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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) still poses a challenge
for biomedicine and public health. To advance the development of effective diagnostic,
prognostic, and preventive interventions, our study focused on high-throughput anti-
body binding epitope mapping of the SARS-CoV-2 spike RBD protein by IgA, IgM and
IgG antibodies in saliva and sera of different cohorts from healthy uninfected individ-
uals to SARS-CoV-2-infected unvaccinated and vaccinated asymptomatic, recovered,
nonsevere, and severe patients. Identified candidate diagnostic (455-LFRKSNLKPFERD-
467), prognostic (395-VYADSFVIRGDEV-407-C-KLH, 332-ITNLCPFGEV-342-C-KLH, 352-
AWNRKRI-358-C-KLH, 524-VCGPKKSTNLVKN-536-KLH), and protective (MKLLE-487-
NCYFPLQSYGFQPTNGVG-504-GGGGS-446-GGNYNYLYRLFRKSNLKPFERD-467) epitopes
were validated with sera from prevaccine and postvaccine cohorts. The results identified
neutralizing epitopes and support that antibody recognition of linear B-cell epitopes
in RBD protein is associated with antibody isotype and disease symptomatology. The
findings in asymptomatic individuals suggest a role for anti-RBD antibodies in the
protective response against SARS-CoV-2. The possibility of translating results into diag-
nostic interventions for the early diagnosis of asymptomatic individuals and prognosis
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of disease severity provides new tools for COVID-19 surveillance and evaluation of risks
in hospitalized patients. These results, together with other approaches, may contribute
to the development of new vaccines for the control of COVID-19 and other coronavirus-
related diseases using a quantum vaccinomics approach through the combination of
protective epitopes.

Keywords: antibody isotype � epitope mapping � prognostic, SARS-CoV-2 � spike protein

� Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction

Infection with severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) resulted in coronavirus disease 2019 (COVID-19),
a pandemic with asymptomatic cases and patients recovered at
hospital discharge, nonsevere hospitalized and severe in the inten-
sive care unit (ICU) [1–4]. Vaccines constitute the safest and most
effective intervention for the control of COVID-19, with a reduc-
tion in infected and mostly asymptomatic cases [5, 6]. However,
the circulation of new SARS-CoV-2 genetic variants in both vacci-
nated and unvaccinated individuals causes different disease symp-
tomatologies and constitutes a challenge for disease prevention
and control [4, 7–9].

The SARS-CoV-2 spike (S) protein plays an essential role in
virus binding and infection of host cells and thus constitutes the
primary target for therapeutic and vaccine interventions [10].
The S protein ectodomain is composed of the S1 subunit with
the N-terminal and receptor binding domain (RBD) and the S2
subunit with the fusion domain mediating entry into host cells
[11]. The RBD initiates virus attachment through interaction with
the angiotensin-converting enzyme 2 (ACE2) receptor [12–14].
The functional significance of the ACE2-RBD interaction makes
the RBD a prime target for neutralizing antibodies [15–17]. Tar-
geting this domain increases the selective pressure on the RBD,
which may promote the emergence of escape mutants that main-
tain virulence [18–21]. Indeed, neutralizing antibodies targeting
a single epitope can induce virus escape in cell culture, quickly
rendering antibodies ineffective [22], and thus targeting multiple
nonoverlapping RBD epitopes is more effective for SARS-CoV-2
neutralization [18, 22–26].

Therefore, the identification of B-cell epitopes in the SARS-
CoV-2 S protein is essential for the development of effective
diagnostic and prognostic tests, therapeutic interventions, and
vaccines. For example, the identified N3-1 antibody with high
affinity (equilibrium dissociation constant Kd = 68 pM) to the
RBD shows a high in vitro SARS-CoV-2 neutralization capac-
ity [27]. Mapping of B-cell linear epitopes of the SARS-CoV-
2 RBD using different methodological approaches has shown
binding of IgA and IgG antibodies with potential neutralizing
capacity [28]. However, a poor reaction of RBD epitopes with
COVID-19 sera has been reported [29, 30]. A control experiment
with the AI334/CR3022 antibody documented a weak reaction

with the 367-VLYNSASFSTFK-378 RBD epitope [16, 31]. Other
identified epitopes have shown low specificity to COVID-19 sera
[32], including reactive epitopes in peptide arrays with COVID-19
patient sera but are not significantly different from healthy con-
trols [33] (Table 1). In some experiments, IgM responses against
the S protein were not different between symptomatic COVID-19
patients and healthy individuals or lung cancer patients and unin-
fected controls [32]. However, recent results showed recognition
of RBD linear epitopes by IgA and IgG antibodies in COVID-19
patients with moderate and mild disease symptoms [34]. Using
serum epitope repertoire analysis (SERA), dominant RBD epitope
regions and motifs associated with disease symptomatology were
identified in SARS-CoV-2 and were reactive with other coron-
aviruses but with a reduced antibody response in mutant SARS-
CoV-2 strains [35]. Other studies have shown that neutralization
of SARS-CoV-2 requires antibodies against conformational RBD
epitopes [36]. These results provided evidence supporting that
differences in antibody binding linear and conformational RBD
epitopes may be associated with antibody isotype and disease
symptomatology.

To address this possibility, in this study, we used high-
throughput antibody binding epitope mapping using an RBD pep-
tide array at amino acid resolution. This methodology has been
previously validated for the characterization of the interactions
between antibodies in COVID-19 patients at the S-ACE2 inter-
face [28–30, 32–34, 37]. However, our study is novel by includ-
ing IgA, IgM and IgG antibody isotypes and saliva and/or sera of
different cohorts from healthy uninfected individuals and SARS-
CoV-2-infected asymptomatic, recovered, nonsevere, and severe
patients. For validation of identified candidate diagnostic, prog-
nostic, and protective epitopes, sera from prevaccine and post-
vaccine cohorts were used. Collectively, these results reveal novel
epitopes for the development of new interventions for the diagno-
sis, prognosis, and prevention of COVID-19.

Results

Cohort-specific signatures in RBD epitope mapping

RBD epitope mapping was analyzed with a peptide microarray
using the fluorescence intensity of immunoreactivity of IgA, IgM
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Table 1. Identified reactive and candidate neutralizing protective epitopes/regions in the SARS-CoV-2 RBD protein

RBD epitopes/regions Findings in COVID-19 patients References

356-KRISN-360 IgG binding [20]
IgA (asymptomatic, nonsevere, severe) binding This study

456-FRKSN-460 IgG binding, candidate protective epitope [20]
IgA, IgM (nonsevere), IgG (asymptomatic) binding, candidate
protective epitope (nonsevere)

This study

367-VLYNSASFSTFK-378 AI334/CR3022 antibody weak reaction [9, 23]
IgA (asymptomatic), IgG (recovered) binding This study

388-LNDLCFTNVYAD-399 Low specificity to COVID-19 sera [24]
IgA low specificity to CIVD-19 sera This study
IgM (nonsevere), IgG (aymptomatic) binding

559-SNLKPFERDISTEIY-573 Low specificity to COVID-19 sera [25]
Low specificity to COVID-19 sera This study
IgG (asymptomatic)
559-SNLKPFERD-567 binding

573-YQAGSTPCNGVEGFN-587 Low specificity to COVID-19 sera [25]
Low specificity to COVID-19 sera This study

343-NATRFASVYAWNRKR-357 IgA binding [26]
IgA, IgM (nonsevere), IgG (recovered) binding This study

415-TGKIADYNYKLPDDF-429 IgA binding [26]
IgA (asymptomatic) binding This study

449-YNYLYRLFRKSNLKP-463 IgA binding [26]
IgA, IgM (nonsevere), IgG (asymptomatic) binding This study

369-YNSASFSTFKCYGVS-383 IgG binding [26]
IgG (recovered) binding This study

364-DYSVLYNSASFSTF-377 IgA (asymptomatic) distinctive reactive epitope This study
422-NYKLPDDFTGCVIAWNSNNL-441 IgA (asymptomatic) distinctive reactive immunodominant

epitope
This study

488-NCYF-491 IgA (severe) distinctive reactive immunodominant epitope This study
497-GFQPTNGVG-505 IgA (recovered) distinctive reactive immunodominant epitope This study
510-VVVLSFELLH-519 IgA (asymptomatic) distinctive reactive epitope This study
319-RVQPTESIV-327 IgM (nonsevere) distinctive reactive epitope This study
345-TRFASVYAWNRKR-357 IgM (nonsevere) distinctive reactive epitope This study
388-LNDLCFTNVYADSFV-402 IgM (nonsevere) distinctive reactive epitope This study
512-VLSFELLHAPATV-524 IgM (asymptomatic) distinctive reactive epitope This study
525-CGPKKSTNLVKNK-537 IgM (nonsevere) distinctive reactive epitope This study
347-FASVYAWNRKRI-358 IgG (recovered) distinctive reactive epitope This study
363-ADYSVLYNSASFSTFKCY-380 IgG (recovered) distinctive reactive immunodominant epitope This study
390-DLCFTN-395 IgG (asymptomatic) distinctive reactive epitope This study
508-YRVVV-512 IgG (nonsevere) distinctive reactive epitope This study
455-LFRKSNLKPFERD-467 IgG (asymptomatic) distinctive reactive and candidate

protective epitope
This study

491-FPLQSYGF-498 IgG (asymptomatic) distinctive reactive and candidate
protective epitope

This study

492-PLQSYGFQPTNGVG-505 IgA (recovered) candidate protective epitope This study
446-GGNYNYLYRLFRKSNL-461 IgA, IgM (nonsevere) distinctive reactive immunodominant and

candidate protective epitope
This study

488-NCYFPLQSY-496 IgA (severe) candidate protective epitope This study
332-ITNLCPFGEV-341 IgG (nonsevere) candidate prognostic epitope This study
352-AWNRKRI-358 IgG (recovered) candidate prognostic epitope This study
395-VYADSFVIRGDEV-407 IgG (nonsevere) candidate prognostic epitope This study
524-VCGPKKSTNLVKN-536 IgG (severe) candidate prognostic epitope This study
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Figure 1. Experimental design for the identification of reactive RBD epitopes. Sera from 5 cohorts of healthy uninfected individuals and asymp-
tomatic, recovered, nonsevere, and severe COVID-19 patients were used for linear epitope mapping of the SARS-CoV-2 RBD protein by antibody
IgA, IgM, and IgG isotypes using a peptide microarray. The study included prevaccine cohorts of healthy, asymptomatic, nonsevere (hospitalized),
recovered (hospital discharge), and severe (ICU) individuals, and additional sera from individuals not included in the RBD proteome microarray in
cohorts of healthy, asymptomatic, nonsevere (hospitalized), recovered (hospital discharge), and severe (ICU) individuals were used for the charac-
terization by ELISA of candidate diagnostic, prognostic and protective epitopes. The female tomale (F/M) ratio and the age (average ± S.D. years-old;
y/o) was calculated for all individuals included in the study. For RBD proteome microarray, sera from individuals in each cohort were pooled for
analysis (n = 5–10 sera/pool and 1–2 pools/cohort (n1, pool 1; n2, pool 2). Fluorescence Z-Score was used to identify reactive and distinctive B-cell
epitopes involved in RBD-human ACE2 interactions and candidate diagnostic, prognostic, and protective epitopes for each cohort and antibody
isotype.

and IgG antibody isotypes in healthy uninfected individuals and
SARS-CoV-2-infected asymptomatic, recovered, nonsevere, and
severe COVID-19 patients (Fig. 1 and Figs. S1 and S2). First,
reactive epitopes with at least one significant Z-Score difference
between two cohorts were identified (Fig. 2A). The results
showed the presence of highly reactive epitopes associated with
antibody isotype and cohort. Then, the analysis was focused on
reactive epitopes with Z-Score > 2 and significant differences in
one cohort when compared to all others (Fig. 2B and Figs. S1
and S2). The lowest and highest Z-Scores were obtained for IgM
and IgG antibodies, respectively (Fig. 2B). A tendency toward
lower Z-Scores was observed in sera from severe patients for IgA
and IgM antibodies, but significant differences were found in
nonsevere patients when compared to all others and in severe
when compared to nonsevere patients (Fig. 2B). The mapped
peptide sequences again showed the presence of highly reactive

epitopes associated with antibody isotype and cohort (Figs. S1
and S2). As previously reported for IgM and IgG antibodies
[37], here, we found that RBD binding epitopes differ across
IgA, IgM, and IgG antibodies (Fig. 2A and Figs. S1 and S2).
The analysis of antibody isotype-distinctive reactive epitopes
showed cohort-specific signatures with all IgM reactive epitopes
also recognized by IgA and/or IgG antibodies (Fig. 2C). One
reactive epitope was recognized only by IgG antibodies in sera
from recovered patients. Twelve epitopes were only reactive to
IgA antibodies by sera from different cohorts except healthy
individuals.

Neutralizing anti-S RBD IgG antibodies were present in all
cohorts (S-ACE2 inhibition, 33% to 93%) except for healthy
uninfected individuals who were all negative (S-ACE2 inhibi-
tion, −0.4% to 4.3%) (Fig. 3A). A significant positive correla-
tion was observed between antibody levels and S-ACE2 inhibition
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Figure 2. RBD epitope mapping. (A) Heatmap of the IgA-, IgM-, and IgG-reactive epitopes with at least one significant Z-Score difference between
the two cohorts. (B) Distribution of reactive epitopes with Z-Score > 2 and significant differences in one cohort when compared to all others. The
Z-Scores were compared between cohorts for each antibody isotype by one-way ANOVA (p-values included at the bottom of the graphs) followed
by post hoc Bonferroni and Holm multiple comparisons (*p < 0.05, **p < 0.01). (C) Number and antibody isotype-distinctive reactive epitopes with
Z-Score > 2 and significant differences in one cohort when compared to all others. Bold underlined letters correspond to the RND-ACE2-interacting
interface and S protein-ACE2 (red & green) and RBM-ACE2 (green) interacting amino acids.

(Fig. 3A). Based on these results, discrimination with the healthy
control cohort was performed by eliminating the RBD epitopes
also recognized by sera from healthy individuals. Immunoreac-
tive epitopes and regions were then identified for each antibody
isotype and cohort with distinctive reactive immunodominant epi-
topes and regions (Fig. 3B and Table 1). For IgA antibodies, dis-
tinctive immunoreactive epitopes or regions were identified in
all COVID-19 cohorts. However, distinctive epitopes or regions
immunoreactive to IgM (identified in asymptomatic and nonse-
vere cohorts) and IgG (identified in asymptomatic, recovered,
and nonsevere cohorts) were not identified with sera from severe
patients. Nevertheless, the highest Z-Score values corresponded to
IgA (Z-Score = 18.5) and IgG (Z-Score = 22.4) antibody isotypes
in the severe cohort (Fig. 3B).

For the analysis of predicted neutralizing epitopes and
regions recognized by different cohorts and antibody iso-
types, antibody-RBD interactions were focused on pep-

tides located on the RBD-ACE2 interacting interface (469-
STEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQ-506) and
S/RBD-human ACE2 interacting amino acids (Fig. 4 and Table 1).
The results showed the presence of IgG isotype-predicted neu-
tralizing epitopes or regions only in asymptomatic individuals.
The distinctive IgA isotype epitopes or regions were identified in
recovered, nonsevere, and severe cohorts. In sera from nonsevere
patients, the predicted IgA neutralizing region was also reactive
to IgM antibodies. These results provided a cohort and antibody
isotype-specific signature for predicted neutralizing epitopes and
regions.

To provide additional support for predicted neutralizing
epitopes, serum and saliva collected from two asymptomatic
cases with different spike-ACE2 inhibition (case 96, 41% and
40% inhibition and case 100, 0% and 89% inhibition in saliva
and serum samples, respectively; Fig. 3) were used for RBD
epitope mapping of IgA, IgM, and IgG antibodies. As expected,
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Figure 3. Immunoreactive RBD regions identified by sera from SARS-CoV-2-infected individuals. (A) Neutralizing anti-S IgG antibodies and Spear-
man´s Rho correlation with S-ACE2 inhibition in asymptomatic (rs = 0.8, p (2-tailed) = 0.002), recovered (rs = 0.6, p (2-tailed) = 0.01), nonsevere (rs =
0.9, p (2-tailed) < 0.00001), and severe (rs = 0.7, p (2-tailed) = 0.0006) cohorts. Red spots correspond to negative sera (cutoff value, 30% S-ACE2 inhi-
bition). Healthy uninfected individuals were all negative. (B) Mapping of RBD immunoreactive epitopes and regions to IgA, IgM, and IgG antibodies
after discrimination with the healthy control cohort. Reactive distinctive and immunodominant (highest Z-Score, arrows) epitopes are shown. Bold
underlined letters correspond to the RND-ACE2-interacting interface and S protein-ACE2 (red & green) and RBM-ACE2 (green) interacting amino
acids.

differences in predicted neutralizing epitopes were not observed
in serum samples between cases 96 and 100, where both showed
Spike-ACE2 inhibition (Fig. 3). However, the results corroborated
the predicted 455-LFRKSNLKPFERD-467 neutralizing epitope
(Fig. 4 and Table 1) with saliva IgA antibodies in case 96 with
Spike-ACE2 inhibition (Fig. 3).

Translational medicine on diagnostic (asymptomatic
cases) and prognostic (disease risks) markers

Our study approached the first RBD epitope mapping by IgA,
IgM, and IgG antibody isotypes in sera from healthy uninfected
individuals and SARS-CoV-2-infected asymptomatic, recovered,
nonsevere, and severe patients. The study corroborated previous
results and provided new findings on the antibody isotype and
COVID-19 disease symptomatology signature of immunoreactive
and predicted neutralizing RBD B-cell epitopes and regions

(Table 1). Herein, we addressed the implications of these results
for translational medicine through the identification of reactive
epitopes for the development of potential diagnostic (focused on
asymptomatic cases), prognostic (disease risks) and preventive
interventions.

Candidate diagnostic epitopes for asymptomatic
COVID-19 cases

The corroborated predicted 455-LFRKSNLKPFERD-467 neutraliz-
ing epitope (Fig. 4 and Table 1) with saliva IgA antibodies in case
96 with Spike-ACE2 inhibition (Fig. 3) was selected for the valida-
tion study using sera from all prevaccine and postvaccine cohorts
(Fig. 5A and B) and paired serum-saliva from asymptomatic cases
(Fig. 5C).

In prevaccine cohorts, the results showed significantly higher
IgA antibody titers in asymptomatic individuals than in healthy
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Figure 4. Predicted neutralizing epitopes and regions recognized by sera from SARS-CoV-2-infected cohorts. The analysis was focused on peptides
located on the SARS-CoV-2 RBD-ACE2 interacting interface and S/RBD-human ACE2 interacting amino acids to identify the predicted neutralizing
epitopes and regions recognized by different cohorts and antibody isotypes. The role of these epitopes and regions in the interaction between the
SARS-CoV-2 RBD and human ACE2 was modeled based on target-template alignment using ProMod3 in the Swiss model.

controls (p < 0.01; Fig. 5A). Additionally, IgA antibody titers in
asymptomatic individuals were also higher than those in recov-
ered, nonsevere, and severe patients (p < 0.04; Fig. 5A). To
reproduce the conditions after vaccination, sera from postvaccine
cohorts were analyzed for IgA antibody response (Fig. 5B). Due
to individual-to-individual variations, the results did not show dif-
ferences in IgA antibody titers in postvaccine cohorts (p > 0.05;
Fig. 5B), thus suggesting that this epitope is not a good candidate
for diagnosis in vaccinated individuals. Using serum and saliva
collected from two asymptomatic cases with different spike-ACE2
inhibition described above (Fig. S3), the results showed recogni-
tion of the candidate diagnostic neutralizing epitope by serum and
saliva IgA and IgG antibodies with higher titers for IgA antibodies
(Fig. 5C).

These results confirmed the diagnostic capacity of the 455-
LFRKSNLKPFERD-467 neutralizing epitope for the detection of
asymptomatic cases with IgA antibodies in prevaccine cohorts. In
individuals vaccinated but with severe (ICU patients) symptoma-
tology, IgG antibody levels against this epitope may have a prog-
nostic capacity at least in some individuals.

Candidate prognostic epitopes associated with
COVID-19 disease risks

The results of pairwise comparisons of epitope mapping between
different cohorts could be further explored to identify disease
prognostic epitopes. For example, in some cases, hospitalized non-
severe patients could progress to disease recovery (hospital dis-
charge) or severity (ICU). Therefore, the identification of reactive
epitopes with Z-Score significantly different between recovery-
nonsevere and recovery-severe cohorts may be used as a prognos-
tic biomarker at hospitalization. In our study, the results showed
that some IgG-reactive epitopes with significant Z-Score differ-
ences produce an immunoreactive profile that may be used to
evaluate the risk of hospitalized patients developing severe symp-
toms (Fig. 6A and Table 1).

The peptides with selected disease prognostic epitopes
395-VYADSFVIRGDEV-407-C-KLH, 332-ITNLCPFGEV-342-C-KLH,
352-AWNRKRI-358-C-KLH, and 524-VCGPKKSTNLVKN-536-KLH
were characterized by ELISA using sera from individuals in dif-
ferent prevaccine cohorts (Fig. 6A). The results corroborated the
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Figure 5. Predicted disease diagnostic epitope. (A) The 455-LFRKSNLKPFERD-467 neutralizing epitope identified as a candidate diagnostic epitope
was used for ELISA testing for IgA antibody levels in sera from individuals not included in the RBD proteome microarray in prevaccine cohorts of
healthy (n = 11), asymptomatic (n = 15), nonsevere (hospitalized; n = 18), recovered (hospital discharge; n = 17), and severe (ICU; n = 18) individuals.
(B) Sera from postvaccine cohorts of PCR- (n = 14) and PCR+ asymptomatic (n = 6), nonsevere (n = 5), severe (n = 5), and ICU (n = 2) individuals
were analyzed for IgA antibodies. Antibody levels (O.D. 450 nm) were compared between groups by one-way ANOVA (p < 0.05) followed by post
hoc Tukey’s HSD (*p < 0.05, **p < 0.005). (C) An ELISA against the candidate diagnostic epitope was conducted using paired serum–saliva samples
from asymptomatic cases 96 and 100 (4 replicates for each sample). On each graph, values (“circles”), mean (“x”), and median (“horizontal line”) are
shown.

prognostic capacity of selected epitopes and suggested their use
for the development of ELISA tests with prognostic capacity in
hospitalized patients (Fig. 6B).

After vaccination, the IgG antibody response was only signif-
icantly higher in ICU patients when compared to all cohorts (p
< 0.05; Fig. 4). These results support the prognostic capacity of
this epitope for severe symptomatology in vaccinated individuals.
Additionally, three cases with 1–6 months after being detected
positive for SARS-CoV-2 RT–PCR and with negative RT–PCR for
SARS-CoV-2 when sampled were included to evaluate possible
disease risks by ELISA (Fig. 4). These cases showed serum lev-
els of ferritin and D-dimer prognostic biomarkers of COVID-19
disease severity below the established cutoff values (ferritin, 270–
714 ng/ml; D-dimer, 1300–2100 ng/ml) [38, 39], suggesting low
disease risks. These results were confirmed by all proposed prog-
nostic epitopes in all three cases (Fig. 5), thus providing addi-
tional support for considering these peptides for developing prog-
nostic ELISA tests.

Translational medicine on vaccine (quantum
vaccinomics) applications: Candidate protective
epitopes

Recent results using RBD epitope mapping with anti-
bodies from COVID-19 patients and healthy individ-
uals immunized with the Pfizer-BioNTech COVID-19
mRNA vaccine (https://www.cdc.gov/coronavirus/2019-
ncov/vaccines/different-vaccines/Pfizer-BioNTech.html) [40]
identified epitopes recognized by both cohorts (e.g., 449-
YNYLYRLFRKSNLKP-463) or by vaccinated individuals only (e.g.,
363-ADYSVLYNSASFSTFKCY-380 and 332-ITNLCPFGEV-341)
and present in regions identified in our study (Table 1).

Based on the results obtained in our study, we proposed a
quantum vaccinomics approach to vaccine design for the con-
trol of COVID-19 by combining selected identified RBD pro-
tective epitopes and regions (Fig. 4, Table 1). For example,
the RBD epitope 456-FRKSN-460 was identified as an IgA,
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Figure 6. Predicted disease prognostic epitopes. (A) Pairwise comparison of Z Score significant differences between IgG-reactive recovery-nonsevere
and recovery-severe cohorts. Cohorts of nonsevere (hospitalized; n = 20), recovered (hospital discharge; n = 19) and severe (ICU; n = 19) individuals
were included in the analysis. Z-Score values and the reactive epitopes are shown in the heatmap with Euclidean complete linkage. The position
of the identified epitopes on the SARS-CoV-2 RBD-ACE2 interacting interface is highlighted with different colors. The immunoreactive profile of
the different epitopes was used to predict the risk of hospitalized patients developing severe symptoms. Bold underlined letters correspond to
the RND-ACE2-interacting interface and S protein-ACE2 (red & green) and RBM-ACE2 (green) interacting amino acids. (B) The peptides identified
as candidate prognostic epitopes were used for ELISA tests using sera from individuals not included in the RBD proteome microarray in cohorts
of healthy (n = 7), asymptomatic (n = 7), nonsevere (hospitalized; n = 8), recovered (hospital discharge; n = 8) and severe (ICU; n = 8) individuals.
Antibody levels (O.D. 450 nm; average + S.D.) were compared between nonsevere (hospitalized), recovered (hospital discharge) and severe (ICU) by
one-way ANOVA (p < 0.05) followed by post hoc Tukey’s HSD (*p < 0.05, **p < 0.01 vs. hospitalized nonsevere).

IgM and IgG candidate protective epitope in previous and our
studies (Table 1). In our study, the RBD regions containing
the 456-FRKSN-460 protective epitope, 455-LFRKSNLKPFERD-
467, and 446-GGNYNYLYRLFRKSNL-461, were identified as
candidate protective peptides using sera from asymptomatic
and nonsevere SARS-CoV-2-infected individuals (Fig. 4 and
Table 1). The epitope 492-PLQSY-496 was identified in our study
in 491-FPLQSYGF-498, 492-PLQSYGFQPTNGVG-505 and 488-
NCYFPLQSY-496 predicted candidate protective regions (Fig. 3
and Table 1). Other reactive epitopes identified in our study (i.e.,
347-FASVYAWNRKRI-358, 363-ADYSVLYNSASFSTFKCY-380, and
510-VVVLSFELLH-519) have been predicted as immunogenic epi-
topes for vaccine design [41, 42].

Considering the results of the RBD epitope mapping reported
here and previous results with tick vaccine antigens [43, 44],
we proposed the candidate SARS-CoV-2 protective chimeric
antigen MKLLE-487-NCYFPLQSYGFQPTNGVG-504-GGGGS-446-
GGNYNYLYRLFRKSNLKPFERD-467. The chimeric antigen con-
tains epitopes identified before as reactive in Pfizer-BioNTech
vaccinated individuals (449-YNYLYRLFRKSNLKP-463; [40]) and
in the synthetic peptide RBD 446–480 shown to induce
cross-reactive humoral neutralizing and cellular CD4 and CD8
responses in preclinical trials in mice (RBD 446–467; [45]).

First, IgA and IgG antibody responses against the candidate
protective antigen were analyzed in sera from individuals in
both pre- and postvaccine cohorts (Fig. 7A). The results showed
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Figure 7. Candidate SARS-CoV-2 protective chimeric antigen. The analysis was conducted with the identified candidate SARS-CoV-2 protec-
tive chimeric antigen MKLLE-487-NCYFPLQSYGFQPTNGVG-504-GGGGS-446-GGNYNYLYRLFRKSNLKPFERD-467. (A) Sera from prevaccine cohorts
of healthy (n = 11), asymptomatic (n = 15), nonsevere (hospitalized; n = 18), recovered (hospital discharge; n = 17) and severe (ICU; n = 18) individ-
uals were analyzed together with postvaccine cohorts of PCR- (n = 6) and PCR+ asymptomatic (n = 6), nonsevere (n = 5), severe (n = 5) and ICU (n
= 2) individuals for IgA and IgG antibodies. Antibody levels (O.D. 450 nm) were compared between groups by one-way ANOVA (p < 0.05) followed by
post hoc Tukey’s HSD (*p < 0.05, **p < 0.005). (B) Serum IgA and IgG antibody levels against candidate protective chimeric antigen and Spearman´s
Rho correlation with S-ACE2 inhibition in prevaccine and postvaccine cohorts. (C) Mice were immunized with the candidate protective antigen or
with PBS as a control. Sera collected before immunization (preimmune sera) or 3 days after the third immunization (postimmunization sera) were
analyzed for neutralizing antibodies. The S-human ACE2 inhibition (%) was calculated as (1- O.D. 450 nm value sample/O.D. 450 nm value negative
control) × 100, cutoff value 30% S-ACE2 inhibition and compared between control and immunized mice by Student´s t-test with unequal variance
(p < 0.05).

the highest IgA antibody levels in prevaccine asymptomatic and
recovered cohorts, while IgG antibody levels were significantly
higher in postvaccine ICU individuals than in all other pre- and
postvaccine cohorts (Fig. 7A). A significant positive correlation
was observed between anti-candidate protective antigen IgA anti-
bodies and neutralization of S-human RBD interactions in both
pre- and postvaccine cohorts (Figure 7B). These results are asso-
ciated with IgA binding to these epitopes identified in COVID-19
patients (Table 1). The anti-candidate protective antigen IgG anti-
bodies and neutralization of S-human RBD interactions showed a
tendency but not significant positive correlation in both pre- and
postvaccine cohorts (Fig. 7B). The mouse model was used to eval-
uate the neutralization capacity of total antibodies in response
to vaccination with the candidate protective antigen. Only mice
immunized with the candidate protective antigen developed
neutralizing antibodies for S-human RBD interactions (average
± SD, 52.4 ± 10.7% inhibition, p = 0.015; Fig. 7C). These results
support the protective capacity of the proposed chimeric antigen.

Implications for the emergence and spread of
SARS-CoV-2 Omicron variants of concern

Using the recently identified SARS-CoV-2 B1.1.529 variant of con-
cern Omicron [46], we identified amino acid changes present in
our predicted diagnostic, prognostic, and protective epitopes (Fig.
S6). Mutations were rare in predicted diagnostic and prognostic
epitopes (only one for a single peptide on each diagnostic and
prognostic epitopes; Fig. S6), suggesting the possibility of devel-
oping tests based on these peptides for the diagnostic and prog-
nostic interventions of multiple SARS-CoV-2 genetic variants.

Discussion

The characterization of the humoral antibody response to the
SARS-CoV-2 S-RBD protein involved in virus–host interactions
and infection is important to advance the development of
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effective diagnostic, therapeutic and preventive interventions.
Despite recent advances in these areas contributing to the control
of the COVID-19 pandemic [47, 48], the challenge posed by new
SARS-CoV-2 variants and other emerging coronaviruses requires
research to better understand host–virus interactions and induced
immunity [49–54]. Recent publications have provided informa-
tion on the linear B-cell epitopes in the SARS-CoV-2 S protein,
suggesting differences in antibody binding to linear RBD epitopes
and regions that may be associated with antibody isotype and
disease symptomatology [28–30, 32–34, 40]. In this study, we
addressed this possibility through high-throughput antibody
binding epitope mapping using an RBD peptide array at amino
acid resolution.

Because asymptomatic COVID-19 cases are difficult to diag-
nose and constitute a risk for virus transmission [55, 56], surveil-
lance of asymptomatic infected individuals contributes to the
reduction of local disease outbreaks [57, 58]. Recent results have
shown that the early neutralizing humoral response is mediated
by IgA antibodies to SARS-CoV-2 [59]. In our study, the identified
diagnostic capacity of the 455-LFRKSNLKPFERD-467 neutralizing
epitope may be relevant for the detection of asymptomatic cases
with IgA antibodies found in easy to collect oral, nasal and saliva
samples [60]. Prognostic epitopes were also identified and vali-
dated in both pre- and postvaccine cohorts, thus providing new
tools for the development of ELISA tests with prognostic capac-
ity, particularly in hospitalized patients. The identification of can-
didate prognostic epitopes in the RBD-ACE2 interacting region
(524-VCGPKKSTNLVKN-536) supports that neutralizing antibod-
ies do not have to be in this region and may be conformationally
hidden [61]. Additionally, these antibodies may be cross-reactive
to other epitopes affecting disease severity [4].

The identification of protective epitopes in SARS-CoV-2 pro-
teins, including the RBD, is necessary for vaccine development
[62–65]. However, the use of RBD in vaccines has been challeng-
ing due to its limited immunogenicity, likely associated with its
low molecular size and polymer structure [65]. To address these
challenges, vaccine antigen design has included multiple copies
of RBD on particles for the control of SARS-CoV-2 and other beta-
coronaviruses, such as Middle East respiratory syndrome coron-
avirus (MERS-CoV) and SARS-CoV [66]. An alternative approach
to overcome RBD limitations in vaccine development is the com-
bination of protective epitopes to improve the antibody response
against immunization [41, 42, 67].

Quantum vaccinomics is a platform proposed for the identifica-
tion and combination of antigen protective epitopes, the immuno-
logical quantum, for vaccine development [68, 69]. This plat-
form focuses on the characterization of host–pathogen molecu-
lar interactions using a systems biology approach for the anal-
ysis of omics datasets [70]. A proposed pipeline for quantum
vaccinomics is based on the characterization of the cell inter-
actome and regulome in vector-host–pathogen interactions and
the identification of protective epitopes in protein interacting
domains for the design and production of chimeric vaccine anti-
gens [68, 69, 71, 72]. This platform also provides the possibility
of including other biomolecules, such as glycan alpha-gal (Galα1-

3Galβ1-(3)4GlcNAc-R)-based protein posttranslational modifica-
tions, to improve protective immunity against SARS-CoV-2 and
other pathogens [73–76]. Taken together, the results of this study
suggest the possibility of translating the findings of B-cell linear
epitope mapping for quantum vaccinomics in designing vaccines
with increased antibody and CD4+/CD8+ T-cell responses for the
control of SARS-CoV-2 genetic variants [28, 41, 42, 46, 77].

The antibody response to candidate protective chimeric anti-
gen showed higher IgA antibody levels and neutralizing capacity
in prevaccine asymptomatic and recovered individuals, which cor-
relates with higher protective capacity in these cohorts infected
with SARS-CoV-2. However, the lack of a significant positive cor-
relation between anti-candidate protective antigen IgG antibod-
ies and neutralization of S-human RBD interactions together with
the highest IgG antibody levels in ICU patients suggested that the
designed protective chimeric antigen may be more effective in
eliciting the early neutralizing antibody response to SARS-CoV-
2 [59]. The results in the mouse model support the possibility of
eliciting a protective response to SARS-CoV-2 using this antigen.

Recently, the RLFRKSNLKPFERDISTEI peptide was identified
as highly reactive to mouse monoclonal antibodies with neutral-
izing capacity [78] and contains epitopes that were validated in
our study as candidate diagnostic and protective epitopes. The
other peptide identified as reactive to monoclonal antibodies but
with low neutralizing capacity, VYADSFVIRGDEVRQIAPG [78],
contains an epitope that was validated in our study as a candidate
prognostic epitope. Deep mapping of mutations in the SARS-CoV-
2 RBD affecting recognition by human plasma polyclonal anti-
bodies identified F456 and E484 as the most important sites for
mutations reducing virus neutralization [79]. In our study, F456
but not E484 was present in identified reactive and candidate neu-
tralizing protective epitopes (Table 1). These findings support that
the combination of results from different epitope mapping plat-
forms provides information to advance the development of more
effective interventions for disease diagnosis and control.

Although the methodological approach employed in this study
has been validated, the limitations of our study include (a) the
inclusion of linear epitopes only, although with a high cover-
age and throughput antibody binding epitope mapping, (b) not
including in the array other SARS-CoV-2 variants that are aris-
ing with risks for transmission and disease worldwide and which
should be included in future studies with selected peptide arrays
based on this and other studies, (c) the use of sera from adult
but not younger COVID-19 patients who may have differences
in humoral immune response, and (d) the use of pooled sera,
which was necessary to facilitate the analysis of IgA, IgM, and IgG
antibody isotypes in SARS-CoV-2-infected cohorts with different
symptomatology to address some of the limitations of previous
studies. Additionally, as in other studies, we do not know how
long after infection the blood samples were drawn for analysis, a
fact that affects antibody response and class switching. Neverthe-
less, the results were validated in pre- and postvaccine cohorts for
candidate diagnostic, prognostic, and protective epitopes.

In conclusion, the results of this study support that anti-
body recognition of linear B-cell epitopes in the SARS-CoV-2 RBD
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protein is associated with antibody isotype and disease symptoma-
tology. The identification of distinctive reactive immunodominant
and candidate protective epitopes in SARS-CoV-2-infected indi-
viduals from asymptomatic to severe cases is novel. In agreement
with previous reports, these results support that the humoral
immune response contributes to recovery in most infected people
in many cases without medical interventions. The findings in
asymptomatic individuals suggest a role for anti-RBD antibodies
in the protective response against SARS-CoV-2. The possibility of
translating the results of our study into diagnostic interventions
for the early diagnosis of asymptomatic individuals and prognosis
of disease severity provides new tools for COVID-19 surveillance
and evaluation of risks in hospitalized patients. Antibody-based
therapeutics hold great promise in the treatment and prevention
of multiple infectious diseases. Additionally, these results may
contribute to the development of new vaccines for the control
of COVID-19 and other coronavirus-related diseases using a
quantum vaccinomics approach.

Materials and methods

Samples from healthy individuals and COVID-19
patients

The experimental design included prevaccine cohorts of healthy,
asymptomatic, nonsevere (hospitalized), recovered (hospital
discharge), and severe (ICU) individuals [2] (Figure 1). Addi-
tionally, sera from individuals not included in the RBD proteome
microarray in cohorts of healthy, asymptomatic, nonsevere
(hospitalized), recovered (hospital discharge), and severe (ICU)
individuals [2] were used for the characterization by ELISA
of candidate diagnostic, prognostic, and protective epitopes.
This retrospective case–control study was conducted in patients
suffering from COVID-19 and healthy controls sampled at the
University General Hospital of Ciudad Real (HGUCR), Spain
[2–4, 80, 81]. Blood samples from control healthy individuals
were collected prior to the COVID-19 pandemic in April 2019.
COVID-19 patients were confirmed as SARS-CoV-2-infected by
IgG antibody titers or reverse transcriptase-PCR (RT–PCR) and
sampled between March and May 2020 [2]. Clinical symptoms
and laboratory determinations associated with COVID-19 were
obtained from the patients’ medical records to create the cohorts.
Patients were hospitalized for developing a moderate-severe clin-
ical condition with radiologically demonstrated pneumonia and
failure in blood oxygen saturation. Patients with acute respiratory
failure who needed mechanical ventilation support were admitted
to a hospital ICU. The patients were discharged from the hospital
due to the clinical and radiological improvement of pneumonia
caused by SARS-CoV-2, along with the normalization of analyt-
ical parameters indicative of inflammation. For the validation of
candidate diagnostic, prognostic and protective epitopes, sera
from individuals vaccinated against COVID-19 were also included
with vaccine administration, clinical symptoms, and laboratory

determinations associated with COVID-19 obtained from the
patient’s medical records to create cohorts of PCR-negative
(PCR-) and PCR-positive (PCR+) asymptomatic, nonsevere, and
severe individuals [4]. Data can be found in Urra et al. [2]
and Villar et al. [3, 4] and are summarized in Supplementary
Table 1. Blood samples were drawn in a vacutainer tube with-
out anticoagulant. The tube remained at rest for 15–30 min
at room temperature (RT) for clotting. Subsequently, the tube
was centrifuged at 1500 x g for 10 min at RT to remove the
clot and obtain serum. Serum samples were heat-inactivated
for 30 min at 56°C and stored at –20°C until used for anal-
ysis. Additionally, saliva-serum paired samples were collected
from randomly selected asymptomatic cases, heat-inactivated
for 30 min at 56 °C and conserved at –20 °C until used for
analysis. Written informed consent for participation was not
required for this study in accordance with national legisla-
tion and institutional requirements. The use of samples and
individual data was approved by the Ethical and Scientific Com-
mittees (University Hospital of Ciudad Real C-352 and SESCAM
C-73).

SARS-CoV-2 RBD proteome microarray

To produce the peptide RBD microarray (PEPperPRINT
GmbH, Heidelberg, Germany), the reference sequence of
RBD was used from the original isolate of the SARS-CoV-2
Wuhan-Hu-1 coronavirus genome from the National Center
for Biotechnology Information (NCBI) database (Accession No
MN908947) [82]. Peptide RBD microarray (RBD elongated with
neutral GSGSGSG linkers at the C- and N-terminus and translated
into overlapping peptides, n = 684 printed in duplicate for a total
of 1,368 spots), N- to C-terminal thioether bridging with 7, 10,
13 amino acids peptide length and 6, 9, 12 amino acids peptide
overlap. The peptide microarrays were stored at 4°C until use.

Antibody isotype binding to the RBD proteome
microarray

Cohorts of healthy (n = 5), asymptomatic (n = 8), nonsevere
(hospitalized; n = 20), recovered (hospital discharge; n = 19) and
severe (ICU; n = 19) individuals [2] were included in the analysis
(Figure 1). Sera from individuals in each cohort were pooled for
analysis (n = 5–10 sera/pool and 1–2 pools/cohort; Figure 1).
Saliva collected from two asymptomatic cases with different
spike-ACE2 inhibition (case 96, 41% and 40% inhibition and case
100, 0% and 89% inhibition in saliva and serum samples, respec-
tively) were also used for analysis. The peptide microarrays were
assembled in an incubation tray and blocked with 1% (w/v) BSA
in 1× PBS 7.4 with 0.005% (v/v) Tween-20 (PBST) for 30 min at
RT. After it was washed with PBST three times, the array was incu-
bated with pooled sera of each cohort or individual serum/saliva
samples overnight at 4°C. The next day, it was washed again,
and the arrays were incubated with rabbit anti-human IgA
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Cy5, goat anti-human IgM (Mu chain) DyLight 549 and IgG Fc
cross-adsorbed goat anti-human DyLight 550 (Invitrogen) for 45
min at RT. The arrays were washed, dissembled from the tray,
and dried by centrifugation for 2 min at 2000 rpm. The resulting
array was scanned with a GenePix personal 4100a microarray
scanner (Molecular Devices, San Jose, CA, USA). The median
fluorescent signal intensity of each spot was extracted using
MAPIX software (Molecular Devices). The median background
signal was subtracted from the median spot signal intensity.

Analysis of RBD protein microarray data

Data were analyzed following methods described by Wang et al.
[28]. The intensity of the raw fluorescence signal corresponded
to the median signal intensity subtracted by the median back-
ground intensity of each spot and then averaged across duplicate
spots. The resulting signals were normalized with a Z-Score
[83], Z-Score = (intensityP − mean intensityP1…Pn)/SD P1…Pn,
where P is any RBD peptide on the microarray, and P1…Pn
represents the aggregate measure of all peptides. The heatmaps
of antibody binding to the peptides were visualized using the
Z-Score heatmapper (http://www.heatmapper.ca/expression/).
The Z-Score was also compared between cohorts for each
antibody isotype by one-way ANOVA followed by Tukey’s hon-
estly significant difference (HSD) post hoc test (p < 0.05;
https://astatsa.com/OneWay_Anova_with_TukeyHSD/). Only
epitopes with at least one significant Z-Score difference between
two cohorts were used to build the heatmaps, and then the analy-
sis was focused on the epitopes with Z-Score > 2.0 and significant
differences in one cohort when compared to all others. Immunore-
active epitopes and regions (overlapping epitopes with similar
results) were identified for each antibody isotype and cohort.
The RBD-human ACE2 (NM_001371415.1) interacting interface
(469-STEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQ-506)
and S-human ACE2 interacting amino acids (K417, G446, Y449,
Y453, L455, F456, A475, F486, N487, Y489, Q493, G496,
Q498, T500, N501, G502, Y505) containing the RBD-human
ACE2 interacting amino acids (L455, F486, Q493, S494, N501)
were obtained from previously published results [29, 84–86]. A
model of RBD-human ACE2 interaction was built based on the
target-template alignment using ProMod3 [87] on Swiss model
(https://swissmodel.expasy.org).

Neutralizing antibody test

The neutralization antibody test (cPassTM SARS-CoV-2 Neutral-
ization Antibody Detection Kit, GenScript Biotech, Leiden, The
Netherlands B.V.) was conducted in all serum samples included
in the RBD epitope mapping (Figure 1) and in saliva-serum
paired samples from two randomly selected asymptomatic
cases, following the manufacturer’s recommendations. Data
for postvaccine cohorts were obtained from Villar et al. [4].
Antibody titers specific for the recognition of virus infection

based on IgG against SARS-CoV-2 Spike (EI 2606-9601G)
protein were determined by ELISA (Euroimmun, Lubeck, Ger-
many) as O.D. 450 nm values following the manufacturer′s
instructions [2]. Spearman’s rho correlation analysis
(https://www.socscistatistics.com/tests/spearman/default2.aspx)
was conducted between serum anti-S IgG antibody levels or anti-
candidate protective chimeric antigen IgA and IgG antibody levels
(O.D. 450 nm) and S-human ACE2 inhibition (%) as (1- O.D. 450
nm value sample/O.D. 450 nm value negative control) x 100.
Cutoff value, 30% S-ACE2 inhibition.

Characterization of human IgA and IgG antibody
responses to candidate diagnostic epitopes

A peptide was identified as a candidate diagnostic epi-
tope for asymptomatic individuals. The peptide was synthe-
sized as keyhole limpet hemocyanin (KLH)-conjugated 455-
LFRKSNLKPFERD-467-C-KLH peptide (GenScript Biotech). The
peptide was used for analysis of the human IgA antibody response
by ELISA using sera from individuals not included in the RBD
proteome microarray in prevaccine cohorts of healthy (n = 11),
asymptomatic (n = 15), nonsevere (hospitalized; n = 18), recov-
ered (hospital discharge; n = 17), and severe (ICU; n = 18) indi-
viduals and paired serum-saliva samples from asymptomatic cases
96 and 100 (4 replicates for each sample) [2]. Sera from vac-
cinated against COVID-19 cohorts of PCR– (n = 14) and PCR+
asymptomatic (n = 6), nonsevere (n = 5), and severe (n = 7
including two cases in ICU) individuals [4] were also included
in the analysis. For ELISA, high absorption capacity polystyrene
microtiter plates were coated with 100 ng of synthetic peptide per
well in carbonate-bicarbonate buffer (Sigma–Aldrich, St. Louis,
MO, USA). After an overnight incubation at 4°C, coated plates
were washed one time with 100 μl/well PBS with 0.05% Tween
20 (PBST) (Sigma–Aldrich), blocked with 100 μl/well of 3% skim
milk in PBS (blocking solution) for 1 h at RT and then washed
3 times with 100 μl/well of PBST. Human serum samples were
diluted 1:100 and 1:10 (optimum 1:100 used for analysis) in
blocking solution, and 100 μl/well was added into the wells of
antigen-coated plates and incubated for 1 h at 37°C. Plates were
washed three times with PBST, and 100 μl/well of goat anti-
human IgA secondary antibody (Sigma–Aldrich) diluted 1:1000
v/v in blocking solution was added and incubated for 1 h at RT.
Plates were washed three times with 100 μl/well PBST, and 100
μl/well 3,3,′5,5-tetramethylbenzidine TMB (Promega, Madison,
WI, USA) was added and incubated for 15 min at RT. Finally,
the reaction was stopped with 50 μl/well of 2 N H2SO4 and the
O.D. was measured in a spectrophotometer at 450 nm. The aver-
age of two technical replicates per sample was used for analy-
sis after background (coated wells incubated with PBS and sec-
ondary antibodies alone). Antibody levels (O.D.450 nm) were
compared between groups by one-way ANOVA followed by post
hoc Tukey’s HSD and Bonferroni and Holms tests (p < 0.05;
https://astatsa.com/OneWay_Anova_with_TukeyHSD/).
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Characterization of human IgG antibody response to
candidate prognostic epitopes

The peptides identified as candidate prognostic epitopes were
synthesized as KLH-conjugated peptides 395-VYADSFVIRGDEV-
407-C-KLH, 332-ITNLCPFGEV-342-C-KLH, 352-AWNRKRI-358-C-
KLH, and 524-VCGPKKSTNLVKN-536-KLH (GenScript Biotech).
These peptides were used for analysis of the human IgG antibody
response by ELISA tests using sera from individuals not included
in the RBD proteome microarray in cohorts of healthy (n = 7),
asymptomatic (n = 7), nonsevere (hospitalized; n = 8), recov-
ered (hospital discharge; n = 8), and severe (ICU; n = 8) indi-
viduals [2]. Sera from vaccinated against COVID-19 cohorts of
PCR– (n = 6) and PCR+ asymptomatic (n = 6), nonsevere (n
= 5), and severe (n = 7 including two cases in ICU) individ-
uals [4] were also included in the analysis. Additionally, three
cases 1–6 months after being positive for SARS-CoV-2 RT–PCR
and with negative RT–PCR and D-dimer and ferritin data at the
sampling time were included to evaluate possible disease risks by
ELISA. For ELISA, high absorption capacity polystyrene microtiter
plates were coated with 100 ng of each synthetic peptide per
well in carbonate-bicarbonate buffer (Sigma–Aldrich). After an
overnight incubation at 4°C, coated plates were washed one time
with 100 μl/well PBS with 0.05% Tween 20 (PBST) (Sigma–
Aldrich), blocked with 100 μl/well of 3% skim milk in PBS (block-
ing solution) for 1 h at RT and then washed 3 times with 100
μl/well of PBST. Human serum samples were diluted 1:100 and
1:10 (optimum 1:100 used for analysis) in blocking solution, and
100 μl/well was added into the wells of antigen-coated plates
and incubated for 1 h at 37°C. Plates were washed three times
with PBST, and 100 μl/well goat anti-human immunoglobulin-
peroxidase IgG (FC specific) or goat anti-human IgA secondary
antibodies (Sigma–Aldrich) diluted 1:1000 v/v in blocking solu-
tion were added and incubated for 1 h at RT. Plates were washed
three times with 100 μl/well PBST, and 100 μl/well 3,3,′5,5-
tetramethylbenzidine TMB (Promega) was added and incubated
for 15 min at RT. Finally, the reaction was stopped with 50 μl/well
of 2 N H2SO4 and the O.D. was measured in a spectrophotome-
ter at 450 nm. The average of two technical replicates per sam-
ple was used for analysis after background (coated wells incu-
bated with PBS and secondary antibodies alone). Antibody lev-
els (O.D.450 nm) were compared between nonsevere (hospital-
ized), recovered (hospital discharge) and severe (ICU) by one-
way ANOVA test followed by post hoc Tukey HSD (p < 0.05;
https://astatsa.com/OneWay_Anova_with_TukeyHSD/).

Characterization of human IgA and IgG antibody
responses to candidate protective epitopes

The candidate SARS-CoV-2 protective chimeric antigen
with the N-terminal peptide MKLLE and linker sequence
GGGGS, MKLLE-487-NCYFPLQSYGFQPTNGVG-504-GGGGS-446-
GGNYNYLYRLFRKSNLKPFERD-467, was chemically synthesized
by GenScript Biotech with more than 95% purity. The peptide

was used for analysis of human IgA and IgG antibody responses
by ELISA using sera from individuals not included in the RBD
proteome microarray in cohorts of healthy (n = 11), asymp-
tomatic (n = 15), nonsevere (hospitalized; n = 18), recovered
(hospital discharge; n = 17) and severe (ICU; n = 18) individ-
uals. The IgA and IgG antibody responses were also analyzed
in conjunction with postvaccine cohorts of PCR- (n = 6) and
PCR+ asymptomatic (n = 6), nonsevere (n = 5), and severe (n
= 7, including two cases in the ICU) patients [4]. ELISA was
conducted as described above for candidate diagnostic epitopes.

Characterization of neutralizing antibodies in mice
immunized with the candidate protective chimeric
antigen

Three female BALB/c mice, 4–6 weeks old, were immunized
intraperitoneally with 3 doses of 20 μl (1.25 μg/μl) of candidate
protective chimeric antigen emulsified with Freund’s complete
adjuvant (first dose) and Freund’s incomplete adjuvant (second
and third doses) (Sigma–Aldrich) at 3-week intervals. The con-
trol group with 3 mice was immunized with PBS with the same
adjuvants and serum obtained in a similar way. Blood was col-
lected from each mouse from the tail before immunization and
by cardiac puncture 3 days after the third immunization and cen-
trifuged at 2000 x g for 10 min. Serum was recovered from each
sample, and the pellet was discarded. Sera from immunized and
control mice were analyzed for total neutralizing antibodies as
described above for human samples using the neutralization anti-
body test (cPassTM SARS-CoV-2 Neutralization Antibody Detec-
tion Kit, GenScript Biotech). The S-human ACE2 inhibition (%)
was calculated as (1- O.D. 450 nm value sample/O.D. 450 nm
value negative control) x 100, cutoff value 30% S-ACE2 inhibition
and compared between control and immunized mice by Student´s
t test with unequal variance (p < 0.05). Animal experimentation
was approved by the Ethical Committee of IHMT and the DGAV-
Direção General de Agricultura e Veterinária (Portugal; reference
0421/2022 from July 8th, 2022).
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