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Summary

To fully decipher the immunogenicity of the SARS\CB Spike protein, it is essential to
assess which part is highly immunogenic in a syatemway. We generate a linear
epitope landscape of the Spike protein by analysiegserum IgG response of 1,051
COVID-19 patients with a peptide microarray. We e&vtwo regions rich in linear
epitopes,i.e,, CTD and a region close to the S2’ cleavage site¢ fusion peptide.
Unexpectedly, we find that the RBD lacks lineart@pe. We reveal that the number of
responsive peptides is highly variable among ptgiand correlates with disease severity.
Some peptides are moderately associated with $gvand clinical outcome. By
immunizing mice, we obtained linear-epitope-spedintibodies; however, no significant
neutralizing activity against the authentic viruasaobserved for these antibodies. This
landscape will facilitate our understanding of SARS8V-2-specific humoral responses
and might be useful for vaccine refinement.

Keywords
COVID-19, SARS-CoV-2, Spike protein, linear epitdpadscape, neutralizing
antibodies
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Introduction

COVID-19 is caused by SARS-CoV-2 (Wu et al., 202Bbou et al., 2020b), which is
still causing an unfolding global pandemic. By kebyy 3, 2021, 103,972,191 cases had
been diagnosed and 2,255,496 lives had been claimed

(https://coronavirus.jhu.edu/map.html) (Dong et 2020a). Recently, several COVID-19

vaccines have been successfully developed and \aaprby FDA (food and drug
administration) (Baden et al., 2020; Polack et2020), and more candidates are on the
road (Dong et al., 2020b; Krammer, 2020). They Ww#lundoubtedly helpful to combat
this pandemic. However, there are still severallusi@ated immunological questions
related with SARS-CoV-2 infection that need muchreneffort to answer to benefit

disease therapy as well as refinement of vaccisgdd¢Jeyanathan et al., 2020).

The genome of SARS-CoV-2 encodes 27 proteins, amehg them, the Spike protein
plays a central role in the binding and entry & tirus to the host cell. The Spike protein
is cleaved into S1 and S2 at furin and S2’ sitesjgcific proteases (Andersen et al.,
2020). The Spike protein is highly glycosylatedha2tl N-glycosylation sites (Watanabe
et al., 2020). The Spike protein, and more speatlfiche RBD domain, is currently the
target most focused on for the development of CO¥®Dneutralizing antibodies and
vaccines (Baum et al., 2020; Cao et al., 2020; Erars al., 2020a; Wec et al., 2020; Wu
et al., 2020d; Yuan et al., 2020a). Actually, RBB immunodominant to elicit
SARS-CoV-2 specific antibodies and RBD 1gG respogghly correlates with the S1
subunit 1gG level (Jiang et al., 2020a; Premkumaale 2020), and importantly, RBD
antibody level also highly correlates neutralizaxgivities of sera from patients (lyer et
al., 2020; Premkumar et al., 2020).

Out of RBD, other regions of Spike or S1 subunih @so elicit strong antibodies
(Shrock et al., 2020; Wang et al., 2020a) and sepitepes elicited antibodies have been
demonstrated to exhibit neutralizing activities (€hal., 2020; Li et al., 2020a; Poh et al.,
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2020). However, fully investigation of the Spikeitepes that can elicit antibodies, in
particular neutralizing antibodies has been nobreg. Furthermore, if the epitopes elicit
non-neutralizing antibodies, what the beneficial datrimental functions in disease
development or vaccination is also poorly undemstd@espite beneficial function of any
virus binding antibody due to ADCC (antibody depemdcellular cytotoxicity) effect to

help to eliminate pathogens, ADE (antibody depehdemhancement) and

pro-inflammation caused by antibodies are unnegldet concerns (Liu et al., 2019;
Vabret et al., 2020). Although whether ADE occunsthe context of SARS-CoV-2

infection remains unclear, the facts that highetibadly titers and neutralizing plasm
activities in patients are associated more sevendittons (Jiang et al., 2020a; Long et
al., 2020a) and cytokine profiles resemble thosemacrophage activation syndrome
(Jeyanathan et al., 2020; Mehta et al., 2020) wtsréurther investigation of ADE as
well as VAED (vaccine-associated enhanced disggtg)nes et al., 2020). In addition,
non-neutralizing antibodies may compete with andpsess the neutralizing antibody
production through a widely studied mechanism dallemunodominance (Abbott and
Crotty, 2020; Cirelli et al., 2019). So non-neutialg antibodies should be avoided to
maximum the production of neutralizing antibodyvesl as minimize the likelihood of

disease enhancement for vaccine design (AbbottGnotty, 2020; Jeyanathan et al.,
2020). Collectively, elucidation of high antigen@pitopes and investigation of the

neutralization property of these epitopes is gegtgential to refine vaccine design.

In the present study, through a large cohort of @Y patients and controls, we build
a full linear epitope landscape of B cells agaB&RS-CoV-2 spike protein, identifying
that CDT on S1 unit and FP region on S2 unit are antigenic hot arear while RBD
lacks linear epitopes. Combined with tensive chhidata, we found responsive epitope
numbers and some specific linear epitopes are iassdcwith disease severity. No
neutralizing activities were detected for the amdiiles elicited by the linear peptides

immunized in mice.

Results
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The I1gG linear epitope landscape of the SARS-CoV-8pike protein

To reveal the immunogenic linear epitopes of th&k&protein, a peptide microarray
with full coverage of the Spike protein was updaft@sin an original version (Li et al.,
2020a). Since B cell linear epitopes for antibodycognition typically span 3-8
continuous amino acids (aa) (Larman et al., 20hl e8al., 2019) and peptides of 10-12
aa are commonly used for immunization to develgjbadies (Wang et al., 2020c), to
largely cover possible linear epitopes, we synitegbpeptides of 12 aa with 6 aa overlap
for every two adjacent peptides. A total of 211twkes across the S protein were selected
(Fig. S1, Table S) Sera were collected from two groups, 1,051 COXDpatients and
528 controls Table S2, and individually analysed on the peptide micragr By plotting
the signal intensities of all the samples agaiashepeptide, a linear epitope landscape
was constructed; for a better overview, the lanpsasas aligned to the sequence of the
Spike proteinfig. 1). To assure specificity, all the control sampléakle S2 were also
analysed on the peptide microarray. Almost all pleptides were negative for all the
control samples, while significant binding was aleed for many of the peptides when
probed with COVID-19 sera. This indicates that plesitive bindings are SARS-CoV-2
specific.

To determine which epitopes were highly immunogethe criteria were set as an
average_signal intensity greater than 3*Cutoff2 amdsponse frequency greater than 10%
(see methods for the definitions). A total of 1@fdes were obtained; surprisingly, all of
them are outside of the RBD. We hereby define tipeggides or epitopes as significant
epitopes. Due to the significance of the RBD, wedred the criteriai.e., a response
frequency greater than 1%, while keeping the awersignal intensity greater than
3*Cutoff2. Three consecutive epitopes of moderatemunogenicity, S1-76, S1-77 and
S1-78, were selecteddble S3) Interestingly, all three epitopes were locatethinithe
RBM (receptor binding motif), the binding interfagkthe Spike protein and ACE2.

While a few of these immunogenic epitopes are dsggkon the Spike protein, there
are two linear epitope “hot” regions that could ibenediately recognized: aa525-685
and aa770-829, one of which is the CTD (C-termdmathain) and another that covers the
S2' cleavage site and the fusion peptide (FP). &hare several SARS-CoV-2

epitope-related studies involving small sample ¢Atsmed et al., 2020; Wang et al.,
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2020b). Our immunogenic epitopes are partially aest with these studie34ble S3.
A relative high consistency was observed betweendatia, ReScan and VirScan, a
phage display-based strategy (Shrock et al., 20@@&t al., 2015; Zamecnik et al., 2020).
To further illustrate the location and distributiaf the 19 immunogenic epitopes
(Table S3, we mapped them to the 3D structure of the Sprkéein (Herrera et al., 2020)
(Fig. S2A, S2BandTable S4. It is clear that most of these epitopes werated on the
surface of the Spike protein, which is consisteithwhe common idea (Emini et al.,
1985). Additionally, an accessibility analysis e tamino-acid level revealed that most
epitopes have at least 5 accessible amino acidkwetrimer of the Spike protein and
more on the monomeiFig. 1B andFig. S2Q. For S1-111, S2-16, S2-18 and S2-19,
there are substantially fewer accessible aminosagidthe trimer than on the monomer.
A plausible explanation is that the Spike proteionemmer could be exposed to the
immune system at a certain, yet-to-be discoveragestin addition, except for S1-77/78
on RBD, no big difference of the accessible amicid aumbers was observed for other
epitopes in open and close state of Spike trimata(dot shown). For the immunogenic
epitopes Table S3),the solubility (Kyte and Doolittle, 1982) and iseetric point (pl)
range from -1.97 to 1.06 and 3.01 to 11.16, respeygt and the hydrophilicity and pl of
the epitopes are not correlated with response é&mecy Eig. S1D, B.

It was speculated that the N-glycosylation may riete with antibody responses
(Sikora et al., 2020). To test this speculation,divéded all the peptides into two groups:
with or without an N-glycosylation site. We fourttat there was no significant decrease
in response frequency for the group with glycosgtatcompared to the group without
glycosylation Fig. 1C), suggesting that the distribution of the linepit@pe is not or is
only subtly related to N-glycosylation.

It is interesting to examine if there is any caatieln among different epitopes and
epitopes vs. the S protein. To answer this questientested the independence of IgG
response among the significant epitopes. Taking®las an example, we found
significant correlations for almost all of the ees to S1-93, including S1 protekid.
1D). Similar results were observed for other epitofpég. S3A, B. These results suggest
that the 1gG responses among the epitopes arelatede Interestingly, although the

epitopes with high response frequencies are sagmfly correlated with each other, the
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epitopes derived from the CTD region tend to haghdr correlations with each other,
while this is not the case for the epitopes derivesin the FP regionHg. 1E).
Consistently, the heatmap of hierarchical-clustealysis of IgG response signatures in
COVID-19 patients revealed associations among itpafeant epitopesKig. S30Q. It
also demonstrated high variability among individuetich is consistent with the concept
that immune responses vary greatly from persoretegn (Boyd and Jackson, 2015; Li
et al., 2020Db).

Responsive epitopes correlate with the IgG respons# the S protein and disease
severity

To further investigate how SARS-CoV-2 S proteinegfie IgG responses vary among
COVID-19 patients, we counted the total numbersesponsive epitopes in each sample.
It is known that the antibody response against SARS-2 reaches a plateau
approximately two weeks after symptom onset (Lonmgak, 2020). To maintain
consistency in antibody responses, only sampldsatetl 15 days or more after symptom
onset were analysed. The average number of resgoegitopes in the patient group are
greater than those in the control grougg,, 7.6 vs. 1.2, respectively. However, the
numbers are highly variable among individu&dgy( 2A, B). We next tested whether the
responsive epitopes are related to severity. Welelivthe patients into three groups
concerning severity and final outcomieg., non-severe (mild and moderate), severe
survivors (severe and critical) and severe nonigars (death). The numbers in the
severe groups are significantly higher than thosthé non-severe group (8.2 vs. 7.1 in
average), while there is no significant differenfoetween non-survivors and severe
survivors Fig. 2C). In addition, the number of responsive epitopghlly correlates with

S protein IgG Fig. 2D). This observation demonstrates that S proteind@émresponsive
epitopes contribute to immune responses to the®ipr which is expected.

We next analysed the possible correlation betweemrpitopes and disease severity. In
general, there is no obvious difference among lineet groupsKig. 3A), except some
epitopes and the S1 protein, which correlates séVerity and/or outcomd-ig. 3B-E,
Table S5. Particularly, for S1-93, S1-97 and S2-78, aigiatlly significant decrease in
the 1gG response in the non-survivor group was mese Fig. 3C-E), suggesting
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protective roles for the corresponding antibod{@snsistently, the IgG response to the
epitopes correlated with clinical parameters relatedisease severity (Huang et al., 2020;
Wu et al., 2020a), such as LDH, C reactive protad lymphocyte percentagé&able
S6). There were a few epitopes that were relategetader Table S5 or age Table
SH. In particular, S1-5 and S1-97, as well as Siegmowere significantly associated
with age, which was consistent with our previouglgtwith a small cohort (Jiang et al.,
2020a). Although NAT (nuclear acid test) positivisythe gold standard for diagnosis,
antibody tests or other approaches might be eséentd complementary (Long et al.,
2020a, 2020b). In our cohort, there are 248 cliljiceonfirmed cases that were NAT
negative. For this group of cases, the S1 IgG respprevalence is also high, though it is
lower than that of the NAT-positive groupable S9, while the antibody response levels
against the significant epitopes were similar fothbthe NAT-positive and negative

groups Table S5.

RBD lacks linear epitopes, while it is highly immurmgenic

It is well known that the RBD is highly immunogerfiiang et al., 2020a; Premkumar et
al., 2020). However, according to our selectiotecia, no highly immunogenic epitope
was obtained from the RBD. Only when we loweredstlection criteria were 3 peptides
selected, S1-76, S1-77 and S1-F&(4A). When the RBD is compared to other regions
of the Spike protein, it is obvious that the RBDs heery poor in linear epitopes. This
seems contradictory to the knowledge that the R8Bighly immunogenic. It is possible
that most of the epitopes of the RBD region arefmonational. To test this possibility,
we collected a set of 9 high affinity monoclonalilandies for the RBD or the Spike
protein (see methods). These antibodies were autaimrough memory B cell isolation
from COVID-19-recovered patients (Wan et al., 2028)e analysed these antibodies
individually on the Spike protein peptide microgrfki et al., 2020a)Kig. 4B). Among
these antibodies, 414-1 has the highest affinitpg2hM) to the RBD. As expected,
strong bindings were observed for both the S1 praiad the RBD; however, negative
signals were obtained for all the peptides, incigdihe RBD peptides from aa331-524.
Additionally, no peptide bindings were observed fbe rest of the RBD-specific
antibodies (data not shown). For antibody 414+nst binding was obtained for the S1
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protein but not for the RBD. Interestingly, 414-dnds S1-97 with high affinity,
indicating the epitope that 414-4 recognizes i3 aea77-588.

Actually, the 3 immunogenic epitopes, S1-76, Slaidd S1-78, were also identified in
other related studies (Wang et al., 2020b; Zharg).e2020a). These three epitopes are
consecutive and located in the RBM region, whicleast partially overlaps with or is
close to the binding epitopes of a variety of SAB®/-2 neutralizing antibodie®.g.,
B38 (Wu et al., 2020d), CB6 (Shi et al., 2020) &2B-2F6 (Ju et al., 2020). To further
illustrate these epitopes’ locations, we mappeadnthe the 3D structure of the Spike
protein in both the open state and the closed qf@te 4C). In the closed state,
aa455-465 of S1-76/77/78 is located in the cordeg among the three monomers and is
probably difficult to access, aa452-454 and 473-#fth thep-strand and are covered
but could be accessed from both sides, and onlg6d42 is exposed and present as a
flexible sequenceFig. 4D and Fig. S4. In the open state of the Spike protein, all
residues of S1-76/77/78 are exposed and highlysadde Fig. S4. To further analyse
the immunogenicity of S1-76/77/78, we examined #le available neutralizing
antibody-RBD complexes by the end of November 3P@20 as far as we knowl gble
S7). The antibodies are CB6 (Shi et al., 2020), PEB-Rlu et al., 2020), BD23 (Cao et
al., 2020), CR3022 (Yuan et al., 2020a), S309 (Pattal., 2020), CV30 (Hurlburt et al.,
2020), BD-368-2 (Du et al., 2020), CC12.1 (Yuaralet2020b), H11-D4 (PDB: 6YZ5),
REGN10933 (Hansen et al., 2020b), Fab2-4 (Liu.e28R0), EY6A (Zhou et al., 2020a),
HO14 (Lv et al., 2020), Tyl (Hanke et al., 2020RM (PDB: 7C8W), C105 (Hanke et
al.,, 2020), COVA2-04, COVA2-39 (Wu et al.,, 202060OVA1-16 (PDB: 7JMW),
S2E12, S2M11 (Tortorici et al., 2020), S2A4, S2HE2H14 (Piccoli et al., 2020),
CV07-250, CV07-270 (Kreye et al., 2020), C110, G1a002, C135, C121, C102, C144
(Barnes et al., 2020), Fab-52, Fab-298 (Rujas.e2@20), Nb6 (Schoof et al., 2020) and
Sbh23 (Custddio et al., 2020). Among these strusiut®6, P2B-2F6, CV30, DB-368-2,
CC12.1, H11-D4, REGN10933, Fab2-4, Tyl, MR17 andXinteract directly with
residues within S1-76/77/78. For the CB6-RBD complithere are several residues
within S1-76/77/78 that directly interact with tfelowing antibodies: Y453, L455, F456,
R457, K458, S459, N460, Y473 and Q474. The samerdntion residues between
neutralizing antibodies and the RBD can also ba&don the CV30-RBD, CC12.1-RBD
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and C105-RBD complexesTéble S7). Partial interaction residues of the CB6-RBD
complex between S1-76/77/78 can also be found ie B®REGN10933-RBD,
H11-D4-RBD, Fab-2-4-RBD, Tyl-RBD and MR107-RBD cdexes, and some other
residues, such as L452, T470 and 1472, can be fousdme of these structureBaple
S7). For the P2B-2F6-RBD complex, the only residuat tHirectly interacts with the
antibody is L452. In summary, most of these neizirad antibodies interact with
residues located in S1-76/77/78, residues 452-460450-474 play direct roles in the
interactions, and the flexible loop consisting esidues 461-469 is irrelevant to these
neutralizing antibodies.

Broad neutralizing antibodies and a vaccine effectior SARS-CoV-2 and other
human coronaviruses are of high interest (Jiarad. €2020b). We performed a homology
analysis for S1-76/77/78 among SARS-CoV-2, the rohBuman coronaviruses, and bat
coronavirus BtCoV-RaTG13 (Zhou et al., 2020b). Higtmologies were observed for
the all 3 epitopes among SARS-CoV-2, SARS-CoV an@o¥-RaTG13 while low
homology level with MERS-CoV and other common canarus Eigure 4E). The high
homology indicates that antibodies elicited by $177/78 may at least be effective for
both SARS-Cov-2 and SARS-CoV.

These results strongly suggest that the RBxisin conformational epitopes, while it

lacks linear epitopes. The underlying mechanismagh further investigation.

CTD is rich in linear epitopes
The first “hot” region of linear epitopes is CTDhd@ whole domain is densely covered by
linear epitopes Hig. 5A). According to the selection criteria, 6 highly nmanogenic
epitopes, S1-93, S1-97, S1-105/106, S1-111 andlS]1vtere identified. These epitopes
are nearly evenly distributed across CTD. We thsked whether these 6 highly
immunogenic epitopes were also revealed in othadies. It showed that S1-93 was
identified by ReScan (Zamecnik et al., 20ZDalgle S3, as well as COVIDep (Ahmed et
al., 2020), S1-97 by ReScan, and S1-111 by COVIDep.

S1-93 and S1-97 are located at CTD1, while a&@bef S1-93 and aa578-584 of
S1-97 are present at the loop region and on tHiacgiof the trimeric Spike protein.
S1-105, S1-106, S1-111, and S1-113 are located@RS1-105/106 are almost at the

10
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loop and present on the surface; S1-111 fissitand and the loop but buried inside; and
only aa667-669 on the loop region could be acceskd 13 is near the S1/S2 cleavage
site. Although aa677-684 is invisible in the Sptketein structure, these residues could
be exposed on the surface and induce an antibsgpmse to prevent S1/S2 hydrolysis
(Fig. 5B). S1-113 is also on the outer surface, while S1i$Dbn the inner surface, and
the underlying mechanism by which S1-111 triggest@ng 1gG reaction in many
patients is worth further study.

Homology analysis was performéor the 6 highly immunogenic epitopeBig. 5C).
Except for S1-113, high homologies were observed & 5 epitopes among
SARS-Cov-2, SARS-CoV and BtCoV-RaTG13 while lowesniology levels were
shown among SARS-CoV-2 and MERS-CoV and the otthar Eommon coronaviruses.
The high homology indicates that antibodies eletiby S1-93, S1-97, S1-105 and S1-111
may be effective for both SARS-Cov-2 and SARS-CAdditionally, an antibody
targeting S1-113 may be specific for SARS-CoV-2.

The D614G mutant is the current dominant strairEurope (Korber et al., 2020),
which has about a 9 times higher infection efficienn cell assays than that of the
wild-type strain (Zhang et al., 2020b). D614 ishait S1-102, an epitope of moderate
immunogenicity, and close to the highly immunoge®ie105. Blocking the D614 region

may cause a functionally significant effect.

The second epitope hot region spans aa770-829, aowg the S2’ cleavage site and
FP

The second region with highly enriched linear gp#® spans aa770-82B8id. S5A).
According to the selection criteria, 6 highly imnogenic epitopes were obtained: S2-15,
S2-16, S2-18, S2-19, S2-22 and S2-23.

It is interesting to see whether these 6 highly unogenic epitopes were also
identified in related studies. We revealed that232was identified by a peptide
microarray study (Wang et al., 2020b). Four epitoffe2-18, S2-19, S2-22 and S2-23)
were identified by ReScan (Zamecnik et al., 2020)] 2 epitopes (S2-22 and S2-23)
were predicted by COVIDep (Ahmed et al., 2020).tkidse epitopes, S2-22 is the only
one that was identified or predicted in all thegelies. Since S2-22/23 covers the S2’

11



341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358

359
360

361
362
363
364
365
366
367
368
369
370
371

cleavage site and FP, we speculate that an antitasdgting S2-22/23 may block the
cleavage and disturb the function of FP; thus, as Ipotent neutralization activity.
Interestingly, a strong S2-22-specific 1gG reactigas also elicited by an mRNA vaccine
study (Cai et al., 2020), which further demonsttatee high immunogenicity and high
potential of the neutralization activity of S2-22.

To further illustrate these epitopes’ locations, mvapped them to the 3D structure of
the Spike protein. S2-15, S2-16, S2-18, S2-19, B2l S2-23 are all located near the
S2’ site and the FP region. aa770-783 of S2-156t&$ ana-helix and is buried at the
trimer interface but is accessible on the monoraa791-805 of S2-18/19 forms a loop,
and aa816-826 formseahelix and is located on the surface. The S2’ dgavsite is on
S2-22 Fig. S5B.

To check the similarity of the epitopes among huroaronaviruses, we performed a
homology analysis for S2-22/23, S2-15/16 and S24.8/High homologies were
observed for all these epitopes among SARS-CovARSCoV and BtCoV-RaTG13,
while only for S2-22/23, high homology was shownoaign SARS-CoV-2 and other
common coronaviruse§ig. S50. Interestingly, S2-22/23 is highly homologous amo
all the coronaviruses and almost identical amongRSAov-2, SARS-CoV and
BtCoV-RaTG13.

Other highly immunogenic linear epitopes
Except for the immunogenic epitopes that belonthéoRBD and the two “hot” regions,
there are other highly immunogenic epitopes digubm@cross the Spike proteiRid.
S6A). S1-5 is located at NTD, and part of the residues aa28-31, form th@-strand
and are on the surface of the trimeric Spike pnot@a32-36 forms a loop and is partially
covered by the other region. S2-78, S2-96 and S&®Tocated in unobserved regions in
the C-terminus of the Spike protein. We applied @etling structure to present these
unobserved regiongFig. S6B. S2-78 is predicted to be anhelix, and S2-96/97 is
predicted to be a loop. S2-96/97 are at the vetgr@inal end of the Spike proteiRig.
S6B), which is located in the cytoplasm of the hosk ce

We checked whether these 4 highly immunogenitopps were also revealed in other
studies. We found that S1-5 was identified by atidepmicroarray study (Wang et al.,
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2020b). S2-78 was identified by ReScan (Zamecnid.e2020), and 3 epitopes (S2-78,
S2-96, S2-97) were predicted by COVIDep (Ahmedlet2820). The functional role of
S1-5-specific antibodies may be worth further itigegion. S2-78 is adjacent to HR2,
and the antibody targeting this site may blockdbeformational change that is essential
for effective virus-cell fusion (Liu et al., 2004)t is surprising to see the high
immunogenicity of S2-96 and S2-97 since they ar¢hatvery C-terminal end of the
Spike protein and theoretically localize in theaplasm. Further study is necessary to
explore the underlying mechanism and functionasalf these epitopes.

High homologies were observed for all the epitope®ng SARS-Cov-2, SARS-CoV
and BtCoV-RaTG13 Kig. S6Q. Interestingly, S2-78 and S2-96/97 are highly
homologous among all the coronaviruses and alnaesttical among SARS-Cov-2,
SARS-CoV and BtCoV-RaTG13. For S2-78, a high homylavas also observed for
MERS-CoV.

Antibody responses against most of the linear epip@s dramatically decrease after
reaching the peak

We next assessed the longevity of the antibodiegesl by the linear epitopes. For the
hospitalized patients listed ifable S2 longitudinal sera samples were collected. We
define collection_time as the days from symptomebrie sample collection, and the
collection_time is widely distributed from 1 to 6@rig. S7A). There are > 20
samples/day for collection_time ranging from 125t days, and > 50 samples/day for
collection_time ranging from 20 to 45 days. To yulinderstand the trend dynamics in
the IgG to the significant epitopes, the mediamaigntensities and response frequencies
of the epitopes were calculated and plotted acogrdo the collection_time. The S1
protein was included as a reference for this amalyurprisingly, while S1 IgG slowly
decreases when collection_time is approximatelydd@s FEig. 6A), the antibodies
against most of the epitopes dramatically decredme collection_time is approximately
30 days Fig.6C-G). However, for the antibodies against S2-78, thedr epitope of the
highest frequency, no significant decrease was reedefor both the median signal
intensity and the response frequenEig( 6B). This result is similar to that for SEig.

6A). Consistently, the trend in the median numbeesponsive epitopes is similar to that
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of the S1 protein Kig. S7B, Q. These observations suggest that a decrease in or
disappearance of the antibodies against some egitmy contribute to a decrease in S1

IgG antibodies, while the antibodies against sotheroepitopes could last longer.

Antibodies from mice immunized with the linear peptdes exhibit no significant
neutralization activity

Although the RBD region is the essential part dbaoting to the neutralization activity of
S protein-elicited antibodies, other regions of $protein are frequently reported to be
able to elicit neutralizing antibodies (Chi et &020), including linear epitopes (Li et al.,
2020a; Poh et al., 2020). However, the entire spectshowing which parts can and
which parts cannot elicit neutralizing antibodiess Fbarely been elucidated. To fully
investigate the potential to elicit a neutraliziagtibody using significant epitopes, the
most physiologically relevant method is to enrigedfic antibodies from COVID-19
sera using the significant epitopes and then raeudralization assay (Li et al., 2020a).
However, for antibody enrichment, a large volumeach serum sample is required, and
it is extremely difficult to collect more COVID-1€amples in large volumes at this time.
Alternatively, we tested whether the significamelar epitopes could elicit neutralizing
antibodies in a mouse model. When selecting ovpmappeptides, we chose one with a
higher response frequency, except when both pepiigee of a high response frequency.
For example, S1-78 was selected to represent thB. RB total, 14 peptides were
selected. The peptides were conjugated to KLH, Zmdice were immunized for each
peptide Fig. 7A). Most of the linear epitopes elicited specifitcibodies Fig. 7B). Next,
we performed neutralization assays on the authe®A&S-CoV-2 virus with sera
collected from the immunized mice. Our results sedwhat some sera have marginal
neutralization activitiesHig. 7C, D) while no neutralization activity was observed tioe
rest of the sera. The antibodies generated by S®7i8h is located squarely in the RBM
region, recognize the RBD proteiRig. 7B) and are assumed to have high neutralization
activity. Unfortunately, significant neutralizaticactivity was not observed, suggesting
the lower efficacy of linear peptide immunizatiantibodies (Zhang et al., 2020a). These

results suggest that significant epitopes may motsbitable for vaccine development
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because of the very limited neutralization act@stithus, our results further strengthen

the central role of RBD for eliciting the neutratig antibody.

Discussion

Herein, we aim to reveal IgG responses triggerethbySARS-CoV-2 Spike protein on a
systematic level. We adopted a newly developedigepticroarray with full coverage of
the Spike protein (Li et al., 2020a) and analys@b1 COVID-19 sera and 528 control
sera. A set of highly immunogenic epitopes wereeaded, and a comprehensive 1gG
linear epitope landscape was constructed.

One limitation of this study is that only short pdps were involved. Though linear
epitopes are nicely represented, conformationabpes may not be. For example, for the
RBD region, which is highly immunogenic, only 3 dar epitopes of moderate
immunogenicity were identified. To overcome thignitation, one method is to
synthesize longer peptides, which may retain sooméocmational information (Zhang et
al., 2020a). It is necessary to note that for thear epitopes we identified, they are
highly physiologically relevant as all of them wesyealed through analysing sera from
COVID-19 patients.

Our study presents the first IgG linear epitopedtaape of the Spike protein, which
could only be achieved by analysing a large colubrsamples using a systematic
approach, such as the full-coverage peptide micagaf the Spike protein. According to
the landscape, it is obvious that the Spike prateimghly immunogenic, there are many
epitopes on the protein, and these epitopes arevestly distributed across the Spike
protein.

Using sera from peptide-immunized mice, we examitteel ability of the linear
epitopes to elicit neutralization activity with thetact SARS-CoV-2 virus. However,
significant neutralization activity was not obsetv®©ur previous studies and those of
other groups have identified some linear epitop@s tan elicit neutralizing antibodies
(Li et al., 2020a; Poh et al., 2020). One plaustiglason for this inconsistency is that
although the neutralization activities of the resgoe epitope-elicited antibodies are very
low, a much higher concentration of antibodies eeded to demonstrate obvious

neutralization activity. To support this explanatidor the three antibodies enriched from
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patient sera by S1-93, S1-105 and S2-78 that denabeheutralization activities, the

estimated I1C50 is approximately 5- 20 pg/mL (Liakt 2020a), which is much higher
than that for the RBD-targeting antibodies isolaft@in COVID-19 patients (Cao et al.,

2020; Ju et al., 2020). In addition, linear peptitrected immunization might not

effectively generate “valid” antibodies in vivo sa the conformation of the peptide
might differ from that in the native Spike proteffurthermore, this result is consistent
with the study in which RBD-derived peptides wesed for the immunization of mice

(Zhang et al., 2020a).

Our results can be used to examine the hypotlegasding the relationship between
SARS-CoV-2-specific humoral responses to lineakespieptides and the elicitation and
recognition of neutralizing antibodies. In otherrd® the antibodies against the highly
immunogenetic linear epitopes have less or veritdisneutralization activities against
SARS-CoV-2. Thus, when applying the S protein faccination, it may be necessary to
block or remove some of the immunodominant lingatopes that we identified to
improve the efficacy and avoid possible side effect

Taken together, we built a comprehensive lingatope landscape that covers the
entire sequence of the SARS-CoV-2 Spike proteiudigig sera from 1,051 COVID-19
patients. A set of 16 highly immunogenic epitopegsime of the RBD region were
identified. The antibody responses against seagi#bpes are associated with severity.
Little neutralization activity was observed for thentibodies against the highly
immunogenic epitopes. These findings facilitate awnderstanding of the humoral
immunity of SARS-CoV-2 on a systems level, whichymaovide some directions for the

refinement of COVID-19 vaccine design.
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Main figure titles and legends

Figure 1. The IgG linear epitope landscape of the ARS-CoV-2 Spike protein. A.
The signal intensities of 1,051 COVID-19 sera agait®7 peptides were obtained by
using the peptide microarray. The peptides aredish the X-axis and aligned to the
corresponding locations on the Spike protein. Asmtrol, the signal intensities of the S1
protein were also presented. The missing spotspeptides that either could not be
synthesized or failed the BSA conjugation (Jedble S1for details). A cohort of 528
control sera were also analysed on the microarray. addition, the known
N-glycosylation sites (N-glyco) were aligned withet Spike protein. The peptides or
regions with significant binding were marked blueeptide S1-88 was specifically

labelled because significant bindings were alseniexl for the controls. SP: signalling
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525 peptide; NTD: N-terminal domain; RBD: receptor bigidomain; RBM: receptor binding
526 motif; CTD1: C-terminal domain 1; CTD2: C-termirddmain 2; S2': protease cleavage
527 site; FP: fusion peptide; FPPR: fusion peptide pnak region; HR1: heptad repeat 1;
528 HR2: heptad repeat 2; CH: centre helix; CD: conmredomain; TM: trans-membrane;
529 CP: cytoplasmicB. The area of solvent accessibility (ASA) of eaofire acid for S1-93
530 and S2-16, with regard to the S protein trimercitte (PDB: 6X6P)C. The response
531 frequencies of the two groups of peptides with dheut the glycosylation site. The
532 value was calculated with theest.D. The response frequency for each peptide in the
533  two groups as S1-93 IgG positive or negative. Phalue was calculated with thétest.
534 * P < 0.05; **, P < 0.01; *** P < 0.001; **** P < 0.0001; ns, not significanE.
535 Heatmap of Spearman’s correlation coefficients betwthe IgG responses of the
536 peptides and related proteins.

537

538 Figure 2. Epitope numbers in patients are related wh severity. A-B. The distribution
539 of the numbers of the responsive epitopes in dhaOVID-19 (n = 1,004) and control
540 groups (n = 528). For the COVID-19 group, samplekected less than 15 days after
541 symptom onset were excluded. The numbers of the responsive epitopes in theethr
542 groups with regard to severity and outcorie. The S1 IgG signal intensity of the
543 samples with different numbers of the responsiviopps. ForB-D, the data were
544 presented by mean + SD. P values were calculatied tlee two-sided t-test for others.
545 For C, the P value was adjusted for multiple comparisbgsBH (Benjamini and
546 Hochberg) method.

547

548 Figure 3. The IgG response of the epitopes is assied with severity. A. The linear
549 epitope landscape was divided into two sub-land=stapccording to severity and
550 outcomej.e, 517 non-severe, 455 severe (survivors) and 78rsgmnon-survivors). The
551 data are presented as the means * BIE. IgG signal intensities (upper part) and
552 response frequencies (lower part) of the threegggle.,, non-severe, severe (survivors)
553 and severe (non-survivors) for the S1 prot&hp S1-93 F), S1-97 ), and S2-78H).
554 The data were presented using the median withguégetile for the upper part, and

555 response frequency with a 95% confidential intefealthe lower partP values were
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calculated using the two-sided t-test for the ugmeet and the? test for the lower part
for B-E.

Figure 4. RBD lacks highly immunogenic linear epitpes. A.The RBD region of the
linear epitope landscapB. The peptide microarray results of two Spike grespecific
monoclonal human antibodies (from Active motif Qad.), one (414-1) is specific for
the RBD and the other (414-4) is n@L Detailed structures of the significant epitopes
(S1-76/77/78, aad51-474, red) on the RBD of theetlestate Spike protein trimer, side
view (PDB ID: 6X6P).D. The locations of the significant epitopes s ($177/78,
aa451-474, red) on the co-crystal structure ofRB® and ACE2 (PDB ID: 6MOJE.
Homology analysis of the significant epitopes, snoag the 7 known human
coronaviruses and bat coronavirus BtCoV-RaTG13,clwvhis highly homologous to
SARS-CoV-2. Amino acids with consistencies >=50%0ag1the 8 coronaviruses are
marked in red, and the loop afétrand region are shown as a line and an arroweabo

the sequences, respectively.

Figure 5. CTD is rich in significant linear epitopes. A. The CTD region of the linear
epitope landscap®&. The locations of the significant epitopes, s,laoated on the CTD
(PDB ID: 6X6P). Specifically, S1-93, aa553-564, ;ref1-97, aab577-588, blue;
S1-105/106, aa625-642, yellow; S1-111, aa661-6@&g and S1-113, S1-113, 673-684,
orange.C. Homology analysis of the significant epitopesnsoag the 7 known human
coronaviruses and bat coronavirus BtCoV-RaTG13. nami acids with
consistencies >=50% among the 8 coronaviruses arkewh in red, and the loog-helix
and B-strand region are shown as a line, a coil and raowaabove the sequences,

respectively. An unobserved structure is shown datted line.
Figure 6. Dynamic changes in 1gG responses to the epitopdd. Median signal

intensity (left) and response frequency (right)tled samples collected at the indicated

time points,.e., collection_time or days after symptom onset forititkcated epitopes.
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Figure 7. Neutralizing activities of the antibodies elicitby the linear epitopes in mice.
A. The workflow to generate and collect anti-secafimmunized mice for the peptides.
KLH only was used as a contrd. The specificity of the sera was monitored using a
peptide microarray containing the S protein, theDRahd all the peptides that cover the
entire S protein. Some representative resultstaes. C. Summary of the neutralization
activity of the peptide-immunized antibodies in reewsera (n=3)The sera were diluted
1:10. P values were calculated by one-way ANOVA.t&s* P < 0.0001; ns, not
significant.D. Representative results of the neutralization agti{top) and morphology

of plagues (bottom). Sera were serial diluted range from 1:10 to 1:80.
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RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resourcesraadents should be directed to and will
be fulfilled by the Lead Contact, Sheng-ce Taosc@sjtu.edu.cn).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability

The peptide microarray data generated during thislysare entered in the Protein
Microarray Database (http://www.proteinmicroarray.c under accession number
PMDE243. Additional Supplemental Items are avadalitom Mendeley Data at
http://dx.doi.org/10.17632/jxdg9kgnxf.1. Additiondhata related to this paper may be

requested from the authors.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
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Patients and samples

The study was approved by the Ethical Committe@migji Hospital, Tongji Medical
College, Huazhong University of Science and Teabgl Wuhan, China (IRB
ID:TJ-C20200128). Written informed consent was oigd from all participants enrolled
in this study. COVID-19 patients were hospitaliza&ad received treatment in Tongji
Hospital from 17 February 2020 to 28 April 2020. B¢ 1,051 patients, 523 are males
and 528 are females and the mean age of thesetgaise60.3 with 614 patients over
60-year-old Table SJ. The basic criteria to define the severitg, mild, moderate,
severe and critically severe, are according toOlegnosis and Treatment Protocol for
Novel Coronavirus Pneumonia (Trial Version 7), asked by the National Health
Commission & State Administration of Traditional iG@&se Medicine. Non-severe
patients are those with mild or moderate symptomtsle severe patients are those with
severe or critically severe symptoms. Sera wereaded during hospitalization at viable
time points Table S2. Sera from the control group of healthy donots)gl cancer
patients, and patients with autoimmune diseasege wellected from Ruijin Hospital,
Shanghai, China or Tongren Hospital, Shanghai, £ the sera were stored at 80

until use.

Peptide synthesis and conjugation with BSA

The N-terminal amidated peptides were synthesiz@uguGL Biochem, Ltd. (Shanghai,
China). Each peptide was individually conjugatethvlSA using Sulfo-SMCC (Thermo
Fisher Scientific, MA, USA), according to the maacturer’s instructions. Briefly, BSA
was activated by Sulfo-SMCC in a molar ratio of3D, followed by dialysis in PBS
buffer. Peptides containing cysteine were addeawiw ratio of 1:1 and incubated for 2
h, followed by dialysis in PBS to remove free pdes. A few conjugates were randomly
selected for examination by SDS-PAGE. For conjugaié the biotin-BSA-peptide,
before conjugation, BSA was labelled with biotiningsthe NHS-LC-Biotin reagent
(Thermo Fisher Scientific, MA, USA) at a molar cabf 1: 5 and then activated using
Sulfo-SMCC.
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METHOD DETAILS
Peptide microarray fabrication

The peptide-BSA conjugates and S1 protein, the R@BDtein and N protein of

SARS-CoV-2, along with the negative (BSA) and pesicontrols (anti-human IgG and
IgM antibodies), were printed in triplicate on a BA substrate slide (Grace Bio-Labs,
Oregon, USA) to generate identical arrays in a 1 gubarray format using a Super

Marathon printer (Arrayjet, UK). The microarraysre@etored at -80°C until use.

Microarray-based serum analysis

A 14-chamber rubber gasket was mounted onto e&dh tal create individual chambers
for the 14 identical subarrays. The microarray wsed for serum profiling as previously
described with minor modifications (Li et al., 2@)0Briefly, the arrays stored at -80°C
were warmed to room temperature and then incubatddiocking buffer (3% BSA in
1xPBS buffer with 0.1% Tween 20) for 3 h. A totdl 200 uL of diluted sera or
antibodies was incubated with each subarray for Phie sera were diluted at 1:200 for
most samples, and for the competition experimerge fpeptides were added at a
concentration of 0.25 mg/mL. For the enriched aibs, 0.1-0.5ug antibodies were
included in the 20QuL incubation buffer. The arrays were washed witlPBST, and
bound antibodies were detected by incubating witB-€onjugated goat anti-human IgG
and Alexa Fluor 647-conjugated donkey anti-humav (@ackson ImmunoResearch, PA,
USA), which were diluted at 1: 1,000 in 1xPBST. Tineubation was carried out at room
temperature for 1 h. The microarrays were then e@shith 1xPBST and dried by
centrifugation at room temperature and scannedguairLuxScan 10K-A (CapitalBio
Corporation, Beijing, China), with the parametees & 95% laser power/PMT 550 and
95% laser power/PMT 480 for IgM and 1gG, respedyiv&he fluorescent intensity was
determined using GenePix Pro 6.0 software (Moledd&vices, CA, USA).

Mouse immunization
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The peptides were synthesized and coupled to Kuidutth SMCC (Thermo Fisher
Scientific, MA, USA) by GL Biochem Ltd. (Shangh&hina). For each peptide, three
female mice (BALB/c) approximately 6 ~ 8 weeks wldre immunized four times on a
weekly schedule, and 5@ KLH conjugated peptide was mixed with 60 manganese

salt (MnJ) adjuvants (Zhang et al., 2019) for emsmunization through intraperitoneal
(IP) injections. Serum samples were collected #tet @ach immunization for microarray

and neutralization assays.

Cell lines and viruses

Vero E6 cells (ATCC CRL-1586) were grown in Dulbescmodified Eagle’s medium
(DMEM) supplemented with 100 pg/mL streptomycin a@@D U/mL penicillin, 10%

FBS (Sigma-Aldrich, USA), and maintained at 37°Cthwb% CQ. SARS-CoV-2

(nCoV-2019BetaCoV/Wuhan/WIV04/2019) was obtainednfr the National Virus
Resource, Wuhan Institute of Virology, Chinese Aesragl of Sciences. All handling of

the virus was conducted in a BSL-3 laboratory.

Plague reduction neutralization assay

For the plaque reduction neutralization test, iééocells were grown to confluence in a
12-well plate (Corning, USA) at 37°C, 5% g@vernight. Additionally, 30Q.L twofold
serial diluted serum samples from 1:10 to 1:80 vpeepared in 2.5% FBS-DMEM. The
live SARS-CoV-2 virus (300 PFU/mL) was added irfte serum at a 1:1 volume, mixed
completely, and incubated at 37°C for 1 h. Thefi,@dture media were removed from
the 12-well plates, and 500 of serum-virus mixture was added to each celiteAf
incubation at 37°C for 1 h, the mixture was reptaesth 1000uL 2.5% FBS-DMEM
containing 0.8% carboxymethylcellulose (Sigma-Adtlsi USA). Four days later, the
plates were fixed with 8% paraformaldehyde andnsthiwith 0.5% crystal violet.
Neutralizing antibody CB6 (Shi et al., 2020) of SB®&o0V-2 was used as the positive
control. The antibody was provided by Prof. JinggHYan at the Institute of

Microbiology, Chinese Academy of Sciences.
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QUANTIFICATION AND STATISTICAL ANALYSIS
Data analysis of peptide microarray

For each spot, signal intensity was defined asntikean_foreground subtracted by the
mean_background. The signal intensities of thdi¢ape spots for each peptide or protein
were averaged. The overall_mean_background and otlezall_standard deviation
(SD)_background of all the arrays probed with COMI®sera were calculated. Cutoffl
was defined as (the overall_mean_background + 2&lv&D_background). According
to the array data, Cutoffl was calculated as 38(@r the control arrays,
mean_foreground and SD_foreground for each pepm® protein were calculated.
Cutoff2 was set as (control_mean_signal intensifeontrol_SD_signal intensity). For
each peptide or protein, a SARS-CoV-2-specific fpasiresponse was called when the
average_signal intensity was larger than both Gutahd Cutoff2. Response frequency
was then defined as the number of peptides witbsitipe response divided by the total

number of peptides on the microarray.

Structure analysis

The spike protein structures (PDB ID: 6X6P and 6VY,YBBD-ACE2 structure (PDB ID:
6MO0J) and antibody-RBD complex structure (PDB |04, 7BWJ, 7BYR, 6W41 and
6WPT) were used to analyse the structural detdilh® epitopes identified from the
peptide microarray. The C terminal (1146-1273)tre of the Spike protein came from
a modelling  structure, QHD43416.pdb, generated by -I-TEBSSER
(https://zhanglab.ccmb.med.umich.edu/COVID-19/) ahdned to the C terminus of the
Spike protein (PDB ID: 6X6P). Structural analysisaswprocessed in Pymol. The
alignment and homology analysis of 7 human coranaes and one bat coronavirus was
generated using the ClustalWw algorithm from EMBLIEB

(https://www.ebi.ac.uk/Tools/msa/clustalo/).
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In Brief

Li et a. construct a B cell linear epitope landscape of SARS-CoV-2 spike protein,
based on a large cohort of COVID-19 patients. The epitope responses were related to

disease severity and outcome but mainly elicit non-neutralizing antibodies.

Highlights

* A linear epitope landscape of the SARS-CoV-2 Spike from 1,051 COVID-19
patients

* Responsive epitopes are highly variable among patients and correl ate with
severity

» TheRBD lackslinear epitopes but two other regions are rich in linear epitopes

» Little neutralization activity is observed for the linear epitope elicited antibodies
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Figure 1. The IgG linear epitope landscape of the SARS-CoV-2 Spike protein.
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Figure 2. Epitope numbers in patients are related with severity.
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Fig. 3. The IgG response of the peptides is associated with severity
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Figure 4. RBD lacks highly immunogenic linear epitopes.
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Figure 5. CTD is rich in significant linear epitopes.
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Fig. 6. Dynamic change of IgG response against the peptides



A Strategy of immunization of peptides
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Figure 7. Neutralizing activities of the antibodies elicited by the linear
epitopes in mice



