP: Nucleocapsid.
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Figure 8. Reactivity of peptides within S2 framework domain of SARS-CoV-2 spike protein
against antisera from COVID-19 patients. Sera of COVID-19 patients (n = 66) and healthy blood
donors (n=23) were subjected to 3 peptide fragments (FE-18, FI-22, and CK-16) from S2 domain of spike
protein. The solid lines represent mean values = SD, P<0.0001 (****). P: Patients; NI: Normal individuals.
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