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SUMMARY
A major goal of current severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) vaccine efforts is to
elicit antibody responses that confer protection. Mapping the epitope targets of the SARS-CoV-2 antibody
response is critical for vaccine design, diagnostics, and development of therapeutics. Here, we develop a
pan-coronavirus phage display library to map antibody binding sites at high resolution within the complete
viral proteomes of all known human-infecting coronaviruses in patients with mild or moderate/severe coro-
navirus disease 2019 (COVID-19).We find that themajority of immune responses to SARS-CoV-2 are targeted
to the spike protein, nucleocapsid, and ORF1ab and include sites of mutation in current variants of concern.
Some epitopes are identified in the majority of samples, while others are rare, and we find variation in the
number of epitopes targeted between individuals. We find low levels of SARS-CoV-2 cross-reactivity in indi-
viduals with no exposure to the virus and significant cross-reactivity with endemic human coronaviruses
(CoVs) in convalescent sera from patients with COVID-19.
INTRODUCTION

A novel betacoronavirus, SARS-CoV-2 (severe acute respiratory

syndrome coronavirus 2), was transmitted into humans in late

2019 and has led to widespread infection, morbidity, andmortal-

ity across the globe (Wu et al., 2020). The disease caused by

SARS-CoV-2 infection, coronavirus disease 2019 (COVID-19),

is characterized by a striking diversity in clinical presentation,

ranging from asymptomatic or mild disease to severe pneu-

monia and death. A number of studies have begun to address

the role of the adaptive immune response in patients infected

with SARS-CoV-2, but the repertoire of epitope targets linked

to infection is only beginning to be comprehensively defined.

Coronaviruses (CoVs) have large,�30-kb non-segmented ge-

nomes consisting of virus-specific accessory proteins and

several universal open reading frames (ORFs), including spike

(S), membrane (M), nucleocapsid (N), envelope (E), and ORF1ab,

which code for a multitude of nonstructural proteins (Chan et al.,

2020; Cui et al., 2019). The S glycoprotein is highly immunogenic

in SARS-CoV-2 infections, as well as for infections with the six
This is an open access article under the CC BY-N
other human CoVs (HCoVs) that are endemic and associated

with the common cold (HCoV-OC43, HCoV-HKU1, HCoV-

NL63, and HCoV-229E) or are the cause of more confined but

highly pathogenic outbreaks in humans (SARS-CoV and

MERS-CoV). The S protein decorates the surface of all CoVs

and mediates viral entry (Shang et al., 2020). The SARS-CoV-

2 S protein shares varying degrees of homology with other circu-

lating CoVs, ranging from 28% amino acid identity with the

endemic HCoV-OC43 to up to 76% identity with the highly viru-

lent SARS-CoV (Walls et al., 2020; Wang et al., 2020a). Because

of its surface exposure and role in infectivity, the S protein has

been a major focus of vaccine development and recent efforts

to isolate potent neutralizing antibodies targeting SARS-CoV-2

(Chi et al., 2020; Pinto et al., 2020).

While many vaccines are thought to protect by virus neutrali-

zation, antibodies that target viruses through mechanisms other

than neutralization—often referred to as non-neutralizing anti-

bodies—have been correlated with improved clinical outcomes

for a variety of viruses, including HIV, influenza, and Ebola (Lee

and Kent, 2018; Mayr et al., 2017; Padilla-Quirarte et al., 2019;
Cell Reports 35, 109164, May 25, 2021 ª 2021 The Authors. 1
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Figure 1. Summary of development of the

pan-CoV T7 phage library and sample

screening

Left panel: virus species and strains that comprise

the pan-CoV phage library used in the study are

listed. Right panel: summary of samples from

COVID-19- or SARS-CoV-2-unexposed patients.

The pan-CoV phage library and samples were

combined in a plate-based immunoprecipitation

assay, and phage DNA was isolated for down-

stream sequencing and analysis. Additional sam-

ple information can be found in Tables 1 and S1.
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Saphire et al., 2018). Antibody responses to non-S CoV proteins

have been detected previously, including non-neutralizing re-

sponses to the N protein of SARS-CoV, which is involved in

genome packaging and is found in the mature virion core (Dutta

et al., 2020). Interestingly, immune responses to the N protein of

SARS-CoV-2 have recently been linked to poor clinical out-

comes (Atyeo et al., 2020). Despite mounting evidence that the

SARS-CoV-2 N protein may be highly antigenic in the context

of COVID-19, there has been limited effort to fully characterize

antibody responses mediated by N or the other non-S ORFs

that are expressed during SARS-CoV-2 infection.

Sequence homology between SARS-CoV-2 and other circu-

lating HCoVs increases the likelihood for cross-reactive anti-

body responses resulting from prior infection or vaccination.

The N protein and other nonstructural SARS-CoV-2 proteins

are often more highly conserved than the S protein and thus

may be targets for such cross-reactive non-neutralizing re-

sponses. Importantly, cross-reactive T cell responses stem-

ming from exposure to low-pathogenic endemic HCoVs

have been identified in SARS-CoV-2-unexposed individuals

(Grifoni et al., 2020; Mateus et al., 2020). Additional studies

aimed at the B cell immune response have identified cross-

reactive antibody binding to the S proteins of SARS-CoV-2

and SARS-CoV, which share nearly 80% sequence identity

genome-wide ((Lv et al., 2020); Shrock et al., 2020). Despite

lower degrees of homology than to the highly pathogenic

SARS-CoV, cross-reactivity against the S protein from the

four commonly circulating HCoVs in COVID-19 patient sera

has also been identified (Shrock et al., 2020; (Wölfel et al.,

2020)). Importantly, cross-reactive viral immune responses

can be either cross-protective, as in the case of influenza A

and other viruses, or disease enhancing, as in the case of

dengue virus and possibly SARS-CoV-2 (Arvin et al., 2020;

Lee et al., 2020; Welsh et al., 2010). These divergent phenom-

ena necessitate studies to evaluate SARS-CoV-2 antibody
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binding in unexposed individuals and

measure sequence homology among

prominent epitopes from the full ge-

nomes of all HCoVs.

In order to capture the complete reper-

toire of neutralizing and non-neutralizing

linear epitopes targeted by antibodies

generated in the presence and absence

of SARS-CoV-2 infection, we used a
phage display immunoprecipitation approach (Larman et al.,

2011) to profile immune responses in a population of patients

with COVID-19 and patients with no exposure to SARS-CoV-

2. We developed a pan-CoV phage library encompassing the

complete proteomes of all human-targeted CoVs and used it

to immunoprecipitate antibodies from samples from patients

with mild or moderate/severe COVID-19, as well as SARS-

CoV-2-unexposed patients, all collected in Seattle, Washing-

ton. Notably, we detected a pool of significantly enriched pep-

tides from the S, N, and ORF1ab polypeptides of SARS-CoV-2

in samples from patients with COVID-19, several of which

contain amino acids that appear to be under selection. We

also identified four cross-reactive SARS-CoV-2 peptides that

were enriched in pre-pandemic, SARS-CoV-2-unexposed indi-

viduals. Finally, we found broad reactivity in patients with

COVID-19 to other HCoVs and used local sequence alignment

to identify three cross-reactive, minimal epitopes based on

sequence homology.

RESULTS

A pan-CoV bacteriophage library detects antibody
responses across the SARS-CoV-2 proteome
We generated a phage display library composed of all seven

HCoVs known to infect humans, a bat SARS-like CoV, and a

set of control peptides derived from the HIV-1 envelope

sequence (Figure 1). Oligonucleotide sequences were designed

to cover complete CoV genomes in 39 amino acid tiles with 19

amino acid overlaps that were then cloned into T7 phage, ampli-

fied, and used in subsequent assays. This process was repeated

to generate a replicate phage library from an independent oligo-

nucleotide pool. We deeply sequenced both independent phage

libraries and found similarly high coverage across the sequences

included in the libraries, with >98% of expected sequences de-

tected (Figure S1A).



Table 1. Sample information and neutralization activity

Sample ID Patient status

Days

PSO

Age

(years) Sex NT50

32 COVID-19 moderate/severe 15 31 F 1,691

33 COVID-19 moderate/severe 15 56 M 2,536

34 COVID-19 moderate/severe 11 56 M 5,353

35 COVID-19 moderate/severe 8 76 M 1,701

53 COVID-19 moderate/severe 33 65 F 1,116

36 COVID-19 mild 27 47 F 237

37 COVID-19 mild 31 43 F 22

38 COVID-19 mild 29 65 M 248

39 COVID-19 mild 31 29 M 217

50 COVID-19 mild 31 48 F 251

56 COVID-19 mild 29 22 M 28

58 COVID-19 mild 31 31 F 104

64 COVID-19 mild 34 28 F 227

68 COVID-19 mild 34 30 M 205

70 COVID-19 mild 26 36 F 78

72 COVID-19 mild 28 65 M 400

74 COVID-19 mild 26 65 F 130

76 COVID-19 mild 48 52 F 208

82 COVID-19 mild 43 29 M 212

182 endemic CoV+ NA 61 M <20

183 endemic CoV+ NA NA NA <20

41 healthy adult NA NA NA <20

42 healthy adult NA NA NA <20

43 healthy adult NA NA NA <20

44 healthy adult NA NA NA 993

45 healthy adult NA NA NA <20

Samples were deidentified. F, female; M, male; NA, not available; PSO,

post-symptom onset; NT50, reciprocal dilution at which viral infection

is inhibited by 50%.
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A total of 19 plasma or serum samples frompatients with either

mild or moderate/severe laboratory-confirmed SARS-CoV-2 in-

fections (termed COVID-19 patients) were collected in Seattle,

Washington as part of the Hospitalized and Ambulatory Adults

with Respiratory Viral Infections (HAARVI) study or as residual

clinical samples from hospital labs in Seattle. Samples from

patients with mild COVID-19 were collected at �30 days

post-symptom onset, and all moderate/severe samples were

collected between 8 and 33 days post-symptom onset. Samples

from patients with endemic (non-SARS-CoV-2) HCoV infections

were collected as part of the HAARVI study or were residual clin-

ical samples fromHarborviewMedical Center (Seattle, Washing-

ton, USA). Archived samples collected from Seattle individuals

before the pandemic were used as unexposed SARS-CoV-2-

negative samples. Additional sample demographic information

is found in Tables 1 and S1.

To evaluate the neutralization capacity of the samples in our

cohort, we measured neutralization titers for all samples using

a pseudotyped lentiviral particle expressing SARS-CoV-2 S pro-

tein (Table 1, ‘‘NT50’’ column). Individuals with moderate/severe

COVID-19 had the highest neutralizing antibody titers, which is
consistent with other studies (Liu et al., 2020; Wang et al.,

2020b). In individuals with mild COVID-19, there was a marked

reduction in neutralization titer (NT50) compared to moderate/

severe individuals, and neutralizing titers varied across an order

of magnitude, suggesting that our cohort would represent a

range of both neutralizing and non-neutralizing antibody re-

sponses. Surprisingly, one individual who was not diagnosed

with COVID-19 did have neutralizing activity against SARS-

CoV-2. Follow-up samples from this case were not available,

and thus, we were unable to further assess their responses.

All samples were tested in a phage-based immunoprecipita-

tion assay in which DNA from phage-antibody complexes was

PCR amplified, and multiplexed samples were deep sequenced

to determine enrichment of individual CoV peptides. We applied

the following criteria to determine which samples to include in

our downstream analyses: (1) a samplemust have had a pairwise

cross-correlation of at least 0.5 (Pearson’s R) between two tech-

nical (within-assay) replicates, and (2) a sample must have satis-

fied condition 1 in experiments conducted with both indepen-

dent batches of the phage library (Figure S1A, libraries 1 and 2).

We performed a qualitative assessment of the SARS-CoV-2

epitope profile in COVID-19 patients by examining counts per

million (CPM) from all SARS-CoV-2 ORFs. We detected signal

for epitopesderived fromall possibleORFsbut found significantly

higher magnitude in S, N, and ORF1ab (Figure 2). Signal was also

detected for ORF3a and M, but at a much lower magnitude, with

even lower signal for peptides enriched from the other proteins

(note scale differences in Figure 2). In order to evaluate the signif-

icance of epitope enrichment quantitatively, we modeled enrich-

ment for all peptides from all samples along with a pool of

mock-immunoprecipitation samples to account for nonspecific

peptide binding. We fit peptides to a gamma-Poisson model, in

which each sample-peptide pairing was assigned a minus

log10 p value (mlxp) (Figure 3A).We exploited the HIV-1 envelope

sequences in the pan-CoV library to estimate the false positive

rate (FPR) of nonspecific binding peptides. Next, we determined

the mlxp cutoff corresponding to a FPR of 0.05 and identified

2,689 and 4,604 sample-peptide pairs, or ‘‘hits,’’ from phage li-

braries 1 and 2, respectively (Figures 3A and S1B). Across the

two replicate experiments, there were 933 intersecting hits, 456

of which were unique peptides, where non-unique peptides

were a result of sequence overlap between CoVs.

Patterns of SARS-CoV-2 immune response at epitope
resolution in patients with COVID-19 and unexposed
individuals
After fitting enriched immunoprecipitated peptides, we detected

significant responses in just five of the nine SARS-CoV-2 ORFs

(Figure 3B). We identified themost reactivity in ORF1ab, but after

normalizing the number of reactive sequences by the ORF

length, we found that the S and N proteins had the highest den-

sity of epitopes (Figure 3C). Sparse responses to SARS-CoV-2

peptides were also detected within the M protein and ORF3a

(Figures 3B and 3C). COVID-19 patient samples displayed vari-

ability in total abundance of reactive epitopes, ranging from 2

to 24 reactive peptides in a given sample (Figure 3D). The distri-

bution of responses across the different ORFs also differed

among individuals.
Cell Reports 35, 109164, May 25, 2021 3



Figure 2. SARS-CoV-2 peptide enrichment based on raw counts per million (CPM)

Individual panels showing enrichment among all COVID-19 patient samples for peptides along the lengths of nine SARS-CoV-2 ORFs. Panel rows are in order of

increasing maximum response from top to bottom. Note the scales also increase in each row, indicating higher enrichment of the identified peptides. Bars are

segmented by color for each sample included in the analysis, as depicted in the legend.

Article
ll

OPEN ACCESS
All COVID-19 patient samples were reactive to epitopes from

the S protein, while two moderate/severe COVID-19 samples,

both less than 12 days post-symptomonset, were reactive solely

to the S protein and no other proteins (Figure 3D). The proportion

of the total epitope response arising from the S protein was

modestly higher in the five moderate/severe samples than in

the mild samples (p = 0.07, Welch’s unpaired t test), suggesting

that antibodies targeting the S protein are dominant in cases of

moderate/severe COVID-19 in our cohort (Figure 3E).

To test whether the dominant S response was a function of

sampling kinetics, we evaluated longitudinal samples from the

individuals with moderate/severe COVID-19. In general, there

was variation in the fraction of S epitopes targeted over time,

with increases in some cases and decreases in others (Fig-

ure S2A). When we compared the number of positive epitopes

from S versus N only, the number from S remained higher over

time (Figure S2B). This result, which focused on the number of

epitopes targeted within the N and S proteins, contrasts some-

what with studies showing total N protein antibody titers are

higher than S protein antibody titers in individuals with severe

COVID-19 (Atyeo et al., 2020; Röltgen et al., 2020). However, it

is important to note that epitope number is a measure of the

breadth of antibody responses to a given antigen and may not

reflect the concentration of circulating antibody to that antigen.

We next examined the epitope profiles of all samples (both

COVID-19 and SARS-CoV-2 unexposed) within the three

dominant antigens, S, N, and ORF1ab. Within the S protein,

we identified three key regions in which significant signal

was detected, and these three regions were detected across

the majority of individuals (Figure 4A; Table 2). The most com-

mon epitope was S_1,121–1,179 (composed of two adjacent
4 Cell Reports 35, 109164, May 25, 2021
peptides in our library that overlap by 19 amino acids), which

spans a portion of the second heptad repeat (HR2) in the S2

subunit. In total, 84% (16/19) of COVID-19 samples were

reactive to this epitope. The second region, S_801–839, spans

the fusion peptide (FP) and includes the S20 cleavage site.

This region was reactive in 78% (15/19) of the COVID-19 sam-

ples. The third region, S_541–579 is located at the C-terminal

end of the S1 subunit, immediately after the receptor binding

domain (RBD) and upstream of the S1/S2 cleavage site. This

epitope was reactive in 68% (13/19) of SARS-CoV-2-positive

samples. Interestingly, S_541–579 was reactive in 100% (5/

5) of the moderate/severe COVID-19 samples tested but

only 64% (9/14) of mild samples (Figure 4A). While not statis-

tically significant within our current sample size (p = 0.68,

Fisher’s exact test), this result may be suggestive of a corre-

lation between COVID-19 severity and epitope patterning

that should be explored in larger studies examining correlates

of disease. Finally, we identified 13 additional dispersed S

protein epitopes that were rarer among individuals, including

a sequence spanning the S1/S2 cleavage site (S_661–699),

suggesting antibody recognition of pre-processed S protein

(Table 2). To visualize the three-dimensional positioning of sig-

nificant S epitopes, we mapped all epitopes that were present

in two or more individuals onto the cryoelectron microscopy

structure of the pre-fusion S trimer in the closed conformation

(Figure S3) (Walls et al., 2020). Significant epitopes we identi-

fied in this study are largely surface exposed on the pre-fusion

S structure, suggesting they are readily accessible to anti-

bodies before the virus interacts with host cells.

Peptides derived from the N protein also were bound by an-

tibodies in many individuals. The most widely reactive region



Figure 3. Results from global fit of all sam-

ple-peptide pairs with applied mlxp cutoff

(A) Data-processing scheme. Samples were tested

with two separate phage libraries (library 1 and li-

brary 2; Figure S1). Peptide enrichment was

scored using a gamma-Poisson model, and data

were curated using a cutoff corresponding to FPR

0.05 (Figure S1).

(B) Proportion of SARS-CoV-2 epitopes derived

from individual proteins in all patient samples

tested. Numbers indicate the total enriched SARS-

CoV-2 epitopes from each ORF.

(C) Proportions in (B) normalized with respect to

polypeptide length.

(D) Epitope counts across COVID-19 patient

samples for SARS-CoV-2 only. Bars are further

sectioned by SARS-CoV-2 ORF, indicated to the

right.

(E) Fraction of total epitopes arising from the S

protein, calculated for moderate/severe and mild

samples (number of S epitopes/number of total

epitopes). p value was calculated using a two-

tailed unpaired Welch’s t test (n = 5, moderate/

severe COVID-19, n = 14 mild COVID-19; bars

represent median and interquartile range) .
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was N_141–199 (Figure 4B; Table 2). This region is composed

of two overlapping peptides in the pan-CoV library, derived

from the N protein RNA-binding domain. Both peptides were

reactive in eight individuals (six of which were identical for

both overlapping peptides). We identified two additional se-

quences that were enriched across seven samples each:

N_201–239, found upstream of the dimerization domain, and

N_381-419, which is located downstream of the dimerization

domain at the C terminus of the N protein. Five more epitopes

that were reactive in four or fewer individuals are listed in

Table 2.

The SARS-CoV-2 replicase polyprotein 1ab (ORF1ab) is

composed of two overlapping reading frames that code for

16 nonstructural proteins, including the viral-RNA-dependent

RNA polymerase (RdRp), that are expected to be co- and

post-translationally processed based on studies of SARS-CoV

(Graham et al., 2008). We detected sequences with high mlxp

values throughout ORF1ab, many of which were present in

only a small fraction of individuals. The two most widely reac-

tive regions, ORF1ab_1,801–1,839 and ORF1ab_1,961–1,999,

were both located within the papain-like protease (PL-PRO)

sequence. Both of these sequences were reactive in four indi-

viduals with COVID-19. The remaining peptides identified from

ORF1ab that were reactive in two or more individuals, including

sequences from nsp2, exonuclease (ExoN), and the RdRp, are
listed in Table 2. Lastly, we identified two

peptides from the M protein (M_161–199

and M_181–219, which overlap by 19

aa), each present in one individual, and

one peptide from ORF3a (ORF3a_237–

274), present in one individual.

At the time of writing, several con-

cerning SARS-CoV-2 variants have
emerged and threaten efforts to curb viral spread and escape

from immunity. Mutations present in circulating variants could

prevent antibodies produced by vaccination or natural infec-

tion from binding their cognate epitopes. To evaluate whether

the epitopes identified in our phage display assay contained

sites with high incidence of mutation, we harnessed existing

mutation frequency data from the Nextstrain database to eval-

uate the median and maximum entropy across all amino acids

in the epitopes listed in Table 2 (Hadfield et al., 2018). We

identified one epitope from the S protein (S_661–699) and

three from the N protein (N_161–199, N_201–239, and

N_221–259) with an entropy > 0.2, which corresponds to the

top 99th percentile (Figure S4). This suggests that viral evolu-

tion could impact antibody recognition of these epitopes. We

also cross-referenced the top epitopes identified in our assay

with known mutations in four SARS-CoV-2 variants that are

currently of high concern: B.1.1.7, B.1.351, P.1, and

CAL.20C (Table 2, ‘‘Variant mutation site’’ column) ((Faria

et al., 2021); Galloway et al., 2021; Tegally et al., 2020; Zhang

et al., 2021). Several sites of mutation from the S and N pro-

teins found in B.1.1.7, B.1.351, and P.1 were present in com-

mon epitopes identified here, but no variant mutations from

ORF1ab overlapped with key epitopes from our analysis.

Additionally, no sites found in the CAL.20C variant were tar-

geted by antibodies in our phage display assay.
Cell Reports 35, 109164, May 25, 2021 5



Figure 4. SARS-CoV-2 epitope profiles for

dominant antigens

(A–C) Location of significantly enriched epitopes

across the S protein (A), N (B), and ORF1ab (C).

Profiles for patients with COVID-19 are highlighted in

gray (moderate/severe COVID-19) and purple

(mild COVID-19). The remaining profiles are from

SARS-CoV-2-unexposed individuals with confirmed

endemic HCoV exposure (yellow) or healthy in-

dividuals (colorless). Log(mlxp) values are indicated

by the red gradient, shown to the right of the maps.

Protein domain architecture for each antigen is

above the heatmap, with amino acid positions

indicated.

Article
ll

OPEN ACCESS
SARS-CoV-2 cross-reactivity with other HCoVs in
unexposed individuals and individuals with COVID-19
Cross-reactivity in the viral antibody response can drive host im-

munity, complicate diagnostics and surveillance, and potentiate

negative outcomes such as antibody-dependent enhancement.

We sought to identify cross-reactive sequences between SARS-

CoV-2 and other HCoVs in two ways: (1) we examined whether

SARS-CoV-2 sequences were enriched in pre-pandemic,

SARS-CoV-2-unexposed individuals, and (2) we examined
6 Cell Reports 35, 109164, May 25, 2021
whether non-SARS-CoV-2 endemic HCoV

sequences were enriched in individuals

with COVID-19.

In pre-pandemic, unexposed individ-

uals, we found four SARS-CoV-2 peptides

with significant enrichment (Figure 5A).

One cross-reactive sequence, found in

the N protein (N_1–39), was detected in

a sample with RT-PCR-confirmed prior

endemic CoV infection, although the

precise CoV species at the time of sam-

pling was unknown. We identified two

cross-reactive peptides from ORF1ab

(ORF1ab_1,801–1,839 from the PL-PRO

protein and ORF1ab_6,481–6,520 from

the RdRp protein), which shared �35%–

47% and �46%–64% amino acid

sequence identity with commonly circu-

lating HCoVs, respectively (Figure 5A).

Finally, we found a fourth cross-reactive

peptide from the S1 subunit of the S pro-

tein, S_21–59, which shared only �17%

identity with HCoV-NL63 but 35.7% iden-

tity with HCoV-OC43 (Figures 5A and S3).

These peptides all exhibited significantly

more homology with SARS-CoV and bat

SARS-like coronavirus (bat-SL-CoV), but

these viruses are unlikely to have been

the source of the antibody response

because of the demographics associated

with these individuals. Importantly, our

population of pre-pandemic individuals

was small, and additional studies using

larger cohorts will be critical in further
defining and functionally characterizing cross-reactive re-

sponses with SARS-CoV-2 in unexposed individuals.

Next, we considered non-SARS-CoV-2 sequences (those

from endemic HCoVs) that were enriched in individuals with

COVID-19. Interestingly, we found considerable reactivity

among all of the HCoVs in COVID-19 samples, suggesting either

cross-stimulation of memory B cells from a prior HCoV exposure

or cross-reactivity to antibodies generated by SARS-CoV-2

infection (Figure 5B). Similar to SARS-CoV-2 epitopes,



Table 2. Top SARS-CoV-2 epitopes present in two or more individuals

Protein Amino acids Sequence

Number of

COVID-19

samples/19

Number of

unexposed

samples/7

Mutation

(variant)

Spike (S)

S 1,121–1,159a FVSGNCDVVIGIVNNTVYDPLQPELDSFKEELDKYFKNH 16 0

S 1,141–1,179a LQPELDSFKEELDKYFKNHTSPDVDLGDISGINASVVNI 16 0

S 801–839a NFSQILPDPSKPSKRSFIEDLLFNKVTLADAGFIKQYGD 15 0

S 541–579 FNFNGLTGTGVLTESNKKFLPFQQFGRDIADTTDAVRDP 13 0 A570D (B.1.1.7)

S 621–659 PVAIHADQLTPTWRVYSTGSNVFQTRAGCLIGAEHVNNS 4 0 H655Y (P.1)

S 661–699 ECDIPIGAGICASYQTQTNSPRRARSVASQSIIAYTMSL 4 0 P681H (B.1.1.7)

S 761–799 TQLNRALTGIAVEQDKNTQEVFAQVKQIYKTPPIKDFGG 4 0 T761I (B.1.1.7)

S 281–319 ENGTITDAVDCALDPLSETKCTLKSFTVEKGIYQTSNFR 3 0

S 521–559 PATVCGPKKSTNLVKNKCVNFNFNGLTGTGVLTESNKKF 3 0

S 561–599 PFQQFGRDIADTTDAVRDPQTLEILDITPCSFGGVSVIT 3 0 A570D (B.1.1.7)

S 641–679 NVFQTRAGCLIGAEHVNNSYECDIPIGAGICASYQTQTN 3 0 H655Y (P.1)

S 781–819 VFAQVKQIYKTPPIKDFGGFNFSQILPDPSKPSKRSFIE 3 0

S 1,161–1,199 SPDVDLGDISGINASVVNIQKEIDRLNEVAKNLNESLID 3 0

S 1,235–1,273 CCMTSCCSCLKGCCSCGSCCKFDEDDSEPVLKGVKLHYT 3 0

S 21–59b RTQLPPAYTNSFTRGVYYPDKVFRSSVLHSTQDLFLPFF 1 1 P26S (P.1)

S 261–299 GAAAYYVGYLQPRTFLLKYNENGTITDAVDCALDPLSET 2 0

S 301–339 CTLKSFTVEKGIYQTSNFRVQPTESIVRFPNITNLCPFG 2 0

Nucleocapsid (N)

N 141–179 TPKDHIGTRNPANNAAIVLQLPQGTTLPKGFYAEGSRGG 8 0

N 161–199 LPQGTTLPKGFYAEGSRGGSQASSRSSSRSRNSSRNSTP 8 0

N 201–239 SSRGTSPARMAGNGGDAALALLLLDRLNQLESKMSGKGQ 7 0 S235F (B.1.1.7)

T205I (B.1.351)

N 381–419 ALPQRQKKQQTVTLLPAADLDDFSKQLQQSMSSADSTQA 7 0

N 1–39b MSDNGPQNQRNAPRITFGGPSDSTGSNQNGERSGARSKQ 4 1 D3L (B.1.1.7)

N 21–59 SDSTGSNQNGERSGARSKQRRPQGLPNNTASWFTALTQH 3 0

N 221–259 LLLLDRLNQLESKMSGKGQQQQGQTVTKKSAAEASKKPR 3 0 S235F (B.1.1.7)

N 341–379 DKDPNFKDQVILLNKHIDAYKTFPPTEPKKDKKKKADET 3 0

N 241–279a QQGQTVTKKSAAEASKKPRQKRTATKAYNVTQAFGRRGP 2 0

ORF1ab

ORF1ab 1,801–1,839b ESPFVMMSAPPAQYELKHGTFTCASEYTGNYQCGHYKHI 4 2

ORF1ab 1,961–1,999 PDLNGDVVAIDYKHYTPSFKKGAKLLHKPIVWHVNNATN 4 0

ORF1ab 741–779 FLEGETLPTEVLTEEVVLKTGDLQPLEQPTSEAVEAPLV 2 0

ORF1ab 5,961–5,999 EGLCVDIPGIPKDMTYRRLISMMGFKMNYQVNGYPNMFI 2 0

ORF1ab 4,481–4,519b LLKDCPAVAKHDFFKFRIDGDMVPHISRQRLTKYTMADL 1 1
aPredicted cross-reactive peptides with high homology to other HCoVs (Figure 6).
bCross-reactive peptides present in SARS-CoV-2-unexposed samples.
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responses in other HCoVs in patients with COVID-19 were

mainly found in S, N, and ORF1ab (Figure 5B). The strong re-

sponses to S, N, and ORF1ab in MERS-CoV and SARS-CoV

suggest that a portion of the cross-reactive responses we

observe are unlikely to result from restimulation of B cells given

the low likelihood of prior infections with these HCoVs in our

sample population.

Within the S protein of non-SARS-CoV-2 HCoVs, the majority

of significant epitopes were localized to the S2 subunit, which

is consistent with higher degrees of sequence homology in
S2 versus S1 among HCoVs (Figure S5) (Jaimes et al., 2020).

In individuals with COVID-19, responses near the FP and HR2

regions were common across HCoVs, similar to responses

seen in SARS-CoV-2. The number of responses in these re-

gions tended to reflect the phylogenetic distance between

SARS-CoV-2 and the corresponding HCoV. For example, re-

sponses to both the FP and HR2 were common in SARS-

CoV, MERS-CoV, HCoV-OC43, and HCoV-HKU1, which are

all species from the Betacoronavirus genus (Figures S5A,

S5B, S5E, and S5F). Conversely, S2 responses were mainly
Cell Reports 35, 109164, May 25, 2021 7



Figure 5. SARS-CoV-2 cross-reactivity in

two populations, SARS-CoV-2 unexposed

and COVID-19

(A) Four SARS-CoV-2 epitopes that were reactive

in unexposed/pre-pandemic individuals are shown

on the vertical axis. The heatmap displays the

percentage of amino acid conservation after local

alignment with representative strains of the other

circulating CoVs in the pan-CoV phage library.

(B) Stacked bar plots showing CPM (cpm) for

peptides from each of the viral proteins on the y

axis for each of the six non-SARS-CoV-2 HCoVs in

the phage library. Colors represent individual

samples, as indicated by the legend on the right.

Representative endemic HCoV strains used in

(A) and (B) are OC43_SC0776, HKU1_Caen1,

229E_SC0865, and NL63_ChinaGD01. Protein

names on y axes are identical to GenBank entries

for each viral protein (see STAR Methods).
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isolated to the FP region in alphacoronavirus species HCoV-

229E and HCoV-NL63 among people with COVID-19 (Figures

S4C and S4D).

To identify cross-reactive HCoV/SARS-CoV-2 sequence pairs

with particularly high homology, we conducted local pairwise

alignments using the top hits from all HCoVs (including SARS-

CoV-2) in individuals with COVID-19 (Figures 6A and S6). This

approach served to (1) restrict assessment of sequence homol-

ogy to only those sequences that were enriched in our cohort

and (2) identify minimal epitopes among conserved sequences.

Using an alignment score cutoff of 55, we identified multiple

SARS-CoV-2 peptides with high sequence similarity to SARS-

CoV, as expected, given the higher genome-wide sequence sim-

ilarity between SARS-CoV and SARS-CoV-2 (Figure 6B). In the

context of SARS-CoV-2, we found two HCoV/SARS-CoV-2

sequence pairs with high homology in the S protein. SARS-

CoV-2 residues S_813–839 span the FP domain and shared

100% sequence identity across five amino acids found in the be-

tacoronaviruses HCoV-HKU1 and HCoV-OC43. Residues

S_1,143–1,158, just upstream of the SARS-CoV-2 HR2 region,

shared 100% sequence identity across six amino acids found

in HCoV-OC43 (Figures 6C and S3). Finally, we identified a pair

of reactive sequences from the N protein (N_257–279 in SARS-
8 Cell Reports 35, 109164, May 25, 2021
CoV-2) with high homology to HCoV-

OC43 (Figure 6C). Interestingly, none of

the ORF1ab peptides that were signifi-

cantly enriched among individuals with

COVID-19 in our study were highly

conserved between SARS-CoV-2 and

the other commonly circulating CoVs,

despite the higher degree of conservation

between HCoV ORF1ab sequences

(Figure 6B).

DISCUSSION

In this study, we profiled the humoral im-

mune response to SARS-CoV-2 proteins
in individuals with COVID-19 using phage display to capture

linear immunogenic peptides spanning the entire viral proteome.

By screening epitopes based on binding to SARS-CoV-2 protein

sequences, we isolated epitopes with potential for neutralizing

and non-neutralizing activity. We identified S, N, and ORF1ab

from SARS-CoV-2 as highly immunogenic and isolated impor-

tant regions at the epitope level.

SARS-CoV-2 epitopes stemming from the S protein were

present in the highest density of patients with COVID-19. We

identified 17 epitopes within the S protein that were present

in two or more individuals, spanning both the S1 and S2 sub-

units, with some detected in >75% of individuals (S_1,121–

1,179, S_801–839, and S_541–579). The breadth of antibody

responses along the length of the S protein (and the other

dominant ORFs) can be used to generate hypotheses about

the SARS-CoV-2 immune response. For example, four individ-

uals harbored antibodies targeting the S1/S2 cellular furin

cleavage site, suggesting that this region of the S protein

may be targeted when the SARS-CoV-2 virion is not yet

mature (Hoffmann et al., 2020). Despite evidence for potently

neutralizing antibodies targeting the S protein RBD, we did

not identify epitopes in this region, possibly due to the ten-

dency for RBD-directed antibodies to be conformational (Ju



Figure 6. Homology among significant HCoV/

SARS-CoV-2 sequence pairs in individuals

with COVID-19

(A) Unique peptide hits from all CoVs that were present

in two or more COVID-19 patient samples were sub-

jected to Smith-Waterman local alignment. Sequences

that were 100% identical between SARS-CoV-2 and

the other CoVs were not included in the analysis.

(B) Peptide pairs with alignment scores >55 (Figure S5)

were plotted to show percent identity. Peptide start

positions from SARS-CoV-2 are listed on the x axis,

and peptide start positions from the other human-

infecting CoVs are listed on the y axis. Green, blue, and

purple outlines match with the corresponding peptides

pairs shown in (C).

(C) Local sequence alignments for the high-scoring

peptide pairs in (B).
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et al., 2020); such epitopes would only be detected with the

phage display method if a large enough portion of the epitope

was linear and not glycosylated. However, we identified strong

antibody binding to a region flanking the RBD (S_541–579);

antibody interactions at this region could influence RBD

conformational changes during host cell binding. We found

that epitopes from the S protein were dominant in moderate/

severe COVID-19 samples versus mild COVID-19 samples,

suggesting a correlation between COVID-19 severity and S

protein epitope profile. This result coincides with recent evi-

dence for stronger and more broad responses to both the S

and N proteins in hospitalized COVID-19 patient samples

(Shrock et al., 2020).

We identified nine epitopes within the Nprotein that were reac-

tive in at least two individuals, four of which were present in at

least 35% of patients. The two most reactive N protein epitopes

were derived from the RNA-binding domain. Epitopes derived

from the nonstructural N protein may be the results of exposure

of the immune system to these antigens upon cell lysis, and if

they have activity, they are more likely to be non-neutralizing,

owing to their sequestration away from the viral surface. Howev-

er, their reactivity in our assay implies that the epitopes are

accessible to antibody binding and may be useful in informing

the design of new diagnostics. Epitopes isolated from ORF1ab

were the most variable across patients. Of the 46 unique

ORF1ab epitopes we identified, only 5 were present in two or

more individuals, suggesting that ORF1ab responses are highly

individual specific. The two most reactive ORF1ab epitopes
were positioned in the PL-PRO sub-protein,

an enzyme implicated in attenuating the

host innate immune response and viral repli-

cation (Shin et al., 2020). Finally, we identified

epitopes from the S and N proteins that

contain residues with exceptionally high

mutational entropy and a number of signifi-

cant epitopes containing sites of mutation in

the currently concerning variants B.1.1.7,

B.1.351, and P.1. These results suggest

that there is evolving selection for mutations

in the epitopes identified in this study. As
additional variants of concern evolve, it will be critical to evaluate

the functional consequences of mutations to residues in these

regions.

Our pan-CoV phage library contained sequences from all

seven human-infecting CoVs, allowing us to probe responses

across CoV species in COVID-19- and SARS-CoV-2-unexposed

individuals. Our small cohort of SARS-CoV-2-unexposed indi-

viduals showed cross-reactivity with four sequences from

SARS-CoV-2. This relatively weak response is consistent with

previous reports of minimal antibody responses that recognize

SARS-CoV in individuals infected with HCoV-OC43 or HCoV-

229E (Chan et al., 2005). Conversely, we found that patients

with COVID-19 had several antibodies that were reactive with

seasonal and highly pathogenic HCoVs and that these re-

sponses were focused to S, N, and ORF1ab sequences.

Cross-reactive binding to the S protein was concentrated on

the S2 subunit in individuals with COVID-19, and we identified

two highly conserved minimal epitopes near the FP and HR2 re-

gions of S2, both of which have been found to be neutralizing in

other cohorts (Li et al., 2020; Poh et al., 2020). Whether cross-

reactive antibodies affect immune responses during SARS-

CoV-2 infection is a major outstanding question in the field that

will require additional study. For example, the robust response

to endemic HCoVs in patients with COVID-19 raises the question

of whether the responses reflect stimulation of memory B cells

from a prior HCoV infection or if these sequences are simply

bound by newly generated SARS-CoV-2 antibodies. The poten-

tially cross-reactive epitopes identified here will provide a
Cell Reports 35, 109164, May 25, 2021 9



Article
ll

OPEN ACCESS
focused group of epitopes for studies using larger, longitudinal

cohorts of SARS-CoV-2-unexposed individuals or individuals

with specific endemic CoV diagnoses to define the prevalence

and function of these responses. These homologous sequences,

along with the cross-reactive sequences from unexposed indi-

viduals, may be valuable in future diagnostic and surveillance ef-

forts aimed at discrimination of HCoV serological profiles and

may inform studies assessing the possibility of antibody-medi-

ated cross-protection or disease enhancement.

Our study included a relatively small sample size, which limits

our conclusions regarding the frequency of responses or

whether there were differences in the response based on dis-

ease severity. Nevertheless, in light of the ongoing SARS-

CoV-2 pandemic, our data reveal viral proteome-wide antibody

binding signatures in patients with confirmed COVID-19. Given

the urgency for targeted SARS-CoV-2 vaccine and therapeutic

development and the importance of prospective surveillance to

detect the emergence of potential antibody escape variants, it

is absolutely essential that epitope-mapping studies be vali-

dated using multiple approaches. Indeed, our results nicely

converge with a number of other studies aimed at mapping the

epitope profiles of SARS-CoV-2 and together begin to provide

a comprehensive picture of the responses to this pandemic virus

(Amrun et al., 2020; Poh et al., 2020; Shrock et al., 2020).

Our phage-based profiling method, coupled with robust and

customized computational modeling of significantly enriched se-

quences, provides an important launch point for further charac-

terization of neutralizing, non-neutralizing, and cross-reactive

antibodies targeting SARS-CoV-2.
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Bacterial and Virus Strains

T7 Select 10-3b bacteriophage EMD Millipore Sigma Cat. #70014-3

Escherichia coli, strain BLT5403 EMD Millipore Sigma Cat. # 70548-3

Biological samples

COVID-19 patient plasma and sera This paper See Tables 1 and S1

Healthy human sera This paper See Table 1

Endemic HCoV positive plasma and sera This paper See Table 1

Chemicals, peptides, and recombinant proteins

FuGENE-6 Promega Cat. # E2692

Protein A Dynabeads Thermo Fisher Cat. # 10002D

Protein G Dynabeads Thermo Fisher Cat. # 10004D

Q5 High Fidelity 2X Master Mix NEB Cat. # M0492S

Critical commercial assays

QIAquick Gel Extraction Kit QIAGEN Cat. # 28704

AMPure XP Beckman Coulter Cat. # A63881

Quant-iT PicoGreen dsDNA Assay Kit Thermo Fisher Cat. # P7589

Bright-Glo Luciferase Assay System Promega Cat. # E2620

Deposited data

Demultiplexed Illumina sequencing reads This paper SRA: PRJNA72462

Experimental models: Cell lines

Human Embryonic Kidney (HEK293T) ATCC Cat. # CRL-11268

Human Embryonic Kidney cells expressing

human ACE2 (HEK293T-hACE2)

BEI Resources Cat. # NR-52511

Oligonucleotides

Oligonucleotide library FWD primer:

50 AATGATACGGCAGGAATTCTACGCTGAGT 30
Williams et al., 2019 N/A

Oligonucleotide library REV primer:

50 CGATCAGCAGAGGCAAGCTTGCTATCA 30
Williams et al., 2019 N/A

Illumina library prep primer, Round 1 FWD:

50 TCGTCGGCAGCGTCTCCAGTCAGGTG

TGATGCTC 30

Williams et al., 2019 N/A

Illumina library prep primer, Round 2 REV:

50 GTGGGCTCGGAGATGTGTATAAGAGAC

AGCAAGACCCGTTTAGAGGCCC 30

Williams et al., 2019 N/A

Illumina library prep primer, Round 2 FWD:

50 AATGATACGGCGACCACCGAGATCTAC

ACNNNNNNNNTCGTCGGCAGCGTCTCCAGTC 30

Williams et al., 2019 N/A

Illumina library prep primer, Round 2 REV:

50 CAAGCAGAAGACGGCATACGAGATNNN

NNNNNGTCTCGTGGGCTCGGAGATGTGTA

TAAGAGACAG 30

Williams et al., 2019 N/A

Custom Illumina sequencing primer: 50 GCT

CGGGGATCCGAATTCTACGCTGAGT 30
Williams et al., 2019 N/A

Recombinant DNA

HDM-SARS2-Spike-delta21 plasmid Addgene Cat. # 155130

Luciferase-IRES-ZsGreen plasmid BEI Resources Cat. # NR-52516
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HDM-Hgpm2 gag/pol lentiviral helper plasmid BEI Resources Cat. # NR-52517

pRC-CMV-Rev1b plasmid BEI Resources Cat. # NR-52519

HDM-tat1b plasmid BEI Resources Cat. # NR-52518

Software and algorithms

Geneious R11 https://www.geneious.com N/A

Prism 9 https://www.graphpad.com N/A

Nextflow Di Tommaso et al., 2017 https://github.com/matsengrp/pan-

CoV-manuscript

Bowtie Langmead et al., 2009 N/A

samtools-idxstats Li et al., 2009 N/A

xarray Hamman and Hoyer, 2017 N/A

phip-stat Laserson Lab https://github.com/lasersonlab/phip-stat

scipy.optimize Virtanen et al., 2020 N/A

pairwise2 Cock et al., 2009 N/A

RStudio https://www.rstudio.com N/A
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Julie Over-

baugh (joverbau@fredhutch.org).

Materials availability
The pan-CoV phage display library developed in this study is available on request. All other reagents have been previously deposited

to Addgene or BEI (see key resources table).

Data and code availability
Original sequencing data have been deposited to SRA: PRJNA724692. The Nextflow pipeline used to align sequencing reads to the

pan-CoV reference library and conduct downstream sample curation and analysis is available at https://github.com/matsengrp/

pan-CoV-manuscript. The phip-stat Python package used to implement the Gamma-Poisson mixture model can be found at

https://github.com/lasersonlab/phip-stat.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects
All patients with mild COVID-19 were outpatients, not requiring hospitalization. Patients with moderate/severe COVID-19 were hospi-

talized and a range of clinical outcomes were documented, ranging from supplemental oxygen, intubation and death. Additional sam-

ple demographic information is found in Tables 1 and S1. Prior to study initiation, the University of Washington IRB (Seattle, Washing-

ton) approved the protocol, and concurrent approvals were obtained from the Fred Hutchinson Cancer Research Center. All samples

were heat-inactivated at 56�C for 60minutes prior to short-term storage at 4�Cor long-term storage at�80�C. Two additional endemic

HCoV positive, and threemildCOVID-19 sampleswere tested in the phage display assay but were not included in the global fit because

of poor in-assay technical replicate correlation or poor correlation between experiments conducted using Library 1 and Library 2.

Cell lines
HEK293T (ATCC, Cat. # CRL-11268) and HEK293T-hACE2 (BEI, Cat. # NR-52511) cells were maintained in DMEM supplemented

with 10% fetal bovine serum, 2 mM L-glutamine, and penicillin/streptomycin/fungizone. Seeding density and plating procedures

for pseudovirus production and neutralization assays are described below.

METHOD DETAILS

Production of SARS-CoV-2 Spike protein pseudotyped lentivirus
Pseudotyped lentiviral particles expressing SARS-CoV-2 Spike protein were produced and titered as previously described (Crawford

et al., 2020). HEK293T cells were seeded at a density of 53 105 cells per well in 6-well plates containing DMEM (supplemented with
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10% fetal bovine serum, 2 mM L-glutamine, and penicillin/streptomycin/fungizone). After incubating for 16-25 hours, cells were

transfected using FuGENE-6 (Promega) with the Luciferase_IRES_ZsGreen backbone, the Gag/Pol-, Rev-, and Tat lentiviral helper

plasmids, and a plasmid containing the codon-optimized Spike sequence from the Wuhan-Hu-1 strain. The Spike sequence con-

tained a 21 amino acid deletion at the cytoplasmic tail (also known as HDM_Spikedelta21). After incubating for 24 hours, we replaced

media with fresh supplemented DMEM. Between 50-60 hours post-transfection, viral supernatants were collected, filtered through a

0.22mSteriflip filter and stored at�80�C. To titer pseudovirus, 1.253 104HEK293T cells expressing ACE2were plated in a volumeof

50 uL in 96-well black-walled plates and incubated for 16-24 hours before addition of 100 uL viral supernatant to each well. Pseu-

dovirus supernatants were diluted 1:10 in supplemented DMEM, followed by seven 2-fold serial dilutions. Each dilution was run in

duplicate. Sixty hours after infection, 100 uL of media was removed from each well and 30 uL of Bright-Glo reagent (Promega)

was added. Relative luciferase units (RLU) were then measured on a LUMIstar Omega plate reader.

Neutralization assays
Neutralization assays using pseudotyped lentivirus particles expressing wild-type SARS-CoV-2 Spike protein were carried out as

previously described (Crawford et al., 2020). Briefly, 1.25e4 HEK293T cells expressing the ACE2 receptor were seeded into 96-

well black walled plates. HEK293T cells with no ACE2 were also seeded into multiple wells as controls. After 12 hours, 3-fold

plasma/serum dilutions were prepared in a separate plate with supplemented DMEM beginning at 1:20, and up to 1:14580 for a total

of seven dilutions in a final volume of 60 uL each. Virus was diluted to a concentration corresponding to 23 105 RLU/well at a volume

of 60 uL. 60 uL virus was added to plasma and preincubated for 1 hour at 37�C. 100 uL of virus/plasmamix was then transferred to the

cell plate. 60 hours post-infection, 100 uL of media was removed from each well and 30 uL of Bright-Glo reagent was added. After a

two minute incubation, RLU was measured on a LUMIstar Omega plate reader. Two plasma-free wells were included on each row of

the assay plate and were used to calculate the fraction infectivity by dividing luciferase readings from wells with plasma by the

average of the two plasma-free wells in the same row. Neutralization titers (NT50) were calculated with Prism (Graphpad) using

an [Inhibitor] versus response curve with top and bottom parameters constrained to 1 and 0, respectively.

Pan-CoV phage display library construction and immunoprecipitation
Epitopemapping via phage display and immunoprecipitation was carried out essentially as previously described (Mohan et al., 2018;

Williams et al., 2019). An oligonucleotide pool was generated from 17 CoV protein coding sequences retrieved fromGenBank: OC43-

SC0776 (MN310478), OC43-12689/2012 (KF923902), OC43-98204/1998 (KF530069), 229E-SC0865 (MN306046), 229E-0349

(JX503060), 229E-932-72/1993 (KF514432), NL63-ChinaGD01 (MK334046), NL63-Kilifi_HH-5709_19-May-2010 (MG428699),

NL63-012-31/2001 (KF530105), NL63-911-56/1991 (KF530107), HKU1-SI17244 (MH90245), HKU1-N13 genotype A (DQ415909),

HKU1-Caen1 (HM034837), MERS-KFMC-4 (KT121575), SARS-Urbani (AY278741), SARS-CoV-2-Wuhan-Hu-1 (MN908947), bat-

SL-CoVZC45 (MG772933). Multiple strains of the endemic CoVs were selected to cover a wide range of circulation chronology using

the Nextstrain database (Hadfield et al., 2018). A single HIV-1 envelope sequence was also included for controls (BG505.W6.C2,

DQ208458).

Bacterial codon-optimized oligonucleotide libraries were designed using the Python script available at https://github.com/

jbloomlab/phipseq_oligodesign. During the design process, viral protein coding sequences were reverse translated to DNA in 39

amino acid tiles with 19 amino acid overlaps. Adaptor sequences (50: AGGAATTCTACGCTGAGT and 30: TGATAGCAAGCTTGCC)

were added. Two separate oligonucleotide pools with equivalent design were commercially synthesized (Twist Biosciences). The

libraries were PCR amplified using in-house primers (FWD: AATGATACGGCAGGAATTCTACGCTGAGT and REV: CGATCAGCAGA

GGCAAGCTTGCTATCA), digested, cloned into the T7Select 10-3b Vector, packaged in T7 phage and amplified according to manu-

facturer instructions (EMD Millipore).

For phage immunoprecipitation, 1.1 mL 96-deep-well plates (CoStar) were blocked with 3% BSA in TBST (Tris-buffered saline-

Tween) by rocking overnight at 4�C. Amplified phage library was diluted in Phage Extraction Buffer (20 mM Tris-HCl, pH 8.0,

100 mM NaCl, 6 mM MgSO4) to reach 2x105-fold phage representation (1.33x109 PFU/mL for a phage library containing 6,659 se-

quences) and added to each well at a volume of 1 mL. We estimated plasma and serum IgG concentrations to be 10 ug/uL (Mabuka

et al., 2012) and added 10 ug of each sample to the diluted phage library in duplicate for a total of two technical (within-assay) rep-

licates per experiment. Serum/plasma antibodies were allowed to bind to the phage library by rocking at 4�C for 20 hours. To account

for non-specific interactions during the immunoprecipitation step, we prepared multiple wells with no serum and only phage library

(‘‘mock’’-immunoprecipitations) and treated them to the same rocking procedure. To immunoprecipitate phage-antibody com-

plexes, 40 uL of a 1:1 mixture of protein A and protein G magnetic Dynabeads (Invitrogen) was added to each well and rocked at

4�C for 4 hours. Dynabeads were then isolated using a magnetic plate, washed three times in 400 uL of wash buffer (50 mM Tris-

HCl, pH 7.5, 150 mM NaCl), 0.1% NP-40), and resuspended in 40 uL of water. Dynabead-bound phage were lysed by incubating

samples at 95�C for 10 minutes and stored at �20�C prior to Illumina library preparation.

Illumina library preparation
Phage DNA was PCR-amplified with Q5 High-Fidelity DNA polymerase (New England Biolabs) in two rounds to produce Illumina

libraries containing adaptor sequences and barcodes for multiplexing. Round 1 PCRs were performed using 10 uL of resuspended,

lysed phage in a 25 uL reaction volume using primers R1_FWD (TCGTCGGCAGCGTCTCCAGTCAGGTGTGATGCTC) and R1_REV
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(GTGGGCTCGGAGATGTGTATAAGAGACAGCAAGACCCGTTTAGAGGCCC). Round 2 PCRswere performed using 2 uL of the Round

1 reaction in a 50 uL final volume with unique dual-indexed primers as previously described (Williams et al., 2019). Round 2 PCR prod-

ucts were quantified using Quant-iT PicoGreen according to manufacturer instructions (Thermo Fisher). Samples were pooled in equi-

molar quantities, gel purified, and submitted for sequencing on a MiSeq with 126 bp single-end reads.

QUANTIFICATION AND STATISTICAL ANALYSIS

Phage sequence alignment pipeline
An enrichmentmatrix was created by aligning all sequences to the pan-CoV reference library using a Nextflow data processing pipeline

(https://github.com/matsengrp/pan-CoV-manuscript) (Di Tommaso et al., 2017). The pipeline was initiated with metadata for all sam-

ples (including a path to the fastq reads) as well as the metadata for all peptides in the library. The processing steps were as follows: (1)

We built a Bowtie index from the peptidemetadata by converting themetadata to fasta format and feeding it into the bowtie-build com-

mand (Langmead et al., 2009). (2) We aligned each of the samples to the library using end-to-end alignment allowing for up to two mis-

matches. Each read was 125 base pairs long, and the low-quality end of the read was trimmed tomatch the reference length, 117 base

pairs, before alignment. (3) We extracted the peptide counts for each sample alignment using samtools-idxstats (Li et al., 2009). (4) All

individual counts information for each sample were merged into an enrichment matrix. The resulting dataset containing the enrichment

matrix, sample metadata, and peptide metadata was organized using the xarray package (Hamman and Hoyer, 2017).

Assessment of peptide significance using a Gamma-Poisson model
To determine significance of enriched peptides in the background of noise introduced by non-specific immunoprecipitation,

curated sample sets from two separate phage libraries were fit to a Gamma-Poisson mixture model in the phip-stat Python pack-

age provided by the Laserson Lab (https://github.com/lasersonlab/phip-stat). For simplicity, we focused our downstream ana-

lyses on one strain from each of the CoV species included in the phage libraries. We required samples to have (1) high technical

(in-assay) correlation and (2) high correlation in experiments conducted with phage libraries 1 and 2, in order to be included in the

fit. For each model fit, data frommock-IP controls were included with the patient sample data to better account for the abundance

and non-specific binding associated with each peptide in the phage library. To control for the variance in sequencing coverage

between samples, we first normalized all samples using counts factor method (Anders and Huber, 2010). This resulted in a normal-

ized raw counts matrix, M, with i peptides and j samples. The model assumes that each entry in the count matrix, for any given

peptide i, is sampled from a Poisson distribution with rate, li. Next, we assumed the prior distribution of any li is a Gamma dis-

tribution defined by a and b parameters. We used the scipy.optimize package (Virtanen et al., 2020) to infer maximum likelihood

estimates that would generate a set of mean normalized counts values across samples for each peptide, i. Given that the posterior

of the rate is also Gamma distributed, the posterior hyperparameters for each peptide, i, are given by the formulas a
0
i = a+

Pn

j =1

mi; j

and b
0
i = b+ n, where n is the number of samples . Because the gamma distribution is a conjugate prior for the Poisson, we get li =

a
0
i =b

0
i for each peptide. Finally, -log10(pval) (mlxp) values are by computed using the value of the tail of the Poisson distribution for

each normalized sample count at peptide, i.

False positive rate (FPR) estimation using HIV Env peptides
We observed quite extreme p values using the Gamma-Poisson approach (as well as using the Generalized Poisson approach in Lar-

man et al.[ 2011]), indicating that these p values were not well calibrated. Thus, the selection of peptides with significant binding affinity

was performed by applying a minimum threshold requirement on the mlxp, which was set based on using HIV peptides as a control.

Specifically, peptides derived from the HIV-1 envelopewere presumed not to truly bindwith SARS-CoV-2 antibodies, sowe used these

HIV-1 peptides to estimate the FPR for a threshold under consideration: the number of HIV-1 sample-peptide pairs above this threshold

divided by the total number of HIV-1 sample-peptide pairs in the library batch after the curation step. Hence, for each library batch, we

set the threshold to be the valuewhere 5%of theHIV-1 peptides havemlxp values above the threshold. In each library batch, therewere

a total 798 HIV-1 sample-peptide pairs. None of the HIV peptides have significant sequence homology with SARS-CoV-2 peptides.

Local sequence alignment
The similarity between SARS-CoV-2 and other CoV peptides was quantified by performing local alignment and then computing the

identical fraction: the fraction of matching amino acids at each position of the aligned subsequence. The Smith-Waterman algorithm

was applied with the BLOSUM62 cost matrix, a gap open penalty of 12, and a gap extension penalty of 3 (Smith and Waterman,

1981). We used the pairwise2 function of the Biopython software package to perform the alignment (Cock et al.).

Additional quantification and statistical analysis
Additional quantification and statistical analyses were performed in Prism (Graphpad). Plots were generated using R and Prism. Fig-

ure 1 was generated with BioRender. Additional sequence data analysis was conducted using Geneious R11.
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