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Significance

The rapid emergence of naturally 
circulating SARS-CoV-2 variants 
poses a significant challenge  
to the development of long-
lasting, effective vaccines and 
therapeutics. Mutations in the 
spike protein of SARS-CoV-2 can 
lead to successful escape from 
protective antibodies, and hence 
antigenic drift. Most of these 
spike mutations are known to 
occur in the receptor binding 
domain and N-terminal domain. 
In contrast, while human 
antibodies also target the 
conserved S2 domain, whether 
S2 mutations also contribute  
to SARS-CoV-2 antigenic drift 
remains largely elusive. This 
study used a high-throughput 
approach to identify S2 
mutations that weaken binding 
to a multidonor class of S2 
antibodies. Our findings have 
significant implications for 
SARS-CoV-2 evolution as well  
as the development of more 
universal coronavirus vaccines.
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Antigenic drift of SARS-CoV-2 is typically defined by mutations in the N-terminal 
domain and receptor binding domain of spike protein. In contrast, whether anti-
genic drift occurs in the S2 domain remains largely elusive. Here, we perform a 
deep mutational scanning experiment to identify S2 mutations that affect binding 
of SARS-CoV-2 spike to three S2 apex public antibodies. Our results indicate that 
spatially diverse mutations, including D950N and Q954H, which are observed in 
Delta and Omicron variants, respectively, weaken the binding of spike to these anti-
bodies. Although S2 apex antibodies are known to be nonneutralizing, we show that 
they confer protection in vivo through Fc-mediated effector functions. Overall, this 
study indicates that the S2 domain of SARS-CoV-2 spike can undergo antigenic 
drift, which represents a potential challenge for the development of more universal 
coronavirus vaccines.

SARS-CoV-2 | antibody | deep mutational scanning | spike | S2 domain

As the major antigen of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), 
the spike (S) glycoprotein has undergone extensive antigenic drift since the beginning 
of the COVID-19 pandemic (1). SARS-CoV-2 S protein is a homotrimer with an 
N-terminal domain (NTD), a receptor-binding domain (RBD), and an S2 domain. S 
protein facilitates virus entry by engaging the host receptor angiotensin-converting 
enzyme II (ACE2) via RBD and mediating virus–host membrane fusion through the 
fusion machinery in S2 (2). While all three domains in S can elicit antibody responses 
during infection or vaccination, the neutralizing potency of antibodies to RBD and 
NTD are typically much higher than those to S2 (3). Consistently, mutations in RBD 
and NTD are key determinants of SARS-CoV-2 antigenic drift (1, 4, 5). Although 
mutations in S2 have also emerged in circulating SARS-CoV-2 variants (1), they are 
thought to mainly affect the stability and fusogenicity of S protein (6–8). As a result, 
whether S2 mutations play a role in the antigenic drift of SARS-CoV-2 remains largely 
elusive.

Due to the relatively high sequence conservation of S2, human antibodies to S2 can 
achieve exceptional breadth. For example, human antibodies to the S2 fusion peptide can 
neutralize coronavirus strains from different genera (α, β, γ, and δ) (9–12). Besides, human 
antibodies to the S2 stem helix can neutralize diverse β-coronavirus strains (13–17). 
Additionally, a public clonotype to the apex of S2 can cross-react with multiple sarbeco­
viruses (18, 19). This public clonotype is encoded by IGHV1-69/IGKV3-11 with com­
plementarity determining region (CDR) H3 and L3 lengths of 15 and 11 amino acids 
(IMGT numbering), respectively (18, 19). Although S2 antibodies usually have weak 
neutralizing activity, antibodies to fusion peptide and stem helix have been shown to 
confer in vivo protection against SARS-CoV-2 infection (9–17). Given that S2 antibodies 
are commonly observed in both vaccinated and infected individuals (20, 21), they may 
exert selection pressure on the circulating SARS-CoV-2.

In this study, we showed that the IGHV1-69/IGKV3-11 public clonotype to the 
apex of S2 confers partial in vivo protection through Fc-mediated effector functions, 
despite their lack of neutralizing activity (18). Subsequently, a deep mutational scanning 
experiment was performed to probe the effects of S2 mutations on the cell-surface 
binding activity of three IGHV1-69/IGKV3-11 S2 antibodies, namely COVA1-07, 
COVA2-14, and COVA2-18. Specifically, we focused on single amino acid mutations 
within the first heptad repeat (HR1) and central helix (CH). Our results revealed that 
D950N and Q954H, which are observed in Delta and Omicron variants, respectively 
(1), weakened binding of SARS-CoV-2 S to all three IGHV1-69/IGKV3-11 S2 anti­
bodies. Collectively, these results indicate that S2 mutations contribute to SARS-CoV-2 
antigenic drift.
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Results

In Vivo Protection Activity of IGHV1-69/IGKV3-11 S2 Antibodies. 
Previous studies have reported a public clonotype against the 
S2 domain that is encoded by IGHV1-69/IGKV3-11 (18, 19). 
Here, we tested the in vivo protection activity of three previously 
identified IGHV1-69/IGKV3-11 S2 antibodies, namely COVA1-07, 
COVA2-14, and COVA2-18 (18). Based on survival analysis 
(Fig. 1A) and weight loss profiles (Fig. 1B), all three antibodies showed 
prophylactic protection in vivo against a lethal challenge of SARS2-
N501YMA30, which is a mouse-adapted strain of SARS-CoV-2 (22). 
BALB/c mice treated with COVA1-07 showed 60% survival, while 
those with COVA2-14 and COVA2-18 showed 80% survival. 
In contrast, all mice treated with CR9114, which is an influenza 
virus-specific antibody (23), succumbed to infection. This result 
indicates that although IGHV1-69/IGKV3-11 S2 antibodies have 
no neutralizing activity (18), they contribute to protective antibody 

responses against severe SARS-CoV-2 infection. Since COVA2-18 
showed the highest weight recovery out of all three S2 antibodies tested 
(Fig. 1B), it was selected as a representative IGHV1-69/IGKV3-11 
S2 antibody for further characterization. Histopathological analysis 
showed that pulmonary edema was more extensive in mice treated 
with control antibody CR9114 than those treated with COVA2-18 
(Fig.  1 C and D). Besides, mice treated with COVA2-18 had 
approximately ten-fold lower viral titer than those treated with 
CR9114 at 4 d postinfection (Fig. 1E). To elucidate the mechanism of 
in vivo protection, we prophylactically treated mice with COVA2-18 
WT or COVA2-18 with the L234A, L235A, and P329G mutations 
(COVA2-18 LALA-PG) to abolish its Fc effector function (24). Upon 
challenge with SARS2-N501YMA30, mice treated with COVA2-18 
LALA-PG showed 0% survival, whereas all mice treated with WT 
COVA2-18 survived (Fig. 1 F and G). These data demonstrate that 
the in vivo protective activity of IGHV1-69/IGKV3-11 S2 antibodies 
is mainly due to Fc-mediated effector functions. Similarly, a previous 
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Fig. 1.   In vivo protection activity of IGHV1-69/IGKV3-11 S2 antibodies. (A and B) BALB/c mice were intravenously injected with 200 μg of CR9114 (black), COVA1-07 
(blue), COVA2-14 (red), or COVA2-18 (purple) 16 h before intranasal infection with 5,000 PFU of SARS2-N501YMA30, which is a nonrecombinant mouse-adapted 
strain of SARS-CoV-2 (22). Of note, nonrecombinant SARS2-N501YMA30 was used in this experiment. (A) Kaplan–Meier survival curves, and (B) weight loss profiles 
are shown (n = 10 per group). The log-rank test was used to calculate p-values in Kaplan–Meier survival curves. Weight loss profiles are shown as mean ± SEM. 
(C) Representative lung sections, stained with hematoxylin and eosin, from mice treated with control antibody CR9114 or COVA2-18. Pulmonary edema (*) was 
more extensive in lungs of the control group than COVA2-18-treated group. (Scale bar: 113 μm.) (D) Pulmonary edema was scored (n = 6 for the CR9114 group, 
n = 5 for the COVA2-18 group). Bar plots show mean ± SEM, with individual data points shown. Two-way Student’s t-test was performed. (E) Viral lung titers 
were measured from lungs of CR9114- or COVA2-18-treated BALB/c mice 4 d postinfection (n = 6 for the CR9114 group, n = 5 for the COVA2-18 group). Bar plots 
show mean ± SEM, with individual data points shown. Two-way Student’s t-test was performed. (F and G) BALB/c mice were intravenously injected with 200 μg 
of COVA2-18 WT (black) or COVA2-18 LALA-PG (blue) antibody 16 h before intranasal infection with 5,000 PFU of SARS2-N501YMA30. (F) Kaplan–Meier survival 
curves, and (G) weight loss profiles are shown (n = 5 per group). Weight loss profiles are shown as mean ± SEM.D
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study has reported that COV2-2164, which is another member of the 
IGHV1-69/IGKV3-11 public clonotype to S2, modestly reduces the 
viral load in the lung and brain of K18-hACE2 transgenic mice upon 
SARS-CoV-2 infection, albeit with no effect on weight loss (19).

Deep Mutational Scanning of S2 against IGHV1-69/IGKV3-11 
Antibodies. Given that IGHV1-69/IGKV3-11 S2 antibodies 
exhibited in  vivo protection activity, we were interested in 
whether mutations in S2 could influence their binding activity. 
To systematically identify mutations on the S protein that affect 
binding to IGHV1-69/IGKV3-11 S2 antibodies, we performed 
a deep mutational scanning (DMS) experiment using our 
previously constructed S mutant library, which contained all 
possible amino acid mutations from residues 883 to 1034, 
spanning HR1 and CH in the S2 domain (25). Briefly, this 
mutant library was displayed on human embryonic kidney 
293T (HEK293T) landing pad cells. Fluorescence-activated cell 
sorting (FACS) was then performed to sort individual mutants 
according to their cell-surface binding activity to COVA1-07, 
COVA2-14, and COVA2-18 (SI Appendix, Fig. S1). Occurrence 
frequency of each mutant in different sorted populations was 
quantified by next-generation sequencing. For each experiment, 
a binding score was computed for each of the 1931 missense 
mutations, 122 silent mutations, and 132 nonsense mutations. 
The binding score was normalized such that the average score of 
silent mutations was 1 and that of nonsense mutations was 0.

Our DMS experiments were highly reproducible, with a 
Pearson correlation coefficient of 0.90 to 0.92 between independ­
ent biological replicates (SI Appendix, Fig. S2 A–C). In addition, 
the binding score distributions of nonsense and silent mutations 
had minimal overlap, indicating that our DMS experiments could 
distinguish mutants with different cell-surface binding activities 
to COVA1-07, COVA2-14, and COVA2-18 (SI Appendix, 
Fig. S2 D–F). We also observed a high Pearson correlation coef­
ficient of 0.97 among the DMS experiments against COVA1-07, 
COVA2-14, and COVA2-18 (SI Appendix, Fig. S2 G–I), indi­
cating that the same mutation would have a similar effect on 
cell-surface binding activity against these three antibodies. This 
result was not unexpected given that COVA1-07, COVA2-14, 
and COVA2-18 belong to the same IGHV1-69/IGKV3-11 pub­
lic clonotype (18).

Two Natural S2 Mutations Weaken Binding to IGHV1-69/
IGKV3-11 Antibodies. To investigate whether the binding activity 
of IGHV1-69/IGKV3-11 S2 antibodies could be affected by S2 
mutations, we aimed to identify S2 mutations that weakened the 
binding activity to COVA1-07, COVA2-14, and COVA2-18. 
Since our deep mutational scanning experiments relied on cell 
surface display, mutations that lowered the cell-surface expression 
level would result in a lower binding score even if it did not affect 
the antibody binding affinity. Therefore, we compared the binding 
scores of individual mutations to their cell-surface expression levels 
which were previously quantified using the RBD antibody CC12.3 
(25, 26). As expected, there was a mild correlation between the 
binding score and expression score, which is a proxy for the cell-
surface expression level (25) (Pearson correlation coefficient of 
0.48 to 0.49, Fig. 2). Nevertheless, there were mutations with 
high expression scores but low binding scores, such as T961F, 
V987C, Q1005R, and Q1010W, all of which rarely occurred in 
circulating SARS-CoV-2 (27). Similarly, the low binding scores 
of D950N and Q954H, which are fixed in Delta and Omicron 
variants, respectively (1), did not seem to be explained by the 
expression score alone. As a result, the low binding scores of these 
mutations were likely due to their effects on the antibody binding 
affinity, rather than cell-surface expression level.

To experimentally validate our findings, S protein bearing S2 
mutations D950N, Q954H, T961F, V987C, Q1005R, and 
Q1010W were individually expressed by transient transfection of 
HEK293T cells, which were subsequently analyzed by flow cytom­
etry using COVA1-07, COVA2-14, COVA2-18, and CC12.3 
(SI Appendix, Fig. S3). Compared to wild type (WT), these six 
mutations have lower cell-surface binding activity to COVA1-07, 
COVA2-14, and COVA2-18, albeit to different extents (Fig. 3 A 
and C). T961F, Q1005R, and Q1010W weakened the cell-surface 
binding activity of these three antibodies by >80%, whereas 
D950N, Q954H, and V987C only weakened their binding activ­
ity by ~40%, ~25%, and ~50%, respectively. In contrast, their 
cell-surface binding activity to the RBD antibody CC12.3 was 
similar to or higher than WT (Fig. 3D). In this validation exper­
iment, we also included mutation V915H as a control, which had 
a binding score of >3 against COVA1-07, COVA2-14, and 
COVA2-18 in our deep mutational scanning experiments, but a 
WT-like expression score (Figs. 2 and 3 A–D). These results 

A B C

Fig. 2.   Identification and validation of public S2 HR1/CH antibody escape mutations. Plots of binding scores to (A) COVA1-07, (B) COVA2-14, and (C) COVA2-18 
against expression scores. One datapoint represents one amino acid mutation in our mutant library. One high binding, four low binding, and two natural 
mutations that were selected for subsequent validation experiments are colored in orange, purple, and red, respectively. Expression scores were obtained 
from our previous study (25). Pearson’s correlation coefficient is shown. Occurrence frequency of each mutant is the average frequency across six experiments 
(Methods). All data points are sized according to their occurrence frequency. Biological replicates of expression and binding sorting experiments were performed 
starting from the sorting step on the same library (Methods).D
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indicate that D950N, Q954H, T961F, V987C, Q1005R, and 
Q1010W can weaken the binding activity of IGHV1-69/IGKV3-11 
S2 antibodies. Moreover, since D950N and Q954H can be 
observed in the natural variants of SARS-CoV-2 (1), our results 
also suggest that antigenic drift occurs in the S2 domain.

We further analyzed the antibody binding effects of mutations 
found in recent Omicron lineages using our DMS binding data. 
BA.1, BA.2.75, XBB.1.5, BA.2.86, and JN.1 contain the Q954H 
and N969K mutations. While the Q954H mutation weakened 
binding to public IGHV1-69/IGKV3-11 antibodies (Figs. 2 and 3), 
the N969K mutation did not affect binding to these antibodies 
(SI Appendix, Fig. S4). S939F found in BA.2.86 and JN.1 slightly 
reduced binding to these antibodies, whereas L981F did not affect 
binding to IGHV1-69/IGKV3-11 public antibodies (SI Appendix, 
Fig. S4). Of note, the measurements for N969K and L981F might 
be noisy since their occurrence frequency was below our cutoff 
(Methods).

Spatially Diverse S2 Residues Modulate Binding to IGHV1-69/
IGKV3-11 Antibodies. S2 mutations that were validated to influence 
the binding activity of IGHV1-69/IGKV3-11 antibodies were 
spatially distributed widely (Fig. 3E). For example, V987C, which 
decreased the binding to IGHV1-69/IGKV3-11 antibodies, 
resided at the S2 apex. In contrast, V915H, which increased the 
binding to IGHV1-69/IGKV3-11 antibodies, was at the bottom 
of the S2 domain. Other experimentally validated mutations, 
namely D950N, Q954H, T961F, Q1005R, and Q1010W, were 
located at the center of the S2 domain.

We further performed a systematic analysis using our deep 
mutational scanning data. To correct for the effect of S expression 
level on cell-surface binding activity, we computed an adjusted 
binding score, which represented the residual of a linear regression 
model of binding score on expression score. Subsequently, for a 
given S2 residue, the mutational effect on antibody binding was 
computed as the average adjusted binding score for all mutations 
at that residue (Methods). A positive mutational effect on antibody 
binding indicated that mutations tended to increase binding to 
IGHV1-69/IGKV3-11 antibodies, whereas negative indicated 
that mutations tended to decrease binding. Consistent with 
diverse spatial distribution of the validated mutations, residues 
with strong mutational effects on antibody binding, either positive 
or negative, were spread across the S2 domain (Fig. 3 F and G). 
Similarly, a previous study has shown that the binding activity of 
COV2-2164 and CnC2t1p1 B10, which belong to the same 
IGHV1-69/IGKV3-11 clonotype as COVA1-07, COVA2-14, 
and COVA2-18, can be abolished by spatially distinct mutations 
in the S2 (K814A, I980A, R995A, and Q1002A) (19). Therefore, 
the binding activity of IGHV1-69/IGKV3-11 antibodies can be 
modulated by S2 mutations that are outside of the epitope.

Since the epitope of these IGHV1-69/IGKV3-11 antibodies 
is exposed only when the S protein is in open conformations 
(18), any mutations that alter the conformational dynamics of 
the S protein may affect the binding to IGHV1-69/IGKV3- 
11 antibodies. For example, HexaPro, which consists of six  
proline mutations to stabilize the prefusion conformation, was 
previously shown to dramatically decrease the on-rate of the 

A B C D

GFE

Fig. 3.   Experimental validation of mutations that influence binding to IGHV1-69/IGKV3-11 S2 antibodies. (A–D) The binding of individual mutants to (A) COVA1-07, 
(B) COVA2-14, (C) COVA2-18, and (D) CC12.3 was individually analyzed using flow cytometry. For each mutant, fold change of median fluorescence intensity 
(MFI) compared to the WT is shown (Methods). (E) The locations of D950N, Q954H, T961F, V987C, Q1005R, and Q1010W are highlighted as red spheres on one 
protomer of the SARS-CoV-2 S structure (PDB 6VXX) (28). The location of V915H is highlighted as an orange sphere. Our mutant library contained mutations from 
residues 883 to 1,034, which are in gray on one protomer. Three independent biological replicates were performed. (F) Mutational effect on antibody binding 
is shown on the SARS-CoV-2 S structure (PDB 6VXX) (28). Only residues 883 to 1,034 of one protomer are shown. (G) Mutational effect on antibody binding is 
plotted against the residue position. CH: central helix; HR1: first heptad repeat.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 "
U

N
IV

E
R

SI
T

Y
 O

F 
IL

L
IN

O
IS

 U
R

B
A

N
A

 C
H

A
M

PA
IG

N
, B

IO
L

O
G

Y
 L

IB
 E

" 
on

 A
pr

il 
1,

 2
02

4 
fr

om
 I

P 
ad

dr
es

s 
13

0.
12

6.
25

5.
10

1.

http://www.pnas.org/lookup/doi/10.1073/pnas.2317222121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317222121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317222121#supplementary-materials


PNAS  2024  Vol. 121  No. 15  e2317222121� https://doi.org/10.1073/pnas.2317222121   5 of 7

IGHV1-69/IGKV3-11 antibodies (18). Consistently, S2 muta­
tions T961F and Q1005R, which were validated to weaken the 
binding to IGHV1-69/IGKV3-11 antibodies (Fig. 3 A–D), 
were previously shown to be fusion-incompetent (25). Previous 
studies also hinted that the natural mutations D950N and 
Q954H altered the conformational dynamics of the S protein 
(29, 30)—D950N was shown to slightly promote membrane 
fusion (29), whereas Q954H was shown to favor a kinked con­
formation of HR1 (30). These observations could explain the 
diverse spatial distribution of S2 residues that influence binding 
to IGHV1-69/IGKV3-11 antibodies.

Discussion

Public antibodies against viral antigens such as influenza hemagglu­
tinin, HIV envelope protein, and SARS-CoV-2 S have been docu­
mented (31–33). Since these antibodies are found in many 
individuals, public antibodies can exert a positive selection pressure 
on virus at the population level, which in turn promote antigenic 
drift. For example, natural mutations K417N/T in the S of many 
SARS-CoV-2 variants abrogate binding to public RBD antibodies 
encoded by IGHV3-53/3-66 (34–36). Our study here suggests a 
similar phenomenon in the relatively conserved core fusion machin­
ery of SARS-CoV-2 S protein. Specifically, we show that natural S2 
mutations D950N and Q954H can weaken the binding to public 
antibodies encoded by IGHV1-69/IGKV3-11. Our results further 
suggest that the in vivo protection activity of these IGHV1-69/
IGKV3-11 antibodies can be affected by natural S2 mutations. 
Therefore, while neutralizing antibodies are known to exert positive 
selection pressure on SARS-CoV-2 (1, 4, 5), nonneutralizing anti­
bodies that are protective, such as IGHV1-69/IGKV3-11 S2 anti­
bodies (18), may do the same but to a lesser extent. Other traits not 
tested in this study, including innate immune evasion due to entry 
pathway preference (37) as well as spike protein folding dynamics 
(38, 39), could also select for these mutations that reduce binding 
with these protective, nonneutralizing S2 antibodies.

A previous study has shown that the binding of IGHV1- 
69/IGKV3-11 antibodies to the S2 apex requires an open confor­
mation of the S protein (18). These observations imply that the 
epitope of IGHV1-69/IGKV3-11 S2 antibodies is exposed for 
binding when the S protein is transitioning from prefusion to 
postfusion conformations. If the epitope is only available during 
an intermediate state between prefusion and postfusion confor­
mations of the S protein, any mutations that decrease the half-life 
of such an intermediate state will weaken the binding to 
IGHV1-69/IGKV3-11 S2 antibodies. These mutations can either 
stabilize the prefusion conformation to prevent transition to the 
intermediate state or accelerate the transition from the interme­
diate state toward the postfusion conformation. Consistently, 
mutations that weaken the binding to IGHV1-69/IGKV3-11 S2 
antibodies include those that abolish fusion activity (e.g., T961F 
and Q1005R) (25) and enhance fusion activity (e.g., D950N) 
(29). Nevertheless, the conformation dynamics of S protein during 
the fusion process remains largely elusive. In addition, a high- 
resolution structure of an IGHV1-69/IGKV3-11 S2 antibody in 
complex with S2 is lacking. These limitations prevent a detailed 
mechanistic understanding of mutations that weaken the binding 
to IGHV1-69/IGKV3-11 S2 antibodies.

As SARS-CoV-2 continues to evolve in the human population 
and other coronavirus strains remain a pandemic threat, there is 
an urge to develop a more universal coronavirus vaccine (40). Its 
feasibility is substantiated by the discovery of broadly protective 
antibodies to the highly conserved S2 domain (9–17). However, 
our results suggest that escape mutations against S2 antibodies 

can emerge in naturally circulating SARS-CoV-2 variants. A pre­
vious study has shown that S2 mutation D796H, which locates 
near the base of the S protein and emerged in a chronically infected 
patient, reduces sensitivity to neutralization by convalescent 
plasma (41). More recently, a deep mutational scanning study of 
the full SARS-CoV-2 S protein has also identified natural muta­
tions that can escape antibodies to the S2 stem helix (42). Con­
sequently, potential escape mutations may impose a challenge for 
S2-based vaccine development (43–45).

Methods

Cell Culture. Human embryonic kidney 293T (HEK293T) cells (ATCC) were grown 
and maintained at 37 °C, 5% CO2, and 95% humidity in D10 medium: Dulbecco’s 
modified Eagle medium (DMEM) with high glucose (Gibco) supplemented with 
10% v/v fetal bovine serum (FBS; Gibco), 1× nonessential amino acids (Gibco), 
1× GlutaMAX (Gibco), 100 U/mL penicillin and 100 μg/mL streptomycin (Gibco). 
HEK293T landing pad cells were grown and maintained in D10 medium sup-
plemented with 2 μg/mL doxycycline (Thermo Scientific) at 37 °C, 5% CO2, and 
95% humidity. Expi293F suspension cells (Gibco) were grown and maintained 
in Expi293 expression medium (Gibco) at 37 °C, 125 rpm, 8% CO2, and 95% 
humidity according to the manufacturer’s instructions.

Plasmid Construction. The S2 HR1/CH mutant library was constructed in our 
previous study (25). For experimental validation, codon-optimized oligonucleo-
tide encoding S (GenBank: MN908947.3) with the PRRA motif in the furin cleav-
age site deleted was cloned into a phCMV3 vector. Site-directed mutagenesis was 
performed using PrimeSTAR Max DNA polymerase (Takara Bio) with the following 
settings: 98 °C for 10 s, 22 cycles of (98 °C for 10 s, 55 °C for 5 s, 72 °C for 45 s), 
72 °C for 45 s. The PCR product was digested with DpnI (NEB) for 2 h at 37 °C and 
transformed into chemically competent DH5α Escherichia coli.

Antibody Expression and Purification. The heavy and light chain sequences of 
COVA1-07, COVA2-14, COVA2-18, CC12.3, and CR9114 were synthesized com-
mercially (Integrated DNA Technologies), amplified via PCR, and cloned into a 
phCMV3 vector in an IgG1 format with a murine immunoglobulin kappa secretion 
signal sequence. The L234A, L235A, and P329G mutations were used to generate 
COVA2-18 IgG with the LALA-PG mutations in the constant region of the heavy 
chain. Plasmids encoding heavy and light chains were transfected into Expi293F 
cells in a 2:1 mass ratio using an ExpiFectamine 293 transfection kit (Gibco). 
Six days posttransfection, the supernatant was harvested via centrifugation of 
cell suspension at 4 °C and 4,500 × g for 30 min. The supernatant was clarified 
using a polyethersulfone membrane filter with a 0.22 μm pore size (Millipore).

CaptureSelect CH1-XL beads (Thermo Scientific) were washed thrice with 
MilliQ H2O and resuspended in 1× PBS. The clarified supernatant was incu-
bated with washed beads at 4 °C overnight with gentle rocking. Flowthrough 
was subsequently collected, and beads washed once with 1× PBS. Beads were 
incubated in 60 mM sodium acetate, pH 3.7 for 10 min at 4 °C for elution of the 
antibodies. Antibodies were further purified by size-exclusion chromatography 
using a Superdex 200 XK 16/100 column in 1× PBS. Fractions corresponding to 
~150 kDa were pooled and concentrated using a centrifugal filter unit with a 30 
kDa molecular weight cutoff (Millipore) via centrifugation at 4,000 × g and 4 °C 
for 15 min. Antibodies were stored at 4 °C.

Fluorescence-Activated Cell Sorting. HEK293T landing pad cells expressing 
the S2 HR1/CH mutant library of S as constructed previously (25) were harvested 
and centrifuged at 300 × g for 5 min at 4 °C. Supernatant was discarded. Cells 
were resuspended in ice-cold FACS buffer. Cells were incubated with 3 μg/mL of 
COVA1-07, 3 μg/mL of COVA2-14, or 10 μg/mL of COVA2-18 for 1 h at 4 °C with 
gentle rocking. Subsequently, cells were washed once, and resuspended with 
ice-cold FACS buffer. Cells were incubated with 2 μg/mL of PE anti-human IgG 
Fc. Cells were washed once, resuspended in ice-cold FACS buffer, and filtered 
through a 40 μm strainer. Cells were sorted via a three-way sort using a BigFoot 
spectral cell sorter (Invitrogen) according to levels of PE fluorescence at 4 °C. Cells 
with no PE fluorescence were sorted into “bin 0.” Cells with PE at similar levels as 
WT were sorted into “bin 1.” Cells with PE at higher levels than WT were sorted 
into “bin 2.” Gating strategy is shown in SI Appendix, Fig. S1. Cells collected per 
bin for each replicate and antibody are listed in SI Appendix, Table S1. Biological D
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replicates of expression and binding sorting experiments were performed starting 
from the sorting step on the same library.

Postsorting Genomic DNA Extraction. Cell pellets were obtained via centrifu-
gation at 300 × g for 15 min at 4 °C, and the supernatant was discarded. Genomic 
DNA was extracted using a DNeasy Blood and Tissue Kit (Qiagen) following the 
manufacturer’s protocols with a modification, where resuspended cells were lysed 
at 56 °C for 30 min instead of 10 min.

Next-Generation Sequencing. After genomic DNA extraction, the region of 
interest spanning the HR1 and CH was amplified via PCR using 5′-CAC TCT TTC CCT 
ACA CGA CGC TCT TCC GAT CTA CAT CTG CCC TGC TGG CCG GCA CA-3′ and 5′-GAC 
TGG AGT TCA GAC GTG TGC TCT TCC GAT CTG CAA AAG TCC ACT CTC TTG CTC TG-3′ 
as forward and reverse primers, respectively. A maximum of 500 ng of genomic 
DNA was used as template per reaction. In total, a maximum of 4 μg per bin per 
replicate was used as template (i.e., eight reactions). PCR was performed using 
KOD DNA polymerase (Takara Bio) with the following settings: 95 °C for 2 min, 
25 cycles of (95 °C for 20 s, 56 °C for 15 s, 68 °C for 20 s), 68 °C for 2 min, 12 °C 
hold. After PCR, all eight 50 µL reactions per bin per replicate were mixed. Then, 
100 µL of product per bin per replicate was used for purification using a PureLink 
PCR Purification kit (Invitrogen). Subsequently, 10 ng of the purified PCR product 
per bin per replicate was appended with Illumina barcodes via PCR using primers: 
5′-AAT GAT ACG GCG ACC ACC GAG ATC TAC ACX XXX XXX XAC ACT CTT TCC CTA 
CAC GAC GCT-3′, and 5′-CAA GCA GAA GAC GGC ATA CGA GAT XXX XXX XXG TGA 
CTG GAG TTC AGA CGT GTG CT-3’. Positions annotated by an “X” represented the 
nucleotides for the index sequence. This PCR was performed using KOD DNA 
polymerase with the following settings: 95 °C for 2 min, 9 cycles of (95 °C for 25 s, 
56 °C for 15 s, 68 °C for 20 s), 68 °C for 2 min, 12 °C hold. Barcoded products were 
mixed and sequenced with a MiSeq PE300 v3 flow cell (Illumina).

Analysis of Next-Generation Sequencing Data. Forward and reverse reads 
were merged using PEAR (46). Forward reads were translated and matched to 
the corresponding mutant. Counts for each bin for each replicate were tabulated. 
A pseudocount of 1 was added to all counts. For each replicate, the frequency of 
each mutant was calculated as the count of that mutant, Cmut, divided by the total 
number of counts in that bin:

Fmut,binX =
Cmut,binX

ΣCbinX
for X = 0, 1, 2.

Cell count per mutant per replicate was calculated as follows:

Tmut =
∑2

x=0
Fmut,binX × cell countbinX.

Adjusted frequency was calculated per mutant per replicate as follows:

Qmut =
Tmut

Σ
2
x=0

cell countbinX
.

An adjusted frequency cutoff of 0.00002 was applied to remove low-frequency 
reads. Only mutants that have an adjusted frequency of at least 0.00002 in both 
replicates for all three S2 antibodies were considered.

The occurrence frequency was then calculated as the mean of all six adjusted 
frequencies:

Ymut =
1

6

(

QCOVA1−07
mut,rep1

+ QCOVA1−07
mut,rep2

+ QCOVA2−14
mut,rep1

+ QCOVA2−14
mut,rep2

+ QCOVA2−18
mut,rep1

+ QCOVA2−18
mut,rep2

)

.

For each replicate, the binding score of each mutant (Bmut) was calculated 
using:

Bmut =

(

Σ
2
X=0

Fmut,binX × cell countbinX × MFIbinX
)

Σ
2
x=0

Fmut,binX × cell countbinX
.

Cell counts for bin0 (low expression), bin1 (WT-like expression), and bin2 
(high expression) had a ratio of approximately 100:10:1 based on SI Appendix, 
Table S1. As a result, cell countbin0, cell countbin1, and cell countbin2 were set as 
100, 10, and 1, respectively. Similarly, the MFI for bin0, bin1, and bin2 had a 
ratio of approximately 1:50:500. Therefore, MFIbin0, MFIbin1, and MFIbin2 were 
set as 1, 50, and 500, respectively, based on SI Appendix, Fig. S1. Subsequently, 
the binding score of all mutants was scaled to obtain the adjusted binding score 

( Badjmut ) such that the means of adjusted binding scores of nonsense mutations 
and silent mutations equal 0 and 1, respectively, using the following equation:

B
adj

mut =
Bmut − Bnonsense

Bsilient − Bnonsense
,

where Bnonsense  and Bsilient  correspond to the means of nonadjusted binding 
scores of nonsense mutations and silent mutations, respectively.

Data were plotted in RStudio to visualize binding versus expression. Individual 
data points were sized according to occurrence frequency, Ymut, as described 
above.

Flow Cytometry. To validate and quantify surface expression of WT S and its 
mutants, flow cytometry was performed. First, 4 × 106 HEK293T cells were seeded 
on wells of six-well plates and incubated overnight at 37  °C. Then, cells were 
transfected with 2 μg of plasmid encoding WT S or the indicated mutant using 
Lipofectamine 2000 (Invitrogen) following the manufacturer’s protocol. At 20 h 
posttransfection, cells were harvested and resuspended in ice-cold FACS buffer [2% 
v/v FBS, 50 mM EDTA in DMEM supplemented with high glucose, L-glutamine 
and HEPES, without phenol red (Gibco)]. Cells were incubated with 5 μg/mL of 
RBD antibody CC12.3 (26) for 1 h at 4 °C with gentle rocking. Then, cells were 
washed once, and resuspended with ice-cold FACS buffer. Cells were incubated with 
2 μg/mL of phycoerythrin (PE) anti-human IgG Fc (Clone M1310G05, BioLegend). 
Cells were washed once, resuspended in ice-cold FACS buffer, and filtered through a 
40 μm strainer. Subsequently, cells were analyzed using an Accuri C6 flow cytometer 
(BD Biosciences). Gating strategy is shown in SI Appendix, Fig. S3.

Binding of WT or mutant S to the S2 HR1 public antibodies was validated and 
quantified via flow cytometry. The same protocol was followed as above except 
that cells were incubated with 3 μg/mL of COVA1-07, 3 μg/mL of COVA2-14, 
or 10 μg/mL of COVA2-18. The concentrations of these antibodies were deter-
mined via titration using HEK293T landing pad cells stably expressing WT S 
on their surface. MFI values were calculated by plotting data in FCS Express 
6 software (De Novo Software). Fold change in MFI was calculated using the 
following equation:

Fold change in MFI =
MFImutant − MFIuntransfected
MFIWT − MFIuntransfected

.

In Vivo Virus Challenge. Female BALB/c mice that were 8 to 10 wk old were 
used in this study. Mice were anesthetized with ketamine–xylazine and infected 
intranasally with 5,000 PFU of the nonrecombinant virus in 50 µL of Dulbecco’s 
Modified Eagle Medium (DMEM) (Gibco). For antibody treatment, mice were 
injected with 200 μg of antibody (CR9114, COVA1-07, COVA2-14, COVA2-18 WT, 
COVA2-18 LALA-PG) diluted in 200 µL of PBS through the intravenous route one 
day before infection. All work with SARS-CoV-2 was performed in the University 
of Iowa’s Biosafety Level 3 (BSL3) laboratories. All animal studies were approved 
by the University of Iowa Animal Care and Use Committee and meet stipulations 
of the Guide for the Care and Use of Laboratory Animals.

Histopathology. First, 8 to 10-wk-old female BALB/c mice were intravenously 
injected with 200 μg of CR9114 or COVA2-18 WT. The next day, mice were 
anesthetized with ketamine–xylazine and infected intranasally with 5,000 PFU 
of nonrecombinant virus. Then, 4 d postinfection, mice were killed, and lungs 
were harvested for virus quantification using the plaque assay. Lung sections 
were obtained and stained with hematoxylin and eosin. Additionally, pulmo-
nary edema was scored on a scale from 0 to 5, with 0 showing no edema and 5 
indicating severe edema.

Statistics. All indicated statistical tests were performed using R or GraphPad 
Prism 9.

Data, Materials, and Software Availability. Raw reads from deep sequencing 
data can be accessed at BioProject accession PRJNA888135 (47). Custom code to D
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analyze deep sequencing data for escape mutations is available at https://github.com/
nicwulab/SARS2_HR1_DMS_Abs (48).
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