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ABSTRACT

Identification of relevant epitopes is crucial for the development of subunit peptide vaccines inducing neutralizing and
cellular immunity against SARS-CoV-2. Our aim was the characterization of epitopes in the receptor-binding domain
(RBD) of SARS-CoV-2 spike (S) protein to generate a peptide vaccine. Epitope mapping using a panel of 10 amino
acid overlapped 15-mer peptides covering region 401-515 from RBD did not identify linear epitopes when tested
with sera from infected individuals or from RBD-immunized mice. However, immunization of mice with these 15-mer
peptides identified four peptides located at region 446-480 that induced antibodies recognizing the peptides and
RBD/S1 proteins. Immunization with peptide 446-480 from S protein formulated with Freund’s adjuvant or with CpG
oligodeoxinucleotide/Alum induced polyepitopic antibody responses in BALB/c and C56BL/6J mice, recognizing RBD
(titres of 3x10%°-3x10°, depending on the adjuvant) and displaying neutralizing capacity (80-95% inhibition
capacity; p <0.05) against SARS-CoV-2. Murine CD4 and CD8T-cell epitopes were identified in region 446-480 and
vaccination experiments using HLA transgenic mice suggested the presence of multiple human T-cell epitopes.
Antibodies induced by peptide 446-480 showed broad recognition of S proteins and S-derived peptides belonging to
SARS-CoV-2 variants of concern. Importantly, vaccination with peptide 446-480 or with a cyclic version of peptide
446-488 containing a disulphide bridge between cysteines 480 and 488, protected humanized K18-hACE2 mice from
a lethal dose of SARS-CoV-2 (62.5 and 75% of protection; p <0.01 and p <0.001, respectively). This region could be
the basis for a peptide vaccine or other vaccine platforms against Covid-19.
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Introduction affected. This rapid widespread has resulted in a global

In December 2019, an outbreak of patients with pneu- ~ pandemic and public health crisis, affecting also the

monia-like symptoms was reported in China [1]. It
was caused by a highly transmissible and pathogenic
coronavirus denominated Severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) [2], which
has been responsible for a subsequent pandemic of
acute respiratory disease, named “coronavirus disease
2019” (COVID-19). Although two highly pathogenic
coronavirus, severe acute respiratory syndrome coro-
navirus (SARS-CoV) and Middle East respiratory syn-
drome coronavirus (MERS-CoV), emerged in 2002
and 2012 [3], SARS-CoV-2 has exceeded them in
terms of the number of infected people and areas

global economy [4]. This has led to the development
of vaccines based on different platforms, and some
of them have been approved [5-8] and are being rolled
out in many countries. Approved vaccines include
those based on mRNA [5,6] and recombinant adeno-
viral vectors [7,8], while others, such as those based on
proteins [9], are being tested in phase III clinical trials
and could be potentially approved in the near future.
Based on the previous experience obtained with
SARS-CoV in animal models [10] and humans [11],
the spike (S) protein has been the antigen of choice
for most vaccines. S protein contains S1 and S2
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subunits, implicated in the interaction with the cellu-
lar receptor angiotensin-converting enzyme-2 (ACE-
2) and in the fusion with cell membrane for viral
entry [12]. The importance of S protein in virus/cell
interaction, its immunogenicity at the B and T-cell
level [13,14], including its capacity to induce neutra-
lizing antibodies in infected patients [15], have been
important factors to consider this protein as the
main target in vaccine design. Accordingly, S
protein-based vaccines include features aimed at
maintaining its structure and stability, and mimic
thus the antigenicity found in viral particles [16,17].
Among the regions of S protein, the receptor-binding
domain (RBD) located at the S1 subunit is of para-
mount importance, since it is involved in virus/cell
interactions [18,19] and antibodies against this region
have neutralizing capacity [20]. Thus, some vaccines
have focused on this domain, containing different
antigen versions [21].

Besides the relevance of neutralizing antibodies, T-
cell responses are also of paramount importance, since
CDA4T-cells are necessary for T helper (Th) dependent
antibody responses, where they promote the gener-
ation of memory B-cells, isotype switching and
affinity maturation, features highly important in pro-
phylactic vaccines [22]. Moreover, CD4T-cells collab-
orate to promote CD8T-cell responses with capacity to
kill virus-infected cells.

Antigens included in protein vaccines or encoded
by nucleic acid- or viral vector-based vaccines are
complex, but B and T lymphocytes usually recognize
small epitope regions of these antigens, which can be
mimicked by peptides. Therefore, several peptide-
based vaccines containing B and/or T-cell epitopes
have been designed for other diseases [23]. Although
some B-cell epitopes contained in antigenic sites of
proteins have a conformational nature, there are
other epitopes present in linear regions, providing
thus the opportunity for vaccine design based on the
use of linear B-cell epitopes [24]. Importantly, T-cell
epitopes always consist of short peptides presented
by MHC molecules [25].

Synthetic peptide vaccines have been pursued for
years [26]. In addition to the immunological issues
mentioned above. Some practical features, such as
their ease and flexibility of design, chemical synthesis
and manufacturing, and their high stability have been
considered as advantages for these immunogens [27].
On the other side, the potential inability of short pep-
tides fragments to mimic conformational B-cell epi-
topes contained in antigenic sites of folded proteins,
and their lack of signals activating innate immunity,
requiring thus their combination with immunostimu-
latory adjuvants [28], have become relevant obstacles
in the development of peptide vaccines. Therefore,
our goal was to design and test a peptide-based vaccine,
to be directly used against SARS-CoV-2 or as a

component in other vaccination platforms. To this
aim, we have first carried out B cell epitope mapping
experiments, by using a 15-mer peptide panel from
RBD with sera from Covid-19 patients and from
mice immunized with RBD, as well as by immunizing
mice with this peptide panel, leading to the identifi-
cation of the polyepitopic region 446-480 with capacity
to induce neutralizing and cross-reactive antibodies.
Also, we have tested the presence of murine T cell epi-
topes by immunizing with peptide 446-480, as well as
the presence of potential human T cell epitopes in S1
protein by using human leukocyte antigens (HLA)
binding prediction algorithms and by immunizing
HLA transgenic mice expressing representative class
I and class II alleles HLA-A*02.01 and HLA-
DRB1*01. These experiments have led to the design
of a polyepitopic peptide in RBD sequence 446-480
with capacity to induce cross-reactive neutralizing
antibodies and T-cell responses.

Materials and methods
Peptides and proteins

Peptide libraries comprising 21 overlapping 15-mer
peptides (with 10 amino acids overlap) belonging
to 401-515 region of RBD and 48 20-mer peptides
(with 10 amino acids overlap; amino acids 1-490)
from S1 protein (original Wuhan isolate [2]) were
synthesized in an automatic APEX 396 multiple pep-
tide synthesizer (Aapptec LLC, Louisville, KY). Pep-
tide purity was analysed by HPLC. S1 peptides 446-
480, 446-488cc (containing a disulfide bridge
between cysteines 480 and 488) and Th peptides
FIS (FISEAIIHVLHSR) and pan HLA DR-binding
epitope  PADRE (AKFVAAWTLKAAA), with a
purity >90%, were purchased from Genecust (Boy-
nes, France). S1 (ref Z03501-100) and RBD (ref
703483-100) proteins expressed in human cells, as
well as variant RBD proteins with E484 K (ref
703535-100), N501Y (ref Z03533-100) or L452R
(ref Z03603) mutations were purchased from Gen-
script (Leiden, The Netherlands).

Human sera

The protocols and informed consent forms were
approved (24/04/2020) by the research and ethics
committee of the Clinica Universidad de Navarra
(Pamplona, Spain) (ref # 2020-067 and 2020-090)
prior to study implementation. Serum samples were
obtained from outpatients not requiring hospitaliz-
ation (n = 5) and from hospitalized (n = 12) or conva-
lescent (n = 8) patients with active or previous SARS-
CoV-2 infection confirmed by RT-PCR (Supplemen-
tary Table SI).



Mice

BALB/c and C57BL/6] mice (8 weeks old) were
obtained from Envigo (Barcelona, Spain). HHD-DR1
mice (B2™™'Y" H2-Ab1"™'P°" Tg(HLA-A2/H2-D/
B2M)1Bpe Tg(HLA-DR1)/Orl, transgenic for human
HLA-A*02.01 and HLA-DRB1*01 molecules) were
obtained from Dr F. Lemmonier (Institute Pasteur,
Paris, France) and bred in our facilities. K18-hACE2
mice (B6.Cg-Tg(K18-ACE2)2Prlmn/]) expressing
human ACE-2 (8 weeks old) were purchased from
The Jackson Laboratory (Bar Harbor, ME). Mice
were maintained in pathogen-free conditions accord-
ing to the guidelines for animal care of our Insti-
tutional Review Board (protocol 025-20).

Immunization experiments

The following immunization protocols were used: a)
Antibody induction capacity of each peptide from a
panel covering 401-515 region of RBD was initially
tested in BALB/c mice (n=3/peptide), immunized
according to our protocol previously described [29].
Briefly, they were injected intraperitoneally with the
15-mer peptide to be tested (50 pg/mouse, equivalent
to 27 nmoles) plus the Th peptide FIS (50 pg/mouse)
[29] and complete Freund’s adjuvant (Difco Labora-
tories; Detroit, MI). An additional group received as
antigen 1 pg of RBD protein. They were boosted at
days 30 and 45 with the same dose of antigen in
incomplete Freund’s adjuvant. b) In experiments car-
ried out using as immunogen peptide 446-480 from S1
protein, BALB/c or C57BL/6] mice (n = 5/group) were
immunized with 110 pg (27 nmoles) of 446-480 pep-
tide with or without the Th peptide FIS (for BALB/c
mice) or PADRE peptide (for C57BL/6] mice).
When using adjuvants approved for human use,
mice received by intramuscular route different doses
(27-110 pg) of peptide 446-480 or 446-488cc in com-
bination with 10 pg of the CpG-containing oligodeox-
inucleotide ODN1018 (Sigma; Darmstadt, Germany)
and 50 ug of alum (Invivogen; Toulouse, France)
and boosted at day 21, as previously described for
murine studies [30]. ¢) For T-cell activation exper-
iments with peptide 446-480, BALB/c and C57BL/6]
mice were immunized with 110 pg of peptide com-
bined with Freund’s adjuvants or with CpG
ODN1018/alum as above. d) Screening of T cell
immunogenicity of 20-mer peptides covering region
1-490 was carried out in HHD-DRI1 mice, injected
subcutaneously with pools of seven-eight peptides
(100 ug each) in combination with poly(I:C) (50 pg)
(GE Healthcare; Chicago, IL) and agonistic anti-
CD40 antibodies (50 pg) (Bioxcell; Lebanon, NH). In
this last case, they were boosted one week later and
sacrificed seven days after the last immunization as
described [31].
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ELISA

Antibodies were detected by ELISA by using as anti-
gens synthetic peptides and proteins as described
[29]. Plates were coated with peptides (1 pg/well) or
proteins (0.1 pg/well) and different serum dilutions
were analysed. A similar protocol was applied to
human sera, but using a 1/5000 solution of biotiny-
lated goat anti-human IgG (Sigma; Darmstadt,
Germany) as a secondary antibody. Murine serum
endpoint titres were calculated individually for each
mouse as the last dilution with an optical density
above that obtained with control sera plus 2 standard
deviations.

ELISPOT

An ELISPOT assay (BD-Biosciences; San Diego, CA)
measuring Interferon (IFN)-y secreting T-cells was
used to determine the generation of T-cell responses
induced by vaccines. Briefly, spleens were obtained
from each immunized animal, individually homogen-
ized and erythrocytes were lysed with red blood cell
(RBC) lysing buffer. Splenocytes (8 x 10°/well) were
stimulated with peptides (10 pg/ml) for 24 h in cap-
ture antibody-coated plates. In some cases, stimu-
lation experiments were carried out in the presence
of anti-CD4 or anti-CD8 antibodies (100 ug/ml).
After extensive washing, plates were incubated with
detection antibody for 2 h, subsequently washed and
spots developed by using 3-Amino-9-ethylcarbazole
substrate. Spot-forming cells were counted automati-
cally using an ImmunoSpot automated counter
(CTL-Immunospot; Bonn, Germany).

Flow cytometry

Splenocytes from immunized mice were stimulated in
vitro with peptides (10 pg/ml) in the presence of Gol-
giStop and GolgiPlug (BD-Biosciences) and 4 h later
they were harvested and stained with antibodies
CD3e-Percp-Cy5 (145-2C11), CD4-FITC (RM4-5),
CD8-BV421 (53-6.7) from BioLegend (San Diego,
CA). Next, cells were fixed and permeabilized using
BD Cytofix/Cytoperm™ Fixation/Permeabilization
Kit for intracellular staining with IFNy-PE
(XMG1.2). Dead cells were excluded from the analysis
using Maleimide (PromoCell; Heidelberg, Germany).
Samples were acquired with a Cytoflex (Beckman
Coulter; Indianapolis, IN) flow cytometer. All data
were analysed using FlowJo software (FlowJo LLC;
Ashland, OR).

Prediction with HLA binding algorithms

The sequence comprising 1-490 from SARS-CoV-2
S1 protein was uploaded in NetMHCpan 4.1
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(http://www.cbs.dtu.dk/services/NetMHCpan/) and
NetMHClIIpan 4.0 (http://www.cbs.dtu.dk/services/
NetMHCpan/) to identify binder peptides. For HLA
class I binding, peptides with a length of 8 to 11
amino acids were analysed, selecting those with a %
Rank > 2. For HLA class II binding, 15-mer peptides
with a % Rank > 10 were selected.

Neutralization assays

SARS-CoV-2 virus (isolate NAVARRA-2473) [32]
used for these assays was obtained in April 2020
from the nasal sample of a COVID-19 patient hospi-
talized in Clinica Universidad de Navarra, after
obtaining the patient’s informed consent and
Regional Government permits. We first grew the
virus in confluent Vero-E6 cells (ATCC® CRL-
1586™) and supernatants were collected at 72 h
post-inoculation, when a clear cytopathic effect was
evident. The virus was then titrated using a lysis
plate assay using Vero-E6 cell monolayers, resulting
in a titre of 4.3 x 107 plaque-forming units (pfu)/ml.
For neutralization assays, Vero-E6 cells grown in 96-
well plates with Eagle’s Minimum Essential Medium
plus 10% foetal bovine serum and antibiotics were
used. Before infection, serum dilutions were incubated
for 1 h at 37 °C with SARS-CoV-2 virus at a multi-
plicity of infection of 0.05. Then this mix was added
to confluent monolayers of Vero-E6 cells and incu-
bated for 1 h at 37°C. After removing the inoculum,
medium containing the same serum dilutions was
added to infected Vero-E6 cells. One day later super-
natants were collected and SARS-CoV-2 was quan-
tified using the Real-time Fluorescent RT-qPCR Kit
for Detecting 2019-nCoV  (BGI, Copenhagen,
Denmark).

In vivo protection experiments

K18-hACE2 transgenic mice (n=7-8/group) were
immunized with peptide 446-480 or with the cyclic
peptide 446-488cc (27 nmoles/mouse) and CpG
ODN1018/alum as above. Mice receiving RBD (1 pg/
mouse) plus CpG ODN1018/alum adjuvants or only
adjuvants were used as controls. They were boosted
at day 21 and at day 38 were challenged with 10° pfu
of SARS-CoV-2 (isolate NAVARRA-2473). Virus
was administered under anesthesia by intranasal
route (10 ul/nostril). Body weight and mortality was
monitored daily and mice were euthanized when
reaching a 25% weight loss.

Statistical analyses

Groups were analysed using Student’s ¢-test and one-
way ANOVA with Bonferroni’s multiple comparison

test. Survival was analysed with the Log-rank test.
P <0.05 was taken to represent statistical significance.

Results

Recognition of linear epitopes in the RBD of S1
protein

To identify linear epitopes in RBD we first used serum
samples from 19 infected individuals and 10 controls
and analysed their reactivity against a panel of 21
15-mer overlapping peptides encompassing amino
acids 401-515 of the RBD. Although all infected indi-
viduals had antibodies recognizing RBD and none of
the controls displayed reactivity against this domain
(p <0.0001), there was a great heterogeneity in terms
of responses against peptides (Supplementary Figure
S1A). Nineteen out of 21 peptides (90.4%; 95% confi-
dence interval 98.3-71.1%) were recognized by sera
from infected patients, whereas 9 out of 21 peptides
(42.8%; 95% confidence interval 63.5-24.5%) were tar-
geted by antibodies from control sera. However, we
could not identify any immunodominant peptide
recognized by most patients, with none of the peptides
being recognized by >20% of sera. These results
suggest that there is no clear reactivity pattern in
sera of infected individuals specifically recognizing
linear B-cell epitopes in this RBD region.

To obtain more information of antibodies against
linear epitopes in RBD, we next immunized mice
with RBD. Despite a strong reactivity against RBD in
these sera, only residual responses were observed,
directed against region 411-435 (covered by three pep-
tides) and region 461-480 (covered by two peptides)
(Supplementary Figure S1B). Thus, both in the natural
infection and in immunized animals most anti-RBD
antibodies are not directed against linear B-cell epi-
topes located in this region.

Immunization with peptides from RBD induces
anti-peptide antibodies that recognize the viral
protein

The lack of antibodies induced against linear B-cell
epitopes prompted us to use a strategy based on epi-
tope mapping by immunizing with short synthetic
peptides, as we have demonstrated for other proteins
[29]. We immunized mice with each of the 21 15-
mer peptides plus the Th epitope FIS (presented by
BALB/c MHC class II molecules) and anti-peptide
antibodies were analysed. Antibodies were induced
against 9 out of 21 peptides (42%) grouped in regions
411-430, 426-450 and 446-480 (Figure 1(A)). Interest-
ingly, despite the lack of recognition of peptides by
sera induced by viral infection in humans or after
immunization with RBD in mice, some peptides
induced antibodies that recognized not only the
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Anti-peptide antibodies
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Figure 1. Inmunogenicity of short synthetic peptides from RBD and recognition of viral proteins by anti-peptide antibodies.
BALB/c mice (n = 3/group) were immunized with individual 15-mer peptides plus the T helper epitope FIS. (A) Sera were obtained
at days 45 and 60 and tested against the immunizing peptide. (B) Recognition of RBD and S1 proteins by sera from each group
obtained at day 60 was also analysed by ELISA. Results correspond to the mean + SEM values of individual mice.

peptide, but also RBD and S1 proteins (Figure 1(B)).
Although equivalent anti-peptide titres were observed
for regions 411-430, 426-450 and 446-480, the best
recognition of the proteins was centred in region
446-480, suggesting that it could be considered for
further immunogen design.

Peptide 446-480 from RBD induces
multiepitopic responses against RBD

After identifying the capacity of several peptides
belonging to region 446-480 to induce antibodies
cross-recognizing viral proteins, we designed a longer
peptide encompassing residues 446-480. Since a 35-
mer peptide may adopt a conformation more similar
to that present in the original protein than that dis-
played by the shorter 15-mer peptides, we tested
whether peptide 446-480 was better recognized by
sera from patients. However, it was not recognized
by sera from 13 patients (p = 0.1, patients vs healthy
controls) who had strong anti-RBD antibodies

(p <0.001, patients vs healthy controls) (Supplemen-
tary Figure S2A). Recognition of peptide 446-480 by
sera from mice immunized with the 15-mer peptides
contained in the 35-mer was poor but measurable.
However, sera from mice immunized with RBD recog-
nized much better peptide 446-480 (mean titre 8200)
(Supplementary Figure S2B) than 15-mer peptides
(mean titres below 200, as shown in Supplementary
Figure 1B, suggesting that peptide 446-480 may better
mimic the structure found in the original protein than
shorter peptides.

We next immunized mice with peptide 446-480
in the presence or absence of the Th epitope FIS.
Strong antibody responses against the whole 446-
480 sequence, the five 15-mer peptides (focused
mainly on peptide 456-470) and RBD were observed
(Figure 2(A)). Interestingly, immunization in the
absence of the Th epitope FIS induced equivalent
responses. Similar experiments in C57BL/6] mice
using the Th peptide PADRE [33] also showed
strong responses against peptide 446-480, RBD,
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Figure 2. Peptide 446-480 induces multiepitopic antibody responses that recognize SARS-CoV-2 RBD. (A) BALB/c mice (n =5)
were immunized with peptide 446-480 with or without the Th epitope FIS. Responses against 446-480, individual 15-mer peptides
and RBD were analysed by ELISA. (B) C57BL/6J mice (n = 5) were immunized as in A but with the Th epitope PADRE and tested at
day 60 against the same panel of antigens. Sera from BALB/c (C) and C57BL/6J (D) mice were titrated against peptide 446-480 and
against RBD. Results correspond to the mean + SEM values of individual mice.

and the 15-mer peptides contained in 446-480
(Figure 2(B)). Again, 446-480 was also immunogenic
in the absence of the exogenously added Th peptide.
These results suggest the presence of Th epitopes
within 446-480 peptide. Titration experiments
demonstrated that immunization with peptide 446-
480 induced antibodies with titres above 10> for
446-480 peptide and 3-5x 10* for RBD in BALB/c
(Figure 2(C)) and C57BL/6] mice (Figure 2(D)).
No benefit was provided by co-administration of
Th peptides, both when testing responses against
peptide 446-480 (p=0.52 in BALB/c; p=0.42 in
C57BL/6] mice) or against RBD (p =0.22 in BALB/
¢; p=0.69 in C57BL/6] mice).

Antibodies induced by peptide 446-480
neutralize SARS-CoV-2 in vitro

To test the neutralizing capacity of sera obtained from
mice immunized with peptide 446-480 we incubated
Vero-E6 cells with SARS-CoV-2 particles in the pres-
ence of these sera. Sera from mice immunized with
446-480 peptide with or without the Th epitope sig-
nificantly reduced viral infectivity by 80 to 95% at a
1/200 dilution, as opposed to sera from non-immu-
nized mice (negative control sera) (p <0.05) (Figure
3). We also included some sera from mice immunized
with RBD, which had an intermediate neutralization
capacity.
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Figure 3. Antibodies induced by immunization with peptide
446-480 neutralize SARS-CoV-2 in vitro. SARS-CoV-2 viral
particles were incubated with media (C+), control serum or
with sera from mice immunized with peptide 446-480, 446-
480+ Th FIS or with RBD (n=3-5 sera/group) and used to
infect Vero-E6 cells. One day later viral load was determined
by PCR. (*p < 0.05; **p < 0.01; ***p < 0.001).

Immunization with peptide 446-480 in
adjuvants approved for human use

After identifying the target region 446-480, we tested
its immunogenicity using adjuvants approved for
human use. We combined this peptide with the
TLRY ligand CpG ODN1018 and alum, to promote
antibody induction and T-cell responses [30]. Since
we already knew the capacity of peptide 446-480 to
induce antibodies in BALB/c mice in the absence of
exogenous Th peptides, this combination was omitted.
Moreover, we also immunized C57BL/6] mice with or
without the Th peptide PADRE. In BALB/c mice,
strong antibody responses were observed at the three
doses tested (Figure 4(A)), without any statistically
significant difference between doses (p =0.54; 27 vs
110 pg doses). For C57BL/6] mice, similar antibody
titres were induced with or without the presence of
the Th peptide (p =0.56) (Figure 4(B)). In all cases,
antibodies induced by the peptide could also recognize
the RBD with titres around 10’ (Figure 4(C,D)) with-
out differences between groups (p=0.06 in BALB/c
mice; p=0.22 in C57BL/6] mice). We also tested
adjuvants Addavax, a squalene-based emulsion
similar to MF59°, and Quil A, a saponin adjuvant
used in human studies. Although some responses
were induced when using these compounds, they
were not as efficient as the CpG/alum combination
(Supplementary Figure S3).

Peptide 446-480 induces antibodies cross-
recognizing variants of concern

Recent reports have shown similar or decreased recog-
nition and neutralization of new viral variants with
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mutations at RBD by sera from previously infected
or vaccinated individuals [34]. When testing the
capacity of sera from BALB/c and C57BL/6] mice
immunized with peptide 446-480 to recognize recom-
binant RBD proteins bearing the common mutations
L452R, E484 K or N501Y, we observed similar recog-
nition to that of WT sequence, without statistically sig-
nificant differences (Figure 5(A)). Moreover, we
checked recognition of less common variants located
inside the 446-480 region. By using synthetic peptides
as antigens (Supplementary Table S2), we found that,
although poorer recognition was observed for
mutation G476S in BALB/c mice (p <0.01 vs WT),
antibodies against 446-480 displayed strong cross-rec-
ognition of peptides with mutations L452R, K458R,
1472 V and S477N (Figure 5(B)).

Peptide 446-480 contains T-cell epitopes

Induction of antibodies in both mouse strains in the
absence of exogenous Th peptides suggested the pres-
ence of T-cell epitopes within 446-480, in agreement
with predictions obtained with MHC binding algor-
ithms (Supplementary Table S3). To identify these
T-cell epitopes, splenocytes from BALB/c mice immu-
nized with 446-480 in CpG/Alum were stimulated
with 15-mer peptides. Peptides 446-460 and 466-480
were identified as T-cell epitopes (Figure 6(A)). Equiv-
alent results were obtained when using Freund” adju-
vants (Supplementary Figure S4A). Blocking
experiments with antibodies against CD4 or CD8
showed that 446-460 was clearly recognized by
CDA4T-cells, whereas CD8T-cells seemed to recognize
peptide 466-480 (Figure 6(B)). Similar analyses of
T-cell responses in C57BL/6] mice immunized with
446-480 in CpG/Alum also demonstrated a strong
response against peptide 446-460 (Figure 6(C)), in
this case, mediated by CD8T-cells (Figure 6(D)).
Combination of peptide 446-480 with the T helper
peptide PADRE induced similar T cell responses, tar-
geting peptide 446-460 (Supplementary Figure S4B).

T-cell epitopes in S1 subunit

Besides T-cell epitopes contained in 446-480, we were
interested in other T-cell epitopes located in the 1-490
region of S1, potentially useful as additional com-
ponents of a subunit peptide vaccine. As a humanized
in vivo model of immunogenicity we used HHD-DR1
mice, transgenic for human HLA-A*02.01 and HLA-
DRB1*01 molecules. Mice were immunized with
pools of 20-mer peptides and splenocytes stimulated
in vitro with the peptides. IFN-gamma production
showed that almost half of the peptides were immuno-
genic (Figure 7(A)), with weak responses directed
against peptides located at the 446-480 region. Flow
cytometry  experiments  demonstrated  that
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immunogenic epitopes induced CD4 or CD8
responses, and in some cases, like for peptides 21,
261 and 331, both cell subsets were activated (Figure
7(B)).

Since HLA-A2.01 and HLA-DRBI101 are alleles that
are expressed only by a proportion of individuals, we
predicted in silico those regions containing peptides
with potential capacity to bind to a set of 12 and 54
HLA class I and class II molecules (Supplementary
Table S4), representative of a wider proportion of
the population. This yielded several “hot” regions
with peptides potentially able to be presented by a
high number of HLA alleles. Of note, some immuno-
genic CD4 and CDS8 peptides identified in HHD mice
coincided with regions containing peptides presenta-
ble by a higher number of HLA alleles (Figure 7(C)).
Finally, although HLA-A*02.01- and HLA-DRB1*01-
restricted responses against peptides contained in the
446-480 region observed in HHD mice were weak,
this region was included in a prominent peak,
suggesting that, as shown above for murine MHC

molecules, it presumably contains T-cell epitopes pre-
sented by a wide number of HLA class I and class II
molecules.

Peptide 446-480 and the cyclic peptide 446-
488cc protect K18-hACE2 transgenic mice from
a lethal dose of SARS-CoV-2

Once demonstrated the immunogenic capacity of pep-
tide 446-480 to induce neutralizing antibodies we eval-
uated the efficacy of this peptide vaccine candidate in
K18-hACE2 mice challenged with a lethal dose of
SARS-CoV-2. Based on the crystal structure of RBD
region complexed with the ACE2 receptor S protein
[35], and motivated by the presence of two cysteines
at positions 480 and 488 that may participate in bind-
ing to the host receptor, we also evaluated in this
murine model the immunogenicity and neutralization
capacity of a vaccine based on the cyclic peptide 446-
488cc (containing a disulphide bridge between these
two cysteines). Previous vaccination experiments in
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BALB/c and C57BL/6] mice using 446-488cc peptide
and CpG ODNI1018/adjuvants demonstrated its
immunogenicity at the B and T cell level (Supplemen-
tary Figure S5A,B). Moreover, antibodies induced in
BALB/c or C57BL/6] mice by 446-488cc recognized
RBD protein with mutation E484 K similarly to WT
RBD (Supplementary Figure S5C).

Thus, K18-hACE2 mice were vaccinated twice with
27 nmoles of peptide 446-480 or 446-488cc in CpG/

Alum. As controls, we included mice immunized
with RDB protein plus adjuvants or mice with adju-
vants in the absence of any antigen. Sera obtained
from K18-hACE2 mice vaccinated with the different
immunogens contained antibodies that recognized
RBD, with the highest levels observed in the group
treated with 446-488cc (Figure 8(A)). Ten days
after the second immunization, mice were challenged
with 1x10° pfu/mouse of SARS-CoV-2 (isolate
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NAVARRA-2473) by the intranasal route. Body
weight and mortality was monitored for 11 days post-
challenge. All mice immunized with adjuvants alone
showed a dramatic loss of body weight (more than
25%) and died within 8 days postchallenge. However,
62.5% of mice vaccinated with 446-480 (p =0.0073),
75% of mice immunized with 446-488cc peptide
(p=0.0004) and 71% of mice immunized with RBD
(p=0.0026) recovered after a limited initial loss of
weight and survived (Figure 8(B,C)). Interestingly,
the protective effect observed in these groups was
related to the antibody levels induced in these mice,

since pre-inoculation anti-RBD antibodies had a
strong correlation with protection against weight
loss (Figure 8(D)). Thus, peptide vaccination was
efficacious to control SARS-CoV-2 morbidity and
lethality in this mouse model of infection.

Discussion

Identification of relevant epitopes is the basis for the
development of peptide vaccines. Common vaccines
induce polyepitopic responses with anti-pathogen prop-
erties, but they may also induce non-neutralizing
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“enhancing” antibodies which facilitate infection, as Therefore, to generate safe and efficacious vaccines,
occurs in several viral infections including SARS-CoV  characterization of epitopes inducing neutralizing anti-
[36] or even recently shown in SARS-CoV-2 [37]. bodies and proper cellular immunity is needed. Thus,
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we focused on RBD, due to the capacity of RBD protein
vaccines to induce strong neutralizing antibody titres
[21]. The poor identification of linear B-cell epitopes
using 15-mer peptides [38], as opposed to results
obtained with longer peptides [24,39], forced us to
adopt an alternative mapping strategy. In this way we
found that half of the tested peptides were immuno-
genic, and that some of them induced antibodies that
recognized the original protein, validating this approach
[29]. The potential flexible conformations adopted by
15-mer immunogens may explain the capacity of these
peptide-induced antibodies to recognize the peptide
and the protein, as opposed to protein-induced

antibodies, which may be induced by a more rigid struc-
ture, allowing less conformational possibilities.
Immunogenic epitopes inducing anti-RBD anti-
bodies were mainly located in the 446-480 region,
and this 35-mer peptide was better recognized by
sera from RBD-immunized mice than the 15-mers,
suggesting that it could be potentially folded more
similarly to RBD. Thus, when combined with different
adjuvants, this peptide-induced potent multiepitopic
antibody responses that recognized recombinant
RBD and had a clear neutralizing capacity, in agree-
ment with the involvement that residues located in
this region have on the interaction with ACE-2



receptor [40] and with already characterized neutraliz-
ing monoclonal antibodies [41].

Immunogenicity of peptide 446-480 in the absence
of exogenous Th peptides suggested the presence of
intrinsic T-cell epitopes. They were identified as
recognized by CD4 and CD8T-cells, indicating that
it could simultaneously activate humoral and cellular
responses, making unnecessary the presence of
exogenous antigens. In addition to neutralizing anti-
bodies against SARS-CoV-2, cellular immunity may
have important implications, since it has been shown
a good correlation with humoral immunity [42],
although these responses may vary depending on the
clinical setting [14,43], with uncoordinated responses
in some cases [44]. Regarding CD8T-cells, usually
involved in the clearance of virus-infected cells, they
have been detected in patients, targeting different pro-
teins, including spike [45,46]. Some CD8T-cells
induced by the infection have a “stem cell memory”
and naive precursor phenotype, suggesting that they
have limited clonal expansion and/or differentiation,
and indicating that proper vaccination may overcome
this situation [47]. Regarding the 446-480 region,
despite the lack of T-cell epitopes observed with
HHD-DRI1 mice, prediction analyses carried out by
us and others [48,49] suggest the presence of several
HLA class I and class II epitopes in this peptide,
recently confirmed for CD4 epitopes as an important
immunodominant region [50]. Therefore, identifi-
cation of a region within the RBD encompassing B-
cell epitopes with capacity to induce neutralizing anti-
bodies and CD4 and CD8T-cell epitopes provides a
great opportunity to design a single peptide vaccine.

Emergence of new viral strains of concern is posing
a new problem for the protection of exposed and vac-
cinated individuals [51-53], and for efficacy of anti-
body-based therapies [54]. Poorer cross-recognition
has been reported, with varying degrees depending
on the strain analysed. Considering the need of vac-
cines with the broadest protection, antibodies induced
by 446-480 recognized viral proteins with mutations
L452R, E484 K and N501Y, common in the Indian
B.1.617, UK B.1.1.7, Brazilian P1 and P2 and South
African B.1.351 variants [55,56], located out of the
sequence targeted by the vaccine. Notably, they also
recognized peptides with mutations occurring inside
the 446-480 region, such as L452R mutation of Indian
variant B.1.617, among others [57]. Our cross-recog-
nition experiments have been done with proteins or
peptides bearing single mutations, as opposed to the
combination of mutations present in variants of con-
cern, and this may be a limitation to our study due
to changes in protein conformation that may modify
their antigenicity. However, linear epitopes, like
those identified with short peptides within 446-480
region, would be less affected than conformational
epitopes, which rely on non-consecutive amino acids

Emerging Microbes & Infections 1943

for their folding. This suggests that a vaccine based
on peptide 446-480 could be of interest for multiple
viral variants.

Vaccination against SARS-CoV-2 brings to the
forefront the question of mutational escape from eli-
cited responses. Although SARS-CoV-2 mutation
rate is considered lower than in other RNA viruses
[58], strong positive selection pressure exerted by vac-
cines may favour the appearance of escape variants
[59]. Virus shedding can occur from patients with
mild symptoms or asymptomatic, even in the presence
of antibodies against SARS-CoV-2. Interestingly, cur-
rent S antigen-based vaccines claim to induce a
humoral neutralizing response with a capacity to
recognize new emerging variants similar to that
induced by natural infection [54]. In this way, both
unvaccinated patients and vaccinated individuals are
a breeding ground for the emergence of escape var-
iants. However, if a vaccine like the one described in
the present study induces a humoral immune response
not elicited by natural infection, which in most cases is
diverted towards immunodominant epitopes, it is
tempting to speculate that the emergence of escape
variants to this peptide-based vaccine will be reduced.
In any case, new experiments are necessary to support
this hypothesis.

In addition to its immunogenicity, safety and anti-
viral efficacy are important issues in vaccine develop-
ment. Although we do not have experiments formally
designed to test safety, no overt adverse events have
been detected during the immunization experiments
in the short and long term (up to 8 weeks), similarly
to macroscopical pathological signs. Future exper-
iments will be needed to ascertain safety of peptide
446-480-based vaccines.

There are currently several vaccines approved for
human use that have demonstrated a good activity
[5-8]. In this regard, a peptide vaccine may have
additional features. Besides immunological properties
demonstrated above for peptide 446-480, there are
practical advantages, such as the ease and homogeneity
of production, very well defined composition and stab-
ility, among others. Moreover, design and production
of this type of vaccine offers a great flexibility, a favour-
able feature mainly considering the potential appear-
ance of new variants with different sequences,
allowing the possibility of generating polyvalent vac-
cines that combine sequences corresponding to the
different variants [60]. However, there are some limit-
ations that have to be considered when dealing with
this type of vaccines, such as their inability to mimic
conformational B cell epitopes, as we have shown
when comparing recognition of 15-mer versus the
35-mer peptides, requiring in some cases the synthesis
of longer sequences With this premise, and based on
the crystal structure of protein S/ACE2 complex, we
synthesized peptide 446-488cc, which, due to a
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disulphide bridge between cysteines 480 and 488, could
better mimic a conformational B epitope. Indeed,
immunization with this peptide resulted in higher
immunogenicity and in vivo protective capacity. On
the other hand, immunogenicity at the T cell level
may be compromised by the absence of T cell epitopes,
requiring extensive T cell epitope mapping to identify
those promiscuous regions with peptides presentable
by several HLA alleles. Similarly, short peptides are
usually unable to activate innate immunity, requiring
thus the combination with immunomodulatory adju-
vants. The growing availability of these stimulatory
adjuvant molecules will help future development of
vaccines, where the type of response can be tailored
according to the adjuvant used. Finally, our results
may be useful not only for peptide vaccine design,
but also for the design/improvement of new vaccines
based on other platforms, such as mRNA or other vec-
tored vaccines. Identification of regions to be included
in a vaccine, targeting only relevant epitopes with
capacity to induce neutralizing or cross-reactive anti-
bodies, and not diverting the response against non-
pertinent regions, may provide important clues for
other vaccine platforms.

Conclusion

In summary, we have identified region 446-488 within
the RBD that induces neutralizing antibodies and cel-
lular responses against SARS-CoV-2, with capacity to
cross-recognize common escape variants and protect
from viral infection, suggesting that this region
could be used in a peptide vaccine against Covid-19.

Acknowledgements

The authors thank JA Rodriguez, for his help with RT-PCR
analyses, Lourdes Ortiz and Julian Pardo for their help in in
vivo protection assays and Francisco Borras-Cuesta for his
inspiring teaching.

Disclosure statement

JJ Lasarte and P Sarobe are co-inventors of a patent appli-
cation on peptide vaccines against SARS-CoV-2. No poten-
tial conflict of interest was reported by the rest of the
authors.

Funding

This work was supported by Gobierno de Navarra [grant
number 0011-3597-2020-000024] and Proyectos Estrategi-
cos (AGATA) [0011-1411-2020-000011 and 0011-1411-
2020-000010] and Fundacion M. Torres.

ORCID

Noelia Casares
Marta Ruiz

http://orcid.org/0000-0003-3817-6434
http://orcid.org/0000-0002-8757-0932

Gloria Gonzilez-Aseguinolaza
0002-1600-4562
Cristian Smerdou
Ascension Lopez-Diaz de Cerio
0002-7837-135X

Felipe Présper
José R. Yuste
Francisco Carmona-Torre
8281-9583
Gabriel Reina
Juan J. Lasarte
Pablo Sarobe

http://orcid.org/0000-

http://orcid.org/0000-0002-6861-6579
http://orcid.org/0000-

http://orcid.org/0000-0001-6115-8790
http://orcid.org/0000-0001-8502-9539
http://orcid.org/0000-0002-

http://orcid.org/0000-0003-4079-9753
http://orcid.org/0000-0003-1641-3881
http://orcid.org/0000-0003-0503-7905

References

[1] Zhu N, Zhang D, Wang W, et al. A novel coronavirus
from patients with pneumonia in China, 2019. N Engl
] Med. 2020;382:727-733.

[2] Zhou P, Lou YX, Wang XG, et al. A pneumonia out-
break associated with a new coronavirus of probable
bat origin. Nature. 2020;579:270-273.

[3] Hu B, Guo H, Zhou P, et al. Characteristics of SARS-
CoV-2 and COVID-19. Nat Rev Microbiol. 2021;19:
141-154.

[4] Pak A, Adegboye OA, Adekunle Al, et al. Economic
consequences of the COVID-19 outbreak: the need
for epidemic preparedness. Front Public Heal.
2020;8. doi:10.3389/FPUBH.2020.00241.

[5] Baden LR, El Sahly HM, Essink B, et al. Efficacy and
safety of the mRNA-1273 SARS-CoV-2 vaccine. N
Engl ] Med. 2021;384:403-416.

[6] Polack FP, Thomas §J, Kitchin N, et al. Safety and
efficacy of the BNT162b2 mRNA covid-19 vaccine.
N Engl ] Med. 2020;383:2603-2615.

[7] Voysey M, Clemens SAC, Madhi SA, et al. Safety and
efficacy of the ChAdOx1 nCoV-19 vaccine (AZD1222)
against SARS-CoV-2: an interim analysis of four ran-
domised controlled trials in Brazil, South Africa, and
the UK. Lancet. 2021;397:99-111.

[8] Sadoff J, Gray G, Vandebosch A, et al. Safety and
efficacy of single-dose Ad26.COV2.S vaccine against
covid-19. N Engl J Med. 2021. doi:10.1056/
NEJMoa2101544.

[9] Shinde V, Bhikha S, Hoosain Z, et al. Efficacy of NVX-
CoV2373 covid-19 vaccine against the B.1.351 variant.
N Engl J Med. 2021;384(20):1899-1909.

[10] Badgujar KC, Badgujar VC, Badgujar SB. Vaccine
development against coronavirus (2003 to present):
an overview, recent advances, current scenario, oppor-
tunities and challenges. Diabetes Metab Syndr Clin
Res Rev. 2020;14:1361-1376.

[11] Martin JE, Louder MK, Holman LSA, et al. A SARS
DNA vaccine induces neutralizing antibody and cellu-
lar immune responses in healthy adults in a phase I
clinical trial. Vaccine. 2008;26:6338-6343.

[12] Hoffmann M, Kleine-Weber H, Schroeder S, et al.
SARS-CoV-2 cell entry depends on ACE2 and
TMPRSS2 and is blocked by a clinically proven pro-
tease inhibitor. Cell. 2020;181:271-280.e8.

[13] Robbiani DF, Gaebler C, Muecksch F, et al
Convergent antibody responses to SARS-CoV-2 in
convalescent individuals. Nature. 2020;584:437-442.

[14] Braun], Loyal L, Frentsch M, et al. SARS-CoV-2-reac-
tive T cells in healthy donors and patients with
COVID-19. Nature. 2020;587:270-274.


http://orcid.org/0000-0003-3817-6434
http://orcid.org/0000-0002-8757-0932
http://orcid.org/0000-0002-1600-4562
http://orcid.org/0000-0002-1600-4562
http://orcid.org/0000-0002-6861-6579
http://orcid.org/0000-0002-7837-135X
http://orcid.org/0000-0002-7837-135X
http://orcid.org/0000-0001-6115-8790
http://orcid.org/0000-0001-8502-9539
http://orcid.org/0000-0002-8281-9583
http://orcid.org/0000-0002-8281-9583
http://orcid.org/0000-0003-4079-9753
http://orcid.org/0000-0003-1641-3881
http://orcid.org/0000-0003-0503-7905
https://doi.org/10.3389/FPUBH.2020.00241
https://doi.org/10.1056/NEJMoa2101544
https://doi.org/10.1056/NEJMoa2101544

[15]

[16]

(17]

(18]

[19]

[20]

[21]

(22]

(23]

[24]

[25]

[26]

(27]

(28]

(29]

(30]

[31]

(32]

(33]

Ju B, Zhang Q, Ge J, et al. Human neutralizing anti-
bodies elicited by SARS-CoV-2 infection. Nature.
2020;584:115-119.

Corbett KS, Edwards DK, Leist SR, et al. SARS-CoV-2
mRNA vaccine design enabled by prototype pathogen
preparedness. Nature. 2020;586:567-571.

Bangaru S, Ozorowski G, Turner HL, et al. Structural
analysis of full-length SARS-CoV-2 spike protein from
an advanced vaccine candidate. Science. 2020;
370:1089-1094.

Lan J, Ge ], Yu J, et al. Structure of the SARS-CoV-2
spike receptor-binding domain bound to the ACE2
receptor. Nature. 2020;581:215-220.

Shang J, Ye G, Shi K, et al. Structural basis of receptor
recognition by SARS-CoV-2. Nature. 2020;581:221-224.
Premkumar L, Segovia-Chumbez B, Jadi R, et al. The
receptor-binding domain of the viral spike protein is
an immunodominant and highly specific target of
antibodies in SARS-CoV-2 patients. Sci Immunol.
2020;5. doi:10.1126/SCIIMMUNOL.ABC8413.

Yang J, Wang W, Chen Z, et al. A vaccine targeting the
RBD of the S protein of SARS-CoV-2 induces protec-
tive immunity. Nature. 2020;586:572-577.
Baumjohann D, Fazilleau N. Antigen-dependent mul-
tistep differentiation of T-follicular helper cells and its
role in SARS-CoV-2 infection and vaccination. Eur |
Immunol. 2021. doi:10.1002/eji.202049148.

Alam SM, Aussedat B, Vohra Y, et al. Mimicry of an
HIV broadly neutralizing antibody epitope with a syn-
thetic glycopeptide. Sci Transl Med. 2017;9. doi:10.
1126/scitranslmed.aai7521.

Li Y, Lai DY, Zhang HN, et al. Linear epitopes of
SARS-CoV-2 spike protein elicit neutralizing anti-
bodies in COVID-19 patients. Cell Mol Immunol.
2020;17:1095-1097.

Townsend A, Bodmer H. Antigen recognition by class
I-restricted T lymphocytes. Annu Rev Immunol.
1989;7:601-624.

Yang H, Kim DS. Peptide immunotherapy in vaccine
development: from epitope to adjuvant. Adv Protein
Chem Struct Biol. 2015;99:1-14.

Fosgerau K, Hoffmann T. Peptide therapeutics: cur-
rent status and future directions. Drug Discov.
Today. 2015;20:122-128.

Nelde A, Rammensee HG, Walz JS. The peptide vac-
cine of the future. Mol Cell Proteomics. 2021;20.
doi:10.1074/MCP.R120.002309.

Prieto I, Hervas-Stubbs S, Garcia-Granero M, et al.
Simple strategy to induce antibodies of distinct specifi-
city: application to the mapping of gp120 and inhi-
bition of HIV-1 infectivity. Eur ] Immunol. 1995;25;
doi:10.1002/eji.1830250403.

Kuo TY, Lin MY, Coffman RL, et al. Development of
CpG-adjuvanted stable prefusion SARS-CoV-2 spike
antigen as a subunit vaccine against COVID-19. Sci
Rep. 2020;10. doi:10.1038/s41598-020-77077-z.
Llopiz D, Dotor ], Zabaleta A, et al. Combined immu-
nization with adjuvant molecules poly(I:C) and anti-
CD40 plus a tumor antigen has potent prophylactic
and therapeutic antitumor effects. Cancer Immunol
Immunother CII. 2008;57:19-29.

Maestro S, Cérdoba KM, Olague C, et al. Heme oxyge-
nase-1 inducer hemin does not inhibit SARS-CoV-2
virus infection. Biomed Pharmacother. 2021;137.
doi:10.1016/j.biopha.2021.111384.

Alexander ], Sidney ], Southwood S, et al
Development of high potency universal DR-restricted

(34]

(35]

(36]

(37]

(38]

(39]

(40]

(41]

(42]

(43]

(44]

(45]

(46]

(47]

(48]

(49]

Emerging Microbes & Infections 1945

helper epitopes by modification of high affinity DR-
blocking peptides. Immunity. 1994;1:751-761.

Xie X, Liu Y, Liu J, et al. Neutralization of SARS-CoV-
2 spike 69/70 deletion, E484 K and N501Y variants by
BNT162b2 vaccine-elicited sera. Nat Med. 2021.
doi:10.1038/s41591-021-01270-4.

Yan R, Zhang Y, Li Y, et al. Structural basis for the rec-
ognition of SARS-CoV-2 by full-length human ACE2.
Science. 2020;367:1444-1448.

Wang SF, Tseng SP, Yen CH, et al. Antibody-depen-
dent SARS coronavirus infection is mediated by anti-
bodies against spike proteins. Biochem Biophys Res
Commun. 2014;451:208-214.

Zhou Y, Liu Z, Li S, et al. Enhancement versus neutral-
ization by SARS-CoV-2 antibodies from a convales-
cent donor associates with distinct epitopes on the
RBD. Cell Rep. 2021;34. doi:10.1016/j.celrep.2021.
108699.

Holenya P, Lange PJ, Reimer U, et al. Peptide micro-
array based analysis of antibody responses to SARS-
CoV-2 identifies unique epitopes with potential for
diagnostic test development. Eur ] Immunol. 2021.
doi:10.1002/€ji.202049101.

Zhang B, Hu Y, Chen L, et al. Mining of epitopes on
spike protein of SARS-CoV-2 from COVID-19
patients. Cell Res. 2020;30:702-704.

Lim H, Baek A, Kim J, et al. Hot spot profiles of SARS-
CoV-2 and human ACE2 receptor protein protein
interaction obtained by density functional tight bind-
ing fragment molecular orbital method. Sci Rep.
2020;10. doi:10.1038/s41598-020-73820-8.

Yi C, Sun X, Ye ], et al. Key residues of the receptor
binding motif in the spike protein of SARS-CoV-2
that interact with ACE2 and neutralizing antibodies.
Cell Mol Immunol. 2020;17:621-630.

Ni L, Ye F, Cheng ML, et al. Detection of SARS-CoV-
2-specific humoral and cellular immunity in COVID-
19 convalescent individuals. Immunity. 2020;52:971-
977.€3.

Kuri-Cervantes L, Pampena MB, Meng W, et al.
Comprehensive mapping of immune perturbations
associated with severe COVID-19. Sci Immunol.
2020;5. doi:10.1126/sciimmunol.abd7114.

Rydyznski Moderbacher C, Ramirez SI, Dan JM, et al.
Antigen-specific adaptive immunity to SARS-CoV-2
in acute COVID-19 and associations with age and dis-
ease severity. Cell. 2020;183:996-1012.e19.

Ferretti AP, Kula T, Wang Y, et al. Unbiased screens
show CD8+ T cells of COVID-19 patients recognize
shared epitopes in SARS-CoV-2 that largely reside
outside the spike protein. Immunity. 2020;53:1095-
1107.e3.

Schulien I, Kemming J, Oberhardt V, et al
Characterization of pre-existing and induced SARS-
CoV-2-specific CD8+ T cells. Nat Med. 2021;27:78-
85.

Habel JR, Nguyen THO, van de Sandt CE, et al.
Suboptimal SARS-CoV-2-specific CD8+ T cell
response associated with the prominent HLA-
A*02:01 phenotype. Proc Natl Acad Sci USA.
2020;117:24384-24391.

Grifoni A, Sidney J, Zhang Y, et al. A sequence hom-
ology and bioinformatic approach can predict candi-
date targets for immune responses to SARS-CoV-2.
Cell Host Microbe. 2020;27:671-680.¢2.

Saini SK, Hersby DS, Tamhane T, et al. SARS-
CoV-2 genome-wide T cell epitope mapping reveals


https://doi.org/10.1126/SCIIMMUNOL.ABC8413
https://doi.org/10.1002/eji.202049148
https://doi.org/10.1126/scitranslmed.aai7521
https://doi.org/10.1126/scitranslmed.aai7521
https://doi.org/10.1074/MCP.R120.002309
https://doi.org/10.1002/eji.1830250403
https://doi.org/10.1038/s41598-020-77077-z
https://doi.org/10.1016/j.biopha.2021.111384
https://doi.org/10.1038/s41591-021-01270-4
https://doi.org/10.1016/j.celrep.2021.108699
https://doi.org/10.1016/j.celrep.2021.108699
https://doi.org/10.1002/eji.202049101
https://doi.org/10.1038/s41598-020-73820-8
https://doi.org/10.1126/sciimmunol.abd7114

1946 e B. Aparicio et al.

[50]

(51]

(52]

(53]

(54]

immunodominance and substantial CD8 © T cell
activation in COVID-19 patients. Sci Immunol.
2021;6:eabf7550.

Low JS, Vaqueirinho D, Mele F, et al. Clonal analysis
of immunodominance and cross-reactivity of the
CDAT cell response to SARS-CoV-2. Science.
2021;372:1336-1341.

Madhi SA, Baillie V, Cutland CL, et al. Efficacy of the
ChAdOx1 nCoV-19 covid-19 vaccine against the
B.1.351 variant. N Engl ] Med. 2021;384(20):1885-
1898.

Wu K, Werner AP, Koch M, et al. Serum neutralizing
activity elicited by mRNA-1273 vaccine. N Engl ] Med.
2021;384:1468-1470.

Garcia-Beltran WF, Lam EC, St. Denis K, et al.
Multiple SARS-CoV-2 variants escape neutralization
by vaccine-induced humoral immunity. Cell
2021;184(9):2372-2383.

Wang P, Nair MS, Liu L, et al. Antibody resistance of
SARS-CoV-2 variants B.1.351 and B.1.1.7. Nature.
2021;593:130-135.

(55]

(56]

(57]

(58]

(59]

(60]

Lauring AS, Hodcroft EB. Genetic variants of SARS-
CoV-2 - what do they mean? JAMA - ] Am Med
Assoc. 2021;325:529-531.

Tegally H, Wilkinson E, Giovanetti M, et al
Emergence of a SARS-CoV-2 variant of concern
with mutations in spike glycoprotein. Nature.
2021;592. do0i:10.1038/s41586-021-03402-9.

Li Q, Wu J, Nie J, et al. The impact of mutations in
SARS-CoV-2 spike on viral infectivity and antigeni-
city. Cell. 2020;182:1284-1294.¢9.

van Dorp L, Acman M, Richard D, et al. Emergence of
genomic diversity and recurrent mutations in SARS-
CoV-2. Infect Genet Evol. 2020;83. doi:10.1016/j.
meegid.2020.104351.

Van Egeren D, Novokhodko A, Stoddard M, et al. Risk
of rapid evolutionary escape from biomedical inter-
ventions targeting SARS-CoV-2 spike protein. PLoS
One. 2021;16:€0250780.

Atsmon ], Kate-Ilovitz E, Shaikevich D, et al. Safety and
immunogenicity of multimeric-001 - a novel universal
influenza vaccine. J Clin Immunol. 2012;32:595-603.


https://doi.org/10.1038/s41586-021-03402-9
https://doi.org/10.1016/j.meegid.2020.104351
https://doi.org/10.1016/j.meegid.2020.104351

	Abstract
	Introduction
	Materials and methods
	Peptides and proteins
	Human sera
	Mice
	Immunization experiments
	ELISA
	ELISPOT
	Flow cytometry
	Prediction with HLA binding algorithms
	Neutralization assays
	In vivo protection experiments
	Statistical analyses

	Results
	Recognition of linear epitopes in the RBD of S1 protein
	Immunization with peptides from RBD induces anti-peptide antibodies that recognize the viral protein
	Peptide 446-480 from RBD induces multiepitopic responses against RBD
	Antibodies induced by peptide 446-480 neutralize SARS-CoV-2 in vitro
	Immunization with peptide 446-480 in adjuvants approved for human use
	Peptide 446-480 induces antibodies cross-recognizing variants of concern
	Peptide 446-480 contains T-cell epitopes
	T-cell epitopes in S1 subunit
	Peptide 446-480 and the cyclic peptide 446-488cc protect K18-hACE2 transgenic mice from a lethal dose of SARS-CoV-2

	Discussion
	Conclusion
	Acknowledgements
	Disclosure statement
	ORCID
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.245 841.846]
>> setpagedevice


