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ABSTRACT

Monoclonal antibodies targeting the Spike protein of SARS-CoV-2 are effective against COVID-19 and might
mitigate future pandemics. However, their efficacy is challenged by the emergence of antibody-resistant virus
variants. We developed a method to efficiently identify such resistant mutants based on selection from muta-
genized virus pools. By inducing mutations with the active compound of Molnupiravir, N4-hydroxycytidine
(NHC), and subsequently passaging the virus in the presence of antibodies, we identified specific Spike muta-
tions linked to resistance. Validation of these mutations was conducted using pseudotypes and immunofluo-
rescence analysis. From a Wuhan-like strain of SARS-CoV-2, we identified the following mutations conferring
strong resistance towards the corresponding antibodies: Bamlanivimab — E484K, F490S and S494P; Sotrovimab —
E340K; Cilgavimab — K444R/E and N450D. From the Omicron B.1.1.529 variant, the strongly selected mutations
were: Bebtelovimab — V445A; Sotrovimab — E340K and K356M; Cilgavimab — K444R, V445A and N450D. We
also identified escape mutations in the Wuhan-like Spike for the broadly neutralizing antibodies S2K146 —
combined G485S and Q493R — and S2H97 — D428G, K462E and S514F. Structural analysis revealed that the
selected mutations occurred at antibody-binding residues within the receptor-binding domains of the Spike
protein. Most of the selected mutants largely maintained ACE2 binding and infectivity. Notably, many of the
identified resistance-conferring mutations are prevalent in real-world SARS-CoV-2 variants, but some of them
(G485S, D428G, and K462E) have not yet been observed in circulating strains. Our approach offers a strategy for
predicting the therapeutic efficacy of antibodies against emerging virus variants.

1. Introduction

Enzyme 2 (ACE2), thus inhibiting virus entry and replication (Jackson
et al., 2022; Scialo et al., 2020). However, as the COVID-19 pandemic

The COVID-19 pandemic persists despite extensive vaccination ef-
forts and acquired immunity from previous infections (Abenavoli, 2024;
del Rio and Malani, 2023). A significant contributing factor to the
ongoing spread of SARS-CoV-2 is the emergence of virus variants with
immune evasion properties (Carabelli et al., 2023).

Monoclonal antibodies targeting the Spike protein have been a
cornerstone of SARS-CoV-2 therapy, representing the first successful
targeted treatment during the pandemic (Corti et al., 2021; Focosi et al.,
2022). By binding to the Spike protein, particularly the receptor binding
domain (RBD, Spike residues 333-527 (Lan et al., 2020)), these anti-
bodies prevent interaction with the receptor Angiotensin-Converting
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progressed, mutations in the SARS-CoV-2 Spike protein led to reduced
efficacy of several therapeutic antibodies, especially those targeting the
receptor binding motif (residues 438-506), a portion of the RBD that
often maintains ACE2 binding even when mutated (Cox et al., 2023; Lan
et al., 2020; Starr et al., 2021a; Thomson et al., 2021). Such mutations
can reduce or abolish the interaction between Spike and antibody while
maintaining the binding of Spike to ACE2.

Despite the clinical successes of therapeutic antibodies (Chen et al.,
2021b; Montgomery et al., 2022; Razonable et al., 2022), those targeting
the receptor-binding motif, such as Bamlanivimab (LY-CoV555) (Cohen
et al., 2021; Jones et al., 2021), Cilgavimab/EVUSHELD (Montgomery
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et al., 2022; Zost et al., 2020), and Bebtelovimab (LY-CoV1404)
(Westendorf et al., 2022), lost effectiveness against most newer variants
(Cox et al., 2023; Iketani et al., 2022; Wang et al., 2023a). In contrast,
antibodies targeting more conserved Spike epitopes, such as Sotrovimab
(Gupta et al., 2021; Pinto et al., 2020), were more durable (Focosi et al.,
2024). By November 2022, most therapeutic monoclonal antibodies
were revoked of their emergency use authorization by the FDA, for
diminishing efficacy against emerging Omicron subvariants (FDA, 2021,
2024), underscoring the ongoing challenge.

Broad-spectrum antibodies targeting highly conserved epitopes of
the Spike protein were developed for inhibiting viral infection. S2K146
(Park et al., 2022) and S2H97 (Starr et al., 2021a) are notable examples.
S2K146, an ACE2-mimicking antibody, targets the ACE2-binding site on
the RBD, effectively neutralizing the Spikes of Omicron variants of
SARS-CoV-2 and even the former SARS-CoV (Park et al., 2022). On the
other hand, S2H97 targets a cryptic epitope termed site V (residues
353-357, 393-396, 426-430, 462-466, 514-521 (Starr et al., 2021a);),
which is exposed only when the RBD is in the open conformation, and it
neutralizes Spike proteins across the sarbecovirus subgenus (Starr et al.,
2021a). Such antibodies hold a strong potential for therapeutic use for
current and future variants of SARS-CoV-2.

Anticipating the efficacy of therapeutic antibodies against specific
virus variants is crucial. However, testing each variant’s susceptibility to
antibody neutralization is impractical due to the sheer number of vari-
ants. Predicting neutralization based on sequence information alone
could address this challenge. To achieve this, in vitro evolution of
antibody-resistant virus variants can be helpful (Gal-Tanamy et al.,
2008; Oladunni et al., 2021; Pandey et al., 2014). However, SARS-CoV-2
acquires mutations only slowly due to the proofreading activity of its
RNA polymerase (Moeller et al., 2022; Robson et al., 2020), and this
renders in vitro selection comparatively slow and cumbersome.

To expedite virus mutagenesis in vitro, we previously demonstrated
the usefulness of N4-hydroxycytidine (NHC) (Zibat et al., 2023), the
active compound of the drug Molnupiravir (Sheahan et al., 2020). When
NHC is incorporated into virus RNA, it causes mutations through
ambiguous base pairing, resulting in transitions between adenine and
guanine or between cytosine and uracil (Kabinger et al., 2021).
Culturing SARS-CoV-2 with NHC enabled rapid selection of variants
resistant to an alpaca-derived single chain antibody (nanobody) (Zibat
et al., 2023).

Here, we report the selection of SARS-CoV-2 variants resistant to
FDA-approved therapeutic antibodies and broadly-neutralizing anti-
bodies. We first generated virus pools derived from Wuhan-like or
Omicron B.1.1.529 strains by NHC, and we selected antibody-resistant
variants from these pools. Deep sequencing revealed characteristic
mutations mediating resistance, which were confirmed through site-
directed mutagenesis and pseudotype experiments. Structural analysis
showed that these mutations occur at interfaces between the Spike
protein and antibodies. Our study suggests that in vitro selection of
antibody-escape mutants provides a catalogue of resistance-conferring
mutations for each antibody and facilitates the prediction of therapeu-
tic efficacy.

2. Results

2.1. Sequential mutagenesis and selection of SARS-CoV-2 Wuhan strain
gives rise to antibody-specific resistance

To provide a baseline for antibody neutralization, we first incubated
a Wuhan-like strain of SARS-CoV-2 (Stegmann et al., 2021), referred to
as ‘Wuhan’ from here on, with human monoclonal antibodies that were
previously approved for emergency use on COVID-19 patients, namely
Bamlanivimab/LY-CoV555 (Jones et al., 2021), Sotrovi-
mab/GSK4182136 (Pinto et al., 2020), and
Cilgavimab/AZD1061/C0OV2-2130, which is therapeutically used in
combination with Tixagevimab/AZ8895/COV2-2196 as EVUSHELD
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(Loo et al., 2022; Zost et al., 2020). The virus was exposed to serial
antibody dilutions, followed by infection of Vero E6 cells. Immunoflu-
orescence staining of the virus N protein revealed successful infection.
Bamlanivimab and Cilgavimab neutralized the virus at concentrations of
50 and 167 ng/mlL, respectively, whereas a higher concentration of
Sotrovimab (between 500 and 1670 ng/mL) was required for neutrali-
zation. These results (Fig. S1 A) are largely in agreement with previous
findings (Chen et al., 2021c; VanBlargan et al., 2022; Zost et al., 2020).

Next, we used near-neutralizing concentrations of each antibody for
selection from pools of virus mutants. The virus was first passaged twice
in the presence of 400 nM NHC to achieve mutagenesis in two inde-
pendent virus pools. Subsequently, three passages were carried out with
each of the pools and with each of the three antibodies at increasing
concentrations (Fig. 1A). After each passage, the amount of virus used
for the next infection was adjusted according to the virus RNA content in
the supernatant, as determined by quantitative RT-PCR. After the final
passage, the resulting virus pools were subjected to further analysis
regarding antibody resistance and accumulation of mutations.

To characterize the degree of resistance obtained with each selection
scheme, we incubated all selected virus pools with each of all three
antibodies under study, at serial dilutions, followed by infection of
cultured Vero E6 cells and immunofluorescence staining to detect
infected cells. Each selection resulted in strong resistance against the
same antibody, and even antibody concentrations of 5 pg/mL did not
fully neutralize the virus from selected pools (Fig. 1B). In contrast, we
observed little if any cross-resistance to antibodies that had not been
used for selection. We therefore anticipated that each antibody selected
a different set of virus mutants.

2.2. Characteristic spike mutations are selected by each therapeutic
antibody

Next, we characterized each of the virus pools by deep sequencing,
revealing a distinctive set of mutations within the Spike RBD (residues
333-527), selected by each of the antibodies. Of note, overlapping sets
of mutations were obtained in two parallel but independent selections
with the same antibody. The depth of sequencing also allowed us to
determine the mutation frequencies within the pools (Fig. 2, Suppl.
Table 1). By the final selection round, some of the mutations had fre-
quencies approaching 100% for each selection, suggesting that most
viruses had acquired resistance-conferring mutations.

Bamlanivimab most strongly selected the Spike mutation F490S — in
one selection, this mutation was by far dominant even at the first pas-
sage, exceeding 80% of all sequences in the pool. In the other selection,
the mutation E484K was found besides F490S. The mutation S494P
emerged in the second passage of the selection at a lower percentage and
became more dominant in the third passage. The mutations K529R and
Q493R were seen transiently in the initial round and were decreasing in
frequency subsequently (Fig. 2). In the context of resistance to Bamla-
nivimab, F490S and E484K are also the key Spike mutations reported in
other studies (Choudhary et al., 2022; Focosi et al., 2022; Jensen et al.,
2021). E484K, F490S, and S494P cause a 100-fold or greater in vitro
resistance against Bamlanivimab (Focosi et al., 2022; Starr et al.,
2021b).

In the case of Cilgavimab, the mutation N450D was dominant in the
first selection, with only a small fraction containing the mutation K444
R/E. The other virus pool selected with this antibody mostly revealed
K444 R/E, with N450D only transiently emerging (Fig. 2). K444 is
crucial for Cilgavimab binding to Spike (Dong et al., 2021). Accordingly,
K444R is an acquired resistance mutation in SARS-CoV-2 patients after
tixagevimab-cilgavimab infusion (Vellas et al., 2022). The same muta-
tion also reduces neutralization by immune sera elicited by SARS-CoV-2
vaccines (Wang et al., 2023b). Furthermore, a VSV-pseudotype assay
compared Cilgavimab neutralization of the SARS-CoV-2-BA.2 and
BA.2.3.20 Spike proteins, the latter carrying the RBD mutations K444R
and N450D, among others; there, the BA.2.3.20 variant showed strong
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Fig. 1. Selection of antibody-resistant SARS-CoV-2 (Wuhan-like)

A. Sequential mutagenesis and selection. SARS-CoV-2 was first passaged twice through Vero E6 cells, in the presence of 400 nM NHC, to induce mutations within
the virus genome. Subsequently, the pool of virus mutants was passaged through increasing concentrations of the indicated antibodies. After each passage, the virus
RNA in the supernatant was quantified by RT-PCR, and the amount of virus used for the next inoculation was normalized accordingly. Mutagenesis and the selection

with each antibody were performed in two independent replicates.

B. Acquired resistance of virus pools towards antibodies. Virus pools that had been selected by the indicated antibodies were used to infect a fresh monolayer of
Vero E6 cells for 48 h at 37 °C, and the fractions of infected cells were determined by immunofluorescence analysis. Infections were performed in the presence of
various concentrations of each of the three antibodies under study. This revealed the accumulation of strong resistance towards the same antibody that was used for

selection, but no cross-resistance against the other antibodies.

antibody escape (Cao et al., 2023).

Sotrovimab yielded frequent mutations only after 2-3 passages of the
mutant virus pool (Fig. 2). The mutation E340K became by far the most
frequent in both selections. Remarkably, E340K was found distinctly in
patients treated with Sotrovimab post SARS-CoV-2 Delta variant infec-
tion (Rockett et al., 2022) and has been associated with more than
297-fold increment in the Sotrovimab IC50 (Cathcart et al., 2022).

Some mutations occurred only transiently in the early passages - like
Q493R with Bamlanivimab or V445A with Cilgavimab (Fig. 2) — and
they were lost by the final passages as populations with other mutations
became dominant. Still, Q493R and V445A are associated with

decreased susceptibility of the virus to Bamlanivimab and Cilgavimab,
respectively (Cao et al., 2023; Guigon et al., 2022).

When the mutant virus pool was passaged on Vero E6 cells, with or
without antibody, mutations at R682 were always selected (Fig. S2). We
have constantly obtained the same mutation in earlier selection exper-
iments, too (Zibat et al., 2023). The mutation of R682 destroys a
consensus site that is required for Furin-mediated pre-cleavage of the
Spike for further activation by TMPRSS2-mediated cleavage (Hoffmann
etal., 2020). Loss of the Furin cleavage site attenuates viral infectivity in
human respiratory cell lines and animal models (Johnson et al., 2021;
Peacock et al., 2021). However, in the TMPRSS2-deficient Vero E6 cells,
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Fig. 2. Accumulated mutations within antibody-selected virus pools

After growing the Wuhan strain of SARS-CoV-2 in the presence of the indicated antibodies, the selected virus pools were subjected to deep sequencing (Suppl.
Table 1, NCBI BioProject ID: PRINA1143956) after each passage. Mutations with frequencies greater than 0.05 were plotted across the genomic sequence that
encodes the Spike protein. Mutations within the receptor binding domain (RBD) accumulated at increased frequencies with each passage, and each antibody selected
a characteristic set of amino acid exchanges. Mutations that were found when growing the virus both with and without antibody are shown in Fig. S2.
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SARS-CoV-2 entry depends on cleavage by endosomal cathepsin B/L,
such that the loss of the Furin cleavage site through R682 mutation does
not hinder viral entry (Hoffmann et al., 2020). On the contrary, such
mutations enhance infectivity towards Vero E6 cells (Johnson et al.,
2021), perhaps by precluding the premature shedding of the S1 subunit
(Peacock et al., 2021; Zhang et al., 2020).

To identify any antibody-selected mutations within the virus genome
outside the Spike coding regions, we identified all mutations that
accumulated in both selections carried out with each antibody at a
frequency of at least 5%. A few conservative mutations fulfilling this
criterion were found within the coding regions for NSP2, NSP3, NSP12,
NSP16, ORF3a and N (Fig. S3). However, these mutations were all found
with more than one antibody, and we also identified them in the initial
NHC-treated virus pools and virus passaged without antibodies. Some of
these mutations (NSP2: T85I, NSP12: P323L, ORF3a: Q57H, N: A381V)
were already present in our initial Wuhan strain (Suppl. Table 1) as
compared to the parental Wuhan strain (Stegmann et al., 2021), while
we propose the others to be bystander mutations. Antibody-specific
mutations were exclusively identified within the Spike coding region,
suggesting that only such mutations confer strong resistance to
antibodies.

2.3. Pseudotypes of vesicular stomatitis virus as well as
immunofluorescence analyses confirm the impact of specific spike
mutations on antibody-resistance

The selection of characteristic mutations with each antibody strongly
suggests that these mutations abolish antibody-mediated neutralization.
However, the selected virus pools were polyclonal in nature, and many
of the individual viruses may carry additional mutations on top of the
predominant Spike mutation. We therefore sought to clarify whether the
most frequently selected mutations were individually sufficient to pre-
clude neutralization by the corresponding antibodies. To test this, we
generated expression plasmids for Spike mutants and used them to
pseudotype a recombinant Vesicular Stomatitis Virus (VSV) that lacks its
endogenous surface protein but expresses a green fluorescent protein
(GFP) reporter (Zimmer et al., 2014). The pseudotyped VSVs were then
assayed as to their capability of infecting Vero E6 cells, in the presence
or absence of neutralizing antibodies. These assays revealed that each of
the mutations that were strongly selected with each antibody was suf-
ficient to confer near-complete resistance towards the same antibody
(Fig. 3A). Again, however, we observed little if any cross-resistance to-
wards antibodies that had not selected the same mutation (Fig. 3A). We
conclude that each selected mutation is not only necessary but also
sufficient to confer full resistance against the corresponding antibody.

Finally, we sought to determine whether the physical interaction of
antibodies and Spike is actually prevented by single Spike mutations.
Mutant Spike proteins were overexpressed in HeLa cells and visualized
by immunofluorescence staining, using each therapeutic antibody as
primary antibody and a fluorescence-labeled anti-human-IgG secondary
antibody. Fluorescence microscopy and quantitative evaluation
(Fig. 3B-C and Figs. S4-S6) revealed that the mutations — F490S, S494P
and E484K; E340K; K444 E/R and N450D - strongly and highly signif-
icantly reduced the binding of the Spike protein to Bamlanivimab;
Sotrovimab; and Cilgavimab, respectively.

2.4. Spike mutations map to antibody binding sites on spike structure
models

To obtain insight into the structural basis of the mutations selected
by each antibody, we mapped the most frequently selected mutations for
each antibody to the structure of the Spike-RBD (Fig. 4A). For each
antibody, the mutations clustered in distinct regions of the RBD, sug-
gesting that they might locate at the RBD-antibody interface. We thus
asked whether the mutations involved residues that contact the corre-
sponding antibodies based on previous structure analyses, and this was
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indeed the case (Fig. 4B).

For instance, F490 of the RBD is essential for hydrophobic pi-
stacking with the Y101 residue of Bamlanivimab heavy chain (Fig. 4B)
(PDB structure 713n (Jones et al., 2021),), and this interaction is
conceivably abolished by the F490S mutation. Similarly, E484 builds
ionic interactions with the R50 residue of Bamlanivimab heavy chain
based on opposite charges (Fig. 4B), and the mutation E484K is expected
to destroy the interaction through exchanging a negative charge to a
positive one. S494 of the RBD uses the backbone amide as a hydrogen
donor to build a hydrogen bond with the E102 side chain of the Bam-
lanivimab heavy chain (Fig. 4B). Mutation of S494 to P presumably
disrupts this interaction, since the nitrogen of P lacks a hydrogen ligand.

In the case of Sotrovimab (PDB structure 6wps (Pinto et al., 2020),),
mutating the Spike E340 to K conceivably abolishes hydrogen bonds of
the E residue with three amide groups of the peptide backbone within
the antibody (residues 104-106, heavy chain) (Fig. 4B) by reverting the
negative charge of E to the positive K residue. Loss of hydrogen bonds
alone may not prevent antibody binding to the Spike protein, but when
coupled with the steric hindrances introduced by the mutated amino
acid, it is plausible that a single mutation could indeed preclude the
binding of the antibody.

When interacting with the Cilgavimab heavy chain (PDB structure
717e (Dong et al., 2021),), the positively charged K444 of the Spike
builds a combination of ionic interactions with the carboxyl group of
D107 and hydrogen bonds with adjacent backbone-associated carbonyl
groups (Fig. 4B). Furthermore, the amide of the N450 residue interacts
with a carbonyl group of the antibody peptide backbone (Fig. 4B).
Mutating these residues to acidic ones (K444E and N450D, respectively)
plausibly destroys these interactions, whereas, the mutation K444R may
introduce a steric clash with the interacting residues of Cilgavimab, due
to the bulky guanidinium group on arginine. Most mutations found at
lower frequency (e.g. Q493R, G485D, V445A) were also located near the
epitope of the antibody (Dong et al., 2021; Jones et al., 2021).

To investigate whether the Spike mutants maintain viral infectivity
and ACE2 binding, we prepared VSV-pseudotypes of wildtype and
mutant Wuhan Spike proteins and infected Vero E6 cells to determine
the levels of infection, comparing each mutant Spike relative to Wuhan
Spike pseudotypes (set at 100%) (Fig. 4C). We observed that all Spike
mutants, except E340K, showed similar or slightly higher infectivity
compared to the wildtype. In a neutralization assay using soluble hACE2
(Fig. 4D), the Spike mutants E340K and K444E showed slightly reduced
neutralization by hACE2 as compared to the Wuhan Spike. Thus, these
Spike mutations affect ACE2 binding and virus infectivity only weakly if
at all. This is consistent with the notion that selected viruses must still be
capable of binding ACE2 for successful infection.

Taken together, we conclude that the mutations selected by
passaging viruses in the presence of antibodies accumulated at residues
located at the antibody binding sites. However, all mutations are still
compatible with receptor binding and infection.

2.5. Sequential mutagenesis and selection of a SARS-CoV-2 omicron
strain also results in antibody-resistance

We next investigated how an Omicron variant of SARS-CoV-2,
B.1.1.529, could develop resistance to neutralization by antibodies,
using a similar approach. Suppl. Table 2 shows the differences in the
Spike sequence of this B.1.1.529 strain, compared to the Wuhan refer-
ence genome (NC_045512.2). This virus was passaged twice in NHC and
then passaged separately in the presence of three antibodies — Bebt-
elovimab, Sotrovimab and Cilgavimab (Fig. 5A). Each of these anti-
bodies were capable of neutralizing B.1.1.529. Bebtelovimab showed
strong neutralization at 5 ng/mL, whereas Sotrovimab and Cilgavimab
appeared weaker but still neutralized B.1.1.529 at 1.7 pg/mL and 5 pg/
mlL, respectively (Fig. S1 A). Bamlanivimab was ineffective (Fig. S1 A)
and was, therefore, not used for resistance selection here. The observed
neutralization capacities were in line with previous reports (Takashita
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Fig. 3. Selected mutations diminish VSV-Spike-pseudotype neutralization and antibody binding

A. Antibody-mediated neutralization of wildtype and mutant Spike proteins displayed on VSV-pseudotypes. Spike proteins were incorporated into Vesicular
Stomatitis Virus (VSV) pseudotypes, followed by infection of Vero E6 cells and quantification of the infected cells based on a GFP reporter contained in the re-
combinant VSV genome. The addition of antibodies revealed the degree of neutralization of each pseudotype. Each of the indicated point mutations was sufficient to
confer near-complete resistance towards the antibody that it was selected by, but not towards the other antibodies. Each pseudotype-neutralization assay was
performed in triplicate, and the individual results are displayed. Corresponding Dunnett’s multiple comparison tests were performed with the areas under the curve
(AUCs) to determine the significances of the indicated differences (adjusted p-values <0.05 indicated above each column).

B. Immunofluorescence staining to detect antibody-binding to wildtype and mutant Spike proteins in transfected HeLa cells. Spike proteins were over-
expressed in HeLa cells by plasmid transfection for 48 h. The cells were fixed and immunostained with Bamlanivimab (5 pg/mL) and anti-Spike S2 (GTX632604,
1:2000) as primary antibodies, and anti-human-IgG coupled to the fluorescent dye AF488 (5 pg/mL) and anti-mouse-IgG coupled to AF546 (1:500) as secondary
antibodies, along with DAPI (1:3000) for nuclear staining. The mutation F490S diminished the association of Bamlanivimab with the Spike protein. Analogous
stainings for other mutant Spikes by Bamlaniviamb, Sotrovimab and Cilgavimab are shown in Suppl. Figs. S4-S6.

C. Quantification of the immunofluorescence signals. For each staining, the area covered by the AF488 signal above a specific threshold (indicating Spike bound
to Bamlanivimab/Cilgavimab/Sotrovimab) was divided by the DAPI (nuclear) signal to obtain a Spike/DAPI ratio. The Spike/DAPI ratios were divided by the
average Spike/DAPI ratio of wildtype Spike staining to obtain a relative Spike/DAPI signal ratio for each mutant Spike, wildtype Spike, and non-transfected HeLa
cells. The binding of primary antibodies to corresponding mutant Spikes was significantly reduced compared to wildtype Spike (adjusted p-values <0.05 from

Dunnett’s multiple comparisons test indicated above each column).

et al., 2022; VanBlargan et al., 2022; Westendorf et al., 2022).

More passages were required for B.1.1.529 (Fig. 5A) than for Wuhan
(Fig. 1A) to acquire antibody resistance. To assess whether the velocities
of resistance acquisition generally differ, we passaged the Wuhan and
B.1.1.529 strains in NHC and subsequently in Sotrovimab across four
replicates. We observed that three out of four Wuhan virus pools had
become resistant to Sotrovimab already after one passage, while only
one of the B.1.1.529 replicates was mildly resistant but poorly infectious
(Fig. S7 A). Hence, the Wuhan strain achieved resistance more quickly,
perhaps due to its higher burst size (Fig. S7 B).

Upon selection with Bebtelovimab and Cilgavimab, virus pools were
strongly resistant against their respective antibodies but also cross-
resistant to the other antibody in the pair, suggesting that the virus
pools had acquired overlapping sets of mutations (Fig. 5B). Sotrovimab-
selected virus pools were resistant to Sotrovimab but not against the
other two antibodies, predicting distinct mutations (Fig. 5B).

2.6. Each therapeutic antibody selects characteristic B.1.1.529 spike
mutations

The B.1.1.529-derived resistant virus pools of passage 6 were deep-
sequenced to identify the underlying mutations (Fig. 6, Suppl.
Table 3). Both independent selections by Bebtelovimab accumulated the
mutation V445A at almost 100% frequency. Previous pseudotype
neutralization assays using the Wuhan Spike protein with V445A mu-
tation result in significant reduction in susceptibility to Bebtelovimab
(Westendorf et al., 2022).

With Sotrovimab, the E340K Spike mutation was selected in both
independent selections of B.1.1.529 (Fig. 6), as in Wuhan (Fig. 2). In
addition, the K356M mutation accumulated in one selection (Fig. 6).
Interestingly, the E340K and K356T mutation also accumulated in pa-
tients infected with Omicron and treated with Sotrovimab (Birnie et al.,
2022; Ragonnet-Cronin et al., 2023).

B.1.1.529 mutants passaged in Cilgavimab dominantly acquired the
Spike mutation K444R in one selection and V445A in the other (Fig. 6),
resembling the results of the Wuhan selection (Fig. 2). Unlike in Wuhan,
however, the mutation N450D was only weakly selected along with
K444R. The high overlap of mutations selected with Cilgavimab and
Bebtelovimab readily explains the cross-resistance of selected pools
(Fig. 5B).

The complex mutation E340D-V341D-F342L was detected at low
frequencies in both independent selections for Bebtelovimab and in one
selection each with Cilgavimab and Sotrovimab (Fig. 6). Since a similar
set of mutations also accumulated without antibodies or NHC (Fig. S8,
Suppl. Table 3), a low proportion of it might have been present in the
initial virus preparation. Correspondingly, pseudotype assays with mu-
tants that were built on the Omicron BA.1 Spike protein have previously
revealed that E340D and V341F (not V341D) increased the EC50 values

for Sotrovimab neutralization by > 609 and 5.9 times, respectively
(FDA, 2023c). The presence of these mutations upon selection by
Bebtelovimab and Cilgavimab may explain the mild cross-resistance of
these pools against Sotrovimab (Fig. 5B).

As with all Wuhan-derived virus pools (Figs. S2 and S3), we observed
a mutation at the Furin cleavage site, R685H, in single replicates of
selection by Cilgavimab and Sotrovimab (Fig. 6). Notably, however,
such mutations did not occur in the other selections or upon passaging of
B.1.1.529 without antibody (Fig. S8, Suppl. Table 3), raising the ques-
tion why the selection pressure towards such mutations seems less
pronounced in B.1.1.529 than in Wuhan. Of note, the B.1.1.529 strain
comprises the mutation P681H at the Furin cleavage site, as compared to
the Wuhan Spike (Suppl. Table 2). This mutation decreases cleavage by
host cell proteases and gives preference to entry through cathepsin
rather than TMPRSS2 (Khatri et al., 2023; Willett et al., 2022), which is
the preferred pathway in TMPRSS2-deficient Vero E6 cells (Hoffmann
etal., 2020). This suggests that the B.1.1.529 mutation P681H decreases
Spike  cleavage, increases  Omicron infectivity = towards
TMPRSS2-deficient cells and thus reduces the necessity of acquiring
additional mutations at the adjacent sites R682 and R685.

2.7. Pseudotypes of vesicular stomatitis virus as well as
immunofluorescence analyses confirm the impact of specific B.1.1.529
spike mutations on antibody-resistance

We used VSV-pseudotyped viruses displaying B.1.1.529 Spike pro-
teins with single mutations to perform antibody neutralization assays.
As in the Wuhan system, the selected mutations were sufficient to confer
resistance against the corresponding antibodies (Fig. 7A). The mutation
V445A, selected by both Bebtelovimab and Cilgavimab, provided com-
plete resistance to both antibodies (Fig. 7A), largely explaining the
cross-resistance observed between Bebtelovimab and Cilgavimab
selected strains (Fig. 5B). The Sotrovimab-selected K356M mutation
conferred remarkable resistance to the same but not different antibodies,
with somewhat less impact than E340K. K444R and N450D mediated
complete resistance against Cilgavimab, as did V445A. Interestingly, the
mutation K444R, which was not selected by Bebtelovimab, also
conferred complete resistance against this antibody, suggesting that
K444 might contribute to binding Bebtelovimab as well.

Immunofluorescence staining of wildtype and mutant B.1.1.529
Spike proteins overexpressed in HeLa cells, similar to Fig. 3B-C,
revealed that E340K and K356M diminished Sotrovimab staining
(Fig. 7B-C; Fig. S5). Similarly, V445A reduced the staining intensity by
Cilgavimab and Bebtelovimab (Fig. 7C; Figs. S9-510); K444R and
N450D also compromised the Cilgavimab-dependent fluorescence signal
(Fig. 7C; Fig. S9). Hence, single mutations strongly and significantly
reduced the ability of antibodies to bind the B.1.1.529 Spike protein.
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Fig. 4. Mapping of antibody-selected mutations on the three-dimensional structure of the Spike protein

A. Selected RBD mutations. The PDB structure 7kj4 (Xiao et al., 2021) was used to depict the location of mutations that were selected by Bamlanivimab, Sotrovimab
or Cilgavimab. Displayed mutations occurred at a mean frequency (from the selection replicates) of >0.02 in at least one passage. The mean mutation frequencies
(from both replicates and from all three passages) for each selecting antibody are color-coded on the Spike RBD (green: weakly selected mutations, red: strongly
selected mutations). Mutations selected by each antibody indicate different epitopes for antibody-binding.

B. Interaction of mutated residues with antibodies. Bamlanivimab heavy chain interactions with Spike RBD residues F490, E484 and S494 were depicted on PDB
structure 713n (Jones et al., 2021). The PDB structure 6wps (Pinto et al., 2020) was used to depict the Sotrovimab heavy chain and the interacting residue E340 of the
Spike RBD. Cilgavimab heavy chain interactions with Spike RBD residues N450 and K444 were shown on 717e (Dong et al., 2021).

C. Impact of selected Spike mutations on pseudotype infectivity. VSV-pseudotypes with mutant Spike proteins were used to infect Vero E6 cells in parallel (n =
7). The infectivity was quantified by comparing the number of infected cells for each mutant to the average number of cells infected by VSV-pseudotypes with the
wildtype Wuhan Spike, set at 100% (adjusted p-values <0.05 from Dunnett’s multiple comparisons test indicated). The E340K Spike mutation markedly reduced the
pseudotype infectivity.

D. ACE2-binding capacities of mutant Spike proteins. A pseudotype-hACE2 neutralization assay was conducted by incubating the VSV-pseudotypes of Spike
mutants with increasing concentrations of soluble hACE2, followed by infection of Vero E6 cells overnight. The K444E and E340K mutants exhibited slightly reduced
ACE2 binding compared to the wildtype Wuhan pseudotypes. Significances calculated through Dunnett’s multiple comparisons test of the AUCs are shown in the

lower graph.

2.8. Spike mutations map to antibody binding sites on B.1.1.529 spike
structure models

We then mapped the most frequently selected mutations to the
B.1.1.529 Spike RBD crystal structure (PDB structure 7wpc (Yin et al.,
2022),) in Fig. 8A. Mutations selected by Bebtelovimab and Cilgavimab
share similar clusters around residues 445-450, whereas Sotrovimab
selected mutations around the subdomain at 340-356. Less frequent
mutations around residue 340 (E340D-V341D-F342L) were also located
there.

To predict interactions between Bebtelovimab and the B.1.1.529
Spike, the PDB structure 7mmo of Bebtelovimab bound to the Wuhan
Spike (Westendorf et al., 2022) was modified by replacing the Wuhan
Spike with the B.1.1.529 Spike from PDB structure 7wpc (Yin et al.,
2022) through superimposition on PyMOL (Schrodinger, 2015).
Accordingly, the positively charged K444 Spike residue forms ionic in-
teractions with the negatively charged D56 of the Bebtelovimab heavy
chain (Fig. 8B). This might be disrupted due to steric hindrance intro-
duced by the K444R Spike mutation, thereby diminishing neutralization
by Bebtelovimab (cf. Fig. 7A).

The PDB structure 7yad of Sotrovimab-bound Omicron Spike (Zhao
et al., 2022) revealed polar interactions between the carboxyl group of
E340 with backbone amides of A104 and W105 within the Sotrovimab
heavy chain (Fig. 8B), conceivably abolished by the E340K mutation. On
the other hand, the positively charged Spike residue K356 shows ionic
interactions with the negatively charged E108 of the heavy chain, which
could not be maintained upon the K356M mutation (Fig. 8B).

In a similar approach as for studying Bebtelovimab-B.1.1.529 Spike
interactions, we superimposed the B.1.1.529 Spike from PDB structure
7wpe (Yin et al., 2022) onto Cilgavimab-bound Wuhan Spike in PDB
structure 717e (Dong et al., 2021) (Fig. 8B). This strongly suggests that
the positively charged Spike K444 interacts with the negatively charged
D107 and the backbone carbonyl group at Y104 of the Cilgavimab heavy
chain, as seen before with the Wuhan Spike (Fig. 4B). Lastly, the N450
residue on the B.1.1.529 Spike also displays polar interactions with the
backbone carbonyl group of Y105 on Cilgavimab (Fig. 8B), and mutation
N450D would disrupt this interaction.

At the position V445, which was frequently mutated upon selection
by Bebtelovimab or Cilgavimab, the B.1.1.529 Spike is predicted to
interact with residues of the two antibodies, but only through its peptide
backbone (Fig. S11). Conceivably, the mutation V445A should not
disrupt this interaction. However, previous reports also suggest that the
mutation V445A confers resistance to both of these antibodies (Focosi
and Casadevall, 2022; Haars et al., 2023), as we have observed
(Fig. 7A-C). We speculate that the V445A mutation changes the flexi-
bility of the Spike loop structure that comprises the V445 residue, thus
precluding Bebtelovimab or Cilgavimab from binding.

Finally, we examined how the mutations selected in B.1.1.529
affected Spike infectivity (Fig. 8C) and hACE2-binding (Fig. 8D). E340K

and K356M reduced B.1.1.529 Spike infectivity by approximately 50%,
while the other mutations had no significant effect (Fig. 8C). Compared
to the Wuhan Spike, the B.1.1.529 Spike showed stronger neutralization
by hACE2, suggesting stronger hACE2 binding consistent with previous
reports (Lupala et al., 2022; Shah and Woo, 2022) (Fig. 8D). Further, the
E340K mutation was neutralized less effectively by hACE2 (Fig. 8D),
suggesting that this mutation negatively affects Spike-ACE2 binding.
This aligns with our earlier findings on the Wuhan-E340K mutant
(Fig. 4D) and a previous study showing reduced ACE2 binding of E340K
compared to wildtype Spike (Yi et al., 2021).

Hence, the mutations K444R and N450D contributed to Cilgavimab
resistance on both Wuhan and B.1.1.529 Spikes. The mutation V445A on
the B.1.1.529 Spike conferred resistance to both Cilgavimab and Bebt-
elovimab. The mutation E340K allowed Sotrovimab escape on both
Wuhan and B.1.1.529 Spike proteins; however, this mutation also
reduced the Spike infectivity and Spike-ACE2 binding, more strongly on
the B.1.1.529 Spike than on the Wuhan Spike.

2.9. Sequential mutagenesis and selection of the SARS-CoV-2 Wuhan
strain also results in resistance to broad-spectrum antibodies

To study the potential of developing resistance against antibodies
targeting conserved epitopes of the Spike, we made use of two broadly-
neutralizing antibodies (Fig. 9A) — S2K146 (Cameroni et al., 2022; Park
et al., 2022), and S2H97 (Cameroni et al., 2022; Starr et al., 2021a).
S2K146 and S2H97 completely neutralized the Wuhan strains at con-
centrations of 170 ng/mL and 10 pg/mL, respectively (Fig. S1 B). Yet,
the antibodies neutralize through different mechanism. While S2K146
covers a surface of the RBD that largely coincides with the ACE2-binding
region, S2H97 binds to a conserved epitope of the Spike largely outside
the receptor-binding motif (Park et al., 2022; Starr et al., 2021a). Using a
similar approach as described above, we passaged the Wuhan strain
twice in 400 nM NHC and 3-4 times in increasing concentrations of the
two antibodies across two replicates. By the third passage, we obtained
virus strains that were completely resistant to S2H97 in both replicates
(Fig. 9A). For S2K146, we observed partial resistance in only one virus
pool (Fig. 9A). In the other virus pool, we failed to obtain virus resistant
to S2K146 even after four passages. Interestingly, the
Bamlanivimab-passaged virus strains tolerated slightly higher concen-
trations of S2K146 than the virus strains passaged with S2H97 or
without any antibody (Fig. 9A).

We then subjected the genomes of the passaged virus pools to deep
sequencing and plotted the mutated residues across the Spike gene,
including frequencies greater than 0.05 (Fig. 9B-Suppl. Table 4,
Fig. S12). Passaging in S2H97 strongly selected for the mutations D428G
and S514F in one replicate and K462E in the other; at lower frequencies,
the mutations E516K and L518Q appeared (Fig. 9B). For S2H97 (Starr
et al., 2021a), deep mutational scanning has previously revealed mu-
tations at residues 394, 396, 428, 462, 514, 516 and 518 to be relevant
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Fig. 5. Selection of antibody-resistant SARS-CoV-2, Omicron variant

A. Sequential mutagenesis and selection of Omicron B.1.1.529. Similar to the scheme in Fig. 1A, SARS-CoV-2 Omicron B.1.1.529 was passaged twice through
Vero E6 cells in the presence of NHC, and then twice through increasing concentrations of the indicated antibodies. Two more mutagenesis steps were performed to
increase the chances of attaining resistance, followed by four more passages with antibodies. For each antibody, two independent selections were carried out. In one
replicate of the Bebtelovimab selection, the additional mutagenesis steps were omitted as remarkable resistance was already observed in passage 2 (Fig. S15).

B. Acquired resistance of SARS-CoV-2 Omicron B.1.1.529 towards antibodies. Analogous to Fig. 1B, selected B.1.1.529 pools in passage 6 were used to infect a
Vero E6 monolayer at increasing antibody concentrations for 48 h. Immunofluorescence analyses showed high levels of resistance towards the selecting antibody in
each case. Moreover, viruses selected with Bebtelovimab and Cilgavimab revealed strong cross-resistance to one another’s antibody of selection, and low to moderate

cross-resistance to Sotrovimab.

for antibody escape, with mutations at L518 providing the strongest
resistance. Thus, the results of the previous and the current study largely
overlap. One virus pool passaged in the presence of S2K146 had the
mutations Q493R at close to 100% frequency and G485S at around 30%
frequency, suggesting that Q493R and G485S co-exist in 30% of the
population. The other replicate, which failed to develop resistance, had
selected for Spike mutations S371F and D574N (Fig. 9B). In a prior study
of S2K146, it was reported that, determined by deep mutational scan-
ning assays, mutations at Spike residues 475, 484, 486, 487 and 489
reduce S2K146 binding (Park et al., 2022). These mutations are in the
same area but do not coincide with the ones found here on the partially
resistant virus pool. We propose that only the combination of two single
mutations, Q493R and G485S, provided resistance towards S2K146.

10

2.10. Specific mutations confer resistance towards broad-spectrum
antibodies, as confirmed by pseudotypes and immunofluorescence analyses

To confirm the impact of the major identified mutations on antibody
resistance, we performed neutralization assays using VSV-pseudotypes
of Wuhan Spike proteins with defined mutations occurring at fre-
quencies greater than 0.2 in any replicate during antibody passaging
(Figs. 9B and 10A). Among the single mutations selected by S2K146, the
pseudotypes of mutants Q493R and S371F resulted in slightly more
infection at 100 ng/mL S2K146 than the wildtype Wuhan Spike pseu-
dotypes (Fig. 10A). The double mutant G485S + Q493R, however, was
remarkably resistant to S2K146 (Fig. 10A). The Bamlanivimab-resistant
mutation E484K also showed mild resistance to S2K146 at 100 ng/mL.
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Fig. 6. Mutations conferring resistance of SARS-CoV-2 Omicron B.1.1.529 towards antibodies

Upon passaging NHC-treated B.1.1.529 with antibodies, the selected virus pools were subjected to deep sequencing (Suppl. Table 3, NCBI BioProject ID:
PRJNA1143956) after the sixth passage. Mutations with frequencies greater than 0.05 were plotted across the genomic sequence that encodes the Spike protein. As
for Wuhan (Fig. 2), frequent mutations were identified within the receptor binding domain (RBD). Mutations that occurred both in the absence and in the presence of

antibodies are omitted here and displayed in Fig. S8.

All three mutations selected by S2H97 resulted in strong resistance to
S2H97, and surprisingly, S371F (selected by S2K146) also conferred
resistance to S2H97 (Fig. 10A).

In an immunofluorescence staining assay similar to Fig. 3B-C and
Fig. 7B-C, we observed that all mutations selected by S2H97 resulted in
significant loss of the Spike signal as compared to the wildtype Wuhan
Spike (Fig. 10B-C, Fig. S13). The single mutations selected by S2K146
(except D574N) resulted in moderate loss of the Spike signal (Fig. 10C;
Fig. S14). However, the double mutant G485S + Q493R completely
eliminated Spike detection by S2K146 (Fig. 10C; Fig. S14). These results
align well with the pseudotype neutralization assay, confirming the
partial or full resistance conferred by each mutation. Importantly, the
single mutations found upon selection by S2K146 were insufficient for
antibody escape in a pseudotype assay or in an antibody-binding assay,
whereas mutations at residues 485 and 493 together conferred a strong
degree of resistance. Thus, even the broadly active antibody S2K146 can
give rise to resistant virus strains, but the requirement for two simul-
taneous mutations probably reduces the velocity of resistance
formation.

2.11. Spike mutations map to broad-spectrum antibody binding sites for
S2K146 and S2H97

We mapped the frequently selected mutations onto the previously
reported crystal structures of the antibody-Spike-complexes (Fig. 11A).
Among the mutations strongly selected by S2K146, two locate in the
corresponding epitope (Q493R and G485S) on the Spike RBD (PDB 7tas
(Park et al., 2022),). The mutations selected with S2H97 cluster in the
antibody-binding region outside the receptor-binding motif (but still
within the RBD), around residues 428 and 518 (PDB 7m7w (Starr et al.,
20212),).

Detailed structural analysis of the Spike protein bound to S2K146 in
the 7tas structure (Park et al., 2022) revealed that G485 is involved in
polar interactions between its backbone carbonyl and amide group and
W105 of the S2K146 heavy chain (Fig. 11B). Q493, on the other hand,
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forms ionic interactions with H32 and the backbone carbonyl group of
L100 of the S2K146 heavy chain. The Q493R mutation likely introduces
steric hindrance, while G485S may restrict antibody binding by
decreasing the loop flexibility. For the residues mutated with high fre-
quency upon passaging with S2H97, all are present at antibody contact
sites (7m7w (Starr et al., 2021a),). D428 (Spike) displays an ionic
interaction with H102 (antibody heavy chain); furthermore, K462 in-
teracts with D55 and D57 of the S2H97 heavy chain, while S514 engages
in non-polar interactions with Y103 of the heavy chain (Fig. 11B).
Therefore, mutations at these residues explain direct interferences in
antibody binding through the loss of molecular interactions as well as
steric and charge-based clashes.

Finally, we assessed the effects of mutations at conserved sites on the
Spike on viral infectivity and ACE2 binding (Fig. 11C-D). We observed
that all studied Spike mutants, except K462E, resulted in a decrease in
infectivity, with the S371F mutant attenuating infectivity the most.
K462E appeared to improve infectivity. In a neutralization assay using
soluble hACE2 (Fig. 11D), we observed that K462E was the only mutant
more susceptible to hACE2 neutralization than the non-mutated Wuhan
Spike. The double mutant G485S + Q493R and the mutant D428G
showed slightly reduced neutralization by hACE2, whereas the S371F
mutant was not neutralized by hACE2 at all, indicating a strong loss of
ACE2 binding, which correlates with its poor infectivity (Fig. 11C).
S371F was shown previously to decrease infectivity in VSV pseudotypes
(Pastorio et al., 2022).

Overall, our results show that SARS-CoV-2 can acquire resistance
against antibodies that target conserved sites, sometimes at the cost of
reduced infectivity and decreased ACE2 binding. However, the mutation
K462E is a notable exception that not only confers complete resistance to
S2H97 but also increases Spike infectivity and ACE2 binding. Therefore,
this mutation is of particular concern for surveillance. Finally, the virus
largely remains susceptible to antibodies like S2K146 that strongly
overlap with the highly conserved ACE2 binding sites, unless it accu-
mulates a combination of mutations — thus, we propose that such anti-
bodies should be prioritized for therapeutic strategies.
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Fig. 7. Selected-B.1.1.529 Spike mutations diminish neutralization and binding by antibodies

A. Neutralization of VSV-pseudotypes containing wildtype or mutant B.1.1.529 Spike protein. As performed in Fig. 3A, VSV-pseudotypes of B.1.1.529 and
mutant Spike proteins were used to infect Vero E6 cells, after incubations in antibodies at different dilutions. The indicated point mutations on their own were
capable of conferring resistance to the antibody they were selected with. Dunnett’s multiple comparisons tests were performed on the corresponding AUCs and the
adjusted p-values <0.05 are displayed. Mutations K444R and V445A conferred resistance to both Bebtelovimab and Cilgavimab.

B. Immunofluorescence staining to detect antibody-binding to B.1.1.529 and mutant Spike proteins in transfected HeLa cells. Similar to Fig. 3B, we per-
formed immunostaining of mutant and wildtype B.1.1.529 Spike proteins overexpressed in HeLa cells. When using Sotrovimab (5 pg/mL) for staining the B.1.1.529
Spike and its E340K mutant, the staining of the latter is reduced. Figs. S5, S9, S10 show immunostaining for other B.1.1.529 mutations with Sotrovimab, Cilgavimab
and Bebtelovimab.

C. Quantification of the immunofluorescence signals. As in Fig. 3C, relative Spike/DAPI signal ratios were plotted for mutant Spike, B.1.1.529 Spike and
untransfected HeLa cells. The binding of primary antibodies to corresponding mutant Spikes is significantly reduced compared to wildtype B.1.1.529 Spike (for
significant differences, adjusted p-values from Dunnett’s multiple comparisons test are mentioned).
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Fig. 8. Mapping of antibody-selected mutations on the three-dimensional structure of the B.1.1.529 Spike protein

A. Locations of mutations. Similar to Fig. 4A, the mutations that were selected by Bebtelovimab, Sotrovimab and Cilgavimab were mapped on the B.1.1.529 Spike
structure PDB 7wpc (Yin et al., 2022).

B. Contact sites of antibodies and the B.1.1.529 RBD. The interaction of the Bebtelovimab heavy chain with the B.1.1.529 Spike RBD at residue K444 was
displayed by superimposing the structure of the antibody with Wuhan Spike, according to PDB 7mmo (Westendorf et al., 2022), with the B.1.1.529 Spike (PDB
7wpc). PDB structure 7yad (Zhao et al., 2022) was used to depict the Sotrovimab heavy chain and B.1.1.529 Spike RBD interacting residues E340 and K356. The
interactions of the Cilgavimab heavy chain with B.1.1.529 Spike RBD residues K444 and N450 were derived from a superimposition as for Bebtelovimab and
indicated based on PDB 717e (Dong et al., 2021) and 7wpc (Yin et al., 2022).

C. Impact of selected Spike mutations on pseudotype infectivity. Vero E6 cells were infected with VSV-pseudotypes of the B.1.1.529 Spike and its mutants (n =
6). The infection rates were measured as percentages relative to the wildtype B.1.1.529 pseudotype, as described in Fig. 4C. The E340K and K356M mutations in the
Spike protein led to a ~50% reduction in pseudotype infectivity (adjusted p-values <0.05 from Dunnett’s multiple comparisons test indicated).

D. ACE2-binding capacities of mutant Spike proteins. An ACE2-pseudotype neutralization assay was performed using VSV-pseudotypes with wildtype and mutant
B.1.1.529 Spike proteins, as outlined in Fig. 4D. The E340K Spike mutation remarkably reduced ACE2 binding, as shown in the AUC comparisons (adjusted p-values
<0.05 from Dunnett’s multiple comparisons test mentioned).
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Fig. 9. Selection of SARS-CoV-2 Wuhan mutants resistant to broadly neutralizing antibodies

A. Selection of SARS-CoV-2 mutants that are partially or fully resistant to broad-spectrum antibodies targeting conserved epitopes of the RBD. S2K146
(PDB 7tas (Park et al., 2022),) binds to an epitope largely overlapping with the ACE2 binding epitope, while S2H97 (PDB 7m7w (Starr et al., 2021a),) binds to a
cryptic epitope termed site V (residues 353-357, 393-396, 426-430, 462-466, 514-521) (Starr et al., 2021a). The Wuhan strain of SARS-CoV-2 was passaged twice
in NHC and thrice in increasing concentrations of the referred antibodies (range mentioned), similar to the method in Fig. 1A. An additional virus pool was also
passaged in Bamlanivimab as in Fig. 1A for comparison. The third passages of the virus pools were tested for resistance against the antibodies, as described in Fig. 1B.
Partially resistant mutants were selected with S2K146, while fully resistant strains emerged with S2H97. Note that one of the S2K146-selected replicates was
passaged four times and the resulting virus pool was not infectious, likely due to the S371F mutation (cf. Fig. 9B)

B. Mutations identified from deep sequencing of the selected virus pools. The genomes of resistant virus pools were sequenced (Suppl. Table 4, NCBI BioProject
ID: PRJNA1143956), and mutation frequencies >0.05 were plotted across the Spike-encoding region of the SARS-CoV-2 genome. High frequency mutations char-
acteristic to each tested antibody appeared within the RBD. The mutations Q493R and G485S were co-selected with S2K146 in one replicate. Mutation at site R682
occurred frequently in all samples but was excluded from the plot (cf. Suppl. Table 4). Mutations occurring in control samples passaged without antibody are shown
in Fig. 512.

2.12. Some but not all of the selected resistance-conferring mutations are combination with Tixagevimab as Evusheld) are no longer capable of
found in previously emerged major SARS-CoV-2 variants of concern neutralizing the most recent virus variants and have thus lost approval
by the FDA (FDA, 2021, 2023a), in agreement with previous reports

Finally, we compared the most frequently selected Spike mutations (Brady et al., 2022; Hoffmann et al., 2021; Jensen et al., 2021; Keam,
from our experiments with the SARS-CoV-2 variants that had emerged 2022). In contrast, mutations at E340 do not occur in patients with high
during the pandemic. As shown in Table 1, most of these mutations are frequency yet, and this provides a rationale why Sotrovimab was still
indeed contained within such variants (ECDC, 2024; GISAID, 2024; successfully used for treating Omicron BA.1 (Cameroni et al., 2022; FDA,
NCBI, 2023). This explains why Bamlanivimab and Cilgavimab (used in 2023c; lketani et al., 2022). So far, E340K has only been found in a
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Fig. 10. Pseudotype assays and immunofluorescence staining to determine the extent of antibody binding to wildtype or mutant Spike proteins

A. VSV-pseudotype neutralization assay at increasing antibody concentrations indicated single mutations that confer antibody resistance. Wildtype or
mutant Spike proteins were displayed on VSV-pseudotypes and used in an antibody-neutralization assay as described in Fig. 3A. The infection levels were normalized
to wells without antibodies, with each mutation tested in triplicate. Corresponding AUCs with adjusted p-values <0.05 are shown in the lower graphs.

B. Immunofluorescence staining to show diminished antibody binding to mutant Spike proteins. As described in Fig. 3B, HeLa cells overexpressing wildtype
or mutant Spike proteins were fixed and stained with the corresponding antibodies which selected the mentioned mutations. These antibodies were visualized by
secondary anti-human antibodies coupled to the fluorescent dye AF488. When comparing the staining of Wuhan Spike and its mutant D428G by S2H97 (2 pg/mL),
the staining of S2H97 was attenuated. Figs. S13 and S14 show immunostaining for other Wuhan mutations with S2H97 and S2K146, respectively.

C. Quantification of immunofluorescence signals. Spike signals obtained by individual antibodies were divided by the DAPI signal and normalized by the Spike/
DAPI ratio for the Wuhan Spike, as described in Fig. 3C. S2H97-selected mutants showed significant reductions in staining. In contrast, single mutants obtained by
selection with S2K146, apart from D574N, gave rise to a moderately reduced signal. The double mutant G485S + Q493R completely abolished binding to S2K146. All
adjusted p values are <0.0001 (Dunnett’s multiple comparisons test).
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Fig. 11. Mapping of selected mutations on the structures of the Spike RBD

A. Locations of mutations. The residues mutated upon selection with S2K146 and S2H97 are displayed on the Wuhan Spike structures from PDB 7tas (Park et al.,
2022), and PDB 7m7w (Starr et al., 2021a), respectively, using the same criterion and color code as described in Fig. 4A. Low frequency complex mutations at
residues E340, V342, and F343 were observed in both selections, as well as in the absence of antibody passaging and the initial Wuhan strain (Suppl. Table 4); thus,
they were omitted.

B. Contact sites of antibodies and the Wuhan RBD. Interaction between the studied residues mutated upon S2K146 selection and S2H97 selection were visualized
on PDB structures 7tas (Park et al., 2022) and 7m7w (Starr et al., 2021a), respectively. The Spike residues are involved in direct interactions with S2K146 and S2H97.
C. Impact of selected Spike mutations on pseudotype infectivity. Relative infection efficiencies of VSV-pseudotypes with mutant Spike proteins were assessed as
described in Fig. 4C (n = 12). Most mutations, except K462E, reduced infectivity, with S371F causing the greatest reduction (significant differences indicated with
adjusted p-values <0.05).

D. ACE2-binding capacities of mutant Spike proteins. VSV-pseudotypes of wildtype and mutant Spikes (Wuhan) were used in ACE2-neutralization assays, as
outlined in Fig. 4D. The Spike mutation K462E increased binding to soluble hACE2, while S371F, G485S + Q493R, and D428G reduced hACE2 binding as determined
by AUC comparisons in the lower plot (adjusted p-values <0.05 indicated).
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Table 1
Occurrence of selected Spike mutations in previously isolated SARS-CoV-2 variants.
WHO  [Lineage + additional . o Key $pike mutations (within r_es_idues 330-68_1) - (as:::: ;6
label o olours indicate mutations seleclted by Bamlanivimab, Sotrovimab, Cilgavimab, July
Bebtelovimab, S2K146, and S2H97 2024’)
1332V |G339H|K356T|S371F |S373P|S375F | T376A|R403K|D405N |R408S |K417N
Omicron BA.2.86 N440K | V/445H|G446S|N450D [L452W|N460K|S477N|T478K|N481K|E484K|F486P
Q498R |N501Y|Y505H |E554K |A570V|D614G|P621S|HE55Y|N679K |P681R
1332V |G339H|K356T | S371F |S373P|S375F | T376A|R403KD405N|R408S [K417N| Variants of
. N440K_[V445H|G446S|N450D |L452W| L4555 | F456L [N460K|S477N| T478K [N4g1K| Interest
Omicron Kp.3 del483/483| E484K | FA86P | Q493E|Q498RIN501Y |Y505H|E554K| ASTOV | D614G|P621S
H655Y |N679K|P681R
Omicron BA'2'8E4+5§L346T * | Rad6T | Fas6L Variants
Omicron| BA.2.86 + R346T | R346T y under
- onitoring
Omicron| BA.2.86 + F456L F456L
Alpha B.1.1.7+E484K E484K |N501Y|A570D|D614G|P681H
na B.1.214.2 Q414K |N450K|D614G
nfa B.1.1.7+5494P S494P |N501Y |A570D |D614G|P681H
Lambda C.37 L452Q |F490S |D614G
Beta B.1.351 K417N |E484K|N501Y|D614G
Gamma P.1 K417T |E484K|N501Y|D614G|H655Y
Omicron BA1 G339D | S371L|S373P|S375F [SATTN|T478K |E484A|Q493R|G496S|Q498R|N501Y
Y505H | T547K |D614G|H655Y |N679K|P681H
G339D | S371F |S373P|S375F | T376A|D405N |R408S|K417N|N440K |K444R |N450D
Omicron BA.2.3.20 L452M |N46OK|[S477N|T478K|E484R|Q498RIN501Y|Y505H|D614G|HE55Y [N679K]
P681H
Omicron BA277 G339D |E340K|K356T|S371F|S373P|S375F | T376A|D405N|R408S |[K417N [N440K
L452R | S477N|T478K|E484A|Q498R|N501Y|Y505H|D614G H655Y [N679K|P681H
G339D |E340Q|R346T |K356T [S371F|S373P|S375F| T376A|D405N|R408S |[K417N
Omicron BA.2.80 N440K [S477N|T478K|E484A|Q493R|Q498RIN501Y|Y505H|Q564E|D614G|HE55Y]
N679K |P681H
Omicron BA2 G339D | S371F |S373P|S375F | T376A|D405N |R408S|K417N|N440K [S477N|T478K
E484A |Q493R|Q498R|N501Y |Y505H|D614G|H655Y|N679K|P681H
G339H |R346T |K356T|S371F|S373P|S375F | T376A|D405N|R408S [K417N|N440K|  De-
Omicron BN.1 G446S |N460K|S477N | T478K |E484A[F490S |Q498R|N501Y|Y505H|D614G|HE55Y | escalated
N679K  |P681H Variants
G339D |S371F|S373P|S375F [ T376A[D405N |R408S|K417N|N440K | K444T |L452R
Omicron BQ.1 N46OK [S477N|T478K|E484A |F486V|Q498RIN501Y|Y505H|D614G|HE55Y |N679K|
P681H
G339H |R346T| L368I |S371F|S373P|S375F | T376A D405N|R408S |[K417N [N440K
Omicron XBB \V445P  |G446S|N4BOK |S477N|T478K|E484A|F490S |Q498RIN501Y|Y505H |D614G
HB55Y |N679K|P681H
G339H |R346T|S371F |S373P[S375F | T376A |D405N|R408S|K417N|N440K|K444T
Omicron CH.11 G446S | L452R |N460K|S477N|T478K |E484A |F486S|Q498RIN501Y | Y505H |D614G
HB55Y |N679K|P681H
G339H |R346T| L368I |S371F [S373P|S375F | T376A|D405N|R408S |K417N|[N440K
Omicron HV.1.2 \/445P  |G446S| L452R | F456L [N460K |S477N| T478K|E484A| F486P | F490S |Q498R
N501Y  |Y505H|S514F |D614G|H655Y |N679K|P681H
G339H |R346T | L368I |S371F|S373P|S375F | T376A|D405N|R408S |[K417N [N440K
Omicron XBB.1.5 \V445P  |G446S|N460K|S477N | T478K |E484A|F486P|F490S |Q498R[N501Y [Y505H
D614G |HB55Y [N679K|P681H
G339D | S371F |S373P|S375F | T376A|D405N |R408S|K417T|N440K [K444N [V445G
Omicron BA.2.87.1 L452M |N46OK|[S477N|N481K|E484A|Q498RIN501Y|Y505H|D614G| P621S |V642G)
HB55Y |N679R|P681H

The table lists a selection of current variants of interest, variants under monitoring and de-escalated variants
(as of July 26, 2024) based on the databases maintained by the European Centre for Disease Prevention and
Control (ECDC, 2024), and the Lineage Reports by GISAID (Gangavarapu et al., 2023; Shruti et al., 2021).
Among the Spike mutations of interest, mutations identified and studied in our selection experiments are
color-coded based on the antibodies used for selection (Bamlanivimab, Sotrovimab, Cilgavimab, Bebt-
elovimab, S2K146, and S2H97). Mutations shown in bold are the exact amino acid mutations we identified in
our selections. Otherwise, the selection had identified the same residue to be mutated, but not the same
mutation (X = any amino acid substitution).

single Omicron subvariant BA.2.77 (NCBI, 2023; Wang et al., 2024). The
identification of E340 as a critical site for neutralization by Sotrovimab,
also found in an earlier in vitro study (Rockett et al., 2022), might help
to predict the efficacy of Sotrovimab on virus variants that occur in the
future.

Among the currently or previously circulating SARS-CoV-2 variants
(Table 1), the Bamlanivimab resistance-associated mutations F490S or
E484K/A are present in nearly all of them. Bebtelovimab and Cil-
gavimab resistance-conferring site V445 is mutated to G, H or P in the

recent Omicron subvariants. The Sotrovimab resistance-conferring mu-
tation E340K is contained within a single de-escalated variant. The K356
residue is mostly mutated to T in patients infected with the recent var-
iants of interest, whereas our experiments selected for mutation K356 M
— however, both mutations would disrupt ionic interactions with
Sotrovimab.

Among the studied mutations that confer resistance to S2K146 and
S2H97, we observed that the mutations G485S + Q493R do not yet
occur in the SARS-CoV-2 variants, though several variants emerged with
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Q493R alone; similarly, among the mutations selected by S2H97, only
S514F is identified in a single Omicron variant, while the others remain
unobserved. This is likely because most of these mutations decrease
Spike infectivity and ACE2 binding (Fig. 11C-D). Interestingly, the
mutation selected by S2K146 — S371F - is present in nearly all the de-
escalated variants of Omicron. Although S371F strongly reduces viral
fitness, its infectivity is restored by other Spike mutations in these var-
iants (such as N501Y, S477N, Q498R, and E484K) that enhance the
RBD-ACE2 interaction (Cox et al., 2023; Dejnirattisai et al., 2022).

In summary, the mutations F490S, E484K, K444R, and N450D,
frequently identified in our study, are also common in naturally occur-
ring virus variants, making Bamlanivimab and Cilgavimab obsolete by
now. In contrast, Sotrovimab and Bebtelovimab remained effective
against most Omicron subvariants until the emergence of the current
variants listed in Table 1. Hence, the mutations E340K, K356M and
V445A are of particular concern if occurring in future virus variants. The
mutation K462E conferring resistance to S2H97 is also of interest, as it
enhances viral Spike infectivity. In general, in vitro selection of muta-
genized virus pools provides a valuable approach to predict future
antibody escape mutations.

3. Discussion

Our approach allowed the consistent identification of characteristic
SARS-CoV-2-mutations within the Spike coding region that provide
resistance to four different therapeutic antibodies, Bamlanivimab,
Bebtelovimab, Cilgavimab and Sotrovimab, and two broadly-
neutralizing antibodies, S2K146 and S2H97.

The combination of drug-induced mutagenesis with in vitro selection
provides a technology platform for rapid and straightforward identifi-
cation of mutations that allow the virus to escape from antibodies or
other therapeutics. It may even be suitable for identifying escape-routes
from the serum of a pre-immunized patient, by selecting viruses that
escape the person’s current composition of antibodies. The complete-
ness of resistance, and the number of virus passages to achieve it may
also provide an estimate of how rapidly such escape-mutants can arise in
the real world, when COVID patients are undergoing therapy. Further
improvements may include the continuous addition of NHC and/or
additional mutagens while passaging the virus, to induce additional and
complex mutations with more than one amino acid exchange. Similar
approaches may also facilitate the pre-emptive identification of
immune-escape variants of other viruses. NHC is effective on a number
of RNA viruses, such as Influenza A/B viruses (Toots et al., 2019),
Ebolavirus (Reynard et al., 2015), and Venezuelan Equine Encephalitis
Virus (Urakova et al., 2018). Thus, NHC could be used as a mutagen for
in vitro selection of such viruses, too.

Of note, all of the selected mutations encoded direct interaction sites
between the Spike and the antibody, with the exception of S371F, which
may provide resistance by disrupting the overall conformation of the
Spike. In general, conformational mutations are more likely to destroy
the interaction of Spike and ACE2, too, thus abolishing infectivity as
observed in Fig. 11C-D. This is a major advantage of the selection from
an infectious virus pool to predict resistant mutants. In contrast to
mutagenesis and biochemical interaction analyses of mutant Spike-
antibody (Cao et al., 2022; Francino-Urdaniz et al., 2021), or compu-
tational studies of changes in binding free energy upon mutations (Bai
et al., 2021; Sharma et al., 2024), the selection of infectious viruses not
only comprises antibody escape, but also maintains receptor binding and
infectivity. The mutants selected in this way are therefore more likely to
occur in the real world as epidemics proceed.

The mutations that confer resistance towards Bamlanivimab and
Cilgavimab have emerged in major variants of interest of SARS-CoV-2
(Table 1). At the same time, the use of therapeutic antibodies has al-
ways been confined to a small fraction of patients with COVID, for
reasons of cost and availability. Thus, the use of monoclonal antibodies
is unlikely to shape the evolution of the virus in a patient population.
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This argues that Bamlanivimab and Cilgavimab bind to epitopes that are
also frequent targets of naturally occurring antibodies. Hence, the nat-
ural immune response has conceivably selected virus variants that
eliminate the same epitopes by mutation. This is in contrast to the mu-
tation at E340, which confers resistance to Sotrovimab. This mutation is
rare in natural virus mutants and does not belong to the spectrum of
major Variants of Interest. Thus, Sotrovimab appears to target SARS-
CoV-2 through an epitope that is less commonly used during the
average immune response to the virus. Perhaps, this will render Sotro-
vimab more sustainable for treating infections with future variants of
SARS-CoV-2. However, the emergence of mutations at residue K356
(Table 1) of the Spike protein could also affect Sotrovimab neutraliza-
tion. Therefore, careful monitoring of emerging viruses for mutations at
E340 and K356 is still advisable.

Similar to Sotrovimab, S2H97 targets a less used epitope of the Spike
RBD, and the S2H97 resistance conferring mutations hardly occur
naturally. While the mutation D428G reduced the Spike-ACE2 binding
efficiency, the resistance-conferring mutation K462E enhanced ACE2
binding, and it therefore represents a mutation to monitor when
implementing S2H97 therapeutically. S2K146, on the other hand, tar-
gets exactly the ACE2-binding residues on the Spike, and only a com-
bination of two mutations, G485S + Q493R, could confer partial
resistance while keeping the virus modestly infectious. Therefore, this
antibody still holds promising therapeutic potential. Moreover, the
strategy of targeting the receptor-binding surface of an envelope protein
with antibodies may generally reduce the likelihood of resistance-
conferring mutations.

In vitro mutagenesis requires careful handling to avoid the escape of
mutant virus. It should be noted though that the prodrug of NHC,
Molnupiravir, was a clinically approved drug in the UK (Syed, 2022),
and it still holds Emergency Use Authorization by the FDA (FDA, 2023b;
Mia et al., 2024). Thus, precautions should also be applied when treating
patients with it, to avoid the formation and spread of gain-of-function
variants, as we have outlined in more detail previously (Zibat et al.,
2023).

The importance of understanding SARS-CoV-2 evolution has led to a
number of other studies with different approaches to identify Spike
mutations that interfere with antibody binding. One study describes a
machine learning approach investigating a large number of SARS-CoV-2
RBD sequences with combined mutations, to identify mutations that
preserve ACE2 binding but disrupt the interaction with antibodies (Taft
et al., 2022). More recently, a library of combined mutations was dis-
played on pseudoviruses and tested for antibody neutralization
(Dadonaite et al., 2023). Similarly, an inverted infection assay using
ACE2-harboring viruses was used to find mutations from a library of
mutant Spike-expressing cells in the presence of neutralizing antibody
(Alcantara et al., 2023). While such mutation scanning methods sample
a large number of Spike mutations, they only partially recapitulate the
evolution of fully infectious, antibody-evading SARS-CoV-2 mutants and
thus require the construction of recombinant viruses to confirm the
impact of individual mutations.

In our study, the selection of escape-mutations from an Omicron
B.1.1.529 strain took more rounds compared to the Wuhan-like virus
(Fig. 5A, Fig. S7 A, Fig. S15). One reason for this may be that Omicron, in
general, is less immunogenic (Mannar et al., 2022). Moreover, the
Omicron Spike binds ACE2 with up to 9-fold increased affinity compared
to Wuhan (Yin et al., 2022), perhaps shifting the equilibrium from
antibody-bound to receptor-bound Spike. Accordingly, a higher con-
centration of Cilgavimab was needed to neutralize Omicron. The Omi-
cron Spike RBD is conformationally more dynamic in its apo-form (Yin
et al., 2022), which may decrease the opportunities for antibodies to
bind it. Thus, the window of opportunity between the initial Omicron
pools and the escape mutants seems smaller than in the case of
Wuhan-like strains.

Taken together, the in vitro selection of NHC-derived virus pools
enables the identification of immune-escape SARS-CoV-2 mutants. We
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propose that this approach will be useable to generate a catalogue of
such mutants for future therapeutic antibodies and antiviral compounds,
before such escape-mutations even occur in patients.

3.1. Limitations of the study

One of the limitations of using this platform for generating virus
mutants consists in biases caused by NHC. When NHC is incorporated
into nascent viral RNA, tautomeric interconversions allow it to base pair
with guanine as well as adenine in the subsequent replication steps.
Thus, NHC mutagenesis is largely limited to transitions rather than
transversions (Bessi et al., 2024; Janion and Glickman, 1980; Zibat et al.,
2023) and does not generate a comprehensive collection of mutations.
Additionally, during passaging in the presence of antibodies, it is
possible to reach bottlenecks during the selection process. In this sce-
nario, an insufficient number of mutants would not fill the sequence
space of potential variants.

Another consideration is that our study was conducted in vitro,
which differs from an infection of patients by the immune and inflam-
matory response. In an individual infected with SARS-CoV-2, the
development of resistance-conferring mutations upon treatment with a
therapeutic antibody may be affected by multiple endogenous anti-
bodies. Further, T-cell epitopes of the Spike may influence the selection
of mutations in vivo.

Hence, the system described here reflects only partially how viruses
can accumulate mutations in patients. Nonetheless, it does reveal at least
a subset of virus mutations that can counteract the efficacy of thera-
peutic antibodies.

4. materials and methods
4.1. Cell culture

Vero E6 cells (Vero C1008) were used as host cells for SARS-CoV-2
and VSV-pseudotype infection; BHKG43 and HEK293T cells for VSV-
pseudotype preparation; and HeLa cells for Spike overexpression and
immunofluorescence staining. The following table describes sources and
media. Cells were incubated in a humidified atmosphere with 5% CO- at
37 °C.
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Chemical 9002958), followed by an incubation of 1 h at 37 °C before
infection.

The cells were then infected with SARS-CoV-2 (Wuhan-like) at MOI
0.08, corresponding to 2 x 10* focus forming units (FFU), and incubated
for 48 h at 37 °C to obtain a pool of SARS-CoV-2 mutants in the cell
supernatant. An amount corresponding to ~2 x 10%° viral RNA copies
from this virus pool was used for re-infecting 2.5 x 10° Vero E6 cells in
the presence of 400 nM NHC, to complete two rounds of mutagenesis.

For selecting antibody-resistant mutants, the virus pools were incu-
bated in increasing concentrations of antibodies (described in Figs. 1A
and 9A) for 1 h at 37 °C (in three or four individual passages). The
following antibodies were used:

Antibody Source Selection of virus
strains

Bamlanivimab  Eli Lilly and Company, GTIN: Wuhan
00300027910017

Sotrovimab Proteogenix, PX-TA1637 or GSK Sotrovimab ~ Wuhan, B.1.1.529
(Xevudy) Lot GX2C

Cilgavimab Proteogenix, PX-TA1033 Wuhan, B.1.1.529

Bebtelovimab Proteogenix, PX-TA1750 B.1.1.529

S2K146 Proteogenix, PTXCOV-A582 Wuhan

S2H97 Proteogenix, PTXCOV-A580 Wuhan

Subsequently, Vero E6 cells were incubated with the antibody-virus
mix for 48 h at 37 °C. In each passage, the amount of virus added to cells
was adjusted after quantification by qPCR.

For neutralization assays to determine the degrees of resistance,
different virus pools were pre-incubated with different antibody di-
lutions (37 °C, 1 h) and used to infect Vero E6 cell monolayers for 48 h,
followed by immunofluorescence analysis as described below.

For mutagenesis and selection experiments with the Omicron strain
(B.1.1.529; European Virus Archive Global Ref-SKU: 009V-04437, ob-
tained from the Robert Koch Institute, Berlin, Germany), 100-200 nM
NHC was used for mutagenesis. Here, lower amounts of NHC were used
as compared to the Wuhan strain because B.1.1.529 showed higher
sensitivity to NHC (Fig. S16), in agreement with a previous study (Li
et al., 2022). The virus pools were passaged six times with increasing
concentrations of antibodies (cf. table above, Fig. 5A).

Cell Line Source Basal Medium Supplements
Vero E6 German Primate Centre (DPZ), Gottingen, Dulbecco’s modified Eagle’s 10% fetal bovine serum (FBS; Merck), 200 pM L-Glutamine, 50 U/mL
Germany medium (DMEM) with penicillin (Gibco), 50 pg/mL streptomycin (Gibco), 2 pg/mL tetracycline
GlutaMAX™, Gibco (Sigma), 10 pg/mL ciprofloxacin (Bayer)
HEK293T German Collection of Microorganisms and Dulbecco’s modified Eagle’s
Cell Cultures (DSMZ), Braunschweig, medium (DMEM)
Germany
HeLa ATCC Dulbecco’s modified Eagle’s
medium (DMEM)
BHK 21 DPZ Eagle’s minimum essential medium 10% fetal bovine serum (FBS; Merck), 200 pM L-Glutamine, 50 U/mL
(G43) (EMEM) penicillin (Gibco), 50 pg/mL streptomycin (Gibco), 50 pg/mL Hygromycin B

(Invitrogen), 100 pg/ml Zeocin (Invitrogen)

4.2. Treatments and SARS-CoV-2 infection

A Wuhan-like SARS-CoV-2 strain (mutations with respect to refer-
ence NC_045512.2: Nsp2: T85I, RdRp: P323L, S: D614G, ORF3a: Q57H)
was isolated in Gottingen in March 2020 (Stegmann et al., 2021) and is
referred to as ‘Wuhan’.

2.5 x 10° Vero E6 cells were seeded in t25 flasks with medium
containing 10% FBS. After 24 h, the medium was replaced to contain 2%
FBS and 400 nM B-D-N*hydroxycytidine (NHC/EIDD-1931, Cayman
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4.3. Quantitative RT-PCR for virus quantification

The virus samples were first inactivated in a 1:1 ratio of media and
the GTC Lysis Binding Buffer from the MagNA Pure LC Total Nucleic
Acid Isolation Kit (Roche). Viral RNA was isolated through Trizol LS,
chloroform extraction and isopropanol precipitation. The subsequent
RNA pellet was washed with 75% ethanol, dried and resuspended in
nuclease-free water. Both Wuhan and B.1.1.529 virus RNA were quan-
tified by RT-qPCR with a TagMan probe, using the following primers to
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amplify a conserved region of the SARS-CoV-2 envelope protein gene
(nucleotides 26,141-26,253) (Corman et al., 2020).
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provided by Gert Zimmer (Berger Rentsch and Zimmer, 2011; Zimmer
etal., 2014). In order to produce VSV*AG-F-Luc-G virus stocks, the virus

Primer 5’ — Sequence — 3'

Modification

F (forward)
R (reverse)
P (probe)

ACAGGTACGTTAATAGTTAATAGCGT
ATATTGCAGCAGTACGCACACA
ACACTAGCCATCCTTACTGCGCTTCG

5' 6-carboxyfluorescein (FAM), 3’ Blackberry Quencher (BBQ)

4.4. Deep sequencing

Novogene UK performed library preparations for the viral RNA of
Wuhan samples selected with Bamlanivimab/Sotrovimab/Cilgavimab.
Library preparations for the remaining Wuhan and B.1.1.529 selected
viral RNA were performed using the QIAseq DIRECT SARS-CoV-2 Kit A
(#333891). Novogene UK performed sequencing for all the samples. The
RNA samples were reverse transcribed into ¢cDNA and amplified by
multiplex PCR amplification capture (MultipSeq®). After library quality
check, the libraries were sequenced on Illumina NovaSeq 6000 (PE 150
bp; 2G raw data per sample). Raw reads were deposited at NCBI SRA,
BioProject ID: PRINA1143956.

4.5. Sequencing data processing and variant calling

The first analysis of Wuhan strain antibody selection (Passages 0 and
3) was performed as follows: FASTQ files were assessed for quality using
FastQC v0.11.9 (Andrews, 2010). The adapter sequences were trimmed
using trim_galore version 0.6.7, (https://www.bioinformatics.babraha
m.ac.uk/projects/trim_galore/), and contaminating host cell reads
were removed by kraken2 version 2.1.2 (Wood and Salzberg, 2014).
Finally, the processed reads were mapped to the SARS-CoV-2 reference
genome NC 045512.2 with BWA-mem version 0.7.17-r1188 (Li and
Durbin, 2009). Samtools version 1.15 (Li et al., 2009) was used to sort
and index the subsequent BAM files. Variant calling was performed
using FreeBayes v1.3.6 (Garrison and Marth, 2012), with a minimum
alternate allele frequency threshold of 0.05. This generated VCF files
which were then split using the vefbreakmulti function from the veflib
version 1.0.3 (Garrison et al., 2022). Finally the called variants were
annotated using SnpEff version 4.5covid19 (Cingolani et al., 2012). For
all other Wuhan and B.1.1.529 sequencing data, we followed the same
processing steps except for low-quality sequence trimming, which was
performed using CutAdapt version 2.3, (Martin, 2011); mapping to
reference genome, which was done using BowTie2 version 2.3.4.1,
(Langmead and Salzberg, 2012); variant calling, which was performed
with a minimum alternate allele frequency 0.01; and variant annotation,
which was done using SnpEff version 4.37.

The above processing steps allowed us to identify mutations
including the pre-existing ones from the initial pool of B.1.1.529. Sub-
sequently, for the B.1.1.529 selection study, we filtered out the muta-
tions that were (1) common to antibody-selected virus pools and the
original Omicron B.1.1.529 strain, and/or (2) present in the virus pools
passaged without antibody with alteration frequency greater than 0.04.
This allowed us to shortlist the possible resistance-conferring mutations
as plotted in Fig. 6.

4.6. Preparation of single spike mutation pseudotypes for neutralization
assays

A vesicular stomatitis virus (VSV) system was employed for the
preparation of pseudotypes, i.e. viruses displaying envelope proteins
that do not belong to their species. Recombinant VSV particles
(VSV*AG-F-Luc-G) that contain genes encoding Green Fluorescent Pro-
tein (GFP) and Firefly Luciferase (F-Luc) in place of the VSV-G glyco-
protein gene in their genome (Sidarovich et al., 2022), were kindly
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was propagated for 24 h at 37 °C in BHK-21 (G43) cells (kindly provided
by Stefan Pohlmann, DPZ, Gottingen), which were induced to over-
express VSV-G glycoprotein using 10 nM Mifepristone (Sigma) (Berger
Rentsch and Zimmer, 2011). Virus aliquots were stored in —70 °C.

In order to produce VSV*AG-F-Luc-SARS-CoV-2-S pseudotypes, 1.5
x 10% HEK293T cells, seeded in 100-mm cell culture plates, were
transfected with plasmids (cf. the table below) to express wildtype or
mutant SARS-CoV-2 Spike, using Lipofectamine 3000 (Life technologies)
for 24 h at 37 °C. Afterwards, the transfection media was replaced by a
VSV*AG-F-Luc-G virus stock at MOI 2 in media containing 2% FBS, for
1-2 h at 37 °C. The virus-containing media was then replaced by fresh
media containing 2% FBS and 500 ng/mL anti-VSV-G antibody (Kera-
fast), to neutralize any non-pseudotyped VSV*AG-F-Luc-G that might
have been carried over from the initial stock. The cells were incubated
for another 18 h at 37 °C, and the supernatants containing VSV-Spike-
pseudotypes were harvested.

To test their susceptibility to antibodies or hACE2 (10108-HO2H,
SinoBiologicals), wildtype or mutant Spike pseudotypes were incubated
with antibody dilutions in 2% FBS media for 1-2 h at 37 °C. Then, the
pseudotype-antibody (or hACE2) mixture was added on top of Vero E6
cell monolayer overnight at 37 °C. Infected cells were then identified by
detecting the green fluorescent signal derived from the GFP encoded by
the VSV-dG*S genome, using a Celigo Image cytometer (Nexcelom).
Neutralization efficacies were calculated by dividing the number of
infected cells in a well by the number of infected cells in a control well
without antibody or hACE2.

4.7. Generation of spike expression plasmids by site-directed mutagenesis

The Spike expression plasmid was originally purchased from Sino-
Biologicals (Cat# VG40589-UT, VG40835-UT). The Spike gene was then
truncated by a 19-amino acid carboxyterminal deletion (A19-aa), by site
directed mutagenesis using QuikChange XL kit (Agilent), to improve
pseudotype infectivity (Chen et al., 2021a; Johnson et al., 2020). The
same mutagenesis protocol was then used to introduce individual Spike
mutations to be tested for antibody resistance. The mutations introduced
were confirmed by Sanger sequencing (Eurofins). The following table
indicates the sequences of oligonucleotide used for each mutagenesis.

Spike Expression Spike Modifications and primer pair

Plasmid

Wuhan Spike Wuhan Spike pCMV3-SARS-CoV-2-S Sino Biological (Cat#
pCMV3-SARS- VG40589-UT) + A19-aa:
CoV-2-S-A19 5'-ctgtggctectgttgtaagtaggatgaggtacectetgaacctgtgetg-3'

5'-cagcacaggttcagagggtacctcatcctacttacaacaggagecacag-3'

Wuhan Spike Wuhan Spike pCMV3-SARS-CoV-2-S-A19 +
pCMV3-SARS- E340K: 5'- ccaacctgtgtccatttggaaaggtgttcaatgee-3'
CoV-2-S-A19- 5'-ggcattgaacacctttccaaatggacacaggttgg-3'
E340K

Wuhan Spike Wuhan Spike pCMV3-SARS-CoV-2-S-A19 +
pCMV3-SARS- E484K: 5'-caccatgtaatggagtgaagggcttcaactgttac-3'
CoV-2-S-A19- 5'-gtaacagttgaagcecttcactecattacatggtg-3'
E484K

Wuhan Spike Wuhan Spike pCMV3-SARS-CoV-2-S-A19 +
pCMV3-SARS- F490S: 5-ggagggcttcaactgttacagtccactecaatectatgg-3'
CoV-2-S-A19- 5'-gccataggattggagtggactgtaacagttgaageceetee-3'
F490S

(continued on next page)
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(continued)

Spike Expression Spike Modifications and primer pair

Plasmid

Wuhan Spike Wuhan Spike pCMV3-SARS-CoV-2-S-A19 +
pCMV3-SARS- K444E: 5'- acaacctggacagcgaggtgggaggcaac-3'
CoV-2-S-A19- 5'- gttgecteecacctegetgtecaggttgt-3'
K444E

Wuhan Spike Wuhan Spike pCMV3-SARS-CoV-2-S-A19 +
pCMV3-SARS- K444R: 5'- acaacctggacagcagggtgggaggcaac-3'
CoV-2-S-A19- 5'- gttgecteecaceetgetgtecaggttgt-3'
K444R

Wuhan Spike Wuhan Spike pCMV3-SARS-CoV-2-S-A19 +
pCMV3-SARS- N450D: 5- ggtgggaggcaactacgactacctctacagact-3'
CoV-2-S-A19- 5'- agtctgtagaggtagtegtagttgecteecace-3'
N450D

Wuhan Spike Wuhan Spike pCMV3-SARS-CoV-2-S-A19 +
pCMV3-SARS- $494P: 5'- actttccactccaaccctatggettecaaccaace-3'
CoV-2-S-A19- 5'- ggttggttggaagecatagggtiggagtggaaag-3'
S494P

B.1.1.529 Spike B.1.1.529 Spike pCMV3-SARS-CoV-2-S Sino Biological (Cat#
pCMV3-SARS- VG40835-UT) + Al19-aa:
CoV-2-S-A19 5'-ctgtggctectgttgtaagtaggatgaggtacectetgaacetgtgetg-3'

5'-cagcacaggttcagagggtacctcatcctacttacaacaggagecacag-3'

B.1.1.529 Spike B.1.1.529 Spike pCMV3-SARS-CoV-2-5-A19 +

pCMV3-SARS- E340K: 5'- acctgtgtccatttgacaaggtgttcaatgecace-3'
CoV-2-S-A19- 5'- acctgtgtccatttgacaaggtgttcaatgecace-3'
E340K

B.1.1.529 Spike B.1.1.529 Spike pCMV3-SARS-CoV-2-S-A19 +
pCMV3-SARS- K356M: 5'- ctatgcctggaacaggatgaggattageaactgtg-3'
CoV-2-S-A19- 5'- cacagttgctaatcctcatectgttecaggeatag-3'
K356M

B.1.1.529 Spike B.1.1.529 Spike pCMV3-SARS-CoV-2-S-A19 +
pCMV3-SARS- K444R: 5'- acaagctggacageagggtgageggcaac-3'
CoV-2-S-A19- 5'- gttgeegeteaccetgetgtecagettgt-3'
K444R

B.1.1.529 Spike B.1.1.529 Spike pCMV3-SARS-CoV-2-S-A19 +
pCMV3-SARS- N450D: 5'- ggtgagcggcaactacgactacctctacagact-3'
CoV-2-S-A19- 5'- agtctgtagaggtagtcgtagttgecgetcace-3'
N450D

B.1.1.529 Spike B.1.1.529 Spike pCMV3-SARS-CoV-2-S-A19 +
pCMV3-SARS- V445A: 5- caagctggacagcaaggcgageggeaactacaac-3'
CoV-2-S-A19- 5'- gttgtagttgeegetegecttgetgtecagettg-3'
V445A

Wuhan Spike Wuhan Spike pCMV3-SARS-CoV-2-S-A19 +
pCMV3-SARS- S371F: 5-tgactactctgtgctctacaactttgectectteag-3'
CoV-2-S-A19- 5'-ctgaaggaggcaaagttgtagagcacagagtagtca-3'
S371F

Wuhan Spike Wuhan Spike pCMV3-SARS-CoV-2-S-A19 +
pCMV3-SARS- D428G: 5'-ctacaaactgcctgatggcettcacaggetgtgtga-3'
CoV-2-S-A19- 5'-tcacacagcctgtgaagecatcaggeagtttgtag-3'
D428G

Wuhan Spike Wuhan Spike pCMV3-SARS-CoV-2-S-A19 +
pCMV3-SARS- K462E: 5'- gttcaggaagagcaacctggagceatttgagagggacatca-3'
CoV-2-5-A19- 5'- tgatgtccctctcaaatggetecaggttgetettectgaac-3'
K462E

Wuhan Spike Wuhan Spike pCMV3-SARS-CoV-2-S-A19 +
pCMV3-SARS- G485S: 5'-ccatgtaatggagtggagagcttcaactgttacttte-3'
CoV-2-S-A19- 5'-gaaagtaacagttgaagctctecactecattacatgg-3'
G485S

Wuhan Spike Wuhan Spike pCMV3-SARS-CoV-2-S-A19 +
pCMV3-SARS- Q493R: 5-ttcaactgttactttccactcagatcctatggcettccaaccaac-3'
CoV-2-S-A19- 5'-gttggttggaagceataggatetgagtggaaagtaacagttgaa-3'
Q493R

Wuhan Spike Wuhan Spike pCMV3-SARS-CoV-2-S-A19 +
pCMV3-SARS- S514F: 5-gggtggtggtgctgttctttgaactgeteca-3'
CoV-2-S-A19- 5'-tggagcagttcaaagaacagcaccaccacce-3'
S514F

Wuhan Spike Wuhan Spike pCMV3-SARS-CoV-2-S-A19 +
pCMV3-SARS- D574N: 5-cattgctgacaccacaaatgetgtgagggacce-3'
CoV-2-S-A19- 5'-gggtcectcacageatttgtggtgtcageaatg-3'
D574N

4.8. Immunofluorescence analysis

For immunofluorescence analyses of SARS-CoV-2 infected cells, the
cells were first fixed with 4% paraformaldehyde (Sigma) in PBS for 1 h at
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room temperature (RT). The fixed cells were then permeabilized with
0.5% Triton X-100 (Sigma-Aldrich) in PBS at RT for 20 min and blocked
with 10% FCS (Anprotec) in PBS at RT for 30 min. The primary antibody
was anti-Nucleoprotein antibody (Holzel), incubated in a 1:8000 dilu-
tion in PBS/10%FCS at 4 °C overnight, and the secondary antibody
staining was done using donkey anti-rabbit-IgG antibodies coupled to
Alexa Fluor 488 (Thermofisher; 1:500 dilution) alongside 4',6-dia-
midino-2-phenylindole (DAPI) staining (Sigma; 1:3000 dilution) at RT
for 1-2 h. Fixation, permeabilization and antibody staining steps were
each followed by two to three PBS washes of 5 min.

Imaging of fixed and stained plates was performed using a Celigo
Image cytometer (Nexcelom). Infected cells were counted using the
software ImageJ (1.53k/Java-1.8.0_.172) based on the SARS-CoV-2
Nucleoprotein-derived signal. The percentage of infected cells was
calculated by dividing the number of infected cells with the number of
DAPI stained nuclei and multiplying by 100.

For immunostaining of wildtype or mutant Spike proteins upon
overexpression in HeLa cells, Bamlanivimab/Sotrovimab/Cilgavimab/
Bebtelovimab/S2K146/S2H97 were used as primary antibodies in the
following concentrations:

Wildtype/Mutant Spike of

Primary Antibody Concentration (pg/mL)

Wuhan Bamlanivimab 5
Sotrovimab 5
Cilgavimab 5

B.1.1.529 Bebtelovimab 5
Sotrovimab 5
Cilgavimab 30

Wuhan S2K146 0.1
S2H97 2

For secondary staining, anti-human IgG AF488 (Jackson ImmunoR-
esearch 109-545-003 or Invitrogen A-10631) was used at concentration
5 pg/mL. Primary staining was performed either at 4 °C overnight or for
1-2 h at RT. In parallel, an anti-Spike mouse antibody that binds to the
S2 region of the Spike (Gene Tex, Cat #GTX632604, 1:2000 dilution)
was used to visualize the Spike expression irrespective of the mutations,
using a donkey anti-mouse IgG secondary antibody coupled to AF546
(Invitrogen, 1:500 dilution).

4.9. Structure modeling of the spike-antibody complexes

The Spike mutations selected by Bamlanivimab/Sotrovimab/Cil-
gavimab were mapped on the Spike structure from PDB 7kj4 (Xiao et al.,
2021) and visualized on PyMOL version 4.6 (Schrodinger, 2015). The
PDB structure 713n (Jones et al., 2021) shows Wuhan Spike protein
bound to Bamlanivimab. This structure was used to examine the Spike
residues mutated upon Bamlanivimab selection. Similarly, Wuhan Spike
mutations selected by other antibodies were investigated based on the
PDB structures 6wps (Pinto et al., 2020) and 717e (Dong et al., 2021) for
Sotrovimab and Cilgavimab, respectively.

The PDB structure 7wpc (Yin et al., 2022) of the B.1.1.529 Spike
bound to ACE2 was used to depict antibody-selected mutations on this
Spike variant. Interactions between Sotrovimab and the B.1.1.529 RBD
were visualized on the PDB structure 7yad (Zhao et al., 2022), dis-
playing the two proteins in a complex. Interactions between Bebt-
elovimab or Cilgavimab and the B.1.1.529 Spike were predicted by
superimposing the B.1.1.529 Spike structure from PDB 7wpc (Yin et al.,
2022) onto the PDB structure 7mmo displaying the complex of Bebt-
elovimab and the Wuhan Spike (Westendorf et al., 2022), or onto the
PDB structure 717e that shows the complex of Cilgavimab with the
Wuhan Spike (Dong et al., 2021).

Mutations selected by S2K146 and S2H97 were mapped on the PDB
structures 7tas (Park et al., 2022) and 7m7w (Starr et al., 2021a),
respectively; the same structures were also used to visualize
S2K146-RBD and S2H97-RBD interactions.
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