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Abstract

The spike protein receptor-binding domain (RBD) of SARS-CoV-2 is the molecular target for

many vaccines and antibody-based prophylactics aimed at bringing COVID-19 under con-

trol. Such a narrow molecular focus raises the specter of viral immune evasion as a potential

failure mode for these biomedical interventions. With the emergence of new strains of

SARS-CoV-2 with altered transmissibility and immune evasion potential, a critical question

is this: how easily can the virus escape neutralizing antibodies (nAbs) targeting the spike

RBD? To answer this question, we combined an analysis of the RBD structure-function with

an evolutionary modeling framework. Our structure-function analysis revealed that epitopes

for RBD-targeting nAbs overlap one another substantially and can be evaded by escape

mutants with ACE2 affinities comparable to the wild type, that are observed in sequence sur-

veillance data and infect cells in vitro. This suggests that the fitness cost of nAb-evading

mutations is low. We then used evolutionary modeling to predict the frequency of immune

escape before and after the widespread presence of nAbs due to vaccines, passive immuni-

zation or natural immunity. Our modeling suggests that SARS-CoV-2 mutants with one or

two mildly deleterious mutations are expected to exist in high numbers due to neutral genetic

variation, and consequently resistance to vaccines or other prophylactics that rely on one or

two antibodies for protection can develop quickly -and repeatedly- under positive selection.

Predicted resistance timelines are comparable to those of the decay kinetics of nAbs raised

against vaccinal or natural antigens, raising a second potential mechanism for loss of immu-

nity in the population. Strategies for viral elimination should therefore be diversified across

molecular targets and therapeutic modalities.
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Introduction

The deployment of vaccines against SARS-CoV-2 brings the question of mutational escape

from antibody prophylaxis to the forefront. Rapid evolutionary evasion of neutralizing anti-

bodies (nAbs) poses a number of threats to biomedical interventions aimed at bringing the

virus under control, namely the risk of reduced vaccinal efficacy over time as resistant variants

continue to emerge (which may or may not be rectifiable with annual vaccine updates), the

risk of waning effectiveness of natural immunity as a result of evasion of common nAbs, and

the risk of antibody-dependent enhancement (ADE).

SARS-CoV-2 is commonly considered to acquire mutations more slowly than other RNA

viruses [1,2]. However, the SARS-CoV-2 mutation burden and evolutionary rate (1x10-3 sub-

stitutions per base per year [2]) have only been estimated under conditions of neutral genetic

drift (distinct from antigenic drift) [3], in the absence of strong positive selection pressure pro-

vided by population-level immunity or other interventions that select for resistance mutations.

In immunologically naïve COVID-19 patients, viral load and transmission [4] peak near the

time of symptom onset, while the host antibody response peaks approximately 10 days later

[5]. Thus, transmission in immunologically naïve individuals occurs well in advance of the

appearance of a robust humoral response. These kinetics suggest the immune response in

naïve individuals exerts limited selection pressure on the virus, consistent with direct genetic

evidence from deep sequencing showing little to no positive selection [6]. Hence, the evolu-

tionary rate prior to the widespread deployment of vaccines or development of natural immu-

nity (based primarily on neutral genetic drift) may underestimate the evolutionary potential of

the virus to evade nAbs deployed as active immunity (vaccines) or passive immunity (nAb

prophylactics). When nAbs are broadly present in the population, population-level selection

for antibody-evading, infection-competent viral mutants may result in a rapid resurgence of

SARS-CoV-2 infections.

Mutation rates alone offer a limited picture of the ability of viruses to generate successful

escape mutations. While some vaccine-preventable viruses have very low mutation rates (such

as smallpox, ~1 x 10−6 sub/nuc/yr) [7], others have high mutation rates (such as poliovirus, 1 x

10−2 sub/nuc/yr) (S1 Table). There is a sharp contrast between the high antigenic evolvability

of viruses such as influenza [8], notable for their evolutionary capacity for immune evasion,

and the low antigenic evolvability of viruses like poliovirus, which have proven highly tractable

to antibody-mediated prophylaxis via vaccines [9] despite a high evolutionary rate (S1 Table).

Studies of other infectious diseases support the concept that natural selection promotes anti-

genic evolvability [10].

To better understand the potential for immune evasion mediated by SARS-CoV-2 RBD

mutations in the presence of nAbs, singly or in combination, we focused on three questions.

First, what is the evolutionary cost of harboring nAb-evading RBD mutations? Second, given

this evolutionary cost, how likely is it that SARS-CoV-2 patients will harbor viruses with pre-

existing nAb-evading RBD mutations as their dominant viral sequence? Third, how rapidly

will such nAb-evading RBD mutants become fixed in the population once nAb vaccines and

therapies are deployed widely?

Results

There is a low evolutionary cost to developing resistance to RBD-targeting

nAbs

To explore the diversity of the B-cell response against the RBD, we catalogued the reported

spike RBD epitopes recognized by the natural human immune response. Consistent with prior
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work [11], we found that the reported epitopes show substantial overlap (Fig 1A and 1B). Clus-

tering revealed three clusters representing distinct immunogenic sites on the RBD, the largest

of which overlaps substantially with the ACE2 binding interface (Fig 1A and 1C). These clus-

ters resemble those reported by other groups [12]. There was limited evidence for glycosylation

in these epitope clusters (S1 Fig). The observed overlap in residues included in epitopes from

independently-generated natural human antibodies shows that parts of the RBD surface are

repeatedly targeted by the human B-cell response in different individuals. Spontaneous muta-

tions at these key epitope residues could render many nAbs ineffective.

Genomic sequencing of SARS-CoV-2 from infected individuals has revealed several point

mutations in the RBD, some of which have been shown experimentally to confer resistance to

nAbs. As of 8/18/20, multiple amino acid changes have been reported in the GISAID sequence

database [13] in RBD residues within antibody epitopes (Fig 2A), showing that SARS-CoV-2

antibody binding region variants are capable of causing human infection. Some of these natu-

rally-occurring variants confer in vitro resistance to SARS-CoV-2 nAbs (Fig 2B) [14–16].

Additionally, 23 of the escape mutations experimentally identified by Starr et al [17] have been

reported in the GISAID database, many of which do not compromise spike-ACE2 binding

when examined in vitro (Fig 2C). This suggests that escape mutants that evade nAb binding

have a low evolutionary cost. In fact, many antibodies have escape mutants that have increased

ACE2 binding affinities (S2 Table).

To further understand the evolutionary cost of escape mutations, we evaluated the link

between ACE2 binding affinity and/or RBD expression and viral infectivity (Methods). We

determined how well changes in RBD binding to ACE2 or RBD expression caused by a muta-

tion [17] predicted a 10% loss of infectivity as measured by luciferase reporter pseudoviral

assay [15]. The low-to-moderate level of sensitivity and specificity of ACE2 binding affinity

and RBD expression as predictors of pseudoviral infectivity suggest that changes in ACE2

binding affinity and RBD expression are well-tolerated in many immune-evading mutants.

This further provides the virus with a range of possibilities for generating mutants that can

evade nAbs without compromising infectivity (Fig 2D).

Fig 1. Epitopes for antibodies targeting the spike protein RBD overlap substantially. A. Contact residues for spike

protein RBD antibody epitopes. Colors and symbols denote antibody clusters: Grey squares: Cluster 1, yellow

diamonds: Cluster 2, green circles: Cluster 3. B. RBD structure with each residue colored by the number of antibody

epitopes including it, compiled from PDB data. C. RBD structure, colored by the number of antibody epitopes that

each residue is part of, by epitope cluster.

https://doi.org/10.1371/journal.pone.0250780.g001
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Taken together, the narrow focus of the immune response on a specific region of the RBD

(Fig 1), the immunodominance of the spike protein [12], and the ability of RBD nAb escape

mutations to yield viable and infectious viral particles capable of ACE2 binding (Fig 2) suggest

a low evolutionary cost for the virus in generating escape mutants for nAbs.

Mutant frequency under neutral drift is likely to lead to escape from single

and double antibody combinations

Based on this assessment, we used evolutionary theory to predict the frequency of immune

escape mutants in the population both before and after the widespread presence of nAbs due

to vaccines, passive immunization or natural immunity. Before immunity or antibody prophy-

laxis is widely established in the population, there is no transmission advantage for viruses

with immune escape mutations since most people are equally susceptible to infection from

wild-type and mutant SARS-CoV-2. Instead, these mutations may have a small evolutionary

fitness cost due to negative effects on ACE2 binding affinity or other factors, similar to the

observed fitness cost of drug resistance mutations in HIV [18] and consistent with results sug-

gesting that much of the SARS-CoV-2 genome is under weak purifying selection [19]. Indeed,

many point mutations modestly reduce the ability of SARS-CoV-2 to infect cells in vitro,

which could lead to reduced host-host transmission [16]. Although these mutants are at a fit-

ness disadvantage compared to the wild-type virus before nAbs are broadly present in the pop-

ulation, they are constantly generated through de novo mutation which allows them to exist at

nonzero frequencies. However, once nAbs are common in the population, these mutants will

have a selective advantage. If they already exist at sufficient frequency in the population, the

escape mutants will expand deterministically and lead to widespread SARS-CoV-2 resistance

to nAbs.

Using mathematical modeling methods developed to study intrahost evolutionary dynam-

ics during HIV infection, we calculated the expected number of infected individuals whose

dominant viral sequence harbors one or more mildly deleterious immune-evading mutations

under drift conditions (referred to as “mutants”, see Methods for details) [20]. Most reported

Fig 2. The spike protein RBD tolerates mutations that confer resistance to one or more nAbs. A. Spike protein

RBD structure, with each residue colored by the number of distinct amino acid changes present in the GISAID

sequencing database. B. RBD structure with residues at which mutations have been shown to confer escape from

antibody neutralization marked in blue. C. Experimentally-measured effects of immune escape mutations on ACE2

binding, as taken from [17]. D. ROC curve showing the low predictive value of ACE2 binding measurements (grey)

and expression (red) for in vitro infectivity of SARS-CoV-2 mutants. Area under the curve (AUC) is 0.67 for ACE2

binding as a predictor of infectivity and 0.72 for RBD expression as a predictor of infectivity.

https://doi.org/10.1371/journal.pone.0250780.g002
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nAbs are susceptible to at least one single-nucleotide change resulting in evasion [17], suggest-

ing that a single point mutation may correspond to the evasion of one antibody in a combina-

tion. This model predicts the frequency of such mutants using the mutation rate of the virus,

the typical fitness cost to the virus from an immune escape mutation, and the total number of

infected individuals. We estimated the per base per transmission mutation rate of SARS-CoV-

2 from population phylodynamic studies to be between 1x10-5 to 1x10-4 (Methods) [2]. Many

nAbs are evaded by multiple distinct point mutations, so the per-transmission rate of generat-

ing a new mutant that evades a particular neutralizing antibody can be more than an order of

magnitude higher than the per base mutation rate [21]. We investigated a range of infected

population sizes (from 5 million to 640 million) and a range of transmission fitness costs for

each mutation before the widespread presence of nAbs.

The expected number of SARS-CoV-2-infected individuals whose dominant viral sequence

harbors one or two immune escape point mutations is high enough to eventually lead to wide-

spread resistance to nAbs. Over a range of fitness costs and assuming a population of at least 5

million active infections (which we note is vastly lower than estimates as of 12/28/2020), we

predicted that over 10,000 SARS-CoV-2-infected individuals worldwide would harbor a domi-

nant viral sequence capable of evading one antibody (Fig 3A). This number far exceeds the

threshold number of individuals required for natural selection and not neutral genetic drift to

drive evolution (dashed lines in Fig 3). Assuming an immune escape mutant will eventually

have a fitness advantage of 0.1, corresponding to approximately 14% of the population receiv-

ing an effective prophylactic impacted by this mutation (S2 Fig), positive selection will allow

an escape mutant to expand and eventually outcompete the wild-type virus if 10 or more indi-

viduals are infected with this variant [22]. More than one nucleotide change may be required

to confer resistance to an antibody combination if it contains more than one antibody with

distinct escape mutation profiles. If a specific two-mutation combination is required for

Fig 3. SARS-CoV-2 mutants with one or two mildly deleterious mutations are expected to exist at high numbers.

A-D. The expected number of individuals infected with a specific single (A), double (B), triple (C), or quadruple (D)

SARS-CoV-2 mutant viruses at different values of the fitness cost. For all panels, the colors denote the total number of

individuals with active SARS-CoV-2 infection globally. The horizontal dashed line is the drift boundary calculated at a

fitness benefit of 0.1 for the mutation combination.

https://doi.org/10.1371/journal.pone.0250780.g003
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resistance, the expected number of infected individuals harboring a dominant viral sequence

capable of evading the antibody combination can be orders of magnitude lower (Fig 3B). How-

ever, substantial double mutant populations (~hundreds of individuals) are expected if there

are more than 50 million active infections worldwide (a plausible count as of 12/28/2020, see

Methods for details).

If more than two mutations are required for a virus to escape nAbs, it is much less likely

that population-level resistance will arise immediately. Each triple mutant is expected to be at

appreciable frequencies only when the fitness cost of immune-evading mutations is lower than

0.04 (Fig 3C). Specific quadruple mutants are not expected to exist at significant frequencies in

the population due to standing genetic variation alone for all but the lowest fitness costs

(Fig 3D).

Single and double resistance mutants are expected to establish quickly

under selection

Even if a specific combination of mutations that confers resistance to an antibody combination

is not present before the intervention is released, spontaneous mutation and positive selection

will eventually lead to expansion of an escape mutant. To estimate how quickly population-

level resistance to SARS-CoV-2 antibodies will emerge under natural selection, we modeled

the acquisition of multiple mutations over time as a fitness valley-crossing problem (Methods).

To acquire a specific combination of mutations that confers therapeutic resistance, the wild-

type virus must transit through a valley of intermediate lower-fitness genotypes that have

some, but not all, of the mutations required for immune escape. Previous theoretical expres-

sions describing the time required to cross a fitness valley [23] were used to estimate the time

needed for SARS-CoV-2 to acquire a given combination of one to four mutations (Fig 4). The

Fig 4. Resistance to single or double antibody combinations will develop quickly under positive selection

pressure. A-D. Expected time to establishment of a successful single (A), double (B), triple (C), or quadruple (D)

immune escape mutant assuming a per-site per-transmission mutation rate of 1x10-4. The advantageous antibody

resistant phenotype is acquired only after a specific combination of 1–4 mutations is present in the same virus. For all

panels, the colors denote the total number of individuals with active SARS-CoV-2 infection. The fitness cost for each

intermediate mutant is 0.05.

https://doi.org/10.1371/journal.pone.0250780.g004
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time required for establishment of population-level resistance depends on how beneficial resis-

tance is for virus transmission, and this benefit increases as more individuals in the population

harbor nAbs against a given antigen. For antibodies or antibody combinations capable of

being defeated by a single mutation, our modeling predicts the pre-existence of a resistant frac-

tion before deployment of the intervention (Fig 4A). When examining double mutants, for

infectious population sizes of 40 million or more, resistance to a widely deployed nAb combi-

nation will occur within months (Fig 4B). However, triple and quadruple mutation combina-

tions will take much longer to establish in the population, even if nAbs are used widely and

exert a strong selection pressure for these mutants (Fig 4C and 4D). These results hold under a

range of intermediate fitness costs for viral mutants that harbor only a subset of the mutations

required for escape (S3 Fig).

Population-level resistance occurs more quickly at higher viral mutation

rates

The SARS-CoV-2 mutation rate is a key parameter that determines how quickly the virus will

acquire resistance to antibody interventions. While we estimated the per transmission rate of

generating an antibody escape mutant at 1x10-4 (Methods), differences between antibody epi-

tope sizes or changes in the mutation rate of the virus population over time [24] could influ-

ence this effective mutation rate. Our analysis revealed that many individuals would be

infected with single or double SARS-CoV-2 mutants at a range of mutation rates greater than

1x10-5 (Fig 5A and 5B), while at higher mutation rates even triple and quadruple mutants will

occur at sufficient frequencies to quickly establish in the population (Fig 5C and 5D). Simi-

larly, we found that resistance to antibody combinations requiring two or fewer mutations for

resistance would establish quickly after widespread presence of nAbs (Fig 5E and 5F). With a

higher mutation rate (1x10-3 per transmission), resistance could emerge against even combina-

tions of nAbs that require the acquisition of 4 mutations (Fig 5H).

The juxtaposition of a relatively constrained immune response against the high degree of

evolutionary plasticity of the spike RBD (visible even under neutral drift conditions) suggests

that SARS-CoV-2 has extensive capacity to evolve to evade nAbs targeting a small number of

antigenic regions. This capacity will negatively impact SARS-CoV-2 immunity in humans,

whether active (vaccinal or natural) or passive (nAb prophylactics).

Discussion

The work described in this paper points to the mutation tolerance of SARS-CoV-2 spike pro-

tein, placing this property in context with the mutation rates and pandemic sizes (number of

active infections) to estimate the ease with which the virus will mutate to defeat combinations

of neutralizing antibodies. Numerous COVID-19 antibody prophylactics and vaccines target

the spike protein [25,26], and the immunodominance of the spike RBD in the natural immune

response [12] implies that even vaccines that use live-attenuated or inactivated SARS-CoV-2

will rely to some extent on nAbs that target the RBD [27]. Thus, anticipating the viral popula-

tion’s response to widespread spike RBD-targeting nAbs has significant implications for

SARS-CoV-2 prophylaxis.

The evolvability of SARS-CoV-2 spike protein RBD in the presence of nAbs depends on

both the mutation rate in the presence of selection pressure and the mutational tolerance of

the spike protein. The mutation rate of SARS-CoV-2 is in line with that of other single-strand

RNA viruses, [28], and is relatively high when compared against some members of this group

(such as Hepatitis C) for which evolution has practical clinical consequences (S1 Table)

[29,30]. Mutation rates themselves are evolvable and may increase over time due to natural
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selection [31]. A SARS-CoV-2 RNA dependent RNA polymerase (RdRp) variant that increases

the mutation rate by two to five times has already been identified in some clinical isolates [24].

At the same time, our analyses point to a relatively high tolerance of the spike protein RBD

for immune-evading mutations. Experimentally determined immune escape mutations bind

host ACE2, in many cases with little to no loss of affinity relative to the wild-type (Fig 2C), and

one prevalent RBD immune-evading mutation (N439K) has been shown experimentally to

Fig 5. Resistance to single or double antibody combinations will develop quickly across a range of SARS-CoV-2

mutation rates. A-D. The expected number of individuals infected with a specific single (A), double (B), triple (C), or

quadruple (D) SARS-CoV-2 mutant viruses at different values of the per transmission mutation rate. E-H. Expected

time to establishment of a successful single (E), double (F), triple (G), or quadruple (H) immune escape. The fitness

benefit of resistance is 0.1. For all panels, the colors denote the total number of individuals with active SARS-CoV-2

infection. The fitness cost for each intermediate mutant is 0.05.

https://doi.org/10.1371/journal.pone.0250780.g005
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enhance ACE2 binding and have similar in vitro replication fitness to wild-type virus [32].

Compromising spike RBD function (either through loss of ACE2-binding or expression levels)

has a weak impact on in vitro infectivity (Fig 2D).

Our work suggests that it is likely that standing genetic variation alone has already pro-

duced a substantial population of viruses with single and double nucleotide changes that con-

fer nAb resistance. These variants will establish quickly in the population under selection

pressure. In fact, there is already a precedent for this behavior, as one such selective sweep

occurred early on in the SARS-CoV-2 pandemic when the D614G mutation rose to nearly

80% frequency in under 6 months [33]. This mutation confers increased infectivity on the

virus [34] and was readily generated in sufficient numbers to ensure its expansion. Additional

selective sweeps have occurred in Europe (20A.EU1 variant) [35] and in the UK (VOC

202012/01 and B.1.1.7 variants) [36,37]. Of note, the B.1.1.7 variant has been shown to evade

the 4A8 neutralizing antibody [36]. Additionally, the recent outbreak in minks of a variant

with a combination of mutations that reduce antibody binding suggests that even variants

with multiple mutations can be generated and are viable [38]. Currently, most of the SARS--

CoV-2 genome is not under positive selection [19], but if nAbs are widely present in the popu-

lation, mutations that confer resistance via immune evasion will expand rapidly under positive

selection pressure. Evidence from multiple experimental studies showing that single RBD

point mutations can lead to resistance [36] to neutralizing convalescent plasma from multiple

donors [16,39,40] suggests that specific single mutants may be able to evade spike-targeting

vaccinal immunity in many individuals and rapidly lead to spread of vaccine-resistant SARS--

CoV-2. One variant that can escape convalescent plasma neutralization is already circulating

in South Africa [41] and could experience greater positive selection pressure once vaccines are

deployed widely.

This has implications for SARS-CoV-2 disease control strategies, as one possible solution to

the problem of immune evasion by SARS-CoV-2 that has been proposed is to develop a new

vaccine update every year, similar to influenza [42]. In practice, such a solution will only work

in the face of a moderate pace of evolution of SARS-CoV-2 and a low degree of clonal diversity

among various clades of SARS-CoV-2 as they evolve to evade the current crop of vaccines.

Further, if within-host evolution of SARS-CoV-2 contributes to population-level immune eva-

sion, the valley-crossing mechanism described in this paper could accelerate the emergence of

vaccine-resistant strains in the months following vaccine deployment. To the extent that new

strains of SARS-CoV-2 are antigenically distinct, this may also lead to increased risk of anti-

body-dependent enhancement (ADE), as one mechanism for ADE involves antibodies that

bind to the pathogen but fail to neutralize it [43]. Finally, our work suggests that immune eva-

sion requiring one to two mutations occurs within months, raising the prospect that this phe-

nomenon will further shorten the duration of natural immunity, which is already limited by

the relatively short duration of the humoral [44,45] and cellular [46] responses to SARS-CoV-

2 infection. Further studies are required to understand the risk immune evasion poses to a

strategy of annually updated vaccines.

Going forward, our work suggests strategies for designing SARS-CoV-2 prophylactics that

are more resistant to viral evolution. First, nAbs should be used in combinations, preferably

targeting more than two non-overlapping epitopes. Strategies for the design of prophylactic

antibodies and vaccines should involve combining nAbs that bind to non-overlapping escape

mutant regions, including those from smaller, distinct clusters outside the RBD. Alternatively,

if antibodies from the same cluster are used, escape mutants must be carefully characterized

to ensure they do not overlap [21]. Similarly, vaccines should be evaluated based on the num-

ber of SARS-CoV-2 point mutations required to disarm the neutralizing antibodies they

generate.
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Second, the evolutionary pressure on the virus will determine the speed at which resistance

to nAbs emerges. The more widely a given epitope is targeted by biomedical intervention, and

the more effective it is, the more rapidly it will generate resistance (Fig 4). This is a potential

weakness of focusing on only a handful of vaccines (or epitopes) for global deployment. The

effectiveness of nAb-based interventions for disease control will depend on how many differ-

ent interventions are deployed, how many mutations are required to evade each intervention,

and the extent to which their escape mutations overlap.

Finally, the overall size of the pandemic in terms of number of active infections will play a

significant role in whether the virus can be brought under control with nAb prophylactics or

vaccines. The speed at which nAb resistance develops in the population increases substantially

as the number of infected individuals increases, suggesting that complementary strategies to

prevent SARS-CoV-2 transmission that exert specific pressure on other proteins (e.g., antiviral

prophylactics) or that do not exert a specific selective pressure on the virus (e.g., high-effi-

ciency air filtration, masking, ultraviolet air purification) are key to reducing the risk of

immune escape. In this context, vaccines that do not provide sterilizing immunity (and there-

fore continue to permit transmission) will lead to the buildup of large standing populations of

virus [47], greatly increasing the risk of immune escape.

The evolvability of SARS-CoV-2 in response to selection pressure will determine the ulti-

mate tractability of our efforts at disease control. Our work suggests that the capacity of

SARS-CoV-2 to evade the immune system may be greater than originally anticipated and

raises the specter of a process of ongoing and continuous evolution in response to antibody-

based prophylaxis, occurring on a timescale that may not be convenient or tractable for the

design of novel biomedical interventions. Thus, our findings speak to the need for both public

health and biomedical intervention strategies targeting SARS-CoV-2 to be designed to account

for the risk of rapid evolutionary response to biomedical interventions.

Materials and methods

Compilation of published neutralizing antibody epitopes

The authors performed a comprehensive search of all entries in the Protein Data Bank (PDB)

[48] as of September 1st, 2020 which matched the criteria “Source Organism Taxonomy Name

equals SARS-2 AND Source Organism Taxonomy Name equals Homo sapiens”. Structures

were included if there were patient-derived nAbs present and the authors reported the binding

residues. Structures were excluded if they were not patient-derived, if they were not nAbs, or if

the authors did not report the binding epitope because the resolution was too low to identify it

precisely. Additionally, other epitopes that met the inclusion criteria but were not found in the

PDB were included on an ad hoc basis. The structures used are listed in S3 Table, along with

the methods by which they were acquired.

After the search was completed, it was determined that there were too few epitopes reported

outside of the RBD to attempt clustering in those residues. Thus, the clustering analysis was

limited to the RBD. The RBD was defined as in [17].

Clustering of antibody epitopes

The antibodies were clustered using the Density-Based Spatial Clustering of Applications with

Noise (DBSCAN) algorithm [49]. The distance function used to compare two epitopes was the

median distance between residues in the epitopes. The maximum distance between two epi-

topes in one cluster was set at 30 residues. The minimum number of epitopes per cluster was

set at 2. Epitopes classified as noise were assigned to their own clusters. These parameters were
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set based on a subset of 9 antibodies and used for all subsequent clustering. Clustering was

done using Python version 3.7 with the scikit-learn package [50].

ACE2 binding affinity and RBD predictivity for pseudoviral infectivity

Tolerability of SARS-CoV-2 to changes in ACE2 binding affinity or RBD expression were

examined based on a receiver operating characteristic (ROC) analysis. Based on publications

measuring the impact of 44 spike RBD mutations on the in vitro infectivity of SARS-CoV-2

pseudovirus, we examined the predictivity of changes in RBD binding to ACE2 or expression

according to [17] for greater than 10% loss of infectivity as measured by luciferase reporter

pseudoviral assay [15]. These mutants were either observed circulating in the population in

GISAID [16] or experimentally identified to confer escape from nAbs [17,51]. Predictivity of

ACE2 binding affinity or RBD expression for in vitro infectivity was evaluated based on the

ability to predict a 90% or greater infectivity relative to the wildtype (WT) strain.

Expected number of mutants without positive selection

To investigate the emergence of SARS-CoV-2 resistance to nAbs, we modeled virus transmis-

sion dynamics using a modified deterministic susceptible-infectious-recovered (SIR) model

with mutation. The simplest version of this model includes two viral genotypes, WT and

mutant viruses with a specific single nucleotide change. At the population level there are four

different compartments: susceptible individuals (S), individuals infected with WT virus (I0),

infected with mutant virus (I1), and recovered or resistant to infection from WT virus (R). The

number of individuals in each compartment obey the following differential equations:

dS
dt
¼ � bS I0 þ ð1 � sÞI1ð Þ

dI0

dt
¼ bS ð1 � mÞI0 þ mð1 � sÞI1½ � � dI0

dI1

dt
¼ bS mI0 þ ð1 � mÞð1 � sÞI1½ � � dI1

dR
dt
¼ d I0 þ I1ð Þ

where β is the transmission rate of WT virus, μ is the per transmission probability of mutation

at a specific site, s is the fitness cost to transmission of the mutation, and δ is the recovery rate

from the infection. The infected compartments of this SIR model have the same mathematical

description as the virus-infected cells in the intrahost virus dynamics model presented by

Ribeiro and co-workers [20], assuming the birth and death rates of uninfected cells in the

intrahost model is negligible. We also assume that the frequency of recovered individuals in

the population is small enough so S and R can be treated as constant. Therefore, for the fre-

quency of virus mutants present in the population at steady state before establishment of wide-

spread immunity or vaccination, we used the frequency of individuals infected with a virus

with a single mutation f1 = μ/s, which agrees with the expected frequency of single mutants

under mutation-selection equilibrium [23]. As given in [20], the frequency of viral mutants

with k mutations is

fk ¼ k!
m

s

� �k
:
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Expected time to development of population-level resistance under positive

selection

If a substantial fraction of the population is immune to the WT virus (either due to lasting

immunity after recovering from the infection, vaccination, or administration of therapeutic

antibodies), viruses with antibody escape mutations will have a fitness advantage over the WT

virus. This advantage comes from the ability of the mutant virus to infect individuals who are

immune to the WT virus and depends on the fraction of the population who are immune. If a

single mutant has the ability to infect recovered/resistant individuals, the SIR model equations

for infected individuals change to

dI0

dt
¼ b Sð1 � mÞI0 þ ðSþ RÞmð1 � sÞI1½ � � dI0

dI1

dt
¼ b SmI0 þ ðSþ RÞð1 � mÞð1 � sÞI1½ � � dI1

and the effective transmission rate for the mutant virus is given by b
ðSþRÞ

S 1 � sð Þ. The selective

advantage w of the mutant virus is therefore
ðSþRÞ

S 1 � sð Þ � 1.

In order for a virus with one or more mutations that confers immune escape to expand

deterministically due to positive selection and establish in the population, the variant must

first be created through mutation of a single virion. Then, the mutant virus must infect enough

individuals so that it is unlikely to go extinct due to stochastic drift. Assuming the total number

of infected individuals N is constant, if a single mutation is sufficient to lead to immune escape,

the time needed to establish an immune escape mutant is exponentially distributed with

expected time 1/Nμw generations [23].

To estimate the time needed for establishment of double-, triple-, or higher-order mutants

that confer immune escape, we adapted previously reported work on the dynamics of asexual

populations crossing fitness valleys [23]. If k mutations are required for immune escape and all

intermediates with less than k mutations have fitness cost s, the time τk to establishment of the

k-mutant was approximated as

tk ¼
1

Nmp1

þ
X

ti þ
g

w
i¼1

k� 1

;

where γ is Euler’s constant, ti � ln 2ffiffiffiffiffiffiffi
mpiþ1
p

� �
, and the probability pi of an i-mutant to be success-

ful was approximated as

pi �
� sþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2 þ 4mpiþ1

p
for i < k

w for i ¼ k
:

(

This approximation holds for intermediate population sizes (Nμ< 1). Following the argu-

ment for large populations in [23], when Nμ> 1 we treated mutants with few mutations deter-

ministically. We again used the results in [20] to estimate the frequency of i-mutants at steady

state under mutation-selection equilibrium fi for i< = k. The minimum value of i for which

the estimated i-mutant population size Nfi was< 1/μ was taken as the mutant with the most

mutations that could be treated deterministically as a constant-sized population. Denoting this

number of mutations as j, the modified expression for the expected time to escape for large
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population sizes is

tk ¼
1

Nfjmp1

þ
Xk� j� 1

i¼1
ti þ

g

w
:

Evolutionary model parameter value selection

The SARS-CoV-2 infection length was set to 2 weeks, based on published estimates of infec-

tious period length [52].

The effective rate of acquiring nucleotide substitutions that escape a given nAb was esti-

mated to be 1x10-4 per transmission. The overall single nucleotide substitution rate has been

estimated at approximately 1x10-3 per site per year from multiple phylogenetic analyses of

global SARS-CoV-2 genomic sequences [2], which is a 3.8x10-5 per site per transmission muta-

tion rate assuming a two-week infection generation time. However, since multiple different

single nucleotide mutations have been shown to confer resistance to many nAbs [21], we esti-

mated the effective mutation rate (defined as the per transmission rate of producing a muta-

tion that generates resistance to a particular nAb) to be 2-3x higher than the rate of producing

a particular nucleotide substitution. The effect of changing the mutation rate on the mutant

frequency and escape time estimates is shown in Fig 5.

We assumed that, without selective pressure imposed by deployment of an intervention,

mutant virus is less fit than wild-type virus and is not transmitted as effectively. A similar fit-

ness cost is assumed to apply to mutant intermediates that only harbor a subset of mutations

required for escape from an antibody combination. This fitness cost to viral transmission is

difficult to directly measure, so we used a range of fitness costs from 0.01 to 0.1, corresponding

to a 1–10% reduction in transmission rate for mutant viruses. These fitness costs are of similar

magnitude to those measured for HIV drug resistance mutations in treatment-naïve patients

[18] and are broadly justified by the limited impact of spike RBD mutations on ACE2 binding

and the limited ability of ACE2 binding and expression to predict infectivity (Fig 2).

We estimated the total number of individuals infected with SARS-CoV-2 using the number

of diagnosed cases. As of 11/8/20, the number of active diagnosed cases worldwide is 14 mil-

lion [53], and the number of infections is expected to be 5–10 times the number of diagnosed

cases, as determined by modeling [54] and seroprevalence studies [55].

Supporting information

S1 Fig. Glycosylation in SARS-CoV-2 spike protein RBD. Glycosylated residues are marked

in blue, while the remainder of residues are colored by the number of epitopes that contain the

residue (red color bar).

(PDF)

S2 Fig. Relationship between the fraction of the population that receive a prophylactic that

is completely effective in preventing infection from wild-type virus and the strength of

selection for an escape mutant.

(PDF)

S3 Fig. Time required to establish a resistant viral single (A), double (B), triple (C), or quadru-

ple (D) mutant with different fitness costs for intermediate mutants. In our model, viral vari-

ants with some, but not all, mutations required for resistance to an antibody intervention have

a fitness cost (ranging from 1–9% less infectious). Increasing the fitness cost of these interme-

diates prolongs the time required for a resistant variant with a specific combination of 2–4

mutations (B-D) to establish in the population.

(PDF)
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S1 Table. Evolutionary rates of pathogenic RNA viruses.
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S2 Table. Antibody escape mutants with highest ACE2 binding affinities.
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S3 Table. Antibody structures used.
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