Selection for immune evasion in SARS-CoV-2 revealed by high-resolution
epitope mapping combined with viral genome sequence analysis
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We describe one parsimonious working model of immune responses in COVID-19 in Figure 2, consistent with much of the
available literature. However, these are still very active areas of
investigation, and there are plausible alternative models as
well, which are discussed below. The overall amount of data
for the details of antigen-specific adaptive immune responses
in acute COVID-19 infections remains limited; nevertheless, the
Bongoing
cells) pandemic, with well over 1 million deaths to date, requires rapid interpretation of the available data. This working
model provides a useful framework and reference point to start
from. Below, we provide a detailed discussion of the facets of
adaptive immunity to COVID-19.
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High density peptide arrays (HDPA) to map epitopes (PEPperPRINT)

SARS-CoV2-specific Peptides
SARS-CoV-2 negative
SARS-CoV-2 positive
Overlap
Total

Spike
119
195
90
404

Nucleocapsid
41
69
35
145

Envelope
1
6
6
13

Membrane ORF1ab
47
294
29
549
17
353
93
1196

TOTAL
502
848
501
1851

Comparison HDPA (PEPperPRINT) with prediction tools (Bepipred, DiscoTope)
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The novel coronavirus that emerged in Wuhan, China (SARSCoV2) at the end of 2019 quickly spread to all Chinese provinces and, as of 1 March 2020, to 58 other countries (1, 2).
Efforts to contain the virus are ongoing; however, given the
many uncertainties regarding pathogen transmissibility and
virulence, the effectiveness of these efforts is unknown.
The fraction of undocumented but infectious cases is a
critical epidemiological characteristic that modulates the
pandemic potential of an emergent respiratory virus (3–6).
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Estimation of the prevalence and contagiousness of undocumented novel coronavirus (SARS-CoV2)
infections is critical for understanding the overall prevalence and pandemic potential of this disease. Here
we use observations of reported infection within China, in conjunction with mobility data, a networked
dynamic metapopulation model and Bayesian inference, to infer critical epidemiological characteristics
associated with SARS-CoV2, including the fraction of undocumented infections and their contagiousness.
We estimate 86% of all infections were undocumented (95% CI: [82%–90%]) prior to 23 January 2020
travel restrictions. Per person, the transmission rate of undocumented infections was 55% of documented
infections ([46%–62%]), yet, due to their greater numbers, undocumented infections were the infection
source for 79% of documented cases. These findings explain the rapid geographic spread of SARS-CoV2
and indicate containment of this virus will be particularly challenging.

infected individuals; and μβ, the transmission rate due to undocumented individuals, which is β reduced
by a factor
Science.
2020μ. May
Spatial spread of SARS-CoV2 across cities is captured by
the daily number of people traveling from city j to city i and
a multiplicative factor. Specifically, daily numbers of travelers between 375 Chinese cities during the Spring Festival period (“Chunyun”) were derived from human mobility data
collected by the Tencent Location-based Service during the
2018 Chunyun period (1 February–12 March 2018) (7). Chun-

1;368(6490):489-493
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The Proportion of SARS-CoV-2 Infections That Are Asymptomatic

21.7 – 85%
Table 2. Antibody Testing
Study or Report

Tested,
n*

Random
Sampling*

SARS-CoV-2–
Positive, n (%)

Asymptomatic,
n (%)

England residents (55)
Spain residents (56)
Detroit, Michigan, hospital staff (57)
Wuhan, China, hospital staff (58)
Bavaria, Germany, children aged 1–18 y (59)
Louisiana residents (60)
Munich, Germany, hospital staff (61)
Cairo, Egypt, hospital staff (62)
Health care personnel at 13 U.S. medical centers (63)
Maranhão, Brazil, residents (64)
Ischgl, Austria, residents (65)
Wuhan dialysis patients (66)
Buenos Aires, Argentina, residents (67)
Connecticut residents (68)
Sweden nursing home staff (69)
London, England, dialysis patients (70)
Nashville, Tennessee, hospital staff (71)
London maternity unit staff (72)

365 104
61 075
20 614
8553
4859
4778
4554
4040
3248
3156
1473
1027
873
567
459
356
249
200

Yes
Yes
No
No
Yes
Yes
No
No
No
Yes
No
No
No
Yes
No
No
No
No

17 576 (4.8)
3053 (5.0)
1818 (8.8)
424 (5.0)
47 (1.0)
311 (6.5)
108 (2.4)
170 (4.2)
194 (6.0)
1167 (37.0)
622 (42.2)
99 (9.6)
466 (53.4)
23 (4.1)
86 (18.7)
129 (36.2)
19 (7.6)
29 (14.5)

5694 (32.4)
1008 (33.0)
798 (43.9)
148 (34.9)
22 (46.8)
147 (47.3)
28 (25.9)
116 (68.2)
56 (28.9)
320 (27.4)
529 (85.0)
50 (50.5)
396 (85.0)
5 (21.7)
40 (46.5)
52 (40.3)
8 (42.1)
10 (34.5)

SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2.
* Boldface indicates details that increase the likelihood of higher-quality evidence.

Ann Intern Med. 2020 Sep 1;173(5):362-367
“Among conﬁrmed SARS-CoV-2 infections, we did not
observe signiﬁcant differences in the frequency of asymptomatic infection between age groups” (17).
Of the 43 studies that used PCR testing, 21 involved

Antibody Testing
In the 18 studies based on antibody testing (Table 2)
(55–72), the proportion of persons who tested positive
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ampling of bats from these and other poorly studied areas will
likely complete bat species coverage and further increase the
known CoV genomic diversity.
1.6. Association of coronavirus clades with mammalian hosts

Fig. 2. Phylogenetic relationships in the subfamily Coronavirinae. Bayesian phylogeny of an 816-nucleotide RNA-dependent RNA polymerase fragment, as described
previously (Drexler et al., 2010) of the subfamily Coronavirinae using MrBayes V3.1
(Ronquist and Huelsenbeck, 2003) under assumption of a GTR + G + I substitution
model, using 2,000,000 trees sampled every 100 steps, annotated with a burn-in of
25% using TreeAnnotator V1.7.4 and visualized using FigTree V1.4 from the BEAST
package (Drummond et al., 2012). Cavally virus (Zirkel et al., 2011) was used as an
outgroup. Values at deep nodes indicate statistical support from Bayesian posterior
probabilities, scale bar genetic distance.

in Fig. 3 and include Miniopterus bat coronavirus 1, Miniopterus bat
coronavirus HKU8, Rhinolophus bat coronavirus HKU2, Scotophilus
bat coronavirus 512, Pipistrellus bat coronavirus HKU5, Rousettus
bat coronavirus HKU9, and Tylonycteris bat coronavirus HKU4. Many
partial bat CoV RdRp sequences were not included in Fig. 3, because
only small sequence fragments reducing the phylogenetic resolution were available (Corman et al., 2013b; Drexler et al., 2010).

J.F. Drexler et al. / Antiviral Research 101 (2014) 45–56

1.6.1. Promiscuous versus host-specific coronaviruses
Only a small fraction of the currently known mammalian CoVs
originates from primate, ungulate, lagomorph, carnivore and rodent hosts. As shown in Fig. 3, bats outnumber any other mammalian host in terms of virus diversity. Throughout the CoV
phylogeny, examples can be found of both ‘‘promiscuous’’ and very
host-restricted viruses. The paramount example of a promiscuous
CoV is probably Betacoronavirus 1 (the species including BCoV,
HCoV-OC43 and related viruses), which has been detected in cows,
horses, dogs, humans, waterbucks, deer, antelopes, camels and giraffes worldwide (Alekseev et al., 2008; Guy et al., 2000; Hasoksuz
et al., 2007; Jin et al., 2007; Lim et al., 2013; Majhdi et al., 1997;
Zhang et al., 1994). Similarly, FIPV, Canine coronavirus (CCoV) and
TGEV are now included in a single species termed Alphacoronavirus
1, and MHV and Rat coronavirus together are now termed Murine
coronavirus (de Groot et al., 2012). Another example of an apparently promiscuous CoV is the unclassified bat virus HKU10, which
has been detected in the bat Fig.
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How conserved are identified epitopes?
(seasonal human Coronaviruses)
OC43-specific Peptides
SARS-CoV-2 negative
SARS-CoV-2 positive
Overlap
Total

Spike Nucleocapsid Envelope Membrane ORF1ab TOTAL
126
37
6
4
293
466
209
70
10
27
508
824
104
35
2
8
280
429
439
142
18
39
1081
1719

HKU1-specific Peptides
SARS-CoV-2 negative
SARS-CoV-2 positive
Overlap
Total

Spike Nucleocapsid Envelope Membrane ORF1ab TOTAL
104
43
7
17
293
464
220
105
7
23
503
858
90
35
2
10
254
391
414
183
16
50
1050
1713

NL63-specific Peptides
SARS-CoV-2 negative
SARS-CoV-2 positive
Overlap
Total

Spike Nucleocapsid Envelope Membrane ORF1ab TOTAL
139
54
12
17
296
518
183
77
8
24
571
863
70
56
3
14
269
412
392
187
23
55
1136
1793

229E-specific Peptides
SARS-CoV-2 negative
SARS-CoV-2 positive
Overlap
Total

Spike Nucleocapsid Envelope Membrane ORF1ab TOTAL
116
43
3
15
306
483
158
99
7
38
592
894
72
46
2
12
325
457
346
188
12
65
1223
1834

How conserved are identified epitopes?
(seasonal human Coronaviruses)

To evaluate conservation of epitopes:
- Aligned protein sequences of viral strains and calculated
conservation score based on physico-chemical properties
- Defined cross-reactivity per amino acid sites
within 15-mer peptides
- Sites with conservation score > 6 for which Ab response
to SARS-CoV-2 and at least one shCoV were considered cross-reactive
- ~ 27% of the pool of detected epitope sites are cross-reactive
- Local alignment of HDPA response for S protein of all 5 viruses
shown on the left

RATIONALE: An understanding of humoral re-

sponses to SARS-CoV-2 is critical for improving
diagnostics and vaccines and gaining insight
into variable clinical outcomes. To this end,
we used VirScan, a high-throughput method
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Are cross-reactive epitope sites that particularly important
for the humoral immune response after exposure to SARS-CoV-2?

- analyzed if the humoral immune
response to SARS-CoV-2
epitopes correlated with the
number of cross-reactive epitopes
identified.
- to what extent is the response to
SARS-CoV-2 predictable based
on cross-reactivity to other
endemic hCoVs?
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of the humoral response to severe acute respiratory system coronavirus 2 (SARS-CoV-2) epitopes has yet to be performed. This analysis is
important for understanding the immunogenicity of the viral proteome and the basis for crossreactivity with the common-cold coronaviruses.
Coronavirus disease 2019 (COVID-19), caused

Figure 4

SARS-CoV-2 but weaker overall responses to
past infections compared with those who did
not need hospitalization. Further, the hospitalized
group 370,
had higher
seroprevalence
Shrock
et
al.,
Science
1058
(2020) rates 27
to analyze epitopes of antiviral antibodies in
for cytomegalovirus and herpes simplex virus 1.
human sera. We supplemented the original
These findings may be influenced by differVirScan library with additional libraries of
ences in demographic compositions between
peptides spanning the proteomes of SARSthe two groups, but they raise hypotheses that
CoV-2 and all other human coronaviruses. These
may be tested in future studies. Using alanine
libraries enabled us to precisely map epitope
scanning mutagenesis, we precisely mapped
locations and investigate cross-reactivity be823 distinct epitopes across the entire SARStween SARS-CoV-2 and other coronavirus strains.
CoV-2 proteome, 10 of which are likely targets
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- We tracked the evolution of identified SARS-CoV-2 B
cell epitopes using single nucleotide variants (SNVs)
identified in 38,685 SARS-CoV-2 genome sequences
from the NCBI sequence read archive (Wave 1: 0107/2020; Wave 2: 08-12/2020) sequenced using
Illumina paired-end amplicons with a minimum
average depth of coverage of 200x and fewer than
10,000 sites with a depth of coverage lower than 100x.
Combined with additional filters to remove
sequencing errors
- Such deep coverage allowed us to identify SNVs that
are polymorphic within patients, reflecting withinpatient evolution, as well as those that are shared
between the consensus sequences of different
patients.
- Mutations in epitope sites or non-epitope sites for
within host and between host genomic viral sequences

Viral Genome Sequencing

Within host

between host
These observations indicate that nonsynonymous
substitutions in S and N epitope sites accumulate
most rapidly upon transmission, rather than within
patients.
Taken together these results support the notion that
most of the selective pressure for immune
evasion of SARS-CoV-2 occurs upon transmission
between hosts, consistent with the asynchrony
model
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