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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) initiates infection by

attachment of the surface-exposed spike glycoprotein to the host cell receptors. The

spike glycoprotein (S) is a promising target for inducing immune responses and providing

protection; thus the ongoing efforts for the SARS-CoV-2 vaccine and therapeutic

developments are mostly spiraling around S glycoprotein. The matured functional spike

glycoprotein is presented on the virion surface as trimers, which contain two subunits,

such as S1 (virus attachment) and S2 (virus fusion). The S1 subunit harbors the N-terminal

domain (NTD) and the receptor-binding domain (RBD). The RBD is responsible for binding

to host-cellular receptor angiotensin-converting enzyme 2 (ACE2). The NTD and RBD

of S1, and the S2 of S glycoprotein are the major structural moieties to design and

develop spike-based vaccine candidates and therapeutics. Here, we have identified three

novel epitopes (20-amino acid peptides) in the regions NTD, RBD, and S2 domains,

respectively, by structural and immunoinformatic analysis. We have shown as a proof

of principle in the murine model, the potential role of these novel epitopes in-inducing

humoral and cellular immune responses. Further analysis has shown that RBD and S2

directed epitopes were able to efficiently inhibit the replication of SARS-CoV-2 wild-type

virus in vitro suggesting their role as virus entry inhibitors. Structural analysis revealed that

S2-epitope is a part of the heptad repeat 2 (HR2) domain which might have plausible

inhibitory effects on virus fusion. Taken together, this study discovered novel epitopes

that might have important implications in the development of potential SARS-CoV-2

spike-based vaccine and therapeutics.
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INTRODUCTION

The global pandemic caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
has affected more than 20 million people worldwide, so far, and the spread of new infections
continues to rise (1). The SARS-CoV-2 belongs to the Coronavirus family and is grouped
under genus beta-corona viruses and the virus closely resembles other important Coronaviruses,
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including SARS and the Middle East respiratory syndrome
(MERS) (2, 3). SARS-CoV-2 is an enveloped, positive-
sense, single-stranded RNA virus that initiates the infection
by binding to the host-cell receptor human angiotensin-
converting enzyme 2 (hACE2) which is abundantly present
in the respiratory tract (4). The viral genome consists of four
structural proteins, such as spike (S) glycoprotein, membrane
(M), nucleocapsid (N) and envelope (E) proteins, and 16
non-structural proteins (5). As per the drafted landscape of
WHO for COVID-19 vaccine candidates, one-third of the
vaccine development strategies are based on S glycoprotein,
the major surface glycoprotein that is protruded out on
the virion surface (6, 7). A suitable viral spike protein
vaccine candidate should either mimic the native-like
structure to induce naïve B-cell repertoire for neutralizing
antibodies or should incorporate highly immunogenic viral
sequences that will have the advantage to bind at high
affinity to MHC class I/II molecule, thus stimulating host
immune responses.

The SARS-CoV-2 S protein is a type I transmembrane
glycoprotein which remains in a metastable conformation and
three homo-dimeric complexes assemble to form trimers that are
exposed on the virion surface (8). The S glycoprotein initiates
the infection by attachment to hACE2 receptor present on the
host cell surface, thus stimulating conformational changes for
the fusion of the viral-host cell membrane (6). Thus, the SARS-
CoV-2 S protein is the major target for eliciting neutralizing
antibodies and to confer protection; however, an ideal vaccine
candidate should be the one that will be able to induce both
humoral and T-cell responses. The T-cell responses have great
importance in the clearance of respiratory viruses. The S
protein is a 180 kDa glycoprotein and contains three major
domains; the ectodomain (S1 and S2 domains), transmembrane
domain, and intracellular cytoplasmic domain. The S1 domain
consists of N-terminal domain (NTD) and receptor-binding
domain (RBD) that binds to the host cell receptor hACE2, and
initiates attachment. The C-terminal domain (CTD); i.e., the
S2 domain which contains the highly conserved fusion peptide
and heptad repeat (HR) domains, mediates fusion process and
facilitates virus entry into the host cell (9). The fusion process
requires activated S protein which is achieved in the host
secretory pathway by cleavage of the S protein by host cell
proteases, and the cleavage site is present at the S1/S2 site and

the S2
′

site (10). Other than the similarities with SARS-CoV
from the coronavirus family, the spike protein resembles in
its structural organization and functions to other class 1 viral
envelope and fusion proteins, such as HIV-1 envelop gp160,
HCV, chikungunya, HA protein from influenza virus, and Ebola
GP protein (11). The dynamic conformational flexibility of
these class 1 viral proteins facilitates extraordinary attachment
and fusion process between viral and host cell membranes
and responsible for inducing both B- and T- cell immune
arms. Hence, the structural proteins exposed on virion surfaces
are excellent targets for vaccine and therapeutic development.
Nevertheless, to exploit the spike protein up to its full potential to

be used as a vaccine or therapeutics, it is utmost necessary to have
a comprehensive understanding of the monomeric and trimeric
structural and functional characteristics of spike protein and its
different epitopes.

Based on the earlier knowledge on the efforts of development
of SARS-CoV vaccine and target product profiling and recent
studies on SARS-CoV-2 vaccine development, S protein-based
subunit vaccines have shown to induce immune responses
(12–15). The whole trimeric S protein might be a potential
vaccine candidate; however, in SARS it has been seen that
in some cases, the full-length S protein induces enhanced
infectivity and infiltration of eosinophils which might be due
to antibody-dependent enhancement (ADE) effect (16–18).
Another important aspect is that as the virus is adapting
to the host and evolving, the mutations in the SARS-CoV-2
genome might act as an important bottleneck in the vaccine
development (19, 20), whereas, the usage of the receptor-
binding domain (RBD) alone could avoid ADE effect and can
elicit the desired neutralizing responses. In SARS-CoV-2, it is
too early to speculate which of these strategies will work and
would be beneficial. Hence, it is important to test potential
domains or epitopes of S protein and understand their roles in
either inducing immune responses or in viral attachment and
fusion process.

In this study, we have identified novel epitopes and
synthesized 20 amino acid peptides from the S protein of SARS-
CoV-2 from three major domains i.e., NTD (S1 domain), RBD,
and CTD (S2 domain) by selecting minimal viral epitopes. These
epitopes showed promising antigenicity using structural and
immunoinformatic analysis, and we have further characterized
their immunogenicity and as anti-viral entry inhibitors both
in vivo and in vitro, respectively. Single domain peptides
with minimal length have advantages as these are easy to
produce, cost-effective, less complex, and easy to remove the
unwanted non-neutralizing epitopes or domains. In addition,
epitopes showing promising results could be stitched together to
form multiepitope protein-based immunogens (21) or could be
formulated into nanoparticles (22). In addition the epitopes have
shown to induce neutralizing responses in SARS-CoV (23, 24).
The immunogenicity of these peptides was evaluated in 7–8
weeks old female Balb/c mouse by a prime-boost approach, given
either as a single dose or in a combination of three peptides. The
results indicate all three peptides are highly immunogenic and
able to induce both antigen-specific soluble spike protein and
RBDprotein-specific antibody responses and inmixed or cocktail
preparation of peptides; the antibody responses were found to be
biased toward S2 and RBD domain. We have further analyzed
the functional and neutralizing responses of the sera using SARS-
CoV-2 wild type viruses, antigen-specific T-cell responses, and
the ability of these peptides to block SARS-CoV-2 virus entry
before and after the virus attachment. Altogether, the results
demonstrate valuable insights of these novel epitopes derived
from SARS-CoV-2 spike protein and describe their potential
application in the designing of next-generation improved vaccine
candidates or as anti-viral “gate-keepers”.
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RESULTS

Immunoinformatic and Structural Analysis
of S Protein, Peptide Design, and Synthesis
The SARS-CoV-2 spike protein is the major immunogenic
candidate present on the virion surface and protective
neutralizing antibodies targeting the spike protein are present
in the samples from convalescent patients. Literature suggests
that for SARS coronaviruses, neutralizing antibodies are elicited
against different domains of the spike protein (23, 25). Here,
we analyzed the S glycoprotein of SARS-CoV-2 (Wuhan-Hu-1
strain, GenBank accession ID: MN908947.3) and identified
immunogenic peptides from three different regions: from the
S1-NTD named as S1-pep1, from the RBD region named as
RBD-pep2, and from the S2 region named as S2-pep3 (Figure 1A
and Supplementary Figure 1). The peptide selected from the
NTD corresponds to a previously reported peptide from SARS-
CoV NTD (23). The NTD peptide was evaluated for B-cell linear
epitope prediction and showed favorable values for the predicted
antigenicity. The peptide selected from the RBD is a part of the
receptor-binding motif (RBM). The corresponding peptide from
the SARS-CoV is known to bind to neutralizing antibodies, such
as F26G18 and F26G8 (24). Linear B cell epitope prediction
showed favorable predicted antigenicity for the RBD-pep2. We
have further identified another peptide from the C-terminal
region in the HRC1 sequence of S2 domain as described by Tripet
et al. (26), who has shown that in SARS-CoV, this HRC1 epitope
site was an effective viral inhibitor. The selected peptides were
synthesized and conjugated to the keyhole limpet hemocyanin
(KLH) (GenScript, NJ, USA), a carrier protein, to increase their
immunogenicity. The peptide sequences are listed as shown in
Figure 1A.

Immunization of Peptides in Mice Induces
High-Titer Antibody Responses
To determine the immunogenicity of these peptides, we
immunized 7–8-week-old BALB/c mice in a homologous prime-
boost regimen (Figures 1B,C) as described in “Materials and
Methods.” The whole IgG responses of the immunized sera
from four experimental groups and one control group were
measured against S1-pep1, RBD-pep2, S2-pep3, and mixed
peptide group, respectively by ELISA (Figure 2). After priming
the immunized sera from all the groups, we were able to
observe elicited whole IgG titers (Figures 2A–C). After the
first and second boosting, the whole IgG antibody responses
were increased (Figures 2A–C), whereas, the highest IgG titer
was seen in S2-pep3 group followed by RBD-pep2 and S1-
pep1 immunized groups. The immunized sera from the mixed
peptides (Group 4) did not show any reactivity toward respective
peptides after priming (Figures 2D–F). However, after the first
and second boost, the sera from the immunized group of mixed
peptides showed a significant increase in IgG responses, and
the highest responses were directed toward S2-pep3 (Figure 2F).
The control group with PBS did not show reactivity to any of
the peptides.

Next, we investigated peptide-specific IgG subclass
switching in sera from the second boost immunization to

determine Th1/Th2 polarization (Supplementary Figure 2).
IgG1 subclass was found to be dominated in the sera
from the immunized mice with all the three peptides
(Supplementary Figure 2A), whereas, no titer was detected
against IgG2c subclass (Supplementary Figure 2D). In the
S1-pep1 immunized sera, there was no significant titer against
IgG2a and 2b (Supplementary Figures 2B,C, left panel).
In the RBD-pep2 immunized sera, high IgG2b titers were
seen (Supplementary Figure 2C, middle panel), followed by
IgG2a responses (Supplementary Figure 2B, middle panel).
Immunization with S2-pep3 also induces significantly higher
titers to IgG2b (Supplementary Figure 2C, right panel). In
contrast, in the immunized sera of mixed peptides, the IgG1 titers
are found to be the highest against S2-pep3 followed by RBD-
pep2 and S1-pep1 (Supplementary Figure 2E). In addition,
the mixed immunized sera showed the highest IgG2a and
moderate IgG2b titers to S2-pep3 (Supplementary Figure 2F,
left and middle panels) followed by reactivity to RBD-pep2
(Supplementary Figure 2G, left and middle panels); however,
no reactivity was shown to IgG2c (Supplementary Figures 2F,G,
right panel). In addition, the mixed immunized mice sera
showed a very low titer of IgG2a, 2b, and 2c against S1-pep1
(data not shown).

Peptide Prime-Boost Immunization
Efficiently Mounted Antigen-Specific CD8+

T Cell Responses
T-cell responses to S1-pep1, RBD-pep2, and S2-pep3 and
mixed peptide preparation were characterized in the mice
immunized with respective peptides. For this purpose, spleens
were isolated from each of the above-immunized groups and
stimulated in vitro in the presence of PMA + Ionomycin
or respective peptide antigen and compared with the mock
control group. Characterization of various T-cell populations
was then carried out based on the presence of CD4, CD8
surface markers, and cytokines. In peptide stimulated groups,
both the T helper as well as T cytotoxic cells showed ∼10-fold
upregulation in IFN-γ (Interferon-gamma) production in the
mixed peptide immunized mice followed by RBD-pep2 group
which showed ∼6-fold upregulation as compared to the control
group (Figure 3). Similar significant upregulation of total IFN-γ
production was also observed in the presence of mixed peptide
and RBD-pep2, indicating a robust IFN-γ mediated anti-viral
response in the presence of these peptides (Figure 3). Consistent
with the antigen-specific stimulation, PMA + Ionomycin
stimulation also resulted in significant IFN-γ production in
the mixed-peptide group and RBD-pep2 immunized group
(Supplementary Figure 3). Interestingly, the upregulated IFN-
γ production was also observed in the case of S1-pep1 group
in both antigen-specific and PMA+Ionomycin stimulation.
However, no significant changes were observed either in
IL2 or IL17A production suggesting that our immunization
strategy particularly with mixed peptide, RBD-pep2, and S1-pep1
induces a strong IFN-γ production which may be driven by
Th1 axis.
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FIGURE 1 | Schematic of SARS-CoV-2 spike protein and immunization schedule. (A) Full-length spike protein depicting sequence location of S1-pep1, RBD-pep2,

and S2-pep3. (B) Immunization scheme and sample collection schedule in BALB/c mice. (C) Immunization strategy in different groups.

Functional and Biological Characterization
of SARS-CoV-2 Peptide Immunized Sera
Next, we determined the soluble spike protein (in pre-fusion-
stabilized conformation) and soluble RBD-specific antibody
titers of the peptides immunized sera from the second boost.
The highest total IgG titers against the soluble spike protein were
seen against S2-pep3 immunized mice pooled sera (Figure 4A).
These data corroborate with the earlier results that S2-pep3 is
highly immunogenic in BALB/c mice. Pooled sera from S1-pep1
immunized mice showed comparable ELISA titers to soluble
spike protein and the lowest IgG titers were seen in RBD-pep2
immunized mice pooled sera. However, the reactivity of high
titer antibodies was seen in RBD-pep2 immunized mice pooled
sera and in the mixed peptide sera to soluble RBD protein
(Figure 4B). To further confirm whether the induced antibodies
recognize the conformational spike protein, Ni-NTAHisSorb
ELISA plates were used to coat spike protein, and ELISA was
repeated with pooled sera from S1-pep1, RBD-pep2, and S2-
pep3, respectively (Figure 4C). The pooled sera from all the
three peptides showed binding to conformationally stable spike
protein and interestingly, the sera showed higher binding titers
to soluble spike protein in Ni-NTA coated plates as compared to

the binding titer to ELISA. Next, we analyzed the binding of IgGs
purified from the pooled sera of the immunized mice to assess
their binding with a soluble spike in pre-fusion conformation in
real-time using bio-layer interferometry (BLI). All the sera, the
S1-pep1, RBD-pep2, and S2-pep3, were found to bind with the
soluble spike protein; this further confirms that the immunized
sera have antibodies that are specific to the spike protein of SARS-
CoV-2 and bind to the soluble, pre-fusion, native-like, trimeric
spike protein (Figure 4D). We further analyzed the ability of the
immunized pooled sera to bind selectively to soluble spike and
RBD protein by Western blot (Figures 4E,F). The sera from each

immunized group were pooled and as shown in Figure 4E, sera
from the S1-pep1, RBD-pep2, and S2-pep3 immunized groups

efficiently detected the soluble spike protein at 1:100 dilution.

Similarly, pooled sera from RBD-pep2 immunized sera detected
soluble RBD protein at 1:1000 dilutions (Figure 4F). The sera

from the pooled peptides were able to detect the soluble spike

protein as a clear single band at an approximate molecular weight
of ∼175kDa, whereas, the pooled peptide sera from RBD-pep2
recognized the soluble RBD as a single band at an approximate
molecular weight of∼29 kDa (27, 28). To study the ability of the
sera from immunized groups to detect expressed spike protein in
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FIGURE 2 | Humoral responses to peptide immunization. Serum whole IgG responses as measured by ELISA and expressed as endpoint antibody titer (Mice no.

1–12). (A) Binding antibody titers of immunized Group 1 to S1-pep1. (B) Binding antibody titers of immunized Group 2 to RBD-pep2. (C) Binding antibody titers of

immunized Group 3 to S2-pep 3, sera from priming, sera from the first boost, and sera from the second boost. (D) Binding antibody titers from the first boost of

immunized Group 4 mixed peptide sera to S1-pep1. (E) Binding antibody titers from the first boost of immunized Group 4 mixed peptide sera to RBD-pep2. (F)

Binding antibody titers from immunized Group 4 to S2-pep3. The plates were coated with respective peptides at a concentration of 2µg/ml. Values plotted are the

mean endpoint titers in duplicate. Each dot represents a single mean value of three repeated experiments. Statistical significance was determined using the one-way

ANOVA test (p < 0.05), where ***p < 0.001 (one-way ANOVA).

viruses, Vero-E6 cells were infected with wild type SARS-CoV-
2, Isolate USA-WA1/2020 virus using an MOI of 10 and 24 h
p.i., the binding of the pooled sera from each immunized group
to viruses was determined by indirect immunofluorescence
(Figure 4G). Pooled sera from all S1-pep1, RBD-pep2, and S2-
pep3 immunized mice were shown to be effectively binding to
spike proteins intracellularly. Taken together, all these assays
show that the immunized sera from the 20-mer peptides were
effectively recognized by the soluble RBD protein, the soluble
spike protein stabilized in pre-fusion conformation mimicking
native-like structure, and the spike protein expressed in the
virus-infected cells.

Neutralizing Responses of the Anti-peptide
Sera and Anti-viral Properties of Peptides
to Wild-Type SARS-CoV-2 Virus
The ability of immunized sera of peptides to neutralize the
SARS-CoV-2 was evaluated by using classical virus plaque-
based neutralization assay in Vero E6 cells (Figure 5A and
Supplementary Figure 4A, high resolution). The pooled sera
from the peptide of immunized groups after the second boost
were incubated with 50 PFU of SARS-CoV-2 (USA-WA1/2020
isolate) at 1:10 and 1:20 dilutions, respectively and 48 h p.i.
The number of plaques formed was visualized by crystal violet
staining. As shown in Figure 5A, the pooled sera from all groups
immunized with peptide showed to neutralize the SARS-CoV-
2 virus as compared to the immunized sera of the control
group. The sera from the mixed immunized mice group showed
higher plaque counts at 10 and 20 dilutions as compared to

others, suggesting least neutralization ability. We further tested
the ability of the RBD-pep2 immunized sera to block ACE2-
RBD interaction by using surrogate neutralization assay. As
shown in Figure 5B at 1:10 dilution, the pooled sera from RBD-
pep2 immunized mice from the second boost showed ∼17%
inhibition in binding of RBD to ACE2 in competitive ELISA.
The result was in agreement with plaque reduction neutralization
test (PRNT) indicating that the 20-mer RBD-pep2 harbors the
neutralizing epitope. Although the neutralizing titers were low,
this might be attributed to the small size or low dose of the
peptides or both, and the adjuvant used. Nevertheless, the 20-
mer peptides were able to induce neutralizing responses albeit in
weak concentration.

Next, we examined the inhibitory effect of these synthetic

peptides on the SARS-CoV-2 virus, which should prevent either
virus attachment or fusion process, and thereby preventing the

virus entry into the host cells. To test whether the peptides
were able to inhibit the virus in the pre-fusion state before

they entered into host cells, the peptides were incubated with

10 MOI of SARS-CoV-2 (USA-WA1/2020 isolate), free viruses
for 30min at concentrations of ∼5 and 2.5µm, and at 48 h

p.i. The cytopathic effect (CPE) was visualized in Vero E6 cells

(Figure 5C and Supplementary Figure 4B, high resolution). As

compared to virus control, all the three peptides S1-pep1, RBD-
pep2, and S2-pep3 showed an inhibitory effect on wild type

virus, though the highest effect was seen in RBD-pep2 and S2-
pep3 peptides in which at low concentration of ∼2.5µm, the
formation of CPE was found to be lower as compared to the
virus control. We further tested the anti-inhibitory effect of
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FIGURE 3 | Characterization of T-cell immune responses against SARS-CoV-2 antigens in mice. T-cell immune response against SARS-CoV-2 peptide antigens was

studied in the spleen of immunized mice at 42 days post-immunization (p.i.). In vitro antigen-stimulated splenocytes were then used for intracellular cytokine staining

for IFNγ, IL2, and IL17 cytokines after CD4 and CD8 surface staining. Stained cells were then acquired on BD FACSCanto II (BD Biosciences, CA, USA) and analyzed

on FlowJo software (Tree Star, Inc., OR, USA). The top panel shows representative dot plots indicating mean percent positive values for various T-cell populations in

the stimulated spleen. Bar graph plotted for percent positive ± standard errors of the mean (SEMs) for each group are shown (Bottom), where*p < 0.05, **p < 0.01,

***p < 0.001, and ****p < 0.0001 (one-way ANOVA).

peptides after the virus attachment or entry to host cells. For this,
10 MOI of free viruses were allowed to attach to Vero E6 for
1 h, followed by washing and addition of a medium containing
peptide (10µm). When the cells were incubated at 37◦C for
48 h p.i., CPE was observed. We observed similar CPE in the
S1-pep1 and RBD-pep2 wells as compared to the virus control,
where ∼80% of the cells were dead. For the S2-pep3, the CPE
was less prominent and ∼50% cells were attached to the surface
(Figure 5D and Supplementary Figure 4C, high resolution). In
surrogate-based ACE2-RBD competition ELISA, the RBD-pep2
showed ∼37% inhibition of binding to hACE2 at 10µm peptide
concentration (Figure 5E). Taken together, the results indicate
that these peptides not only have the potential to generate
neutralizing responses but could also act as anti-viral inhibitors.
In addition, the results suggest that S2-pep3 peptide could inhibit
the virus both pre- and post-entry to host cell, although it is
interesting to explore further the molecular mechanism of the
S2-pep3 and the interaction of the virus spike protein.

Structural Modeling of Peptides on the
Ectodomain of SARS-CoV-2
The peptides that were selected from the SARS-CoV-2 primary
amino acid sequence were missing in the available structures

in the protein data bank for the SARS-CoV-2 spike protein.
This suggests that the regions from where the peptides selected
are random and have a high b factor. To build-up the missing
parts, we used SWISS-MODEL and PDB: 6VYB as a template.
The structure of SARS-CoV-2 ectodomain in PDB:6VYB is in
an open state, with one RBD open while the two are in the
closed conformation (6). This helped us to view the state of
RBD-pep2 on the SARS-CoV-2 structure both in the context

of open and closed conformation (Figure 6A). The location
and conformation of both, S1-pep1 and RBD-pep2 were highly

exposed and easily accessible on the SARS-CoV-2 ectodomain,
suggesting that antibodies for these regions will have easy

accessibility on the S protein (Figure 6A). The RBD-pep2 is

part of the RBM which in general, is very flexible and adopts
a structure when binds to the ACE2 receptor (Figure 6B).
Antibodies targeting the RBM region are neutralizing, and we
hypothesized that the use of RBD-pep2 as a peptide vaccine
candidate might elicit neutralizing antibodies. To build the

missing region of S2-pep3 on the S protein, we used int-FOLD
server (29) to model the missing C-terminal domain of S2
region. The best fit modeled S2-pep3 region shows that it forms
a helix and projects upward from the proximal region of the
membrane (Figure 6C). The conserved hydrophobic region that
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FIGURE 4 | Functional characterization of immunized sera. (A) Binding antibody titers of immunized pooled sera from S1-pep1 (red), RBD-pep2 (blue), S2-pep3

(green), and mixed peptide sera (pink) to the soluble spike protein. (B) Binding antibody titers of immunized sera from RBD and mixed peptide-immunized pooled sera

to the soluble RBD protein. (C) Binding titers of pooled sera to Ni-NTA HisSorb-captured spike protein ELISA. (D) Real-time binding of soluble spike protein with the

purified IgGs from immunized mice, S1-pep1 (red), RBD-pep2 (green), and S2-pep3 (blue). (E) The Western blot analysis of pooled immunized sera reactivity to

soluble spike protein separated on SDS-PAGE (4–12%) gels. The pooled sera from S1-pep immunized group (lane), RBD pep (middle lane), and S2-pep (right lane)

have been used as the primary antibody. (F) The Western blot analysis of pooled immunized sera from RBD-pep2 group as the primary antibody to soluble RBD

protein separated on SDS-PAGE (4–12%) gels. (G) Immunofluorescence detection of pooled immunized peptide sera to wild type SARS-CoV-2 virus-infected Vero E6

cells. Immunized sera as the primary antibody and probed with secondary antibody. Alexa-Fluor 488-labeled anti-mouse antibody (green) (1:100). The nuclei were

stained with 4
′

,6-diamidino-2-phenylindole (DAPI, blue); scale bar: 20µm and magnification 60x.

immediately precedes the trans-membrane region is also crucial
for S-protein trimerization and stability. Antibodies binding to
this region may destabilize the trimer formation or post-fusion
conformation (30). A similar phenomenon is hypothesized in
HIV envelope protein, where the region closer to the membrane
induces antibodies that block the conversion from pre-fusion to
post-fusion conformation during the process of cell entry (31).

DISCUSSION

The spike protein of SARS-CoV-2 is an important target for
developing vaccines and therapeutics as it binds to cellular
receptors on the host-cell membrane and mediates virus–
host cell fusion. Currently, no vaccines are available for any
Coronaviruses, although few promising vaccine candidates
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FIGURE 5 | In vitro neutralization and anti-viral inhibition assay. (A) Plaque assays were performed using SARS-CoV-2 (USA-WA1/2020) isolate in Vero E6 cells. Sera

were incubated with 50 PFU of viruses at 1:10 and 1:20 dilutions for 1 h at room temperature (RT) and allowed to infect the Vero E6 monolayer of cells seeded onto

24-well plates. Following 1 h of adsorption, the plate was washed with 2% Dulbecco’s Modified Eagle Medium (DMEM) and overlaid with 2% carboxymethyl cellulose

(CMC) prepared in DMEM. Forty-eight hour p.i., the plates were fixed with 6% formalin for 4 h at RT and stained with 1% crystal violet to visualize the plaques. VC,

Virus control; CC, cell control. (B) The ACE2-RBD competition assay was performed in ELISA format showing percentage inhibition of SARS-CoV-2 RBD binding

ACE2 in the presence of RBD-pep2 sera. (C) Cytopathic effect-(CPE) based viral inhibition assay with peptides. The peptides with different concentrations were

incubated with 10 MOI of wild type SARS-CoV-2 virus for 30min at RT and allowed to infect the Vero E6 monolayer of cells seeded onto 12-well plates. After 1 h of

adsorption, the plate was washed and maintained in 2% DMEM growth media. Forty-eight hour p.i., the CPE were visualized in the microscope. (D) The CPE-based

viral inhibition assay with peptides after virus attachment. (E) The ACE2-RBD competition ELISA with RBD-pep 2. The RBD-pep2 was incubated at different

concentrations with 2 µg of soluble RBD protein for 30min at RT. The mix was then transferred to the ELISA plate coated with soluble ACE2 and further incubated for

1 h at RT. The plate was then washed and an HRP- conjugated anti-His antibody was added and incubated for 1 h at RT; the plate was washed two times with PBST

and then developed with a TMB substrate. The reaction was stopped by adding 2N H2SO4 stop solution and absorbance was measured at 450 nm.

have entered into clinical trials for SARS-CoV-2 following
the recent outbreak (32, 33). SARS-CoV-2 is an RNA virus
with genetic diversity that results from antigenic mutations,
which is a common feature of the RNA virus family (20,
34). Hence, it is valuable to evaluate and find anti-viral and
neutralizing epitopes that could be used as universal targets
for the designing and development of SARS-CoV-2 spike-based
vaccines or as therapeutics. According to recent reports, the
number of D614Gmutants of SARS-CoV-2 has increased rapidly
all over the world, indicating a transmission advantage and
better fitness of the D614G subtype (35). This also emphasizes
the importance of identifying conserved domains and epitopes
on SARS-CoV-2 spike protein for broad coverage. In this
study, we have selected 20-mer peptides from three important
immunogenic determinants of S protein by structural and

immunoinformatic analysis, and based on previous reports of

SARS spike protein (24). These synthetic peptides were used
to immunize BALB/c mice and the sera were characterized
extensively for their antigenicity against the respective peptides,
the RBD soluble protein, and the soluble pre-fusion stabilized
native-like S protein. All the three peptides were found to be
highly immunogenic and were able to elicit a high titer of
whole IgG antibodies against the respective peptides as shown
in Figure 2. However, in the immunized group of the mixed
peptides, the immune responses were found to be skewed
toward RBD and S2-pep3. In addition, further evaluation of
immunized sera on isotype class switching demonstrates that the
response is directed toward IgG1 suggesting induction of Th1
responses (Supplementary Figure 2). Interestingly, the highest
humoral response was seen against S2-pep3, which is a part
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FIGURE 6 | Structural modeling of peptides on SARS-CoV-2S protein. (A) The position of the peptides used in this study is shown on the spike trimer. S1-pep1 is

shown in red, that is part of N-terminal domain (NTD) shown in cyan, RBD-pep2 is shown in green, that is part of RBD is shown in yellow (note one RBD is in open

conformation and two in closed conformation), and S2-pep3 is shown in orange, that is part of S2 domain. All the peptides are well-exposed to the trimeric spike

protein. (B) The RBD-pep2 region in the RBD is shown in orange in the stick model. The RBD-pep2 consists of key residues that are at the interacting interface of

ACE2, shown in yellow (PDB: 6M0J). (C) The position of the modeled S2-pep3 is shown in orange in one S2 protomer shown in blue. The structure shown in green in

the circle is the C terminal of the spike protein proximal to the membrane that folds back to project upward and forms a helix. All the images were created by using the

PYMOL software.

of the heptad repeat 2 (HR2) domain (36). In addition, our
results demonstrated that the intramuscular immunization of
these synthetic peptides could trigger spike-specific CD8+ T
cell responses as shown with respect to the secretion of IFNγ

(Figure 3). IFN-γ secretion is a hallmark of Th1 response and
these results corroborated with our earlier findings of elicitation
of high titers of IgG1 responses. This is crucial information on the
development of the SARS-CoV-2 vaccine or therapeutics, as one
of the major implications of the SARS vaccine is the induction
of severe antibody-dependent inflammatory reactions (37) and
Th2-directed eosinophils infiltration that results in the damage of
lungs (38). The demonstration of the association of the synthetic
peptides to Th1 polarizing subclasses and a balance of Th1/Th2
responses are important, as the IgG subclasses have shown to
play an important role in controlling the infection of the virus.
Furthermore, Th1 responses have an additional advantage for
eliciting CD8+T cell responses which also play a key role in
protection (39). Recent studies on patients infected with SARS-
CoV-2 have explained the important role of T-cell immune
response in conferring protection (40). It will be interesting

to study the anti-viral activities of these peptides specific to
T cells.

These synthetic peptides are linear epitopes; hence the
antibodies induced after immunizations might not be able to
recognize conformational epitopes or glycan-occluded epitopes
on the S protein. However, our results indicate that the
immunized sera were able to bind to soluble S protein expressed
in a mammalian system that is conformational, trimeric, fully
glycosylated, and native-like (Figure 4) (41). Furthermore, the
immunized sera were able to bind to denatured S protein and
soluble RBD protein on SDS-PAGE as shown in the Western
blot analysis. The results suggest that the epitopes are well-
exposed to the S protein and flexible. Mapping of the epitopes
on the S-protein structure (PDB: 6VYB) also suggests that the
epitopes are well-exposed and easily accessible on the surface
of the trimeric S protein. Neutralizing antibodies are reported
for SARS-CoV that binds to the region corresponding to that
of S1-pep1 in the N-terminal domain and RBD-Pep2 in RBD
(23, 24). In this study, the highest humoral immune responses
were directed toward S2-pep3 which is a part of HR2 domain.
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While neutralizing antibodies that bind to the region preceding
immediately to the transmembrane region are reported for HIV
envelope glycoprotein, a similar mechanism may be expected to
block the infection of SARS-CoV-2 via S protein as it is also a
class I fusion protein with a similar structural arrangement (42).
Moreover, antibodies binding to the S protein at the membrane-
proximal region may also interfere with the stability of the
trimer or efficient formation of post-fusion conformation that is
necessary for virus–host cell fusion process.

At lower dilutions of (1:20), the immunized sera from all the
three peptides have shown to exhibit>50% neutralization against
SARS-CoV-2 wild type USA-WA1/2020 isolate (Figure 5). In
surrogate-based neutralization, the RBD-pep2 immunized sera
further showed to inhibit the RBD-hACE2 interaction. The weak
neutralization might be due to small linear epitopes and the
usage of Freund’s adjuvant. Nevertheless, further improvement
in using multiple peptides or displaying these peptides in
multiple arrays and using efficient adjuvant-like Addavax
might increase the neutralizing responses. However, taken
together the results suggest these peptides have the potential
for the induction of both humoral and T-cell responses against
SARS-CoV-2. These findings are important in developing
peptide-based multiepitope or next-generation improved
SARS-CoV-2 vaccines.

Anti-viral peptides are promising targets to act as viral entry
inhibitors (43, 44) by interacting with the membrane surfaces
or hydrophobic pockets and thus interfering in either virus
attachment or fusion process. Xia et al. (36) have identified
that lipopeptides targeted toward the HR1 domain of spike
protein show high activity against virus fusion and thus efficiently
inhibit the infection of the virus. In SARS, peptides derived
from the HR motif of the S2 domain have been shown to
be highly effective in inhibiting virus entry (45, 46). Here,
the synthetic peptides, such as RBD-pep2 and S2-pep3 have
shown to be inhibiting the virus entry in pre-fusion state
at a concentration as low as ∼2.5µm as seen in CPE-based
infectivity assay (Figure 5C). The RBD-pep2 is a part of RBM
of RBD that interacts with the host receptor, ACE2 protein and
thus might be playing a direct role by interfering in the viral
attachment to the host cell. In the case of SARS coronaviruses,
most of the characterized neutralizing antibodies partially or
fully bind to the RBM region and block the accessibility of
ACE2 (47). Our result with the monomeric peptide from the
RBM suggests a promising possibility of designing a multimeric
peptide-based or domain-based vaccine candidate that includes
the RBM.

The S2-pep3 is present at the HR2 region of SARS-CoV-
2 spike domain and found to be hydrophobic and rich in
phenylalanine and glycine residues (Supplementary Figure 1).
The heptad repeats HR1 and HR2 are responsible for the
formation of a six-helix bundle, thus facilitating the fusion
process. The S2-pep3 might be interfering in the fusion process,
in the lipid membrane interface, thus inhibiting virus entry and
replication (Figure 5D). Future studies on the mechanism of
such interactions of the peptides within virus–host membrane
pocket will further enable us in understanding the role of these
peptides as anti-viral blocking agents.

In summary, the present study demonstrates the potential role
of SARS-CoV-2 spike domain epitopes in the form of synthetic
peptides to induce enhanced and desirable immunogenicity,
which can be tailored in designing multimeric spike-based
vaccine candidates. Multimeric homologous immunogens are
adventitious in activating the B cell and are effective in cross-
linking the B-cell receptor (BCR) (48, 49). In addition, the
peptides also represent attractive targets to further exploit as
“gatekeepers” or as “anti-viral inhibitors.”

MATERIALS AND METHODS

Peptide Designing and Synthesis
The sequence of SARS-CoV-2 used for designing the peptides
was based on the amino acid sequence of SARS-CoV-2 isolated
Wuhan-Hu-1, GenBank: MN908947.3. Peptides of 20-mer were
selected from three different regions of SARS-CoV-2 S protein,
the NTD, the RBD, and the S2 domain. The peptide selected
from NTD corresponds to a peptide of 236aa-253aa of SARS-
CoV and was reported previously of very high antigenicity (23)
and named as S1-pep1. The peptide selected from the RBD
region is a part of the RBM; the corresponding region in SARS-
CoV, a linear peptide of 460aa-476aa that binds to neutralizing
antibodies F26G18 and F26G8 (24) and named as RBD-pep2.
For the S2-domain, a 20-mer peptide was selected from the HR2
region of S2 domain (1186-1205 aa) and which was found to be
highly antigenic in the antigenicity prediction tool and named
as S2-pep3. For the B cell linear epitope prediction, Bepipred
Linear Epitope Prediction 2.0 of the Immune Epitope Database
and Analysis Recourse (iedb.org) was used. The three designed
peptides were custom synthesized in conjugation with keyhole
limpet hemocyanin (KLH) (GenScript, NJ, USA). The peptides
were dissolved in the phosphate-buffered saline (PBS) at pH 7.4
to a final concentration of 1–4 mg/ml.

Mouse Immunization
For immunization study, 7–8 weeks old female BALB/c mice
weighing 18–25 gm and inbred in THSTI small animal facility
(SAF) were used. Fifteen mice were randomly divided into five
groups having three mice in each group (the smaller number
of mice was used because of COVID-19 pandemic, and there
was a partial lockdown of THSTI small animal facility). The
animal study was conducted as per the institutional animal
ethical regulations and Ethical Approval No. IAEC/THSTI/104.
Mice were immunized with peptides using Freund’s complete
adjuvant for priming and Freund’s incomplete adjuvant for
boosting at 1:1 ratio (because of COVID-19 lockdown, we could
not receive FDA approved adjuvant like AddaVaxTM). Control
groups were administered PBS and the mice in Group 4 were
given a mixture of peptides (S1-pep1, RBD-pep2, and S2-pep3)
at equal concentration. Peptides were administered at a dose of
40 µg per mouse via intramuscular route (cranial thigh muscles)
and similar doses were administered at each time point of 2-
week intervals for all groups except the naïve group. The mice
were observed daily and weighed twice a week over the course
of the immunization period. Blood sample from each mouse was
collected at day 0 (pre immune sera), 14 (sera after priming), 28
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(sera after the first boost), and at 42 (sera after the second boost)
days. Serum was separated from the blood, heat inactivated at
56◦C for 1 h, and stored at−20◦C for future use.

Antigen Binding ELISA
His-tagged codon optimized genes of RBD and S protein for
mammalian expression were used for the transient transfection
of SARS-CoV-2 RBD and S protein ectodomain in Expi293F cells
to produce the recombinant proteins and purified by Ni-NTA
affinity chromatography following the standard protocol (27,
50). Maxisorp 96-well ELISA plates (Nunc, Thermo Scientific,
Kamstrupvej, Denmark) were coated with 100 µl of 2µg/ml
concentration of respective peptides or RBD and S soluble
protein overnight at 4◦C in a coating buffer. To measure the
binding of sera to conformational S protein, 1µg/ml of the S
trimeric protein was captured onto 96-well Ni-NTA HisSorb
plates (Qiagen, MD, USA) in PBS overnight at 4◦C. The wells
were washed three times with PBS containing 0.05% phosphate-
buffered saline with Tween-20 (PBST) and blocked with 5%
skimmed milk for 1 h at room temperature. The mice antisera
were diluted serially in a 2-fold series of PBS containing
0.5% skimmed milk to a final volume of 100 µl. The plate
was incubated for 2 h at room temperature (RT) followed by
washing three times with PBST. The bound primary antibody
against each peptide was measured using HRP-conjugated anti-
mouse IgG secondary antibody and its subclasses, such as IgG1,
IgG2a, IgG2b, and IgG2c (Jackson Immunoresearch, PA, USA)
(1:2000 dilution in PBS containing 0.5% skimmed milk). After
incubation with secondary antibody at RT for 1 h, the plates were
washed four times with PBST and developed using 100 µl of
tetramethylbenzidine (TMB) substrate (Thermo Fisher Scientific,
MA, USA). The reaction was stopped by adding 2N H2SO4 and
absorbance was measured at 450 nm. The endpoint titer was
calculated as the reciprocal serum dilution giving O.D 450 nm
readings >2 and the background levels which was calculated
using pre-bleed serum at the same dilutions.

Western Blot Analysis
For Western blot analysis, the S and RBD soluble proteins were
separated in 12% sodium dodecyl sulfate-polyacrylamide (SDS-
PAGE) gel and transferred to a polyvinylidene fluoride (PVDF)
membrane. The membrane was blocked with 5% skimmed milk,
incubated with pooled sera from S1-pep1 (1:100), RBD-pep 2
(1:1000), and S2-pep 3 (1:100) immunized group for overnight
at 4◦C. The membrane was developed with HRP-conjugated
anti-mouse secondary antibody (Jackson ImmunoResearch,
PA, USA).

Binding of Antibodies to SARS-CoV-2
Prefusion-Spike Protein
For measuring the binding of antibodies to the spike protein
stabilized in pre-fusion conformation (the construct is S1–
S2 cleavage deficient with 2P mutations in the HR1 region)
(NR-52394, BEI Resources, NIAID, NIH) (6), anti-mouse Fc
sensors (ForteBio Inc., Ca. USA) was used to capture the mouse
IgGs purified from the immunized mice sera using protein A
affinity purification. The soluble spike protein in pre-fusion

conformation was used as an analyte at a concentration of 1 um
in the PBS buffer background supplemented with 0.1% bovine
serum albumin (BSA) and 0.02%Tween. The ligands were used at
a concentration of 10µg/ml. Associations and dissociations were
recorded for 600 s. The experiment was performed at RT with
agitation at 1,000 rpm. The data were analyzed using the ForteBio
Data Analysis software, 10.0 (Forte-Bio Inc., CA, USA).

Confocal Immunofluorescence Analysis
Vero E6 cells were grown in coverslip bottom dishes of diameter,
35mm (Biogenuix, New Delhi, India) and infected with SARS-
CoV 2, Isolate USA-WA1/2020 virus using a multiplicity of
infection (MOI) of 10. After 24-h post-infection (pi), the
cells were fixed with 100% chilled methanol for 20min in
ice. In order to visualize the infected cells intracellularly by
immunofluorescence, fixed cells were blocked with 3% goat sera
for 1 h at RT followed by incubation with pooled sera (1:50
dilution of S1-pep1 and S2-pep3 and 1:100 dilution of RBD-
pep2 pooled sera) from each immunized group and PBS-control
sera (1:100 dilution) for 3 h at RT. The cells were then washed
in PBS three times and stained with the anti-mouse AlexaFluor
488 secondary antibody (Invitrogen Corporation, CA, USA) at
1:1000 for 1 h at RT. The cells were mounted using ProLong
Gold anti-fade reagent with DAPI (Invitrogen Corporation, CA,
USA). Images were acquired on an Olympus FV3000 confocal
microscope with 60X (NA 1.4) Plan Apo objectives.

In vitro Stimulation of Splenocytes
The spleen from the immunized mice was isolated and an RBC
lysed single-cell suspension was prepared. About 0.5 million
splenocytes were then cultured in 96-well plates in Iscove’s
Modified Dulbecco’s Medium (IMDM) complete media and
stimulated with (a) PMA (20 ng/ml) and ionomycin (1µg/ml) for
4 h or (b) stimulated in the presence of 15 µg of S1-pep1, RBD-
pep2, S2-pep3 peptide, or mixed (cocktail)-prep (containing 5µg
of each peptide) for 5 h in 5% CO2 incubator at 37◦C. Thereafter,
a culture soup was collected for ELISA and the cells were
washed and staining was carried out for intracellular cytokines.
Immunophenotyping was done from the spleen of three different
animals of the same group.

Intracellular cytokine staining: in vitro-stimulated splenocytes
were first surface stained for CD45.2, CD4, and CD8 markers at
RT for 20min in dark and thereafter fixed and permeabilized with
BD Cytofix/Cytoperm (BD Biosciences, CA, USA) according to
the manual of the manufacturer. The permeabilized cells were
then stained for intracellular cytokines, such as IFNγ, interleukin
(IL)-2, and IL-17 at RT for 20min in dark. The cells were then
washed and acquired on BD FACSCanto II (BD Biosciences,
CA, USA). The acquired samples were then analyzed on FlowJo
software (Tree Star, Inc., OR, USA) and plotted on GraphPad
prism software.

ACE2-RBD Competition ELISA
For ACE2-RBD competition assay, Fc-conjugated soluble ACE2
(ACE2-Fc plasmid is a kind gift from Prof. S Pöhlmann, Infection
Biology Unit, Göttingen, Germany) was coated with the ELISA
plate (100 µl/well of 2µg/ml) overnight. Next day, the plate was
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washed and blocked with 2% skimmed milk for 1 h. A 100 µl
mix containing 100 ng of soluble RBD-His and different dilutions
of mice sera from immunized mice or peptide with different
concentrations were pre-incubated for 1 h or 30min, respectively
at RT. Different dilutions of mice pooled sera from S2-pep3 or
peptide dilution was used as a negative control. The mix was then
transferred to ACE2-Fc coated ELISA plate after removing milk
and washed one time with PBST and further incubated for 1 h
at RT. The plate was then washed and HRP-conjugated anti-His
antibody was added for 1 h and incubated at RT; the plate was
washed two times and then developed with TMB substrate. The
reaction was stopped by adding 2N H2SO4 and the absorbance
was measured at 450 nm.

SARS-CoV-2 Wild-Type Virus
Neutralization Assay
SARS-Related Coronavirus 2, Isolate USA-WA1/2020 virus was
used to perform plaque-based neutralization assay in THSTI
Infectious Disease Research Facility (Biosafety level 3 facility).
Briefly, 100 µl of pooled sera from immunized groups were
incubated with 100 µl of 50 PFU of SARS-CoV-2 Isolate USA-
WA1/2020 virus at 1:10 and 1:20 dilution for 1 h at 37◦C.
Following incubation, confluent Vero E6 cells in 24-well plates
(seeded onto the 24-well tissue culture plates, the day before
infection) were infected with the sera-virus mixture for 1 h at
37◦C after removing the growthmedium. After 1 h of adsorption,
the plate was washed one time with Dulbecco’s Modified Eagle
Medium (DMEM) growth media and overlaid with DMEM
growth medium containing 2% carboxy methylcellulose (CMC)
and incubated at 37◦C. Forty-eight hours p.i., the overlay was
removed and the cells were washed with PBS and fixed in 6%
formalin for inactivation of virus for 4 h at RT. The fixed-cell
monolayers were stained with 1% crystal violet for 30min at RT
and washed under running tap water. The plates were allowed to
air dry, and the plaques were visualized and counted by eye.

Peptide SARS-CoV-2 Wild-Type Inhibition
Assay
Wild-type SARS-CoV-2 Isolate USA-WA1/2020 viruses (50 µl
of 10 MOI) were co-incubated with 50 µl peptides of different
concentrations at 37◦C for 30min. The mixture was then
transferred to Vero E6 cells seeded in 24-well plates and
incubated for 1 h at 37◦C. After incubation, the medium in each
well was then replaced with 200 µl of 2% DMEM and incubated
at 37◦C in the CO2 incubator. To measure the effectiveness of
the peptide after the virus attachment, the untreated virus was
allowed to attach for 1 h at 37◦C, followed by washing with PBS
and then added with 2% DMEM containing 2.5–5µm peptide
and incubated at 37◦C in the CO2 incubator. Forty hours p.i., the
cytopathic effect in each well was visualized in a microscope.

Structural Modeling
The regions of the SARS-CoV-2 spike protein that were selected
for designing the peptides have missing electron density on the
available structures of the ectodomain of the S protein. To model
the missing region from the S1-pep1 and RBD-pep2 peptides,
we used a SWISS MODEL using PDB; 6VYB as a template.

The model structure is superimposed with the template structure
(6VYB) with an RMSD of 0.47. To build a model for the C
terminal region of S2, the S2 amino acid sequence was used in
int-FOLD server, the best model superimposed with the template,
6VYB, with an RMSD of 0.95. This model structure was used to
view the location of the selected peptide regions.

Statistics
Statistical analyses were performed using the analysis software
within the GraphPad Prism package 8. For ELISA, we
analyzed our data using one-way ANOVA and Tukey’s multiple
comparisons test to understand if there is an interaction between
each animal sera as an independent variable on the dependent
variable which is the coated protein, and statistical significance
was determined by utilizing the analysis of variance taking into
consideration, the variation of all data from experimental groups,
where p< 0.05 was considered significant. The T-cell assays were
analyzed using one-way Anova, where ∗p< 0.05, ∗∗p< 0.01, ∗∗∗p
< 0.001, and ∗∗∗∗p < 0.0001 were considered significant.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The animal study was reviewed and approved by Institutional
Animal Ethics Committee, THSTI.

AUTHOR CONTRIBUTIONS

PV and NY carried out animal experiments. SS, SA, PV, NY,
NK, AC, and MB carried out biochemical and biophysical
experiments. SS and PD carried out BSL3 virus experiments. AA
and ZR executed cytokine expression experiments and analyzed
the data. TS carried out the soluble RBD and spike protein
production. RK edited the manuscript. SS and SA conceived
the study, designed experiments, performed experiments, and
analyzed data. SS wrote the original draft. SA edited the
manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

This work was supported by the Department of Biotechnology
(DBT), Govt. of India through THSTI core grant. The
work done by AA has been supported by DST-SERB grant
(CRG/2018/002653), from the Department of Science
and Technology, Govt. of India. ZR is supported by N-
PDF from the Department of Science and Technology,
Govt. of India. Part of the work was carried out at
the Advanced Technology Platform Centre (ATPC) of
Regional Centre for Biotechnology (RCB), and is funded
by the Department of Biotechnology, Govt. of India (Grant
No. BT.MED-II/ATPC/BSC/01/2010).

Frontiers in Immunology | www.frontiersin.org 12 March 2021 | Volume 12 | Article 613045

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Vishwakarma et al. Immunogenicity of SARS-CoV-2 Spike Epitopes

ACKNOWLEDGMENTS

We thank Dr. Gagandeep Kang, CMC Vellore, Ex-Director,
THSTI for the development of this project and for critical
inputs. We thank Prof. S Pöhlmann, Infection Biology Unit,
Göttingen, Germany for providing ACE2-Fc plasmids as
a kind gift. SARS-CoV-2-S-RBD-Fc was a gift from Erik
Procko (Addgene plasmid # 141183). We would like to thank
Dr. Anna George and Dr. Guruprasad Medigeshi for their
helpful suggestions and inputs. The RBD-His is a proprietary
reagent with IP No. 202011018845. We thank Dr. B Graham
(VRC/NIAID/NIH) for providing us the spike construct (SARS-
2-CoV S 2P). The following reagent was deposited by the Centers
for Disease Control and Prevention and obtained through BEI

Resources, NIAID, NIH: SARS Related Coronavirus 2, Isolate
USA-WA1/2020, NR-52281. We thank Drs. Ramandeep Singh
and Sankar Bhattacharyya for supporting on virus work inside
BSL3 in the Translational Health Science and Technology
Institute (THSTI), Infectious Disease Research Facility (IDRF
facility) and establishing the assays. We would like to thank
THSTI FACS and Confocal core facility (Mr. Vishal and Mr.
Ajitesh) for the flow cytometry and immunofluorescence work.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2021.613045/full#supplementary-material

REFERENCES

1. GISAID. Coronavirus COVID-19 Global Cases by Johns Hopkins CSSE. (2020).

Available online at: https://www.gisaid.org/epiflu-applications/next-hcov-19-

app/ (accessed August 9, 2020)

2. Zhou P, Lou YX, Wang XG, Hu B, Zhang L, Zhang W, et al. A

pneumonia outbreak associated with a new coronavirus of probable

bat origin. Nature. (2020) 579:270–3. doi: 10.1038/s41586-020-2

012-7

3. Wu F, Zhao S, Yu B, Chen YM, Wang W, Song ZG, et al.

A new coronavirus associated with human respiratory disease

in China. Nature. (2020) 579:265–9. doi: 10.1038/s41586-020-2

008-3

4. Lu R, Zhao X, Li J, Niu P, Yang B, Wu H, et al. Genomic

characterisation and epidemiology of 2019 novel coronavirus:

implications for virus origins and receptor binding. Lancet. (2020)

395:565–74. doi: 10.1016/S0140-6736(20)30251-8

5. Chan JFW, Kok KH, Zhu Z, Chu H, To KKW, Yuan S, et al. Genomic

characterization of the 2019 novel human-pathogenic coronavirus isolated

from a patient with atypical pneumonia after visiting Wuhan. Emerg Microbes

Infect. (2020) 9:221–36. doi: 10.1080/22221751.2020.1719902

6. Walls AC, Park YJ, Tortorici MA, Wall A, McGuire AT, Veesler D. Structure,

function, and antigenicity of the SARS-CoV-2 spike glycoprotein. Cell. (2020)

181:281–92.e6. doi: 10.1016/j.cell.2020.02.058

7. Salvatori G, Luberto L, Maffei M, Aurisicchio L, Aurisicchio L, Roscilli G, et al.

SARS-CoV-2 spike protein: an optimal immunological target for vaccines. J

Transl Med. (2020) 18:1–3. doi: 10.1186/s12967-020-02392-y

8. Hsieh C, Goldsmith JA, Schaub JM, Divenere AM, Kuo H, Javanmardi K, et al.

Structure-based design of prefusion-stabilized SARS-CoV-2 spikes. bioRxiv.

(2020) 30:125484. doi: 10.1101/2020.05.30.125484

9. Jiang S, He Y, Liu S. SARS vaccine development. Emerg Infect Dis.

(2005) 11:1016–20. doi: 10.3201/1107.050219

10. Sia SF, Yan LM, Chin AWH, Fung K, Choy KT, Wong AYL, et al. Pathogenesis

and transmission of SARS-CoV-2 in golden hamsters.Nature. (2020) 583:834–

38. doi: 10.1038/s41586-020-2342-5

11. Banerjee N, Mukhopadhyay S. Viral glycoproteins: biological

role and application in diagnosis. VirusDisease. (2016) 27:1–

11. doi: 10.1007/s13337-015-0293-5

12. Chen WH, Strych U, Hotez PJ, Bottazzi ME. The SARS-CoV-

2 vaccine pipeline: an Overview. Curr Trop Med Reports. (2020)

7:61–4. doi: 10.1007/s40475-020-00201-6

13. Jiang S, Bottazzi ME, Du L, Lustigman S, Tseng CTK, Curti E, et al. Roadmap

to developing a recombinant coronavirus S protein receptor-binding domain

vaccine for severe acute respiratory syndrome. Expert Rev Vaccines. (2012)

11:1405–13. doi: 10.1586/erv.12.126

14. Smith TRF, Patel A, Ramos S, Elwood D, Zhu X, Yan J, et al. Immunogenicity

of a DNA vaccine candidate for COVID-19. Nat Commun. (2020)

11:2601. doi: 10.1038/s41467-020-16505-0

15. Ravichandran S, Coyle EM, Klenow L, Tang J, Grubbs G, Liu S, et al. Antibody

signature induced by SARS-CoV-2 spike protein immunogens in rabbits. Sci

Transl Med. (2020) 12:1–9. doi: 10.1126/scitranslmed.abc3539

16. Padron-Regalado E. Vaccines for SARS-CoV-2: lessons from

other coronavirus strains. Infect Dis Ther. (2020) 9:255–

74. doi: 10.1007/s40121-020-00300-x

17. Luo F, Liao FL, Wang H, Tang H-B, Yang ZQ, Hou W. Evaluation

of antibody-dependent enhancement of SARS-CoV infection in rhesus

macaques immunized with an inactivated SARS-CoV vaccine. Virol Sin.

(2018) 33:201–4. doi: 10.1007/s12250-018-0009-2

18. Jaume M, Yip MS, Cheung CY, Leung HL, Li PH, Kien F, et al. Anti-severe

acute respiratory syndrome coronavirus spike antibodies trigger infection

of human immune cells via a pH- and cysteine protease-independent Fc R

pathway. J Virol. (2011) 85:10582–97. doi: 10.1128/JVI.00671-11

19. Zhang L, Jackson CB, Mou H, Ojha A, Peng H, Quinlan BD, et al. SARS-CoV-

2 spike-protein D614Gmutation increases virion spike density and infectivity.

Nat Commun. (2020) 11:1–9. doi: 10.1038/s41467-020-19808-4

20. Korber B, Fischer WM, Gnanakaran S, Yoon H, Theiler J, Abfalterer

W, et al. Tracking changes in SARS-CoV-2 spike: evidence that D614G

increases infectivity of the COVID-19 virus. Cell. (2020) 182:812–

27.e19. doi: 10.1016/j.cell.2020.06.043

21. Naz A, Shahid F, Butt TT, Awan FM, Ali A, Malik A. Designing multi-

epitope vaccines to combat emerging coronavirus disease 2019 (COVID-

19) by employing immuno-informatics approach. Front Immunol. (2020)

11:1663. doi: 10.3389/fimmu.2020.01663

22. Al-Halifa S, Gauthier L, Arpin D, Bourgault S, Archambault D. Nanoparticle-

based vaccines against respiratory viruses. Front Immunol. (2019)

10:22. doi: 10.3389/fimmu.2019.00022

23. He Y, Li J, Heck S, Lustigman S, Jiang S. Antigenic and immunogenic

characterization of recombinant baculovirus-expressed severe acute

respiratory syndrome coronavirus spike protein: implication for vaccine

design. J Virol. (2006) 80:5757–67. doi: 10.1128/JVI.00083-06

24. Berry JD, Hay K, Rini JM, Yu M, Wang L, Plummer FA, et al.

Neutralizing epitopes of the SARS-CoV S-protein cluster independent

of repertoire, antigen structure or mAb technology. MAbs. (2010) 2:53–

66. doi: 10.4161/mabs.2.1.10788

25. Du L, He Y, Zhou Y, Liu S, Zheng BJ, Jiang S. The spike protein of SARS-CoV

- A target for vaccine and therapeutic development. Nat Rev Microbiol. (2009)

7:226–36. doi: 10.1038/nrmicro2090

26. Tripet B, Kao DJ, Jeffers SA, Holmes KV, Hodges RS. Template-based coiled-

coil antigens elicit neutralizing antibodies to the SARS-coronavirus. J Struct

Biol. (2006) 155:176–94. doi: 10.1016/j.jsb.2006.03.019

27. Amanat F, Stadlbauer D, Strohmeier S, Nguyen THO, Chromikova V,

McMahon M, et al. A serological assay to detect SARS-CoV-2 seroconversion

in humans. Nat Med. (2020) 26:1033–6. doi: 10.1038/s41591-020-

0913-5

28. Parray HA, Chiranjivi AK, Asthana S, Yadav N, Shrivastava T, Mani S,

et al. Identification of an anti-SARS-CoV-2 receptor binding domain directed

Frontiers in Immunology | www.frontiersin.org 13 March 2021 | Volume 12 | Article 613045

https://www.frontiersin.org/articles/10.3389/fimmu.2021.613045/full#supplementary-material
https://www.gisaid.org/epiflu-applications/next-hcov-19-app/
https://www.gisaid.org/epiflu-applications/next-hcov-19-app/
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1038/s41586-020-2008-3
https://doi.org/10.1016/S0140-6736(20)30251-8
https://doi.org/10.1080/22221751.2020.1719902
https://doi.org/10.1016/j.cell.2020.02.058
https://doi.org/10.1186/s12967-020-02392-y
https://doi.org/10.1101/2020.05.30.125484
https://doi.org/10.3201/1107.050219
https://doi.org/10.1038/s41586-020-2342-5
https://doi.org/10.1007/s13337-015-0293-5
https://doi.org/10.1007/s40475-020-00201-6
https://doi.org/10.1586/erv.12.126
https://doi.org/10.1038/s41467-020-16505-0
https://doi.org/10.1126/scitranslmed.abc3539
https://doi.org/10.1007/s40121-020-00300-x
https://doi.org/10.1007/s12250-018-0009-2
https://doi.org/10.1128/JVI.00671-11
https://doi.org/10.1038/s41467-020-19808-4
https://doi.org/10.1016/j.cell.2020.06.043
https://doi.org/10.3389/fimmu.2020.01663
https://doi.org/10.3389/fimmu.2019.00022
https://doi.org/10.1128/JVI.00083-06
https://doi.org/10.4161/mabs.2.1.10788
https://doi.org/10.1038/nrmicro2090
https://doi.org/10.1016/j.jsb.2006.03.019
https://doi.org/10.1038/s41591-020-0913-5
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Vishwakarma et al. Immunogenicity of SARS-CoV-2 Spike Epitopes

humanmonoclonal antibody from a naïve semi-synthetic library. J Biol Chem.

(2020) 295:12814–21. doi: 10.1074/jbc.AC120.014918

29. Mcguffin LJ, Adiyaman R, Maghrabi AHA, Shuid AN, Brackenridge DA,

Nealon JO, et al. IntFOLD: an integrated web resource for high performance

protein structure and function prediction.Nucleic Acids Res. (2019) 47:W408–

13. doi: 10.1093/nar/gkz322

30. Schroth-Diez B, Ludwig K, Baljinnyam B, Kozerski C, Huang Q, Herrmann A.

The role of the transmembrane and of the intraviral domain of glycoproteins

in membrane fusion of enveloped viruses. Biosci Rep. (2000) 20:571–

95. doi: 10.1023/A:1010415122234

31. Williams KL, Stumpf M, Naiman NE, Ding S, Garrett M, Gobillot T, et al.

Identification of HIV gp41-specific antibodies that mediate killing of infected

cells. PLoS Pathog. (2019) 15:e1007572. doi: 10.1371/journal.ppat.1007572

32. Folegatti PM, Ewer KJ, Aley PK, Angus B, Becker S, Belij-

Rammerstorfer S, et al. Safety and immunogenicity of the ChAdOx1

nCoV-19 vaccine against SARS-CoV-2: a preliminary report of a

phase 1/2, single-blind, randomised controlled trial. Lancet. (2020)

396:P467−78. doi: 10.1016/S0140-6736(20)31604-4

33. Jackson LA, Anderson EJ, Rouphael NG, Roberts PC, Makhene M, Coler RN,

et al. An mRNA Vaccine against SARS-CoV-2—Preliminary Report. N Engl J

Med. (2020) 383:1920–31. doi: 10.1056/NEJMoa2022483

34. Phan T. Genetic diversity and evolution of SARS-CoV-2. Infect Genet Evol.

(2020) 81:104260. doi: 10.1016/j.meegid.2020.104260

35. Isabel S, Graña-Miraglia L, Gutierrez JM, Bundalovic-Torma C,

Groves HE, Isabel MR, et al. Evolutionary and structural analyses

of SARS-CoV-2 D614G spike protein mutation now documented

worldwide. Sci Rep. (2020) 10:14031. doi: 10.1038/s41598-020-70

827-z

36. Xia S, Liu M, Wang C, Xu W, Lan Q, Feng S, et al. Inhibition of SARS-CoV-2

(previously 2019-nCoV) infection by a highly potent pan-coronavirus fusion

inhibitor targeting its spike protein that harbors a high capacity to mediate

membrane fusion. Cell Res. (2020) 30:343–55. doi: 10.1038/s41422-020-0

305-x

37. Hotez PJ, Corry DB, Bottazzi ME. COVID-19 vaccine

design: the Janus face of immune enhancement. Nat

Rev Immunol. (2020) 20:347–8. doi: 10.1038/s41577-020-0

323-4

38. Te TC, Sbrana E, Iwata-Yoshikawa N, Newman PC, Garron T, Atmar RL,

et al. Immunization with SARS coronavirus vaccines leads to pulmonary

immunopathology on challenge with the SARS virus. PLoS ONE. (2012)

7:e35421. doi: 10.1371/journal.pone.0035421

39. Hellerstein M. What are the roles of antibodies versus a durable, high quality

T-cell response in protective immunity against SARS-CoV-2? Vaccine X.

(2020) 6:100076. doi: 10.1016/j.jvacx.2020.100076

40. Sekine T, Perez-Potti A, Rivera-Ballesteros O, Strålin K, Gorin J-B, Olsson A,

et al. Robust T cell immunity in convalescent individuals with asymptomatic

or mild COVID-19. Cell. (2020) 183:158–68. doi: 10.1016/j.cell.2020.

08.017

41. Hwang SS, Lim J, Yu Z, Kong P, Sefik E, Xu H, et al. MRNA destabilization

by BTG1 and BTG2 maintains T cell quiescence. Science. (2020) 367:1255–

60. doi: 10.1126/science.aax0194

42. Alam SM, Scearce RM, Parks RJ, Plonk K, Plonk SG, Sutherland LL,

et al. Human immunodeficiency virus type 1 gp41 antibodies that mask

membrane proximal region epitopes: antibody binding kinetics, induction,

and potential for regulation in acute infection. J Virol. (2008) 82:115–

25. doi: 10.1128/JVI.00927-07

43. Qiu Z, Chong H, Yao X, Su Y, Cui S, He Y. Identification and characterization

of a subpocket on the N-trimer of HIV-1 Gp41: Implication for viral entry and

drug target. AIDS. (2015) 29:1015–24. doi: 10.1097/QAD.0000000000000683

44. Jesús T, Rogelio L, Abraham C, Uriel L, Daniel J-G, Alfonso M-T, et al.

Prediction of antiviral peptides derived from viral fusion proteins potentially

active against herpes simplex and influenza A viruses. Bioinformation. (2012)

8:870–4. doi: 10.6026/97320630008870

45. Sainz B, Rausch JM, Gallaher WR, Garry RF, Wimley WC. The aromatic

domain of the coronavirus class I viral fusion protein induces membrane

permeabilization: putative role during viral entry. Biochemistry. (2005)

44:947–58. doi: 10.1021/bi048515g

46. Sainz B, Rausch JM, Gallaher WR, Garry RF, Wimley WC. Identification

and characterization of the putative fusion peptide of the severe acute

respiratory syndrome-associated coronavirus spike protein. J Virol. (2005)

79:7195–206. doi: 10.1128/JVI.79.11.7195-7206.2005

47. Rogers TF, Zhao F, Huang D, Beutler N, Burns A, He W, et al. Isolation of

potent SARS-CoV-2 neutralizing antibodies and protection from disease in a

small animal model. Science. (2020) 369:956–63. doi: 10.1126/science.abc7520

48. Gause KT, Wheatley AK, Cui J, Yan Y, Kent SJ, Caruso F. Immunological

principles guiding the rational design of particles for vaccine delivery. ACS

Nano. (2017) 11:54–68. doi: 10.1021/acsnano.6b07343

49. Bachmann MF, Jennings GT. Vaccine delivery: a matter of size, geometry,

kinetics and molecular patterns. Nat Rev Immunol. (2010) 10:787–

96. doi: 10.1038/nri2868

50. Spriestersbach A, Kubicek J, Schäfer F, Block H, Maertens B.

Purification of his-tagged proteins. Methods Enzymol. (2015)

559:1–15. doi: 10.1016/bs.mie.2014.11.003

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Vishwakarma, Yadav, Rizvi, Khan, Chiranjivi, Mani, Bansal,

Dwivedi, Shrivastava, Kumar, Awasthi, Ahmed and Samal. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Immunology | www.frontiersin.org 14 March 2021 | Volume 12 | Article 613045

https://doi.org/10.1074/jbc.AC120.014918
https://doi.org/10.1093/nar/gkz322
https://doi.org/10.1023/A:1010415122234
https://doi.org/10.1371/journal.ppat.1007572
https://doi.org/10.1016/S0140-6736(20)31604-4
https://doi.org/10.1056/NEJMoa2022483
https://doi.org/10.1016/j.meegid.2020.104260
https://doi.org/10.1038/s41598-020-70827-z
https://doi.org/10.1038/s41422-020-0305-x
https://doi.org/10.1038/s41577-020-0323-4
https://doi.org/10.1371/journal.pone.0035421
https://doi.org/10.1016/j.jvacx.2020.100076
https://doi.org/10.1016/j.cell.2020.08.017
https://doi.org/10.1126/science.aax0194
https://doi.org/10.1128/JVI.00927-07
https://doi.org/10.1097/QAD.0000000000000683
https://doi.org/10.6026/97320630008870
https://doi.org/10.1021/bi048515g
https://doi.org/10.1128/JVI.79.11.7195-7206.2005
https://doi.org/10.1126/science.abc7520
https://doi.org/10.1021/acsnano.6b07343
https://doi.org/10.1038/nri2868
https://doi.org/10.1016/bs.mie.2014.11.003
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Severe Acute Respiratory Syndrome Coronavirus 2 Spike Protein Based Novel Epitopes Induce Potent Immune Responses in vivo and Inhibit Viral Replication in vitro
	Introduction
	Results
	Immunoinformatic and Structural Analysis of S Protein, Peptide Design, and Synthesis
	Immunization of Peptides in Mice Induces High-Titer Antibody Responses
	Peptide Prime-Boost Immunization Efficiently Mounted Antigen-Specific CD8+ T Cell Responses
	Functional and Biological Characterization of SARS-CoV-2 Peptide Immunized Sera
	Neutralizing Responses of the Anti-peptide Sera and Anti-viral Properties of Peptides to Wild-Type SARS-CoV-2 Virus
	Structural Modeling of Peptides on the Ectodomain of SARS-CoV-2

	Discussion
	Materials and Methods
	Peptide Designing and Synthesis
	Mouse Immunization
	Antigen Binding ELISA
	Western Blot Analysis
	Binding of Antibodies to SARS-CoV-2 Prefusion-Spike Protein
	Confocal Immunofluorescence Analysis
	In vitro Stimulation of Splenocytes
	ACE2-RBD Competition ELISA
	SARS-CoV-2 Wild-Type Virus Neutralization Assay
	Peptide SARS-CoV-2 Wild-Type Inhibition Assay
	Structural Modeling
	Statistics

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


