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Proteome-wide epitope mapping identifies a resource of
antibodies for SARS-CoV-2 detection and neutralization
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Dear Editor,

Since December 2019, the coronavirus disease 2019 (COVID-
19) caused by the severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) has become a worldwide pandemic.’
Significant efforts have been made to generate antibodies to
help study COVID-19 pathogenesis, perform diagnostic testing,
and develop treatment to neutralize SARS-CoV-2 activity.
However, the specific sequence of amino acids recognized and
bound by an antibody, the “epitope” is unknown for most
antibodies. In this study, we developed a high-throughput
epitope mapping platform using a peptide-based SARS-CoV-2
proteome microarray.” to detect the binding epitopes of 57
commercial antibodies to ORF1ab, nucleocapsid (N), spike (S),
envelop (E), membrane (M), ORF3a, ORF6, ORF7a, and ORF8
proteins (Supplementary Table S1).

The workflow of antibody epitope mapping and applications
are shown in Fig. 1a. Our peptide-based proteome microarray
contained 966 peptides representing all SARS-CoV-2 proteins.
Each peptide was 15 amino acids long with a 5 amino acid
overlap. The intra- and inter-array correlation of IgG antibody
detection were 0.9960 and 0.9945, respectively (Supplementary
Fig. S1), demonstrating a high degree of reproducibility of the
SARS-CoV-2 proteome microarray. Epitope mapping of 57
commercial antibodies was performed as previously described.?
All microarray data were normalized to a Z-score and immune-
reactive peptides were selected using Z-score>1.96 (95%
confidence interval).

The binding epitopes of the antibodies analyzed in this study
are shown in Supplementary Table S2. The linear epitopes of 18
monoclonal antibodies and 7 polyclonal antibodies targeted
sequences within the N protein. Sixteen of these antibodies (#13,
#16 #25 #56-#60, #62, #63, #65, and #67-#71) have the same
epitope (206-SPARM-210) (Fig. 1b). However, a mouse mono-
clonal antibody (#14) targets 96-GGDGK-100 (Fig. 1b). In
addition, nine antibodies have multiple binding epitopes, five
of which (#12, #36, #10, #18, and #35) recognize the C-terminal
domain while the epitopes of four antibodies (#54, #16, #25, and
#13) are distributed along with the entire N protein (Fig. 1b). One
rabbit polyclonal antibody (#34) has only one epitope: 36-RSKQR-
40 (Fig. 1b).

For the S protein, 53% (9/17) of the antibodies bound to
peptides on our array (Fig. 1c). The other 47% (8/17) that did not
bind to any peptide may have low affinity or target conforma-
tional or post translational modifications (PTMs),® which are not
present on our array that is comprised of chemically-synthesized
peptides. Antibodies #26 and #53 targeted regions within the
receptor-binding domain (RBD) of S protein (Fig. 1c). Antibody
#53 also targeted an epitope on the C-terminus. The epitopes of
antibodies #48 and #49 are located within the N-terminal
domain (Fig. 1c).
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The epitopes of 15 antibodies to the SARS-CoV-2 ORF1ab, M, E,
ORF6, ORF7a, and ORF8 proteins were also analyzed (Supple-
mentary Table S2 and Fig. S2). Our analyses indicate that the
epitopes of ORF1ab antibodies are located on nsp1, nsp2, nsp3,
nsp12, and nsp13 proteins (Supplementary Fig. S2a). The epitopes
of two ORF3a antibodies (#45 and #46) are 266-EPTTTTSVPL-275,
176-TSPIS-180, respectively. Another ORF3a antibody (#47) has
two epitopes, including 246-IHTID-250 and 266-EPTTTTSVPL-275
(Supplementary Fig. S2b). Two rabbit polyclonal anti-M antibodies
(#42, #43) bind to 186-RVAGDSGFAAYSRYR-200 and 206-LNTDH-
210, respectively (Supplementary Fig. S2c). The E protein antibody
(#44) has two epitopes, including 16-SVLLF-20 and 56-
FYVYSRVKNLNSSRVPDLLV-75 (Supplementary Fig. S2d). The epi-
tope (46-ENKYSQLDEEQPMEID-61) of ORF6 protein antibody
(#41) is located at the C-terminus (Supplementary Fig. S2e). Two
rabbit polyclonal antibodies (#39, #40) to the ORF7a protein
bind to 46-FHPLA-50 and 86-LFIRQEEVQELYSPI-100, respectively
(Supplementary Fig. S2f). Two rabbit polyclonal antibodies
(#37 and #38) to the ORF8 protein target the 66-GSKSP-70 and
106-EDFLE-110 epitopes, respectively (Supplementary Fig. S2g).

As a structural protein, the N protein is an ideal target for
SARS-CoV and SARS-CoV-2 detection due to its high expression
and immunogenicity. Currently, nucleic acid and serum antibody
testing have remained the major techniques for COVID-19
diagnostics. Previously, the detection of the N protein has been
found as a sensitive serum biomarker (90% positive) in early
SARS infection, which was superior to nucleic acid (42.9%) and
serum antibodies (21.4%).* To demonstrate the utility of epitope
profiling for COVID-19 diagnosis, we identified a monoclonal
antibody (#14) with high specificity to the epitope (96-GGDGK-
100) on the N protein (Supplementary Fig. S3a). As such, we used
this antibody as a capture antibody for a sandwich-based
enzyme-linked immunosorbent assay (ELISA) due to the high
specificity. In addition, we identified two antibodies (#12 and
#13) containing multi epitopes (Supplementary Fig. S3b, c),
which are not overlapped with that of antibody #14. Thus, we
speculate that antibodies #12 and #13 are good to be used to the
detection antibody in ELISA. To test our hypothesis, we tested
the capture antibody #14 with two detection antibodies (#12,
#13), representing two antibody pairs (pair 1: #14 and #12, pair 2:
#14 and #13). Using serial dilutions of purified, full-length
recombinant N protein, the ELISA had a detection range from 1
to 500 ng/ml. The limit of detection (LOD) was 1.425 and 1.03 ng/
ml for antibody pairs 1 and 2, respectively (Fig. 1d, e). The
average intra-variations were 3.57% and 9.83%, whereas the
average inter-variations were 12.55% and 11.35% for antibody
pairs 1 and 2, respectively. To determine whether our ELISAs
could detect the native N protein, we infected Vero cells with
SARS-CoV-2 virus for 2-3 days and then used our ELISA to detect
the N protein in cell culture inactivated at 56 °C for 60 min. The

Received: 21 December 2020 Revised: 24 February 2021 Accepted: 8 March 2021

Published online: 24 April 2021

© The Author(s) 2021

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41392-021-00573-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41392-021-00573-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41392-021-00573-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41392-021-00573-9&domain=pdf
www.nature.com/sigtrans

Letter

a Antibodies SARS-CoV-2 proteome  Antibody detection

i i A f
peptide microarray Epitope mapping resource of
5 @? -
99
5 16

characterized antibodies
36

- ”“"*” - -.'.|-|-.s>-mmay» A,

Target proteins:
Total = 57 966 peptide probes Tiled peptides ORF1ab, N, S, E, M, ORF3a,
ORF6, ORF7a, ORF8

FLT

b Nucleocapsid "|) H‘}s' lepe
- 14 M MAb
- A e
| 56 H MAb
57 H MAb
58 H MAD
59 H MAb
60 H MAb
62 H MAD
63 H MAD
. 65 H MAD
67 H MAb
] 68 H MAD
. 69 H MAb
70 H MAb
- m R NA
| 36 ; PAb
R
5 R PAD
R
R
R
R

I = = A
- - . i
I . | | 13 R PAb
1 41 RNA-binding domain 186 258 Dimerization domain 361 419 aa
[ Spike ID Host Type
[ | s & PAb
[ | #49 R PAb
| | 1 #50 R PAb
1 | #51 R PADb
11 1 1 #1 R PAb
I II L) #26 R PAb
1 IM I * #53 R PAb
#52 R PAb
11 | I* | " #27 R PAb
NTD RBD S1/S2 HRA1 HR2
‘I . E =
113 303 319 541 685 920 970 1163 1202 1273 aa
]
1.96 Z-score 5.0
Recombinant SARS-CoV-2 N protein (ELISA) SARS-CoV-2 infected Vero cell cultures (ELISA)
d e f

95

5 Antibody pair 1
44 Capture antibody: #14

Antibody pair 2
Capture antibody: #14

Antibody pair 1 Antibody pair 2

Capture antibody: #14

5 5
4. 4- Capture antibody: #14 4 ¢ .
2 Detection antibody: #12 o Detection antibody: #13 3 Detection antibody: #12 3 Detection antibody: #13
03 <3 3
< <
QO | LOD=1.425 ng/ml 3 LOD=1.03 ng/ml 8 LOD=1.119*10° PFU/ml Q LOD=1.615*10"PFU/mI
02 o2 2 Oz
1 1 1 1
0:
0. i 1o 1000 G T 0 1o w0 o b do Ao do G i T T 1o
N protein (ng/ml) N protein (ng/ml) Viral titers (PFU/ml) Viral titers (PFU/ml)
h  RBD-ACE2 inhibition assay i Epitopes on RBD recognized by
1o the antibody #26
£ 80
= D
= 60
]
E 404 1C%=0.3541 pg/ml
£ 20 486-FNCYF-490
o
0] T T T 1
0.01 0.1 1 10
Antibody #26 (pg/ml)

j  Pseudovirus neutralization assay

2

1Cs0=0.2134 pg/ml

@
==}

=]

Inhibition(%)
N A O
o

o
AN
-0 0 ©9

®
406-EVRQI-410

02 10" 10° 10" 102
Antibody #26 (ug/ml)

Fig. 1 The epitope profiling database constructed by using a peptide-based SARS-CoV-2 proteome microarray and its application.
a Schematic illustration of epitope mapping using a peptide-based SARS-CoV-2 proteome microarray. b, ¢ Distribution of antibody epitopes
within the N and S proteins respectively. The x-axis represents the protein sequence. The y-axis represents the identification (ID) number
(#number), host (mouse = M, rabbit =R, human = H) and clonality of the antibody (polyclonal antibody = PAb, monoclonal antibody = MADb).
d, e Detection of the purified, full-length recombinant N protein using ELISA prepared with two antibody pairs selected from epitope
mapping analyses. f, g Detection of the N protein from inactivated SARS-CoV-2 in cell culture using ELISA prepared with two antibody pairs
selected from epitope mapping analyses. h The neutralization activity of antibody #26 using an S-RBD-ACE2 inhibition assay. i Structural
analysis of the antibody #26 epitopes on SARS-CoV-2 RBD (PDB ID: 6m0j). j Neutralization activities of antibody #26 using a pseudovirus assay
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native SARS-CoV-2 N protein was detected using our ELISAs with
a dynamic range of ~3 orders of magnitude, with a LOD of
1.119x 10° PFU/ml (pair 1) and 1.615x 10* PFU/ml (pair 2)
(Fig. 1f, g). These results indicate the great potential of our
ELISAs in detecting SARS-CoV-2 in the clinic.

The SARS-CoV-2 S protein, via its RBD, mediates viral binding
to the angiotensin-converting enzyme 2 (ACE2) and entry into
host cells.' As such, much effort has been made to develop
therapeutic antibodies or vaccines that target the S protein or
the RBD domain. We analyzed the neutralization activity of two
anti-S protein antibodies (#26 and #53) with linear epitopes on
the RBD using a SARS-CoV-2 spike RBD-ACE?2 interaction inhibitor
assay. A rabbit polyclonal antibody (#26) showed significant
inhibition activity with an ICsq of 0.3541 pg/ml (Fig. 1h). Five
epitopes of #26 antibody (356-KRISN-360, 406-EVRQI-410, 466-
RDIST-470, 486-FNCYF-490, and 526-GPKKS-530) were within the
RBD domain (Fig. 1i), which included six amino acids (E406, Q409,
F486, N487, Y489, and F490) previously shown to be involved in
SARS-CoV-2 neutralization."” To validate this hypothesis, we
tested the neutralization activity of #26 antibody using a SARS-
CoV-2 pseudovirus system. Interestingly, the #26 antibody
displayed strong inhibition activity to pseudovirus infection with
an ICso of 0.2134 pg/ml (Fig. 1j). We also randomly tested two
Mouse/Human chimeric anti-S-RBD antibodies (#20, #21) that did
not bind to any S peptides on the array. The ICs, of #20 and #21
were 0.8846 and 4.016 ug/ml, respectively (Supplementary Fig.
S4a, b), which are much higher than that of #26 antibody. As
mentioned above, these antibodies may bind to conformational
epitopes or PTMs.?

Altogether, our results show that our peptide-based SARS-CoV-2
proteome microarray can characterize the epitope landscape of
SARS-CoV-2 antibodies. Identification of SARS-CoV-2 antigenic
sequences may help reveal the different B-cell responses to SARS-
CoV-2 in different species and develop reagents for COVID-19
diagnosis and treatment.

DATA AVAILABILITY

All data can be available upon the request of the corresponding author.

ACKNOWLEDGEMENTS

This work was supported by the National Key R&D Program of China
(2020YFE0202200), State Key Laboratory of Proteomics (SKLP-C202001 and SKLP-
0201703), the Beijing Municipal Education Commission, National Natural Science
Foundation of China (81673040 and 31870823), the National Program on Key Basic
Research Project (2018YFA0507503, 2017YFC0906703, and 2018ZX09733003).
We also thank Dr. Brianne Petritis for her critical review and editing of this paper.

Signal Transduction and Targeted Therapy (2021)6:166

Letter

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541392-021-00573-9.

Competing interests: The authors declare no competing interests.

Te Liang', Mengli Cheng?, Fei Teng®, Hongye Wang',
Yonggiang Deng (7, Jiahui Zhang', Chengfeng Qin &7,

Shubin Guo®, Hui Zhao® and Xiaobo Yu(®'

'State Key Laboratory of Proteomics, Beijing Proteome Research
Center, National Center for Protein Sciences-Beijing (PHOENIX
Center), Beijing Institute of Lifeomics, Beijing 102206, China;
2Department of Virology, State Key Laboratory of Pathogen and
Biosecurity, Beijing Institute of Microbiology and Epidemiology,
Academy of Military Medical Sciences, Beijing 100071, China and
*Emergency Medicine Clinical Research Center, Beijing Chao-Yang
Hospital, Capital Medical University, & Beijing Key Laboratory of
Cardiopulmonary Cerebral Resuscitation, Beijing 100020, China
These authors contributed equally: Te Liang, Mengli Cheng, Fei Teng
Correspondence: Shubin Guo (shubinguo@126.com) or

Hui Zhao (shuishu2002@126.com) or Xiaobo Yu (yuxiaobo@mail.
ncpsb.org)

REFERENCES

1. Hu, B, Guo, H,, Zhou, P. & Shi, Z. L. Characteristics of SARS-CoV-2 and COVID-19.
Nat. Rev. Microbiol 19, 141-154 (2021)

2. Wang, H. et al. SARS-CoV-2 proteome microarray for mapping COVID-19 antibody
interactions at amino acid resolution. ACS Cent Sci 6, 2238-2249 (2020).

3. Walls, A. C. et al. Structure, function, and antigenicity of the SARS-CoV-2 spike
glycoprotein. Cell 181, 281-292 286 (2020).

4. Li, Y. H. et al. Detection of the nucleocapsid protein of severe acute respiratory
syndrome coronavirus in serum: comparison with results of other viral markers.
J. Virol. Methods 130, 45-50 (2005).

5. Wy, Y. et al. A noncompeting pair of human neutralizing antibodies block COVID-
19 virus binding to its receptor ACE2. Science 368, 1274-1278 (2020).

Open Access This article is licensed under a Creative Commons

5Y Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

SPRINGER NATURE


https://doi.org/10.1038/s41392-021-00573-9
http://orcid.org/0000-0002-2306-1039
http://orcid.org/0000-0002-2306-1039
http://orcid.org/0000-0002-2306-1039
http://orcid.org/0000-0002-2306-1039
http://orcid.org/0000-0002-2306-1039
http://orcid.org/0000-0002-0632-2807
http://orcid.org/0000-0002-0632-2807
http://orcid.org/0000-0002-0632-2807
http://orcid.org/0000-0002-0632-2807
http://orcid.org/0000-0002-0632-2807
http://orcid.org/0000-0003-2352-9866
http://orcid.org/0000-0003-2352-9866
http://orcid.org/0000-0003-2352-9866
http://orcid.org/0000-0003-2352-9866
http://orcid.org/0000-0003-2352-9866
mailto:shubinguo@126.com
mailto:shuishu2002@126.com
mailto:yuxiaobo@mail.ncpsb.org
mailto:yuxiaobo@mail.ncpsb.org
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Proteome-wide epitope mapping identifies a resource of antibodies for SARS-CoV-2 detection and neutralization
	Supplementary information
	Acknowledgements
	ADDITIONAL INFORMATION
	References




