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Objectives: To evaluate the impact of neutralizing monoclonal antibody (mAb) treatment and to deter-
mine whether the selective pressure of mAbs could facilitate the proliferation of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) variants with spike protein mutations that might attenuate mAb
effectiveness.
Patients and methods: We evaluated the impact of mAbs on the nasopharyngeal (NP) viral load and virus
quasispecies of mAb-treated patients using single-molecule real-time sequencing. The mAbs used were:
Bamlanivimab alone (four patients), Bamlanivimab/Etesevimab (23 patients) and Casirivimab/Imdevi-
mab (five patients).
Results: The NP SARS-CoV-2 viral load of mAb-treated patients decreased from 8.2 log10 copies/mL
before administration to 4.3 log10 copies/mL 7 days after administration. Five immunocompromised
patients given Bamlanivimab/Etesevimab were found to have mAb activity-reducing spike mutations.
Two patients harboured SARS-CoV-2 variants with a Q493R spike mutation 7 days after administration,
as did a third patient 14 days after administration. The fourth patient harboured a variant with a Q493K
spike mutation 7 days post-treatment, and the fifth patient had a variant with a E484K spike mutation on
day 21. The emergence of the spike mutationwas accompanied by stabilization or rebound of the NP viral
load in three of five patients.
Conclusion: Two-mAb therapy can drive the selection of resistant SARS-CoV-2 variants in immuno-
compromised patients. Patients given mAbs should be closely monitored and measures to limit virus
spread should be reinforced. Camille Vellas, Clin Microbiol Infect 2022;28:139.e5e139.e8
© 2021 European Society of Clinical Microbiology and Infectious Diseases. Published by Elsevier Ltd. All

rights reserved.
Introduction receptors and entering cells by targeting the receptor-binding
Neutralizing monoclonal antibodies (mAbs) are promising tools
for protecting at-risk patients from a severe severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) infection. They prevent
the virus attaching to human angiotensin-converting enzyme 2
oire de Virologie, 330 avenue

).
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domain of the virus spike protein [1]. The mAbs available in
France were Bamlanivimab (LY-CoV555) until March 2021, then
combinations of Bamlanivimab/Etesevimab (LYCoV016) and Casir-
ivimab/Imdevimab (REGEN-COV) [2,3]. New SARS-CoV-2 variants
containing key changes in the receptor-binding domain have
recently appeared that can be more transmissible, more patho-
genic, and resistant to endogenous or exogenous antibodies than
the original virus [4,5]. The full spectrum of key spike mutations
associated with resistance to mAbs is not yet established, but mu-
tations K417N, E484D/K/Q, Q493R/K and S494P seem to be involved
blished by Elsevier Ltd. All rights reserved.
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in virus escape and resistance to mAbs [6e8]. It is not clear how
frequently these mutations occur in mAb-treated patients or how
they influence virus clearance.

We evaluated the impact of neutralizing mAb therapy on the
nasopharyngeal viral load and the diversity of the virus genome
encoding the spike protein by single-molecule real-time (SMRT)
sequencing.

Materials and methods

Nasopharyngeal samples (NPs) were taken from SARS-CoV-2-
infected patients not requiring oxygen who were treated with
neutralizing mAbs at the Toulouse University Hospital. These pa-
tients were immunosuppressed, aged over 80 years, or had a
combination of risk factors for severe coronavirus disease 2019
(COVID-19). Bamlanivimab (700 mg) was used from 27 February to
15 March 2021, and Bamlanivimab/Etesevimab (700 mg/1400 mg)
or Casirivimab/Imdevimab (1200 mg/1200 mg) from 16 March to
20 May 2021. NPs were collected before treatment (Day 0), 7 days
after infusion (Day 7) and then weekly until the viral load reached
the 31 cycle-threshold (Ct). The controls for solid organ transplant
(SOT) patients were an historical control group of untreated SARS-
CoV-2-infected SOT patients.

NP SARS-CoV-2 RNA was extracted with MGI Easy Nucleic Acid
Extraction kits (MGI, Shenzhen, China) and quantified using the Ct
values obtained with the TaqPath COVID-19 RT-PCR assay (Thermo
Fisher Scientific, Waltham, MA, USA) and digital-droplet-RT-PCR
(BioRad, Hercules, CA, USA). SARS-CoV-2 RNA from NPs with N
gene values of <25 Ct was amplified and sequenced (PacBio SMRT;
Pacific BioSciences, Menlo Park, CA, USA) (see Supplementary
material, Appendix S1). Haplotypes were aligned on the reference
genome (NC_045512.2) to detect mutations associated with
reduced mAb activity [6,7].

Changes in the NP viral load of treated patients were compared
using the Wilcoxon matched-pairs signed rank test. Differences
between the viral loads of patients and controls were compared
using the ManneWhitney U test (GRAPHPAD PRISM 8.0; GraphPad
Software, San Diego, CA, USA). These analyses were part of the
national SARS-CoV-2 surveillance. French law (CSP Art.L1121-1.1)
does not require institutional review board approval for anony-
mous retrospective studies.
Fig. 1. (a) Evolution of the viral load in nasopharyngeal (NP) samples from monoclonal an
histogram indicates the median of difference (day 7 e day 0). Red: Bamlanivimab alone (n
(n ¼ 5). (b) Differences in the viral load in NP samples frommAb-treated patients between da
(day 7 e day 0). Red: Bamlanivimab alone (n ¼ 4), dark grey: Bamlanivimab/Etesevimab (n
Results

Patient characteristics

Thirty-two SARS-CoV-2-infected patients were treated with
neutralizing mAbs at the Toulouse University Hospital (average
age: 69 years; range: 23e95 years; 56% men). Seventeen of the 32
were immunocompromised, including 11 SOT patients (see
Supplementary data, Table S1). Most patients (31; 97%) harboured
the B.1.1.7 variant; one had the B.1, clade 20A. Four patients were
given Bamlanivimab, 23 were given Bamlanivimab/Etesevimab,
and five were given Casirivimab/Imdevimab.

Changes in NP viral load after mAb administration

The RT-PCR N gene values became greater than 31 Ct a median of
21 days after treatment (range 7e28 days). The median SARS-CoV-2
viral load of mAb-treated patients decreased from 8.2 log10copies/mL
(interquartile range (IQR), 7.1e9.0) on day 0 to 4.3 log10copies/mL (IQR,
3.4e5.2) on day 7 (p < 0.001) (Fig. 1a). The viral loads of all three mAb
groups decreased similarly: by 3.65 log10copies/mL (IQR, 1.53e6.30)
for Bamlanivimab patients, 3.67 log10copies/mL (IQR, 2.40e4.90) for
Bamlanivimab/Etesevimab patients and 3.60 log10copies/mL (IQR,
2.95e5.15) for Casirivimab/Imdevimab patients (Fig. 1b).

We compared the decreases in viral load of the 11 treated SOT
patients and ten untreated SOT patients to determine the antiviral
effect of mAb therapy in a homogeneous group. The median de-
creases in the NP viral load were: 3.63 log10copies/mL (IQR
2.85e4.91) for treated patients and 2.47 log10copies/mL (IQR
2.14e3.31) for controls (p ¼ 0.03) (see Supplementary data
,Fig. S1).

SARS-CoV-2 quasispecies evolution after mAb administration

We followed up 23 (78%) of the mAb-treated patients with
spike-sequencing. We detected no key mutation associated with
reducedmAbactivity in treatedpatientsonday0 (seeSupplementary
data, Table S2). However, several spike-haplotypes appeared
over time in 2 (50%) Bamlanivimab-treated patients, 5 (31%)
Bamlanivimab/Etesevimab-treated patients and one (33%)
Casirivimab/Imdevimab-treated patient (see Supplementary data,
tibody (mAb) -treated patients between days 0 and 7. The horizontal black line of the
¼ 4), dark grey: Bamlanivimab/Imdevimab (n ¼ 23) and blue: Casirivimab/Imdevimab
ys 0 and 7. The horizontal black line of the histogram indicates the median of difference
¼ 23) and blue: Casirivimab/Imdevimab (n ¼ 5).
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Table S2). SARS-CoV-2 variants with mAb activity-reducing spike
protein mutation appeared in five (31%) Bamlanivimab/Etesevimab-
treated patients, all of whom were SOT patients (see
Supplementary data, Appendix S2). A variant with the Q493R spike
mutationwas first detected in Patient#1 and Patient#2 on day 7 and
in Patient#3 on day 14. The Q493K spike mutation was detected in
Patient#4 on day 7 and a variant with the E484K spike mutationwas
detected in Patient#5 on day 21. The SARS-CoV-2 viral loads of these
patients decreased over time, but the viral loads of Patient#3 and
Fig. 2. Changes in nasopharyngeal (NP) viral load, detection of spike protein mutations an
samples were analysed for: clade, spike protein mutations in the receptor binding doma
monoclonal antibody (mAb) activity-reducing mutations. Red: key mutation, blue: minor m
Patient#5 reboundedwhen themutationwas first detected; the load
of Patient#1 first stabilized and then decreased (Fig. 2).

Discussion

The impact of neutralizing anti-SARS-CoV-2 mAbs on the
development of resistant variants is still unclear. Our analysis of the
SARS-CoV-2 spike protein evolution in infected patients treated
with mAbs indicated that key mAb activity-reducing mutations
d SARS-CoV-2 genetic diversity in five Bamlanivimab/Etesevimab-treated patients. NP
in, and percentage of haplotypes detected. Red stars indicate the appearance of key
utations.
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(Q493R/K, E484K) appeared in five SOT patients treated with
Bamlanivimab/Etesevimab.

Previous in vitro studies showed that mAbs can induce the pro-
duction of SARS-CoV-2 variants withmutation E484K and/or Q493R/
K [9e11]. We have demonstrated that exposure to mAbs in vivo in-
duces the emergence of variants harbouring these mutations in the
spike receptor-binding domain of immunocompromised-patients
7e21 days after Bamlanivimab/Etesevimab treatment. The
Q493R mutation has also been reported in one patient with chol-
angiocarcinoma [12].

A clinical study of Bamlanivimab and Bamlanivimab/Etesevimab
(2800 mg/2800 mg) treatment found that new spike variants
emerged in 11% of Bamlanivimab/Etesevimab-treated patients [13].
However, this study only looked for mutations E484K/Q, F490S and
S494P. We found that a spike mutation in position 493 was selected
in four mAb-treated patients. The high proportion of patients who
developed key mutations could be a result of the lower dose of
Bamlanivimab/Etesevimab (700 mg/1400 mg) used or of patient
characteristics. Key mutations emerged in five of our mAb-treated
SOT patients, suggesting that immunosuppression could restrict vi-
rus elimination, enhancing the risk of virus mutation under mAbs.
Published clinical studies of Casirivimab/Imdevimab treatment have
not looked for new treatment-induced variants [14] andwe found no
new key mutations in our Casirivimab/Imdevimab-treated patients.

The PacBio SMRT system has been invaluable for analysing virus
diversity, as it provides all the haplotypes, enabling us to detect all
variants, even minor ones. This is the first time this approach has
been used to evaluate the impact of neutralizing anti-SARS-CoV-2
mAbs on a patient's virus population. We tracked the changes in
viral load in addition to monitoring the emergence of new variants.
Although we found that mAbs reduced the viral load of treated
patients, this change did not occur in all the patients who har-
boured key mutations.

The limitation of this study is the small number of patients in
each group, all of whomwere treated at a single centre. However,
we have shown that key mutations emerged in a substantial
number of Bamlanivimab/Etesevimab-treated patients. Only five
patients were treated with Casirivimab/Imdevimab and we
detected no key mutation, which was in agreement with a recent
study [15]. Although we had no control for all the patient cate-
gories, we could compare the decreases in the viral loads of mAb-
treated and untreated SOT patients.

Our findings highlight the need for close virological monitoring
of mAb-treated patients to limit the spread of SARS-CoV-2
variants.
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