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A B S T R A C T

The implementation of monoclonal antibody therapeutics during the COVID-19 pandemic altered the selec-
tive pressures encountered by SARS-CoV-2, raising the possibility of selection for resistant variants. Within-
host viral evolution was reported in treated immunocompromised individuals but whether this signifies a
real risk of onward transmission is unclear. We used a regional SARS-CoV-2 sequencing program to monitor
lineages with clinically relevant variants in identified patients, which facilitated analysis of parameters
potentially relevant to new variant emergence. Here we describe a newly acquired spike E484K mutation
detected within the B.1.311 lineage. Multiple individuals in 2 households of the same extended family were
infected. The timing and patterns of spread were consistent with de novo emergence of this E484K variant in
the bamlanivimab-treated index patient. Our study suggests that the selective pressures introduced by the
widespread administration of these antibodies may warrant increased genomic surveillance to identify and
mitigate spread of therapy-induced variants.

© 2022 Elsevier Inc. All rights reserved.
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1. Introduction

Convergent emergence of SARS-CoV-2 mutations in multiple viral
lineages with potential for increasing transmissibility, reinfection or
reducing vaccine efficacy has caused recent concern [1,2]. In addition,
the deployment of several targeted monoclonal antibody therapies
[3] and vaccines [4] has introduced numerous selective pressures not
previously encountered by SARS-CoV-2. For each of these reasons,
improved genomic surveillance will be critical to monitor the spread
of these new variants and detect the emergence of new lineages with
similarly concerning properties.

The E484K variant in the Spike protein has emerged numerous
times in different lineages, including in several emerging variants of
concern: B.1.1.7 [5], B.1.351 [6] and P.1 [7]. This suggests that conver-
gent evolution toward some transmission-favoring phenotype may
be occurring. The spike protein plays a key role in viral entry [8,9]
and is also the target of both naturally developed antibodies [10] as
well as synthetic monoclonal antibodies used as treatment or post-
exposure prophylaxis [11]. mRNA vaccines elicit a polyclonal antibody
response recognizing multiple epitopes on the spike protein but
which is dominated by “class 2” antibodies recognizing E484 [12].
Plasma from vaccinated individuals was 1�3-fold less potent in neu-
tralization assays against E484K-pseudotyped virus which correlated
with complete elimination of binding against E484K by individual
class 2 antibodies [12]. Furthermore, inclusion of class 2 antibodies in
cell culture rVSV-SARS-CoV-2 replication assays rapidly drove the
emergence of E484K mutations [12].

Therapeutic monoclonal antibodies received Emergency Use
Authorization (EUA) in the outpatient setting following trials demon-
strating a modest reduction in the risk of hospitalization [13−15]. Ini-
tial authorization of these agents accounted for a drop in clinical
utility if the prevailing circulating viral substrains shifted to include
variant(s) for which these antibodies had reduced affinity, with con-
tinued availability to be based on passive monitoring of sequence
data accumulating in repositories. Epidemiologic trends subsequently
led to the withdrawal of Bamlanivimab [16] (and later Bamlanivimab/
Etesevimab [17]) from widespread clinical use, though the combina-
tion was later reinstated and expanded for use as post-exposure pro-
phylaxis as the prevailing circulating variants changed once again
[18]. Casirivimab/imdevimab became available under EUA on
November 20, 2020 [19] and use for post-exposure prophylaxis was
subsequently authorized [20].

The potential for these treatments to select for emergence of anti-
body resistance mutations has been noted at high frequency (in more
than 80% of patients in small case series) in closely-monitored immu-
nocompromised patients [21−23], but post-administration surveil-
lance in either close contacts or the broader community has not been
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reported. Between November 2020 and November 2021, our pro-
gram administered monoclonal antibody therapies of Bamlanivimab,
Bamlanivimab/Etesevimab, or Casirivimab/Imdevimab to more than
1,200 COVID-19 positive patients. In parallel, our regional SARS-CoV-
2 sequencing program [24−26] provided the opportunity to detect
newly emerging E484K-containing lineages and ascertain the poten-
tial epidemiological association, if any, with individuals receiving
monoclonal antibody therapy.

2. Materials and methods

2.1. SARS-CoV-2 sequencing

cDNA was generated from residual RNA from diagnostic specimens
and sequenced with the Ion AmpliSeq SARS-CoV-2 Panel (Thermo-
Fisher; Waltham, MA) as we have previously described [24−26]. For
phylogenetic inference (i.e., to determine the hierarchy of case rela-
tionships), sequences were integrated with associated metadata and
aligned on a local implementation of NextStrain [27] using augur and
displayed via a web browser using auspice.

2.2. E484K mutation rapid tests

A. PCR/Restriction Digest test: cDNA from SARS-CoV-2 specimens
was amplified using primers spanning the G23012A polymorphism
which encodes E484K: CTTGATTCTAAGGTTGGTGGT and GTAAAG-
GAAAGTAACAAGTAAAACC. The resultant 157 base pair products
were digested with the MseI restriction enzyme which cuts the vari-
ant but not the reference allele. Genotypes were determined by band
size discrimination using gel electrophoresis.

B. TaqMan Assay: A custom TaqMan SNP genotyping assay (Ther-
moFisher) was designed to discriminate G v A alleles at 23012. Pri-
mers used were GCCGGTAGCACACCTTGT (forward) and
GGGTTGGAAACCATATGATTGTAAAGG (reverse). Reporters were
AATGGTGTTGAAGGTTT (VIC, reference allele) and AATGGTGT-
TAAAGGTTT (FAM, variant allele). The assay was run on a Biorad IQ5
real-time PCR machine and NGS-verified reference and variant sam-
ples were used to validate allele discrimination.

2.3. Ethical approval

Remnants of diagnostic specimens were sequenced under a proto-
col approved by the Gundersen Health System IRB (#2-20-03-008)
Fig. 1. Timelines of SARS-CoV-2 testing, symptoms and treatments among household and c
P6 correspond to GISAID accession IDs EPI_ISL_830649, EPI_ISL_861473 and EPI_ISL_861472
which also allowed access to individual patient data relevant to
COVID19 infection.

2.4. Data availability

Sequence data are deposited in GISAID.

3. Results

While performing SARS-CoV-2 surveillance, we sequenced a case
from Houston County, Minnesota sampled in late December 2020
which contained a genomic variant, G23012A, encoding an E484K
mutation in the Spike protein. Lineage analysis using Pangolin [28]
assigned it to B.1.311, a lineage in which Spike:E484K had not been
previously detected. This genome was from a child, the third person
diagnosed with COVID-19 in a household, whom we designate “P3”.
Given concerns surrounding multiple other lineages containing this
variant [6,29], we analyzed household contacts of this case.

The first case in this family, “P1,” developed symptoms of COVID-
19 on a date in the first half of December which we designate as “Day
0” and number other events accordingly (Fig. 1). P1 was diagnosed
with a rapid COVID-19 test on Day 1. No residual sample was avail-
able for sequencing. P1 was treated with bamlanivimab on Day 2.
Their disease course was unremarkable and quarantine was discon-
tinued on Day 10. Notably, P1’s medical record provided no indica-
tion of any known immunocompromising condition.

P1’s spouse (P2) tested negative on Days 1, 16 and 18 but devel-
oped symptoms and tested positive on Day 23, 13 days after P1 dis-
continued quarantine. There were 2 children in the household,
designated P3 and P4. P3 developed symptoms of COVID-19 (day 24)
and tested positive (Day 25). P4 was also symptomatic on Day 24,
tested negative on Day 25 but was positive upon repeat testing 5
days later. No residual specimen was available from P2 or P4, but the
sample from P3 was sequenced as part of our regional surveillance,
and was found to have the E484K-encoding mutation. Two members
of the extended family, P5 and P6 (living together nearby), developed
symptoms on Days 26 and 27, respectively. Both tested positive on
Day 30 and received bamlanivimab on Day 32. Sequencing confirmed
that both P5 and P6 had the same B.1.311/E484K substrain.

The observed transmission pattern was consistent with the possi-
bility that the E484K variant emerged in P1 following bamlanivimab
treatment, however unambiguously demonstrating this was not pos-
sible as we lacked a specimen from this case for sequencing.
lose contacts of a bamlanivimab-treated patient (P1), Genome sequences for P3, P5 and
.
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Nevertheless, several lines of evidence were consistent with this pos-
sibility:

Firstly, despite widespread regional surveillance, we did not
detect this B.1.311/E484K lineage in any patient except those associ-
ated with this particular household. Mathematical modeling suggests
that randomly sampling 5% of positive cases over a period of time
should be adequate to detect the presence of a variant of concern if
that variant is above 0.1%�1% of the viral population [30]. Our organi-
zation was one of several performing COVID-19 testing in the region
during this period so genotyping of all positive specimens was not
feasible. 287 cases of COVID-19 were diagnosed in that zip code
(encompassing the entire city and its rural hinterland) in the last 7
weeks of 2020. We had access to 66 of those specimens which com-
prised 10%, 15%, 18%, 33%, 16%, 31% and 60% of cases from that zip
code in each of those 7 weeks, respectively. 14 of those specimens
had been sequenced in our routine surveillance. To more rigorously
evaluate whether there was evidence of the E484K substrain outside
of this household we used rapid assays (see Methods; discrimination
power of Taqman assay shown in Fig. 3) to genotype the remaining
52 specimens. All were wild-type for E484. Accordingly, while we
cannot exclude the possibility that this E484K substrain was pre-
existing at a very low level, our intense yet incomplete surveillance
did not find any evidence of it.

Secondly, we sequenced a case from an adjacent county (WI-
GMF-48798) which was the immediate viral ancestor on the
B.1.311 lineage to this new E484K containing strain (i.e., it was
identical to the 3 sequenced genomes with the exception of the
G23012A mutation encoding E484K and the subsequently
acquired variants that distinguished the 3 household contacts
(Fig. 2). Thus, while we cannot formally exclude the possibility
that the E484K substrain and its immediate ancestor BOTH
emerged elsewhere and arrived in our region in parallel, it
seemed plausible that the E484K containing variant of this line-
age may have originated locally.

Third, while a 10-day quarantine post-symptom onset may be a
reasonable rule-of-thumb for population health guidance, available
data demonstrate considerable heterogeneity in the span of time in
which culturable virus can be shed in any particular infection, rang-
ing up to 20 days post-symptom onset [31]. Serial viral culture
attempts from bamlanivimab-treated patients demonstrated a rise
in culturable virus following emergence of mutations at E484 in 3
of 4 evaluated patients [32]. Close contact shedding may also have
different dynamics of transmission in a close familial population (e.
Fig. 2. Hierarchical relationship between sequenced B.1.311 genomes related to this transm
mutation (G23012A) on the branch leading to this cluster (P3, P5, P6). A local ancestral se
(EPI_ISL_942822) and an independent lineage arising from that ancestral strain in the same c
g., relevance of extrapulmonary shedding from shared bathroom
facilities, in line with [33]) with prolonged close contact, as in our
study, than perhaps would be expected among the general public.

Fourth, the close timing of symptom onset between P2-P6 makes
it less likely that any of these individuals was infected for long
enough to transmit the virus to one another, leaving the most likely
proposition that P1 acted as the source for each of these transmission
events. The number of new sequence variants detected among the 3
sequenced individuals was striking for the degree of genetic diversity
demonstrated by sequencing despite such a presumably short trans-
mission chain. This was notably more diversification than we
observed in multiple studies of comparable outbreaks of a similar
time scale in other households, workplaces, or congregate settings
such as skilled nursing facilities (data not shown). The P5 and P6 viral
genomes were identical to each other but distinct from P3, ruling out
a direct transmission in either direction between P3 and P5/P6.
Because P5 and P6 symptom onset dates were only 1 day apart, it
seems likely that they were infected by a common source rather than
transmitting 1 to the other. The most likely explanation is that each
acquired infection from a nearby source with considerable internal
viral evolution.

Although broad, our regional surveillance did not have complete
coverage of our population leaving open the question of whether
additional onward transmission from this cluster might have
occurred or whether viral genomes sequenced elsewhere might sup-
port or refute our hypothesis. Allowing time for more genomic data
to accumulate and be submitted to repositories, we revisited this
question in August 2021. We obtained the 3061 genomes from the
B.1.311 lineage that had been deposited in GISAID and plotted their
relationships on a radial phylogenetic tree. We identified 4 indepen-
dent emergences of variants at spike E484. In addition to the E484K
described in our Minnesota cluster, we found examples in New York
(1 sequenced case) and California (2 cases), and an E484Q case in
Maryland. No additional genomes on the Minnesota E484K sub-line-
age were detected in this analysis or our own longitudinal surveil-
lance. Accordingly, while we cannot exclude any further
transmission, it seems unlikely that this particular sub-lineage went
on to seed a very large outbreak elsewhere in our region.

4. Discussion

In this study, we describe the probable emergence of a de novo
E484K mutation and subsequent transmission to all members of a
ission chain, Excerpt from phylogenetic tree showing acquisition of the E484K encoding
quence to this cluster from an adjacent county is hCoV-19-USA/WI-GMF-48798/2021
ounty is hCoV-19-USA/WI-GMF-47686 (EPI_ISL_942808).



Fig. 3. Validation of rapid Taqman SNP genotyping assay for the G23012A polymorphism, Clear discrimination between the G allele (encoding E at Spike:484) and the A allele
(encoding K at Spike:484) is shown.
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household and then onward to additional close interpersonal con-
tacts. While the potential for this to occur has been clear for some
time in immunocompromised patients, we believe that this is the
first genomically-supported demonstration of subsequent transmis-
sion of a de novo mutation of concern following the probable selec-
tion for this mutation after monoclonal antibody therapy
administration to the index case.

Widespread availability under emergency use authorization (EUA)
has lowered the barrier to use of monoclonal antibodies, however
this has generally not been paralleled by expanded utilization of
sequencing to monitor the impact of these treatments on the circulat-
ing repertoire of variants. As almost all public health sequencing is
performed on deidentified specimens, data on viral strains and epide-
miologic connections to specific individuals with prior monoclonal
antibody exposure are challenging to link. In contrast, our genomic
surveillance was performed with an IRB waiver allowing review of
patient records for parameters relevant to COVID-19 disease epide-
miology across our service area. This enabled an unusually high-fidel-
ity view of local transmission dynamics and the opportunity to
identify clusters of linked cases, such that cases arising subsequent to
an intervention (e.g., monoclonal antibody treatment) were straight-
forward to identify.

It is unclear to what degree the issuance of the original EUA was
balanced against the estimation of the hazards of inducing resistant
variants in the community. Early trials suggested NGS-detectable
resistance mutations in specimens from as many as 10% of treated
patients [13], although the potential for onward transmission was
not explored. Indeed, detection of such mutations in an individual
with a sensitive NGS assay does not necessarily imply that infection-
competent virus is being produced at levels sufficient to infect a close
contact. In our study, the transmission pattern observed in these
households suggests that that is precisely what has occurred.

Widespread use of monoclonal antibodies, especially when
regarded as a preference by individuals over vaccination, is subopti-
mal for several reasons: monoclonal antibodies do not prevent trans-
mission in the very near term, do not cure recipients immediately,
provide no clearly durable immunity against reinfection, are linear
interventions that scale poorly to populations experiencing exponen-
tial disease transmission, and require processes for administration
that may divert limited resources from other critical healthcare
infrastructure during a crisis. Our study adds the concern that such
widespread use may additionally lead to the selection of strains resis-
tant to therapeutic monoclonal antibodies and which might also have
some cross-resistance against the dominant antibodies [12] elicited
by prior natural or vaccine-acquired immunity.

In assessing the competing risks/benefits we should also consider
whether and to what extent this particular risk influences the
broader epidemiology of the pandemic. The potential for newly
emerging variants such as Alpha, Delta and Omicron to rapidly over-
take local strains has been repeatedly demonstrated. Given the wide-
spread use of these agents, if de novo resistance emergence was a
very common phenomenon then we might expect to see more fre-
quent examples of independent E484 mutations at clade level than
are observed (e.g., Fig. 4). Yet even if spontaneously emerging resis-
tance variants do not tend to propagate far from their source, they
still have the potential to alter treatment outcomes locally, for exam-
ple if resistance were to emerge in the early stages of a skilled nursing
facility outbreak.

In summary, our study demonstrates the potential for onward
transmission of de novo antibody resistant variants that can emerge
in patients treated in the community with single agent monoclonal
antibodies. Our work supports the need for additional rapid, scalable
surveillance for mutations of concern to be adopted alongside the use
of these monoclonal antibodies if their scale of use is to be further
expanded.
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Fig. 4. Radial phylogenetic tree of 3,061 B.1.311 viral genomes from GISAID (August 2021) showing four independent emergences of sub-lineages with mutations affecting E484,
Numbers indicate the GISAID accession number (EPI_ISL_xxxxxx) for each genome.
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