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SUMMARY
Defining long-term protective immunity to SARS-CoV-2 is one of the most pressing questions of our time and
will require a detailed understanding of potential ways this virus can evolve to escape immune protection.
Immune protection will most likely be mediated by antibodies that bind to the viral entry protein, spike (S).
Here, we used Phage-DMS, an approach that comprehensively interrogates the effect of all possible muta-
tions on binding to a protein of interest, to define the profile of antibody escape to the SARS-CoV-2 S protein
using coronavirus disease 2019 (COVID-19) convalescent plasma. Antibody binding was common in two re-
gions, the fusion peptide and the linker region upstream of the heptad repeat region 2. However, escape mu-
tations were variable within these immunodominant regions. There was also individual variation in less
commonly targeted epitopes. This study provides a granular view of potential antibody escape pathways
and suggests there will be individual variation in antibody-mediated virus evolution.
INTRODUCTION

The global outbreak of a novel coronavirus, SARS-CoV-2, has

claimed over one million lives within just 1 year after the first de-

tected case (https://coronavirus.jhu.edu/map.html), with count-

less others experiencing long-term health problems after recov-

ering from infection. Vaccines to prevent SARS-CoV-2 spread

and treatments to reduce disease severity are currently under

rapid development, with many strategies relying on antibody-

mediated immunity. The main viral target of interest for vaccines

and antibody therapies against SARS-CoV-2 is the coronavirus

spike (S) protein, which decorates the surface of the virion and

mediates attachment and entry into host cells (Walls et al.,

2020). The S protein is composed of a trimeric assembly of

two subunits, S1 and S2, which are proteolytically cleaved at

the S1/S2 boundary. The S1 subunit contains an N-terminal

domain (NTD) and a receptor binding domain (RBD) within the

C-terminal domain (CTD). The S2 subunit contains the fusion

peptide (FP) along with two heptad repeat regions (HR1 and

HR2), separated by a linker region, responsible for driving viral

and host membrane fusion (Walls et al., 2017; Xia et al., 2020).

Binding of the S1 protein via the RBD to the human ACE2 recep-

tor is followed by proteolytic cleavage at the S20 site, which ex-

poses the FP and activates a series of conformational changes
resulting in membrane fusion (Belouzard et al., 2009; Fan et al.,

2020; Shang et al., 2020).

Neutralizing antibodies targeting the SARS-CoV-2 RBD have

been the main focus of vaccine strategies and antibody thera-

pies, as they block virus entry in cell culture (Pinto et al., 2020;

Wan et al., 2020; Wang et al., 2020; Wec et al., 2020) and prevent

infection or disease in some animal models (Hassan et al., 2020;

Rogers et al., 2020; Zost et al., 2020). However, the study of

other coronaviruses has illustrated that antibodies elicited by

infection can target epitope regions outside of the RBD. For

example, a number of neutralizing antibodies directed to regions

other than the RBD have been isolated from individuals infected

with the closely related viruses SARS-CoV and MERS-CoV

(Shanmugaraj et al., 2020). Recent SARS-CoV-2 studies of

serum antibodies from coronavirus disease 2019 (COVID-19) pa-

tients have led to the identification of neutralization activity

directed at linear epitopes found just downstream of the RBD,

overlapping the FP, and just upstream of HR2 in the linker region

(Li et al., 2020b; Poh et al., 2020). Thus, there may bemultiple re-

gions within the SARS-CoV-2 S protein that shape the viral im-

mune response.

While antibodies to the RBD are a logical initial focus for

studies of protective antibodies against SARS-CoV-2, it is

not yet known whether they are a correlate of protection for
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SARS-CoV-2 in humans. A limited understanding of protective

immunity is to be expected at the early stage in this new disease,

and a broad view is therefore prudent. In this regard, it is impor-

tant to note that studies from other viruses such asHIV and Ebola

have shown that non-neutralizing antibodies are an immune

correlate of protection in humans (Gunn et al., 2018; Haynes

et al., 2012; Milligan et al., 2015; Saphire et al., 2018). For

SARS-CoV-2, antibodies against the S protein likely perform

functions other than neutralization given that there is not a direct

correlation between the levels of binding to S protein and

neutralization titers (Robbiani et al., 2020). Given the incomplete

picture we have regarding immunity against SARS-CoV-2, it is

important to study the antibody response irrespective of function

and/or epitope in order to fill these knowledge gaps.

Given the rapid spread and amplification of SARS-CoV-2 in

the population and the high mutation rate of RNA viruses, vari-

ants that can evade the immune response are likely to arise.

There is strong evidence that immune selection drove the emer-

gence of escape mutants in the S protein of SARS-CoV (Sui

et al., 2008) and MERS-CoV (Kleine-Weber et al., 2019), raising

the possibility that the same could occur with SARS-CoV-2. Im-

mune selection may be further enhanced by a vaccine if it is not

fully protective, making understanding the potential escape

pathways of the virus critically important.

There are several recent studies that have examined the effect

of select mutations on serum antibody binding to SARS-CoV-2.

One study that assessed 82 S protein variants present in circu-

lating SARS-CoV-2 detected a few mutations that resulted in

decreased neutralization sensitivity (Li et al., 2020a). However,

only a small fraction of the potential mutations that could arise

on the S protein were tested. Another study harnessed the power

of deep mutational scanning (DMS) to capture a complete pic-

ture of the functional consequences of single mutations within

the RBD on protein expression, ACE2 binding, and monoclonal

antibody binding (Starr et al., 2020). However, no study has yet

examined the effect of the polyclonal antibody response on im-

mune escape across the S protein, which is the target in current

prophylactic and therapeutic strategies to combat COVID-19.

Previously we developed a comprehensive method of map-

ping escape mutations for HIV monoclonal antibodies, referred

to as Phage-DMS (Garrett et al., 2020). In Phage-DMS, a library

of all possible mutations to a protein is generated in peptide frag-

ments, which are expressed by phage. Complexes of antibodies

that bind the phage library are immunoprecipitated and

sequenced to determine the antibody-binding region(s) and the

mutations within that epitope region that disrupt binding.

Phage-DMS has several advantages: it is high-throughput, al-

lowing comparison among a large number of samples in parallel;

it can determine pathways of escape for both neutralizing and

non-neutralizing antibodies that bind to linear epitopes; and re-

sults using thismethod also correlate well withmutational effects

measured in other assays (Garrett et al., 2020). Here, we used

Phage-DMS to understand the spectrum of single mutations

on the S protein that could reduce antibody binding and thus

mediate escape from plasma antibodies found in COVID-19 pa-

tients. Using a Phage-DMS library displaying both wild-type and

mutant peptides tiling across the S protein, we identified a spec-

trum of single mutants that were capable of reducing antibody
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binding and found person-to-person variability in the effect of

mutations within immunodominant epitopes. In the arms race

between the humoral immune response and SARS-CoV-2, these

results allow us to predict pathways of escape and forecast the

appearance of escape mutants.

RESULTS

Generation of the Spike Phage-DMS library
In order to explore all amino acids (aa) that define the epitope of

antibodies directed toward the S protein of SARS-CoV-2, we

generated a Phage-DMS library designed to tile across the ecto-

domain of the S protein from the Wuhan Hu-1 strain (Figure 1)

(Wu et al., 2020). We also included DMS peptides generated in

the context of the D614G mutation, as clinical and in vitro evi-

dence suggests that this variant may have increased infectivity

as compared to the original Wuhan Hu-1 strain (Korber et al.,

2020). We computationally designed sequences coding for pep-

tides 31 aa long with the variable aa in the central position. To

achieve single-aa resolution of epitope boundaries, peptides

were designed to overlap by 30 aa. 24,820 unique peptides

were designed in total; the peptide library included wild-type

peptides that could be used to define the antibody epitope and

peptides with all possible mutations to determine those within

the defined epitope that disrupt or enhance antibody binding.

Two biological replicate libraries of these peptide sequences

were cloned as we have done previously (Garrett et al., 2020).

Deep sequencing of the final duplicate libraries (library 1 and li-

brary 2) indicated that each contained a high percentage of all

unique sequences (96.0% and 95.9%, respectively) (Figure S1).

Enrichment of immunodominant linear epitopes by
antibodies from COVID patients
We used the Spike Phage-DMS library to determine the pattern

of antibody binding in plasma from a cohort of 18 COVID-19 pa-

tients from the Hospitalized or Ambulatory Adults with Respira-

tory Viral Infections (HAARVI) study in the Seattle area collected

betweenMarch andMay 2020 (Table S1). Most patients hadmild

symptoms not requiring hospitalization, with the exception of

one patient (6) who had moderate symptoms and required sup-

plemental oxygen. Convalescent plasma was collected twice, at

approximately day 30 and day 60 post-symptom onset (p.s.o.;

Table S1).

To define the epitope region targeted by antibodies, we

examined the enrichment of wild-type peptides from the library.

We first calculated Pearson’s correlation coefficient for the

peptide enrichment values from each biological replicate

experiment. In general, samples with poor correlation between

replicate experiments were those that lacked reproducibly

strong antibody binding. The correlation ranged from 0.96 to

0.27, with three patients having no sample from either time

point above a correlation of 0.5 (Figure S2A). The latter three

cases (7, 16, and 17) were excluded from further analyses.

Paired samples taken from the same individual at 30 and

60 days p.s.o. had peptide enrichment values that were well

correlated, with a median correlation of 0.87, and were signifi-

cantly better correlated than randomly paired samples (p =

1.2e-09, Wilcoxon rank sum test), which had a median
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Figure 1. Schematic of the design of the

Spike Phage-DMS library

(A) Structure of the S protein and location of

important protein domains. Structure was made in

BioRender.com (PDB: 6VXX).

(B) Sequences were computationally designed to

code for peptides 31aa long and tile stepwise

across the Wuhan Hu-1 SARS-CoV-2 S protein

ectodomain by 1 aa. There are 20 peptides rep-

resenting all 20 possible aa at the central position

containing either the wild-type residue (shown in

black) or a mutant residue (shown in red). Within

the 31 aa region surrounding the D614Gmutation,

peptides were also generated with G614 in addi-

tion to the 20 aa variants at the central position.

(C) The designed sequences were cloned into a T7

phage display vector and amplified to create the

final S protein Phage-DMS library. This library was

then used in downstream immunoprecipitation

and deep sequencing experiments with human

plasma. See Figure S1 for distribution of se-

quences in the final library.
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correlation of 0.29 (Figure S2B). The correlation between paired

samples also tended to be stronger when the correlation be-

tween biological replicates, and therefore antibody binding,

was stronger (Figure S2C).

Wild-type peptides from two immunodominant regions,

which include the FP and upstream sequences spanning aa

809–834 as well as the linker region and N-terminal portion of

the adjacent HR2 domain spanning aa 1,140–1,168, were the

most enriched peptides (Figure 2). Peptide enrichment data

are also available in interactive form using the dms-view online

tool at https://github.com/meghangarrett/Spike-Phage-DMS/

tree/master/analysis-and-plotting/dms-view (Hilton et al.,

2020). Interestingly, while most patients showed enrichment

primarily within the linker region upstream of HR2, patient 5

showed strong enrichment of peptides from an epitope within

the HR2 domain itself. The enriched peptides included aa

1,167–1,191 and this epitope was unique compared to the

other 14 patients. We also observed cases where patient

plasma enriched peptides from a less common epitope, albeit
weakly, at both 30 and 60 days p.s.o.

Plasma from patient 12 enriched pep-

tides within a region of the NTD (aa

255–280), patient 15 enriched peptides

within both the RBD (aa 485–500) and

the region just downstream of the RBD

(aa 540–573), and patient 3 enriched

peptides in the region just upstream of

the S1/S2 cleavage site (aa 620–644)

(Figure 2). Because most patients did

not have antibodies that bound linear

peptides within the RBD, despite it being

a known target of antibodies, we

confirmed by ELISA that the patients

studied here indeed have plasma anti-

bodies that target RBD (Figure S3A).

This indicates that antibodies targeting
RBD bind to mainly conformational and/or glycosylated epi-

topes, which are missed by Phage-DMS.

To assess the potential neutralizing capability of these non-

RBD-targeting antibodies, we depleted the 30-day patient

plasma samples of RBD-binding antibodies and then performed

a neutralization assay with pseudotyped lentivirus expressing

the S protein (Crawford et al., 2020). We performed an ELISA

on the mock-depleted and RBD-depleted samples and found

very low (12.5% of mock) to undetectable (0% of mock) residual

RBD-binding activity (Figure S3A). We also performed an ELISA

against the S protein and found that RBD antibody depletion did

not affect binding to the S protein (Figure S3B), which is consis-

tent with other studies that have found that the majority of S-pro-

tein-binding antibodies target non-RBD epitopes (Greaney et al.,

2021; Piccoli et al., 2020). We then compared the neutralization

capacity of mock-depleted and RBD-depleted patient plasma

and found that a wide range (0% to 59%) of the neutralization ac-

tivity present in patient plasma is directed at non-RBD epitopes

(Figure S3D). While we did not find that enrichment of peptides
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Figure 2. Linear epitopes bound by COVID-19 patient plasma

Lines represent the enrichment of wild-type peptides from the Spike Phage-DMS library from individual plasma samples. Samples from convalescent COVID-19

patient plasma taken at approximately day 30 p.s.o. (top panel) or day 60 p.s.o. (bottom panel) are shown. Lines are colored by patient, with the key to the patient

IDs on the right (see Figure S2 for patient inclusion criteria). Grey boxes highlight immunogenic regions where enrichment was detected in at least one individual

across time points. Peptides that were included in the design, but absent from the phage library (see Figure S1), are shown as breaks in the line plots. A schematic

of S protein domains is shown above, with locations defined based on numbering used in: https://cov.lanl.gov/components/sequence/COV/annt/annt.comp.

See also Table S1 and Figures S3 and S4.
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within the FP or HR2 region correlated with residual neutraliza-

tion after depletion (Figure S3E), we did find that binding to the

S2 subunit did correlate with NT50 after depletion of RBD anti-

bodies (Figures S3C and S3F).We additionally confirmed that re-

sidual antibody binding to RBD after depletion was not associ-

ated with the neutralization activity remaining after RBD

depletion (Figure S3G). This suggests that antibodies targeting

the S2 subunit are at least partially responsible for the residual

neutralization activity in these cases.

Patient-to-patient variability in mutations that lead to
loss of antibody binding
To determine the effect of mutations on antibody binding to S

protein epitopes, we compared the relative enrichment of wild-

type peptides and mutant peptides within the epitopes defined

above. To quantify the effect of each aa on binding, we calcu-

lated the differential selection of mutant peptides versus wild-

type peptides and scaled this value by the strength of binding

to the wild-type peptide, as we have previously done for

Phage-DMS experiments; this measure is highly correlated

with the relative binding of individual mutant peptides by ELISA

(Garrett et al., 2020). Plotting the scaled differential selection

values for all mutants at each site in a heatmap allows for the

visualization of sites where mutations led to a detectable loss

(in red) or gain (in blue) of binding. The scaled differential

selection data for all patients is also available to view in logo

plot form at https://github.com/meghangarrett/Spike-Phage-

DMS/tree/master/analysis-and-plotting/dms-view.
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We generated heatmaps for four representative samples from

COVID-19 patients with strong enrichment. We did this for the

two immunodominant regions, FP and linker region/HR2, and

included paired day 30 and 60 p.s.o. samples (Figure 3 and 4).

We also examined the escape profiles within less common epi-

topes (Figure S4). While the effect of mutations seemed to be

consistent between paired patient samples, between individ-

uals, there was more heterogeneity in the specific escape pro-

files for each region, as follows.

FP region
Within the FP region, sites that led to reduced binding clustered

primarily within the 50 region of the FP itself, which spans from

sites S816 to F833 (Figure 3A). Some sites were similarly sensi-

tive between patients. For example, mutations at site 819 and

820 disrupted antibody binding to some extent in all of the pa-

tients shown and were the dominant escape positions for patient

8. In contrast, mutations in the adjacent site 818 appeared to

contribute to the epitope of some patient antibodies (1, 3, and

12), but not others (8). One interesting site that variably contrib-

uted to antibody binding is R815, which is upstream of the FP

cleavage site and thus would not be predicted to be present

on the post-cleavage form of S2. Antibodies from patient 3 and

12 both showed reduced binding to peptides with mutations at

this site; indeed, this was the dominant escape mutation for pa-

tient 3. Substitutions at this same aa position had amoremodest

impact on binding and only a few aa led to disruption for patient

8. In the case of patient 1, several mutations at site 815 had a
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Figure 3. Effect of mutations on binding by COVID-19 patient plasma within the FP region

Heatmaps depicting the effect of all mutations, as measured by scaled differential selection, at each site within the FP epitope for representative COVID-19

patients (numbered at top). Mutations enriched above the wild-type residue are colored blue, and mutations depleted as compared to the wild-type residue are

colored red. The intensity of the colors reflects the amount of differential selection as indicated to the right. The wild-type residue is indicated with a black dot. Line

plots showing the enrichment of wild-type peptides for each patient are shown above, with a solid line for the day 30 p.s.o. patient samples and a dashed line for

the day 60 p.s.o. patient samples. See Figure S5 for alignment of coronavirus FP sequences.
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positive differential selection value, suggesting they enhance

binding.

Not all mutations at each site were equally disruptive to

epitope binding, suggesting specific mutations rather than

removal of the wild-type aa per se may be more important for

escape. For example, addition of negatively charged aa at site

S816 led to loss of binding for patient 8, whereas addition of

small aa such as alanine or glycine at the same site had little to

no effect. We noted some cases where a mutation had a positive

differential selection value and thus presumably bound more

strongly than the wild-type SARS-CoV-2 sequence at that posi-

tion. We aligned the FP sequences for SARS-CoV-2 and human

endemic coronaviruses and found that somemutations selected

above wild-type were residues present in FP sequences from

other coronaviruses (Figure S5). For patient 12, a few mutants

at site 818, including I818L, had positive differential selection

values, and two coronaviruses (HKU1 and NL63) have a leucine

at position 818. In another instance, the N824S mutation had a

positive scaled differential selection value for all four samples

taken 60 days p.s.o., and we saw that NL63 and 229E both

have a serine at position 824.

Linker/HR2 region
Within the region surrounding HR2, we observed that most pa-

tients targeted an epitope spanning amino acids 1,123–1,162

within the linker region just upstream of the HR2 domain, with

contribution of residues within the N terminus of the HR2 domain

in some cases, while one patient targeted an epitope within the
HR2 domain itself (Figure 4). In addition to this individual variation

in the epitope boundaries, the mutations at different sites ex-

hibited marked variability between patients, as seen for the FP

epitope. An example of this variability can be seen among patient

antibodies targeting distinct epitopes within the linker region. In

this epitope, patient 13 exhibited sensitivity to mutations span-

ning 1,162 to 1,167, while this was not seen in the other patients.

There were also some cases where there were similarities in

escape profiles for patient antibodies targeting the same region.

For example, there was evidence that aa changes at sites 1,151

and 1,152 disrupted antibody binding in several patients. How-

ever, while mutations at site 1,151 disrupted antibody binding

for patients 9 and 18, they did not for the antibodies in patient 13.

In patient 5, where there was a distinct epitope within the HR2

domain, we observed unique sensitivity to mutations in sites

1,176 through 1,182 not found in any other patient. Like many

other plasma epitope profiles, mutations to the same site had a

variable effect. For example, at site 1,180, some mutations

improved binding (e.g., Q1180G), some reduced binding (e.g.,

Q1180L), and some had little to no effect (e.g., Q1180A). There

was no overlap in the sites that showed reduced binding in patient

5 and those that were negatively selected in patients 9, 13, or 18,

again suggesting that the linker region and HR2 domain epitopes

are distinct epitopes that have distinct pathways of escape.

Other regions
There was relatively less differential selection at regions outside

of the immunodominant epitopes, but the profiles nonetheless
Cell 184, 2927–2938, May 27, 2021 2931



Figure 4. Effect of mutations on binding by COVID-19 patient plasma within the linker/HR2 region

Heatmaps depicting the effect of all mutations, as measured by scaled differential selection, at each site within the linker region/HR2 epitope for representative

COVID-19 patients (numbered at top). Mutations enriched above the wild-type residue are colored blue and mutations depleted as compared to the wild-type

residue are colored red. The intensity of the colors reflects the amount of differential selection as indicated to the right. The wild-type residue is indicated with a

black dot. Line plots showing the enrichment of wild-type peptides for each patient are shown above, with a solid line for the day 30 p.s.o. patient samples and a

dashed line for the day 60 p.s.o. patient samples. Peptides missing from the library are shown as gray boxes in the heatmaps and as breaks in the line plots.
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provided evidence for some specificmutations that disrupt bind-

ing in epitopes in the NTD, RBD, and CTD just downstream of the

RBD (Figure S5). For example, within the NTD, positions span-

ning 264–269 in patient 12 disrupted binding, most notably mu-

tations from A to select aa (W, V, and I) at site 264. The escape

profiles for patient 15 suggests that changes at positions 491–

495 disrupt binding in the RBD epitope, while mutations at sites

550–553 and 558 disrupted binding within the CTD epitope for

this patient. For patient 3, the major effect on binding within

the CTD was at positions 628–634, most notably at aa 628 and

633. Although negative scaled differential selection values can

be seen at various other aa positions, in many of these cases,

the effects were weak and/or inconsistent across time points.

Identifying cases of stronger enrichment in these regions will

be necessary in order to better define the full spectrum of escape

mutations at these regions.

Most common circulating SARS-CoV-2 variants,
including D614G, are not predicted to escape antibody
binding
One question that arises from the escape profiles described

above is whether the mutations that disrupt antibody binding

identified here correlate with the global evolution of the SARS-

CoV-2 virus to-date. Using variant frequencies present in se-

quences from the global initiative on sharing avian influenza

data (GISAID) and reported at the http://cov.lanl.govcontent/

index website, we compared the naturally occurring diversity

of every site to the effect on antibody binding as found by
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Phage-DMS. For each patient and at each site, we averaged

the scaled differential selection value for all mutants and then

plotted this against the mutational entropy, which is a measure

of aa diversity (Figure 5A). Larger mutational entropy values indi-

cate more global diversity at that site, and sites with a mutational

entropy value of above 0.02 are flagged as sites of interest by the

Los Alamos National Laboratory (LANL) database.We found that

the majority of sites that led to loss of antibody binding when

mutated were not present at a high frequency in nature. Sites

within the immunodominant epitopes did not generally have

high mutational entropy, although for patients 13 and 15, there

were a few sites within the HR2 region that were both present

at high frequency in nature (mutational entropy > 0.02) and led

to loss of antibody binding when mutated. Averaging the scaled

differential selection values across all patients did not reveal any

sites that commonly lead to loss of antibody binding and are pre-

sent at high frequency (Figure S6).

Focusing on circulating variants that are rising in abundance

in the S protein ectodomain, we next examined the effect of

mutations at these sites as determined by Phage-DMS. We

selected the 20 most common mutations found in nature and

saw that these were located across the S1 and S2 proteins

and mostly were not found within the major immunodominant

regions identified here, with the exception of two mutations

that appear within the LR/HR2 region (Figure 5B). We examined

the scaled differential selection value of each natural variant for

all 60-day patient samples. In general, the variants found in the

global population did not show reduced binding to patient
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Figure 5. Predicted effects of commonly circulating S protein variants on antibody escape

(A) Scatterplot comparing the effect ofmutations on patient plasma antibody binding and the frequency of all circulating S protein variants. Themutational entropy

of every circulating protein variant, as reported at the http://cov.lanl.govcontent/index website and based on GISAID global sequencing, is plotted on the x axis.

The average of the scaled differential selection values for all mutants at each site is plotted on the y axis. Patient IDs are indicated on the top. Each site is colored

by its location, as indicated on the bottom. The dotted line denotes the cutoff (0.02) of mutational entropy that GISAID uses to determine variants of interest. Sites

with relatively high mutational entropy and scaled differential selection values are labeled. See Figure S6 for the average effect across all patients.

(B) Effect of mutant peptides representing commonly circulating S protein variants on binding to COVID-19 patient plasma. We selected sites with a mutational

entropy of greater than 0.02, as this is the cutoff used by LANL to determine sites of interest. On top are the 20 sites with the highest mutational entropy values,

and on the bottom are two selected sites that were noted as sites of antibody escape within immunodominant epitopes by Phage-DMS. On the right are the

mutations examined, named according to the wild-type amino acids, followed by the site number, followed by the mutant amino acids of interest. Mutations

chosen at sites of high mutational entropy represent the most common variant found in nature. The scaled differential values found by Phage-DMS for each

mutant peptide are shown as dots and are colored by patient as indicated to the left. Data are from samples taken day 60 p.s.o. SS, signal sequence; S2,

N-terminal region of S2; LR, linker region.
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Figure 6. Epistatic effects of D614G mutation on antibody binding

Enrichment values for paired mutant peptides made in either the wild-type Wuhan Hu-1 strain (on the left, D614) or D614G background (on the right, G614) for

each patient (numbered at top). All mutant peptides that contained site 614 were included in this analysis (spanning amino acids 599–629). Data are from samples

taken day 60 p.s.o. Wilcoxon paired signed-rank test was performed (n = 380 paired mutant peptides). The effect size for all patient samples was small (Wilcoxon

r < 0.3), except for patient 10, whose antibodies exhibited a moderate effect (Wilcoxon r = 0.46).
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plasma antibodies, with perhaps a modest effect for a few mu-

tations with individual patient samples. This contrasted with the

strong negative selection observed in the Phage-DMS screen

for mutations within the two immunodominant epitopes at po-

sition 819 and 1,156, two positions where there are not variants

rising in abundance in nature. However, the possibility remains

that sites of high mutational entropy could exist within confor-

mational epitopes, which are not generally displayed in phage

libraries.

Evidence for patient-specific epistatic effects of D614G
We were particularly interested in the S protein mutant D614G, a

variant that has emerged as the dominant circulating strain of

SARS-CoV-2. Because this library also contains peptides made

in the background of the D614G strain, we were able to test

whether this mutation could, through epistasis, interact with mu-

tations introduced at other sites on the same peptide and

together modify the ability of antibodies to bind. For all mutant

peptides that tiled across site 614, the enrichment of each pep-

tide made in the original Wuhan Hu-1 strain background (D614)

was compared against the enrichment of the corresponding pep-

tidemade in the background of theG614mutation.We found that

the presence of the D614G mutation significantly reduced the

ability of antibodies from patient 10 to bind to mutant peptides

in this region, with a moderate effect size (Figure 6; Wilcoxon

paired signed-rank test). In 8 out of the other 14 patients, there

was a statistically significant difference in the binding between

mutant peptideswith andwithout theD614Gmutation, but the ef-

fect sizes were all small. Occasionally, for example in the case of

patient 4, a mutation at one position (A609W) showed stronger

enrichment in the context of G614 as compared to D614.

Conversely, in the case of patient 1, one mutation (A609D) was

more enriched when accompanied by D614 as compared to

G614. In other cases, such as with patient 2, there was some se-

lective enrichment in both contexts.
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DISCUSSION

In this study, we tested all possible mutations on the S protein to

provide amap of escape pathwayswithin immunodominant linear

epitopes targeted by the plasma of convalescent COVID-19 pa-

tients. The responses within an individual were consistent over

time, but thereweremanyuniquepathwaysof escape thatdiffered

between individuals, even within the same epitope region. These

findings suggest that the pattern of virus evolution within the

growing pandemic is not likely to be driven by a single antibody

escape mutation, which may explain the lack of emergence of

circulating strains with mutations that disrupt antibody binding

identified here. Thus, the responses to a SARS-CoV-2 S protein

vaccine immunogen are not likely to be uniform, nor will the path-

ways of escape.

While others have defined the linear epitopes bound by anti-

bodies within COVID-19 patient serum (Jiang et al., 2020; Li

et al., 2020b; Poh et al., 2020; Shrock et al., 2020; Yi et al., 2020;

Zamecnik et al., 2020), there have been limited studies to deter-

minewhatmutationswithin these regionscould abrogateantibody

binding.One study that tested82circulatingSARS-CoV-2variants

showed that the few single mutations that did result in reduced

neutralization sensitivity were unique to each serum sample (Li

et al., 2020a), and our data support and extend the idea that anti-

body-binding sites and escape mutants vary greatly from person

to person. The lack of a singular escape signature within each im-

munodominant epitope also implies that a diverse repertoire of an-

tibodies targets these regions. This provides a functional context

for results of studies of SARS-CoV-2 S protein antibodies se-

quences from COVID-19 patients, which showed that no single

clone dominates the antibody response; rather, a diverse collec-

tion of variable heavy- and light-chain genes are used in different

individuals (Brouwer et al., 2020; Seydoux et al., 2020).

Our results also demonstrate the power of interrogating the

role of every possible aa at every site on the S protein.
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Mapping COVID-19 patient serum epitopes by alanine scan-

ning has helped identify sites of antibody binding by removing

important side-chain interactions (Shrock et al., 2020), but

studies with other viruses have shown that escape can be

mediated by mutations at sites not directly in contact with

the antibody via introduction of nearby charged or bulky aa

(Dingens et al., 2019; Doud et al., 2017; Patel et al., 2019).

This concept was evident in this study, for example within

the FP epitope for patient 8, where addition of negatively

charged aa led to escape at site S816, but addition of an

alanine did not. We were also able to examine the effects of

mutations in the context of the common circulating 614

variant, which we found did not itself drive escape from anti-

body binding. However, our data suggest that mutation

D614G does potentiate escape mutations at other positions

in at least one patient, highlighting the power of examining

combinations of mutations to better understand the increasing

global dominance of the D614G variant.

The FP and linker region/HR2 immunodominant epitopes pro-

filed in this study offer intriguing alternative targets for vaccine

design or immunotherapy that could complement efforts focused

on the RBD. S2 in general and the FP in particular are highly

conserved among coronaviruses, indicating the strong purifying

evolution acting in this region due to functional constraints. As

with other RNA viruses, this restricted mutational space likely

limits the virus’ ability to escape antibody binding (Domingo and

Holland, 1997; Keck et al., 2009; Kosik et al., 2018; Louie et al.,

2018). One study has found that the FP is a target of neutralizing

antibodies in SARS-CoV-2 patients (Poh et al., 2020), and these

antibodies could act by preventing protease-mediated cleavage

at the S20 site. Interestingly, we saw evidence of antibody binding

to sites upstream of the S20 site in some patients (3 and 12), but

not others (1 and 8), potentially indicating that antibodies to the

FP could bind during different stages of cell entry before or after

S20 cleavage. HR2 and the upstream linker region are both targets

of neutralizing antibodies in SARS-CoV-2 patients (Li et al.,

2020b), and a neutralizing antibody raised against the linker re-

gion from murine SARS-CoV infection has been shown to

cross-react with SARS-CoV-2 (Lip et al., 2006; Zheng et al.,

2020). Antibodies targeting the heptad repeat regions, which un-

dergo large conformational transformations in order to facilitate

membrane fusion, could neutralize by binding to the fusion inter-

mediate state. Interestingly, our data suggest that non-RBD-

directed neutralization correlates with S2 protein binding,

although it did not correlate specifically with either the FP or linker

region/HR2 enrichment measured by Phage-DMS. These more

conserved targets in S2 may be important for designing optimal

and durable vaccines, given that RBD has higher mutational

entropy, increasing the potential for immune escape from vac-

cine-induced antibodies. The mutational flexibility of the RBD is

supported by in vitro studies with RBD-targeting neutralizing

antibodies, which found that escape mutants in the RBD of

SARS-CoV-2 were rapidly selected (Baum et al., 2020).

There are several important caveats to the results we ob-

tained with Phage-DMS libraries. In general, phage libraries

display linear peptides and therefore miss antibodies that

bind to complex conformational epitopes or at best provide a

partial view of a linear portion of such epitopes. The strong
plasma binding response to RBD by ELISA but lack of enriched

RBD peptides demonstrates this limitation and indicates that

we are unable to make predictions about mutants in conforma-

tional epitopes on the RBD. Additionally, the peptide libraries

are amplified in bacteria and therefore lack glycans or other

post-translational modifications. While these Phage-DMS-

derived escape maps define mutations that could lead to loss

of antibody binding, it is unknown whether the virus would

tolerate mutations at those sites. In fact, a study examining

the effect of mutations within the SARS-CoV-2 RBD demon-

strated that many led to poor protein expression or loss of

function (Starr et al., 2020). Thus, for the antibody-targeting re-

gions described here, which are in more conserved functional

domains, the escape mutations should be further examined in

the context of their mutational tolerance.

These studies have defined common and variable escapemu-

tations across 18 COVID-19 patients that will be useful for viral

surveillance, particularly as SARS-CoV-2 S-protein-based vac-

cines are introduced into the population. In addition, the Spike

Phage-DMS library developed here could be useful for exam-

ining larger cohorts, potentially including those with variable clin-

ical outcomes and individuals of variable ages, to define whether

mutations that disrupt antibody binding vary in a systematic way

across populations and whether this is correlated with clinical

outcome or risk of reinfection.

Limitations of the study
This study focuses on defining the epitopes, including linear se-

quences, targeted by convalescent plasma in mild and moder-

ate cases of COVID-19. Specifically, because the Spike Phage-

DMS library displays only short linear peptides, this method is

generally not optimal for identifying the full epitope of anti-

bodies that rely on conformational presentation of the antigen.

The peptides displayed in a Phage-DMS library do not undergo

post-translational modification, and therefore, antibodies that

rely on binding to glycans and other similar moieties cannot

be defined using this method. The plasma samples used in

this study were taken relatively soon after infection and were

mostly taken from patients with mild infection not requiring hos-

pitalization. Thus, we may not have detected the full range of

possible responses to COVID-19.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CR3022 monoclonal antibody BEI Resources Cat. # NR-52392

Goat anti-human IgG-Fc horseradish

peroxidase (HRP)

Bethyl Labs Cat. # A80-104P, RRID:AB_10630432

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 convalescent plasma This paper See Table S1

Normal Human Serum, collected 03/2006 –

02/2009 and 05/2014 – 07/2015

Gemini Bioscience Cat. # 100-110, Lot # H87W00K

Chemicals, peptides, and recombinant proteins

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

SARS-CoV-2 RBD protein Roland Strong lab N/A

SARS-CoV-2 Spike protein Sino Biological Cat. # 40589-V08B1

SARS-CoV-2 S2 protein The Native Antigen Company Cat. # REC31807-100

SARS-CoV-2 (COVID-19) Spike protein

RBD-coupled magnetic beads

AcroBiosystems Cat. # MBS-K002

1-Step Ultra TMB-ELISA Substrate Solution ThermoFisher Cat. # 34029

Sulfuric Acid Solution, 1N Fisher Scientific Cat. # SA212-1

Fugene-6 Promega Cat. # E2692

Critical commercial assays

QIAquick Gel Extraction Kit QIAGEN Cat. # 28704

KAPA Library Quantification Kit KAPA Biosystems Cat. # KK4828

AMPure XP Beckman Coulter Cat. # A63881

Quant-iT PicoGreen dsDNA Assay Kit ThermoFisher Cat. # P7589

Bright-Glo Luciferase Assay System Promega Cat. # E2620

Deposited data

Demultiplexed Illumina sequencing reads This paper SRA: PRJNA715823

SARS-CoV-2 Wuhan Hu-1 complete genome Wu et al., 2020 NCBI GenBank: MN908947

Sarbecovirus Spike protein sequences NCBI NCBI GenBank: YP_009724390.1,

YP_009555241.1,

YP_173238.1, YP_003767.1, NP_073551.1

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

Recombinant DNA

Plasmid: HDM-SARS2-Spike-delta21 Addgene Cat. # 155130

Plasmid: Luciferase-IRES-ZsGreen BEI Resources Cat. # NR-52516

Plasmid: HDM-Hgpm2 gag/pol

lentiviral helper plasmid

BEI Resources Cat. # NR-52517

Plasmid: pRC-CMV-Rev1b BEI Resources Cat. # NR-52519

Plasmid: HDM-tat1b BEI Resources Cat. # NR-52518

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

Library pool primer, Fwd: 50

AATGATACGGCAGGAATTCTACGCTGAGT

30

Garrett et al., 2020 N/A

Library pool primer,

Rvs: 50

CGATCAGCAGAGGCAA

GCTTGCTATCA 30

Garrett et al., 2020 N/A

Illumina library prep primer, Round 1, Fwd:

50 TCGTCGGCAGCGTCTCCAGTCAGGTG

TGATGCTC 30

Garrett et al., 2020 N/A

Illumina library prep primer, Round 1,

Rvs: 50 GTGGGCTCGGAGATGTG

TATAAGAGACAGCAAGAC

CCGTTTAGAGGCCC

Garrett et al., 2020 N/A

Illumina library prep primer, Round 2,

Fwd: 50 AATGATACGGCGACCACC

GAGATCTACACNNNNNNN

NTCGTCGGCAGCGTCTCCAGTC 30

Garrett et al., 2020 N/A

Illumina library prep primer, Round 2,

Rvs: 50 CAAGCAGAAGACGGCATA

CGAGATNNNNNNNNGTCTC

GTGGGCTCGGAGATGTG

TATAAGAGACAG 30

Garrett et al., 2020 N/A

Custom Illumina sequencing primer: 50

GCTCGGGGATCCGAATTCTACGCTGAGT 30
Garrett et al., 2020 N/A

Software and algorithms

Python https://www.python.org/

DNAChisel (version 3.2.2) https://github.com/Edinburgh-

Genome-Foundry/DnaChisel

phip-flow Matsen Lab https://github.com/matsengrp/phip-flow

Nextflow https://www.nextflow.io/

Bowtie https://quay.io/biocontainers/

bowtie:1.2.2%5fpy36h2d50403_1

phippery Matsen Lab https://github.com/matsengrp/phippery

xarray http://xarray.pydata.org/en/stable/

SAMtools https://quay.io/biocontainers/

samtools:1.3%5fh0592bc0_3

R (version 4.0.2) https://www.R-project.org/

tidyverse https://www.tidyverse.org/

ggpubr https://github.com/kassambara/ggpubr

corrr https://github.com/tidymodels/corrr

cowplot https://github.com/wilkelab/cowplot/

scales https://github.com/r-lib/scales

rstatix https://github.com/kassambara/rstatix

coin http://coin.r-forge.r-project.org/

Custom code This paper https://github.com/meghangarrett/

Spike-Phage-DMS

Clustal Omega https://www.ebi.ac.uk/Tools/msa/clustalo/

GraphPad Prism version 9 GraphPad Software N/A

Other

Protein A Dynabeads Invitrogen Cat. # 10002D

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Protein G Dynabeads Invitrogen Cat. # 10004D

1.1 mL 96-deep-well polypropylene

U-bottom plate

BrandTech Cat. # 701350

Clear Flat-Bottom Immuno

Nonsterile 384-Well Plates

Thermo Scientific Cat. # 464718

Epoch plate reader Biotek N/A

Steriflip-GP Sterile Centrifuge Tube Top Filter Unit Millipore Sigma Cat. # SCGP00525

LUMIstar Omega plate reader BMG Labtech N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and request for reagents may be directed to the corresponding author Julie Overbaugh (joverbau@

fredhutch.org).

Materials availability
The data presented in this manuscript and research materials used in this study are available from the lead contact upon request.

Data and code availability
Sequencing data has been deposited to NCBI and are accessible under BioProject # PRJNA715823. The Nextflow pipeline, used to

align all sample reads to the reference library, is available at https://github.com/matsengrp/phip-flow. A custom python package

used for all downstream sample curation and analysis is available at https://github.com/matsengrp/phippery. All custom code

and input files used to (1) generate oligonucleotide sequences for the S protein Phage-DMS library, (2) run the alignment pipeline,

(3) analyze sequencing data for the experiments in this paper, and (4) to generate figures have been deposited at https://github.

com/meghangarrett/Spike-Phage-DMS. Data is available to explore using the dms-view website, hosted here: https://github.

com/meghangarrett/Spike-Phage-DMS/tree/master/analysis-and-plotting/dms-view.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects
Plasma samples were taken from non-hospitalized COVID-19 patients enrolled in the Hospitalized or Ambulatory Adults with Res-

piratory Viral Infections (HAARVI) study at the University ofWashington. Prior to study initiation, the following institutional human sub-

jects review committee approved the protocol: University of Washington IRB (Seattle, Washington, USA) and concurrent approvals

were obtained from the Fred Hutchinson Cancer Research Center for the current study. All plasma samples were heat-inactivated at

56�C for 1 hour before storage and use. Plasma samples were spun in a centrifuge for 10 min at 1,000 x g in order to clarify the su-

pernatant before use.

METHOD DETAILS

Design and generation of the Spike Phage-DMS library
To create a Phage-DMS library for the S protein of SARS-CoV-2 we used the sequence from the Wuhan Hu-1 strain (GenBank:

MN908947). Only the ectodomain of the S protein was included (aa 1-1211), excluding the transmembrane and cytoplasmic do-

mains. Additionally, in the region of the D614G variant of the Wuhan Hu-1 strain, we designed DMS peptides spanning positions

599 through 619 that also include the D614G mutation. Sequences were optimized for uniform GC content (to reduce later biases

during PCR amplification) and codon usage for expression in E. coli. GC and codon optimization was done using the Python package

DNAChisel (version 3.2.2), aiming for GC content of between 0.4 and 0.6 within a window of 100 nucleotides. After optimizing the

sequences, the two subunits of the S protein (S1 and S2) were then treated as separate proteins. Sequence coding for a glycine-

serine linker ([G4S]3) was added to the beginning and end of the sequence of each protein in order to ensure that the first amino

acid of the protein was located in the central position of the peptide. We then generated sequences coding for peptides 31 amino

acids long, tiling by 30 amino acids, and containing a single variable residue at the central position of the peptide. This resulted in

20 peptide sequences containing all possible mutations at each position along the proteins, with only one amino acid shift between

sequential peptides. Each sequence additionally had 50 and 30 adaptor sequences added to facilitate amplification and cloning (50:
AGGAATTCTACGCTGAGT, 30: TGATAGCAAGCTTGCC). After removing duplicate sequences, 24,820 unique sequences were
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synthesized by Twist Bioscience as an oligonucleotide pool. Two biological duplicate libraries were generated by independently

cloning the sequences into a T7 phage vector and then amplifying the phage, as we have done previously (Garrett et al., 2020). Pep-

tides are numbered by the corresponding S protein location of the amino acid in the central position of the peptide. Code used to

optimize and generate peptide sequences for the S protein Phage-DMS library can be found at https://github.com/

meghangarrett/Spike-Phage-DMS.

Immunoprecipitation of human plasma with Phage-DMS library
Immunoprecipitation of phage-antibody complexes was performed as previously described (Garrett et al., 2020; Mohan et al., 2018).

Briefly, deep 96-well plates were blocked with 3%BSA in Tris-buffered saline with 0.01% Tween (TBST) overnight at 4�C. The phage

library was diluted to a concentration representing 200,000 pfu/mL per unique peptide and 1 mL of the diluted phage was added to

each well. We assume that plasma IgG concentrations are about 10 ug/uL (Mabuka et al., 2012) and added 10 ug of each sample to

the appropriate wells. For every experiment, samples are run in technical duplicate on the same plate. Plates are sealed and rocked at

4�C for 18-20 hours. To immunoprecipitate the phage-antibody complexes we added 40uL of a 1:1mixture of Protein A and Protein G

Dynabeads to each well and incubated the samples for 4 hours at 4�C while rocking. Dynabeads were magnetically separated and

then beads were washed 3x with 400 uL wash buffer (150mMNaCl, 50mMTris-HCl, 0.1% [vol/vol] NP-40, pH 7.5). We resuspended

beads in 40 uL of water and then lysed bound phage at 95�C for 10 minutes. Additionally, we lysed 10-20 million phage from the

diluted input library to determine the distribution of phage in the starting library. Lysed samples were stored at�20�C before prepar-

ing for Illumina sequencing.

Illumina library preparation and deep sequencing
Lysed phage DNA from each sample was amplified and readied for Illumina deep sequencing by performing two rounds of PCR, as

previously described (Garrett et al., 2020). Each PCR reaction was performed using Q5 High-Fidelity 2X Master Mix. For the first

round of PCR, 10uL of lysed phage was used as the template in a 25 uL reaction. For the second round of PCR, 2 uL of the round

1 PCR product was then used as the template in a 50 uL reaction, with primers that add dual indexing sequences on either side of the

insert. PCR products were then cleaned using AMPure XP beads and eluted in 50 uL water. DNA concentrations were quantified via

Quant-iT PicoGreen dsDNA Assay Kit. Equimolar amounts of DNA from the samples, along with 10X the amount of the input library

samples, was pooled, gel purified, and the final library was quantified using the KAPA Library Quantification Kit. Pools were

sequenced on an Illumina MiSeq with 1x125 bp single end reads using a custom sequencing primer.

Depletion of RBD-binding antibodies from patient plasma
Depletion was performed as previously described (Greaney et al., 2021). In brief, magnetic beads conjugated with RBD protein were

washed in PBS with 0.05% BSA and resuspended at 1mg/mL. Beads and plasma were incubated together at a ratio of 1:3 plasma:

beads, and plasma was allowed to bind to beads overnight on a rotating rack at 4�C. Beads were then magnetically separated and

the plasma supernatant was used in downstream assays (accounting for the 1:4 dilution factor that occurred during depletion). A

mock depletion control for each plasma sample was also prepared in parallel, adding PBS with 0.05% BSA at a ratio of 1:3

plasma:buffer.

ELISA with RBD, Spike, and S2 proteins
ELISAs to test for plasma IgG binding to RBD, Spike, and S2 proteins were performed as previously described (Dingens et al., 2020;

Stadlbauer et al., 2020), with some modifications. 384 well ELISA plates were coated with 25 uL of recombinant protein at a concen-

tration of 2 ug/mL in phosphate buffered saline (PBS), with protein allowed to coat the wells overnight at 4�C. Plates were then

washed 4x with 100 uL of wash buffer (PBS with 0.01% Tween-20 [PBST]) and blocked with 100 uL of 3% nonfat dry milk for 2 hours

at room temperature. Block was then thrown off, and 25 uL of diluted plasma or antibody control was added to each well. Patient

plasma was diluted 1:100 (accounting for prior dilution made during RBD-antibody depletion) in wash buffer with 1% nonfat dry

milk and then four 3-fold serial dilutions were made, for a total of 5 dilutions. CR3022 was used as a positive control for RBD and

Spike andwas diluted to 1 ug/mL followed by nine 4-fold serial dilutions, for a total of 10 dilutions. Pooled plasma from the 18 patients

in this study was used as the positive control for S2 and was diluted 1:50 followed by nine 4-fold serial dilutions, for a total of 10 di-

lutions. Pooled plasma collected pre-pandemic was used as a negative control, and was treated the same as patient plasma. Plates

were incubated for 2 hours at 37�C and then samples were washed 4x with wash buffer. Goat anti-human IgG-Fc horseradish perox-

idase (HRP)-conjugated antibody was diluted 1:3000 in wash buffer containing 1% nonfat dry milk, and 25 uL was added to the plate.

After 1 hour at room temperature, plates werewashed 4xwith wash buffer and 25 uL of TMB substrate was added. After 15minutes at

room temperature, the reaction was stopped with 25 uL of 1N sulfuric acid and the OD450 was read on a BioTek Epoch plate reader.

After subtracting background signal from buffer-only wells, the area under the titration curve was calculated using log-transformed

dilution values in GraphPad Prism (v9).

Generation and titration of Spike pseudotyped lentivirus
We generated and determined the titers of pseudotyped lentivirus as previously described (Crawford et al., 2020). We used the

codon-optimized Spike sequence from the Wuhan-Hu-1 strain with a 21 amino acid deletion in the cytoplasmic tail (also known
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as HDM_Spikedelta21). HEK293T cells were first seeded at a density of 53 105 cells per well into 6-well plates with DMEM (supple-

mentedwith 10% fetal bovine serum (FBS), 2mM l-glutamine, and penicillin/streptomycin/fungizone). After 16 to 24 hours, cells were

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

plasmids, as well as the plasmid containing Spike. 24 hours after transfection, we removed themedia and replaced with fresh DMEM

complete. At 50-60 hours post transfection we collected viral supernatants, filtered through a 0.22 um Steriflip filter, and stored at

�80�C. To titer the viral supernatant, we plated 1.25 3 104 HEK293T-ACE2 cells per well in 50 uL in a 96-well black-walled plate

and incubated 16 to 24 hours before adding 100 uL of viral supernatant dilutions to each well. Viral supernatants were diluted

1:10 in DMEM complete followed by seven 2-fold serial dilutions, and each dilution series was run in duplicate. 60 hours post-infec-

tion we removed 100 uL of media from eachwell and added 30 uL of the Bright-Glo reagent, and then read the relative luciferase units

(RLU) on the LUMIstar Omega plate reader.

Neutralization assays
We performed neutralization assays as previously described (Crawford et al., 2020). We plated 1.253 104 HEK293T-ACE2 cells per

well in 50 uL in a 96-well black-walled plate and incubated for 12 hours before infecting. Virus was diluted to achieve a final concen-

tration of�200,000 to 500,000 RLU/well, which was determined by titering as described above. Starting at 1:20 (accounting for final

virus/plasma volume), six 3-fold serial dilutions of patient plasma, for a total of 7 dilutions, were made and then added to virus. The

virus/plasma mixture was incubated at 37�C for 1 hour and then 100 uL was added to the cells. At 60 hours post infection we

measured the RLU per well using the Bright-Glo reagent on the LUMIstar Omega plate reader. We calculated the fraction infectivity

of the antibody-containing wells by normalizing to a media-only (no plasma) well infected with the same diluted virus. We calculated

the neutralization titer 50% (NT50) using GraphPad Prism software by fitting a four-parameter nonlinear regression curve with the

bottom fixed at 0 and the top fixed at 1.

Multiple sequence alignment
Alignment of FP amino acid sequences from SARS-CoV-2, OC43, HKU1, NL63, and 229E was done using Clustal Omega. GenBank

sequences used are as follows: YP_009724390.1, YP_009555241.1, YP_173238.1, YP_003767.1, and NP_073551.1.

Graphical illustrations
Graphical abstract, Figure 1, and the diagram of S protein domains in Figure 2 were made in BioRender.com

QUANTIFICATION AND STATISTICAL ANALYSIS

Demultiplexing and alignment of Illumina reads
Demulitplexing and fastq file generation were performed by the Fred Hutch Genomics Core using Illumina MiSeq Reporter software.

Demultiplexed sample reads were aligned to the reference library in parallel using a Nextflow data processing pipeline. The pipeline

builds a Bowtie index from the peptide metadata by converting the metadata to fasta format and feeds it into the bowtie-build com-

mand. The low-quality end of the reads is trimmed to 93bp in order to match the reference lengths before performing end-to-end

alignment and allowing for 0mismatches. For each sample, we quantified the abundance of each peptide by using samtools-idxstats

to count the number of reads mapped to each specific peptide in the reference library. The peptide counts were merged into an

enrichment matrix organized by unique identifiers for each peptide and sample. The metadata tables were tied with the enrichment

matrix into an xarray dataset using shared coordinate dimensions of the unique sample and peptide identifiers. We used this dataset

organization as the starting point for all downstream sample curation and analysis.

Calculating enrichment and scaled differential selection of peptides
Enrichment and scaled differential selection were calculated as described previously (Garrett et al., 2020). To calculate enrichment,

each peptide’s pseudocount frequency was divided by a respective library pseudocount. Each pseudo count was defined as the raw

count plus the ratio of the sum of each sample and library count, with a minimum value of p = 1. Differential selection of mutant amino

acids was then calculated as the log-fold change between each mutant peptide and the wild-type peptide at a locus. By definition,

the differential selection of a wild-type amino acid is always 0. The scaled differential selection of amutant amino acid was then calcu-

lated by multiplying the differential selection of a mutant amino acid by the enrichment of the wild-type peptide at that position.

Data curation
All samples were screened at least once with each Spike Phage-DMS Library 1 and Library 2, but occasionally were screened mul-

tiple times with each library. To ensure we used the same amount of data with each sample, we examined the Pearson’s correlation

value of enrichment values for all peptides between all biological replicate experiments and chose the data from the best two corre-

lated experiments for inclusion in the analyses presented here. If there was not at least one time point where the sample had a cor-

relation of at least 0.5, then all samples from that patient were excluded from enrichment and scaled differential selection analyses.

Peptides that were never sequenced in any experiment were removed from the analyses, and all enrichment and scaled differential

selection values shown are the average of two biological replicate experiments.
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Supplemental figures

Figure S1. Distribution of sequenced peptides within biological replicate Spike Phage-DMS libraries, related to Figures 1 and 2

(A and B) Histogram showing the distribution of all sequenced peptides from a representative deep sequencing experiment for Spike Phage-DMS Library 1 (A)

and Library 2 (B). Reads were stringently aligned to the reference library, allowing for 0 mismatches, and the proportion of unmapped reads is shown at the top.

Additionally, the proportion of all non-sequenced peptides for each library is shown at the top.

ll
Article



Figure S2. Reproducibility of peptide enrichment by plasma from COVID-19 patients, related to Figure 2

(A) Distribution of correlation values between peptide enrichment values for replicate experiments with samples from COVID-19 patients (Pearson’s correlation

coefficient, R). Each color corresponds to a unique patient or volunteer, and the shape of each dot represents the type of sample. A dotted line at y = 0.5

represents the cutoff used to determine whether samples were kept in the analysis. (B) Boxplots showing the distribution of correlation values between patient

samples that were paired between the day 30 and 60 p.s.o. time points (on the left) or samples that were randomly paired and compared (on the right). (C)

Relationship between the biological replicate correlation for a sample and its correlationwith its paired time point. Each color corresponds to a unique patient, and

the shape of each dot represents the type of sample. Pearson’s correlation coefficient shown.
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Figure S3. Plasma binding and neutralization with RBD-depleted plasma, related to Figure 2

(A and B) Change in plasma binding to RBD (A) and Spike (B) before and after depletion of RBD-binding antibodies, as measured by ELISA area under the curve

(AUC). (C) Plasma binding to S2 subunit protein, as measured by ELISA AUC. Dotted lines indicate the lower limit of detection, as determined by pooled pre-

pandemic serum. Each point is colored by patient as indicated to the right. (D) Comparison of neutralization titer 50% (NT50) before and after depletion of RBD

binding antibodies. The percent residual neutralization for each patient is shown on the right. The dotted line indicates the lower limit of detection (NT50 of 20).

Because the lowest dilution of plasma tested is 1:20, we cannot determine NT50 titers smaller than this. (E) Correlation between the most enriched peptide within

the FP and HR2 epitope regions and the residual NT50 values for each patient plasma sample. (F) Correlation between plasma binding to S2 and residual NT50

values for each patient. All plasma tested in these assays were from the 30d time point.
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Figure S4. Effect of mutations on binding by COVID-19 patient plasma within various regions, related to Figure 2

Heatmaps depicting the effect of all mutations, as measured by scaled differential selection, at each site within the NTD, RBD, and CTD regions. Mutations

enriched above the wild-type residue are colored blue and mutations depleted as compared to the wild-type residue are colored red. The wild-type residue is

indicated with a black dot. Line plots showing the enrichment of wild-type peptides for each patient are shown above, with a solid line for patient samples taken at

day 30 p.s.o. and a dashed line for patient samples taken at day 60 p.s.o. Peptides missing from the library are shown as gray boxes in the heatmaps and as

breaks in the line plots.
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Figure S5. Multiple sequence alignment of the FP for SARS-CoV-2 and human endemic coronaviruses (OC43, HKU1, NL63, and 229E), related

to Figure 3

Alignment was performed using Clustal Omega, and aa are colored according to physiochemical properties. Red indicates small and hydrophobic molecules

(excluding Y), blue indicates acidic molecules, magenta indicates basic molecules (excluding H), and green indicates glycine, hydroxyl, sulfhydryl, and amine

molecules. GenBank accession numbers: YP_009724390.1, YP_009555241.1, YP_173238.1, YP_003767.1, and NP_073551.1, respectively.
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Figure S6. Effect of commonly circulating S protein variants on antibody escape for all patients, related to Figure 5

Scatterplot comparing the effect of mutations on patient plasma antibody binding and the frequency of all circulating S protein variants. Themutational entropy of

every circulating protein variant, as reported at the http://cov.lanl.govcontent/index website and based on GISAID global sequencing, is plotted on the x axis. The

average scaled differential selection values for all mutants, averaged across all patients, at each site is plotted on the y axis. Each site is colored by its location, as

indicated on the bottom. The dotted line denotes the cutoff (0.02) of mutational entropy which GISAID uses to determine variants of interest.
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