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Abstract: Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) is responsible for the current public
health crisis with devastating consequences to our societies. This COVID-19 pandemic has become the most
serious threat to global public health in recent history. Given the unprecedented economic and social impact
that it is causing, identification of immunodominant epitopes from SARS-CoV-2 is of great interest, not only to
gain better insight into the adaptive immune response, but also for the development of vaccines, treatments and
diagnostic tools. In this review, we summarize the already published or preprinted reports on the experimental
identification of B-cell linear epitopes of SARS-CoV-2 proteins. Six different epitopes leading to neutralizing
antibodies have been identified. Moreover, a summary of peptide candidates to be used for diagnostic tools is

also included.
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1. Introduction

A novel infectious disease attributed to a coronavirus was first
reported in late 2019 (COVID-19).l1 Within months, this infec-
tious disease caused by the severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) had reached enough countries to be
declared a pandemic by the World Health Organization (WHO).
The magnitude of the pandemic led to unprecedented measures
to contain the propagation. Nonetheless, one year later, it has in-
fected >100 million people and caused >2 million deaths (https://
coronavirus.jhu.edu/map.html) with catastrophic economic and
social repercussions in most countries.!?!

SARS-CoV-2 belongs to the betacoronavirus family and has
high homology to SARS-CoV (79% sequence identity[3!), the
virus responsible for the 2002-2004 outbreak.[*] Based on this
homology it was rapidly established that the spike protein, which
protrudes from the surface of the viral particles, is responsible
for host cell recognition and entry through its interaction with
angiotensin-converting enzyme 2 (ACE-2).15-61 Furthermore, anti-

*Correspondence: L. Farrera-Soler, E-mail: lluc.farrera@unige.ch

bodies binding to the spike protein of SARS-CoV were known to
be sufficient to neutralize the virus,[7! thus bringing attention to
the immune response against the spike protein.

The identification of immunodominant linear epitopes on
SARS-CoV-2 has been of great interest from the beginning of
the outbreak for their obvious potential uses (Fig. 1). Initially,
the most urgent issue was the detection of the infection, thus the
development of rapid and robust serological assays.®! If one of
the detected epitopes is concurrent amongst all infected patients,
the selected peptide can be used in rapid serological tests avoid-
ing the use of the whole protein, which is more expensive and
less stable than a shorter peptide. Furthermore, a peptide with
low homology to other common coronaviruses, such as the ones
responsible for common colds, can lead to higher specificity of
the test.’] Understanding which parts of a protein lead to neutral-

Applications
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Fig. 1. Applications for the identification of immunodominant epitopes in
SARS-CoV-2.

Faculty of Science, Department of Organic Chemistry, NCCR Chemical Biology, University of Geneva 30 quai Ernest Ansermet, CH-1211 Geneva 4



Laureates: Junior Prizes oF THE SCS FaLL MeeTing 2020

277

CHIMIA 2021, 75, No. 4

izing antibodies or binding-only antibodies is important for vac-
cine development. Finally, if a correlation between a biomarker
and severity of the disease is identified, this can provide important
prognostic information and patient stratification.

This review summarizes the work done by several groups on
the experimental identification of immunodominant B-cell linear
epitopes of SARS-CoV-2 proteins and its comparison to the ones
found in SARS-CoV.

2. Experimental Epitope Mapping of SARS-CoV-2
Proteins

The viral infection of SARS-CoV-2 in humans is characterized
by an antibody response which mostly targets the nucleocapsid
(N) and spike (S) proteins.[!9 In this review, a major emphasis
has been given to the epitopes found on the spike protein since
they can induce neutralizing antibodies which inhibit host cell
recognition and entry.

There are five primary classes of antibodies (IgG, IgM, IgA,
IgD, and IgE), with IgG being the most abundant in blood.!!!]
The onset of IgM production is faster compared to IgG, and that
makes it a good candidate for detecting ongoing infection, howev-
er, [gMs are not detectable before the onset of symptoms and thus
its detection has little value in breaking the chain of transmission.
Furthermore, IgM concentration decreases quicker than IgG, mak-
ing IgG more interesting for the detection of a past infection.[8:12]

2.1 Methodologies

Different technologies have been used to profile the epitopes
of the antibody response (Fig. 2 and Table 1). The experimental
techniques involve: 1) microarray-based technologies (Fig. 2a),[13]
2) ELISA-based assays (Fig. 2b)!!4l and 3) genetically-encoded
technologies (Fig 2c¢).l5-171 Microarray technologies are based on
the immobilization of unique peptides in each spot of a microar-
ray, followed by the addition of patient plasma and a subsequent
detection of the antibodies developed by the immune system
of the patient with a fluorescently labelled secondary antibody
which recognizes the Fc corresponding to the specific class of
antibody of interest (IgM, IgG, ...). Several methodologies have
been used for the immobilization of the peptides onto the micro-

arrays: (i) spotting biotinylated peptides into a streptavidin coated
microarray,!'8.191 (ii) spotting peptide-BSA conjugates,20-22] (iii)
hybridizing of peptide-PNA conjugates into DNA microarrays, 23]
(iv) spotting alkyne-tagged peptides that are immobilized by
CuAAC into an azide-coated microarray,24! (v) by directly print-
ing the peptide into the microarray!2>-26 and other non-disclosed
methodologies (performed by CRO).[27-301 For the ELISA-based
approaches, Poh et al. (vi) firstly made pools of 5-8 different
peptides to identify pools of candidates and refine further analysis
of singleton peptides in a deconvolution step,3!321 whereas Zhang
et al. (vii) directly analyzed all the peptides individually.i33! For
the genetically-encoded technologies, two different methodolo-
gies have been used. On one hand, Ladner et al. (viii) synthesized
peptide-DNA conjugates, selected the ones binding to antibodies
from plasma and further deconvoluted by sequencing.[31 On the
other hand, some groups (ix) used the phage-display immuno-
precipitation sequencing (PhIP-Se) strategy[35-381 in which differ-
ent peptides are expressed on the surface of a bacteriophage and
sequenced the ones binding to plasma antibodies.!3%-43 Finally,
Zamecnik et al. (x) have merged two different technologies by
first doing a bacteriophage selection and further immobilizing the
hits into a microarray.[#4

As can be observed in Table 1, different groups have used
different methodologies, peptide lengths and covered different
parts of the human Coronavirus (hCoVs) proteome. Nonetheless,
despite all these differences, common epitopes have been identi-
fied across the different reports even if a direct comparison is
unwarranted due to the differences among the protocols used (an-
tibody loading, statistical analysis, efc.) and in the criteria used
for considering an epitope as relevant. For instance, some studies
preferred to focus on epitopes with at least one patient showing
very strong signal, whereas others focused on epitopes that were
preponderant across multiple patients. In order to balance all these
biases, as well as a possible demographic bias, this review will
focus on the most frequently highlighted epitopes among differ-
ent studies.

The previously mentioned approaches present some limita-
tions. First of all, the analysis is limited to linear epitopes and
therefore all antibodies binding to a non-linear epitope might
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Fig. 2. Technologies used to experimentally identify linear epitopes on SARS-CoV-2 proteins. a) Microarray, b) ELISA and c) Genetically-encoded.
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Table 1. Summary of the different
methodologies used among the
reviewed manuscripts.

The manuscripts have been
ordered by day of publication of
the preprint.

Manuscript

Wang er al.l'®!
Poh et al.®!
Dahlke et al.®”
Zhang et al."™
Zhang et al."”
Zamecnkick et al.*!
Amrun et al.*?
Li et al.™
Farrera et al.™
Shrock et al.*!
Li er al.?V
Ladner er al.®
Yi et al.*!
Mishra er al.’®!
Li e al.*V
Wang et al.l*"!
Qi et al.*!
Klompus et al.*!
Musico et al.?
Haynes et al.'*!
Holenya et al.’*”
Heffron et al.*"

Camerini et al.”®

Methodology

Peptide microarray
ELISA
Peptide microarray
ELISA

Peptide microarray

PhIP-Se, VirScan +
Phage display microarray

ELISA

Peptide microarray
Peptide microarray
PhIP-Se, VirScan
Peptide microarray
DNA-encoded
Peptide microarray
Peptide microarray
Peptide microarray
PhIP-Se, VirScan
PhIP-Se / AbMap'®!
PhIP-Se, VirScan
Peptide microarray
PhIP-Se / SERAF"!
Peptide microarray
Peptide microarray

Peptide microarray

Peptide length Studied proteins + Samples
15 SARS-CoV-2 proteome 10
18 S protein SARS-CoV-2 6
15 SARS-CoV-2 proteome 4
20-25 S protein SARS-CoV-2 39
15 SARS-CoV-2 proteome 15
38 Proteome different hCoVs 20
18 S, E, M and N proteins 13
SARS-CoV-2
12 S protein SARS-CoV-2 55
12 S protein SARS-CoV-2 12
56 Proteome different hCoVs 550
12 S protein SARS-CoV-2 1,051
30 Proteome different hCoVs 27
20 zl,h\//l_;nd E proteins SARS- 120
12 Proteome different hCoVs 132
12 S protein SARS-CoV-2 858
56/28 Virome 156
Random Random 55
64/20 Proteome different hCoVs 32
15 SARS-CoV-2 proteome 19
Random Random 779
15 Proteome different hCoVs 24
16 Proteome different hCoVs 40
100/50/30 Proteome different hCoVs 20

be overlooked. Second, it does not replicate epitopes with post-
translational modifications such as glycosylations.[*5 Third, most
of the analyses do not consider the emergence of different strains
(https://www.gisaid.org/) with a variety of mutations that could
account for regional variations.

2.21gG Epitope Mapping of the Spike Protein S1 Subunit
(Amino Acids 1-685)

The S1 subunit of the spike protein comprises the receptor
binding domain (RBD, amino acids 306-527). The RBD is re-
sponsible for the interaction with ACE-2 and therefore, antibodies
binding to it are of great interest for their potential neutralizing ac-
tivity by outcompeting the virus—host interaction.!#6-481 The most
frequently detected epitope on the RBD is the S450-499 (Table 2).
This epitope is found exactly on the RBD-ACE2 recognition site
(Fig. 3B). Immunizing mice with this peptide has yielded neutral-
izing antibodiest3! and also an antibody binding to this peptide
has been previously shown to have neutralizing activity.*I Next to
the RBD appears another immunodominant peptide (S550-593),
which has also been shown to be able to generate neutralizing
activity.[202931] This neutralizing activity has been hypothesized
to be caused either by sterically blocking the binding of ACE-2 or
through an allosteric effect on the ACE-2 binding. Even though
the RBD is known to be highly immunogenic,[1%-30] not many lin-
ear epitopes have been detected on that part of the protein. This is

probably due to the fact that most of the antibodies binding to the
RBD bind to non-linear epitopes. This is consistent with the work
of Li et al. and our own work, in which we show that a known
RBD-binding antibody binds poorly to a linear epitope.2!.23!

Two additional interesting epitopes are detected at the
C-terminus of the S1 subunit (5625-636 and S655-672). These
two epitopes are in close proximity to the S1/S2 cleavage site (Fig.
3C), which has been shown to be critical for viral infection.[51.521
Antibodies binding to this area have a big potential for therapeu-
tics as shown by Li er al., who reported antibodies binding to
the S625-636 peptide with neutralizing activity,2%! and from our
own work in which we reported that plasma containing antibodies
binding to the S655-672 epitope inhibit the furin-mediated pro-
teolysis of spike whereas plasma that is negative for this epitope
does not inhibit this proteolysis.[23

2.31g9G Epitope Mapping of the Spike Protein S2 Subunit
(Amino Acids 686-1273)

The S2 subunit of the spike protein contains some of the key
players for cell entry such as the fusion peptide (S788-806), the
S2 cleavage site (S815-816), and the two heptad repeats named
HR1 (S912-984) and HR2 (S1163-1213).05354]

The most observed immunological epitope on this subunit
is the S765-835 (Fig. 3D). It comprises the fusion peptide and
the S2 cleavage site, and antibodies binding to that epitope
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have shown neutralizing activity both in SARS-CoV-2B31 and in
SARS-CoV.5] Among this region, peptide S812-829 is highly
homologous between all the coronavirus, and almost identical
among SARS-Cov-2, SARS-Cov and BtCoV-RaTG13.21 If this
peptide can elicit strong neutralization activity, it could serve as
a promising candidate for making a broad neutralizing antibody
and vaccine.

Another epitope frequently detected in the S2 subunit is the
S1140-1178 (Fig. 3E). This epitope contains part of the HR2,
and antibodies binding to that peptide have also shown neutral-
izing activity.[20-291 It has been hypothesized that antibodies bind-
ing to this epitope may interfere with conformational changes
essential for effective virus-cell fusion.!5¢ This neutralizing ac-
tivity is consistent with the observed fusion inhibition activity
of different peptides and antibodies targeting either the HR1 or
HR?2 on previous coronavirus.!57-64]

Finally, the very last peptide on the C-terminus of the spike
protein (S1247-1273) has also shown to be highly immunogenic.

2.4 Epitope Mapping of Other Proteins of the SARS-
CoV-2 Proteome

Whereas many of the reports have only focused on the spike
protein, some other groups have also mapped the epitope pro-
file of the whole SARS-CoV-2 proteome (Table 1). With fewer
or no expectations of finding neutralization, the main interest
in mapping all the proteins in the virus is to better understand
the immune response and to see if any epitope could be used for

diagnostics. Of special interest are the epitopes found on the N
protein for its high immunogenic profile!!%65 and also because
this protein has been extensively used in serological tests.[06-681 Ag
can be observed in Table 2, the most frequently identified epitopes
on the N protein are N140-193, N206-261 and N362-420. Other
identified epitopes were the M1-24 in the membrane protein and
Orf3a-176-210 in the Orf3a protein. The epitopes from other pro-
teins showed less reproducibility.

3. Applications

3.1 Neutralizing Antibodies for Therapeutics and Design
of Vaccines

Engineered antibodies are increasingly used as therapeutics,[6%]
and application of antibody-based therapies for COVID-19 are
expected to be approved. Two different antibody-based treat-
ments have already received the emergency use authorization by
the FDA and many more are in clinical trials.[’l However, the
majority of those antibodies target the same region of the virus
(the RBD), and putting the focus in only one region could be
risky since evolutionary pressure on a particular part of the pro-
tein may cause potential mutations which could finally reduce the
effectiveness of the RBD-focused therapeutics.[71] The same can
be said for the RBD-based vaccines which will only induce the
production of antibodies binding to the RBD. For this reason, the
identification of other regions of the virus which can elicit neutral-
izing antibodies is critical.

Table 2. List of immunodominant detected epitopes on SARS-CoV-2 proteome from the reviewed manuscripts. Manuscripts published by the same
corresponding author have been combined (two from Prof. X. Yu,['®'9 two from Prof. L. F. P. Ng,®'*? and four from Prof. S. C. Tao,?°??4"), The nu-
meration of each epitope is based on the following protein sequences: Spike protein (GenBank: QHD43416.1), N protein (GenBank: BCN28213.1),
M protein (UniProtKB/Swiss-Prot: PODTC5.1), Orflab (GenBank: QLJ57697.1), Orf3a (GenBank: BCI50534.1), Orf7a (UniProtKB/Swiss-Prot:
PODTC?7.1) and Orf8 (UniProtKB/Swiss-Prot: PODTC8.1). Some nearly adjacent epitopes within the same manuscript have been merged for an
easier visualization of the table.

Wang/ Poh/ Dahlke Zhang Zamecnik  Li/Qi Farrera  Shrock  Ladner Yi Mishra Wang  Klompus Musico Haynes Holenya Heffron Camerini
Zhang Amrun
[18,19] [31,32] [30] [33] [44] [20-22,41] [23] [39] [34] [29] [25] [40] [42] [24] [43] [26] [27] [28]
SPIKE PROTEIN ---- SPIKE PROTEIN ---- SPIKE PROTEIN ---- SPIKE PROTEIN ---- SPIKE PROTEIN ---- SPIKE PROTEIN ---- SPIKE PROTEIN
26-30 21-45 25-36 79-83
186-190  209-226 221-285
330-349
356-360 369-383  375-394
456-460 450-499 459-487
553-570 522-646  552-589  550-612 550-570  543-589  554-593  553-591 529-593 555-572  557-567  549-593  551-650
637-651  522-646 625-642 607-633 624-646
661-684  655-672 654-673  671-706 671-685 661-671  685-709
769-786  725-739 799-855  764-805  787-822  785-805  795-848 765-827  785-840  749-857 789-799  785-832  736-835
806-820  809-826  811-831 799-855 804 -829  787-822  810-830  795-848  806-825  765-827  785-840  749-857 810-818  813-823  785-832  736-835
886-890 927-955  902-906 971-1006 886-1035
1141-1178 1148-1159 1147-1158 1146-1166 1127-1177 1146-1165 1143-1177 1093-1176 1101-1209 1145-1159 1145-1159 1140-1164 1086-1235
1196-1200 1201-1217 1256-1273 1250-1270 1259-1271 1247-1273
NUCLEOCAPSID PROTEIN ---- NUCLEOCAPSID PROTEIN ----NUCLEOCAPSID PROTEIN ---- NUCLEOCAPSID PROTEIN ---- NUCLEOCAPSID PROTEIN
86-110 89-153 13-23/37-47  28-55
166-170  153-170  176-206 134-190 161-181  140-193 141-196  133-197  156-170  158-172  161-171
206-210 210-247 222-260 228-261 221-285  284-298 221-231  208-266  201-300
366-375 366-406 362-399 365-406 370-416 353-420 380-419  377-407  384-416  301-419
OTHER PROTEINS ---- OTHER PROTEINS ---- OTHER PROTEINS ---- OTHER PROTEINS ---- OTHER PROTEINS ---- OTHER PROTEINS ---- OTHER PROTEINS
Orflab M Orf3a Orfl M M M Orflab M M M M
296-300 1-7 172-209 151-171 1-19 185-199 159-223  1912-1926 1-12 5-19 1-24 1-50
Orflab M Of3a Orflab Orflab Orflab Orflab M M
3206-3210 203-222 171-210 1914-1928 269-333  2868-2882 1657-1671  152-177  101-200
Orf3a Orflab Orflab Orflab M Orf3a
136-140 5419-5438 3808-3822 2153-2167 181-222  201-275
Orf3a Orflab Orflab Orf3a Orflab Orf7a
176-180 6292-6306 4836-4850 261-267 1239-1256  1-100
Orf7a Orf3a Orflab Orflab
111-121 181-203 4600-4614 4514-4529
Orf8 Orflab
66-86 5999-6014
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Fig 3. Detailed location of the most frequently detected epitopes A) Three different representations of the spike protein of SARS-CoV-2 in the close
state (pdb ID: 6VXX) with one trimer in dark gray and the two rest ones in clear white. The most frequently observed epitopes have been labelled in:
21-45 purple, 450-499 red, 550-598 blue, 654-674 dark red, 675-690 black (S1/S2 furin cleavage site), 619-646 light green, 695-696 orange (S1/S2"
cleavage site), 765-830 magenta, 815-816 cyan (S2 cleavage site), and 1143-1147 dark green. Some parts of the protein are not shown in the cry-
stal structure and in this case the two precedent and subsequent amino acids of the non shown peptide have been colored. B) Zoom of the epitopes
on the RBD region (pdb Id: 7KNE, ‘Cryo-EM structure of single ACE2-bound SARS-CoV-2 trimer spike’ in which the spike protein is represented as
a cartoon and ACE2 represented as the surface), C) Zoom of the epitopes on the S1/S2 cleavage site area (pdb ID: 6VXX), D) Zoom of the epitopes
on the S2 cleavage site area (pdb ID: 6VXX) and E) Zoom of the epitope on the C-terminal region of spike protein (pdb ID: 6VXX).

As summarized in this review, six different epitopes on the
spike protein have been reported to lead to neutralizing antibod-
ies (S370-395,1331 S435-479,1331 S553-593,120.29.311 §625-636,120]
S812-826[311 and S1146-1165[20291). Three of them are totally
outside the RBD region and have been hypothesized to interfere
with S1/S2 cleavage and virus-cell fusion. Nonetheless, more
work remains to be done to fully understand the function and
future of those antibodies as potential therapeutics and their
respective epitopes as potential peptide-based vaccines.

3.2 Detection Test

During this last year, testing has been critical to contain
the propagation of the virus and analyze the penetration of the
infection. Although testing current infected patients is crucial
to stop the viral transmission, testing previous infection has
also been shown to be important to better understand the global
epidemiological situation. In the near future, it might also be
important to assess the vaccine-induced immunity on a global
level.

While quantitative reverse transcriptase PCR (qRT-PCR)
remains the gold standard for early detection of SARS-CoV-2
infected individuals, the decrease of the viral load after infec-
tion makes it rapidly unmeasurable.[® Serological tests, which
detect the presence of antibodies in plasma against a particular
antigen, are a great candidate to diagnose past infection. Most
of the current tests take advantage of the high immunogenicity
of the S and N protein.l’2l However, full-length recombinant

proteins present the drawbacks of high cost, possible stability
problems, batch-to-batch variations and in some cases may give
raise to cross-reactivity (all this leading to ambiguous detection
outcomes.73.741). This cross-reactivity might generate false-pos-
itive results as might be the case for SARS-CoV-2 when using
proteins sharing high homology with genetically similar, co-
circulating, human coronaviruses (hCoV) that are responsible
for common colds. Thus, there is an imperative need to develop
highly specific and sensitive serology-based tests.

Different groups have proposed distinct peptides as can-
didates to substitute the aforementioned full-length proteins.
Some groups have also suggested a combination of two pep-
tides to overcome the limitation of lower immunogenicity of
peptides (compared to full-length protein) and the possible
cross-reactivity of the most immunogenic peptides.

The proposed peptides are: S769-786 + N153-170 (Amrun
et al.B), N386-406 + S810-830 + S1146-1166 (Shrock et
al.B%), S1143-1165 (Mishra et al.1?51), S1148-1159 + 577-588
(Li et al.221); N155-171 (Musico et al.?*), N377-407/S557-
567/S789-799 (Holenya et al.1261) and M 1-24 (Heffron et al.1271).

In addition, it might be expected that the immune response
can be related to some key clinical parameters, such as gender,
age, disease severity, demography,... Different reports have
analyzed the difference in epitope profile depending on the se-
verity of COVID-19 infection (especially hospitalized vs non-
hospitalized patients) finding some epitopes with a significantly
stronger response among the hospitalized patients.[25.27.30.32.39.43]
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3.3 Mutations on the SARS-CoV-2

Since the first detection of SARS-CoV-2 in Wuhan (China),
new variants acquiring novel mutations have been observed
and are slowly replacing the original strains.[7>761 Of special
interest are the mutations on the spike protein since these are
the ones that can have the biggest impact on the effectivity of
the monoclonal antibody therapies and vaccines (since most of
them target/use the spike protein). In early February 2020, a
new mutation ‘D614G’ was observed and quickly became the
dominant form of the virus circulating globally owing to its in-
creased infectivity and transmission.[75-76] Afterwards, five main
new variants have been detected in Denmark (Cluster 5),[771 UK
(B.1.1.7),I781 South Africa (20H/501Y.V2),[7] Brazil (P.1)80]
and southern California (CAL.20C).[811 The mutations found on
the spike protein from these strains are as follows. For Cluster 5
(H69-70Vdel, Y453F, 1692V, S1147L and M1229I), for B.1.1.7
(H69-70Vdel, Y144del, N501Y,A570D, P681H, T7161, S982A,
DI1118H), for 20H/501Y.V2 (L18F, D80A, D215G, L242-
2441.del, R2461, K417N, E484K, N501Y, D614G and A701V),
for P.1 (L18F, T20N, P26S, D138Y, R190S, K417T, E484K,
N501Y, D614G, H655Y, T10271 and V1176F) and finally for
CAL.20C (S13I, W152C and L452R). To sum up, several muta-
tions have been observed on the RBD (K417N, L452R, Y453F,
E484K and N501Y). Filtering for the mutations that can af-
fect the reported epitopes: AS70D (for the S550-570) found in
UK (B.1.1.7), H655Y for the (S625-672) found in Brazil (P.1),
S1147L for the (S1146-1166) found in Denmark (Cluster 5) and
none for the S770-830, confirming that this is one of the most
conserved regions of the protein and suggesting that mutation
in this region is functionally disadvantageous.

The work done by Haynes ef al.[*3 and Qi et al.,*!] in which
they start from a bacteriophage random library (not focused on
hCoV proteome), not only allows the profiling of the epitopes at
a single amino acid resolution, but also allows the study of how
new mutations can affect antibody binding. This has already
been applied by Haynes ef al. on the new B.1.17 variant.[82]

4. Comparison to SARS-CoV Epitopes

In order to better predict the immune protection against a
hypothetical future new SARS-CoV, one important exercise is
to compare the epitopes found on SARS-CoV-2 to its highly
homologous SARS-CoV. Table 3 shows the epitopes detected in
previous reports studying experimentally the B-cell response of
SARS-CoV at the peptide level.[83-921 The most frequently de-
tected epitopes on SARS-CoV were S532-548, S599-620, S785-
809, N125-175 and N362-412. Similarly, with SARS-CoV-2,
not many linear epitopes were detected on the RBD region.
Two highly immunologic regions on SARS-CoV-2 (S550-672
and S765-835) were also detected on SARS-CoV (S532-620
and S785-809), yet the epitope S1140-1178 on SARS-CoV-2
was not detected on the previous SARS-CoV but two adjacent
peptides were recognized (S1060-1078 and S1164-1191). He
et al. reported the peptide S603-634 as the most immunogenic
epitope and supported its applicability for serological tests with
a study of 42 patients.[86]

5. Conclusions

The comparison of 23 experimental reports on the identifi-
cation of B-cell epitopes on SARS-CoV-2 shows: 1) The pres-
ence of highly immunologic epitopes across the S, N, M and
Orf3a proteins, 2) Four highly immunodominant regions of the
spike protein which lead to neutralizing antibodies (S550-570,
S625-636, S812-826 and S1146-1166) and 3) Several pep-
tide candidates for serological tests. The fact that these epi-
topes were detected using different technologies in different
labs lends a high level of confidence in the robustness of these
findings.

Table 3. Epitopes experimentally detected on the S, N and M proteins
of SARS-CoV. First column represents the numeration on SARS-CoV
(genomic sequence UniProtKB/Swiss-Prot: P59594.1 for spike protein,
GenBank: ABI96968.1 for N protein and GenBank: AAR86779.1 for M
protein). Second column represents the corresponding numeration of
the peptide with higher homology on SARS-CoV-2 (genomic sequence
GenBank: QHD43416.1 for spike protein, GenBank: BCN28213.1 for N
protein and GenBank: PODTC5.1 for M protein), and finally third column
is the sequence homology between the SARS-CoV and SARS-CoV-2
sequences. For the epitopes reported by Guo et al.,®® only the ones
detected in at least 3 patients are detailed below and for Yu et al.®" only
the ones detected in more than four patients.

Epitope SARS-CoV Epitope SARS-CoV-2 Seq. homology

S9-7116 S5-67 52%
S88-99°1 S91-102 75%
S171-2241¢ S178-231 56%
S271-3181861 S284-331 69%
S469-8821% S483-900 80%
S471-50387 S485-517 75%
S$532-548186-911 S546-562 76%
S$599-620186:87. 891 S613-634 86%
S651-6741831 S665-692 65%
S695-70853 S713-726 79%
S785-809190- 2 S803-827 92%
S842-91318¢ S860-931 88%
S1060-10781°1 S1078-1096 94%
S1164-119187 S1182-1209 100%
N67-7687 N66-75 100%
N125-1758385.92 N124-174 90%
N362-412183 85,87, 881 N361-411 90%
M1-31183.84 M1-32 93%
M132-1611 M133-162 90%
M165-176331 M166-177 100%
M173-18511 174-186 100%
M207-22110 M208-222 80%
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