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ABSTRACT

Introduction: AZD7442 (tixagevimab/cilgav-
imab) comprises neutralising monoclonal anti-
bodies (mAbs) that bind to distinct non-
overlapping epitopes on the severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2)
spike protein. Viral evolution during mAb

therapy can select for variants with reduced
neutralisation susceptibility. We examined
treatment-emergent SARS-CoV-2 variants dur-
ing TACKLE (NCT04723394), a phase 3 study of
AZD7442 for early outpatient treatment of
coronavirus disease 2019 (COVID-19).
Methods: Non-hospitalised adults with mild-
to-moderate COVID-19 were randomised and
dosed B 7 days from symptom onset with
AZD7442 (n = 452) or placebo (n = 451). Next-
generation sequencing of the spike gene was
performed on SARS-CoV-2 reverse-transcription
polymerase chain reaction-positive nasopha-
ryngeal swabs at baseline and study days 3, 6,
and 15 post dosing. SARS-CoV-2 lineages were
assigned using spike nucleotide sequences.
Amino acid substitutions were analysed at allele
fractions (AF; % of sequence reads represented
by substitution) C 25% and 3% to 25%. In vitro
susceptibility to tixagevimab, cilgavimab, and
AZD7442 was evaluated for all identified treat-
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ment-emergent variants using a pseudotyped
microneutralisation assay.
Results: Longitudinal spike sequences were
available for 461 participants (AZD7442, n = 235;
placebo, n = 226) and showed that treatment-
emergent variants at any time were rare, with 5
(2.1%) AZD7442 participants presenting C 1
substitution in tixagevimab/cilgavimab binding
sites at AF C 25%. At AF 3% to 25%, treatment-
emergent variants were observed in 15 (6.4%)
AZD7442 and 12 (5.3%) placebo participants. All
treatment-emergent variants showed in vitro
susceptibility to AZD7442.
Conclusion: These data indicate that AZD7442
creates a high genetic barrier for resistance and
is a feasible option for COVID-19 treatment.

Keywords: AZD7442; Cilgavimab; COVID-19;
Tixagevimab; Treatment-emergent viral
variants

Key Summary Points

Why carry out this study?

Emergence of novel viral variants has been
shown to occur following mono- and
combination therapy with monoclonal
antibodies (mAbs) for coronavirus disease
2019 (COVID-19).

Emergent mutations in antibody epitopes
that reduce binding affinity and inhibit
neutralising activity suggest that immune
pressure from mAbs drives development
of escape mutations; furthermore, studies
have shown greater viral loads in
individuals with treatment-emergent
mutations.

In this study we wanted to understand the
scope and effects of treatment-emergent
mutations in participants from the
TACKLE phase 3, randomised clinical trial
who received B 7 days of either placebo or
AZD7442, a COVID-19 antibody therapy
designed to provide a high threshold of
protection against escape mutations.

What was learned from this study?

Treatment-emergent variants with
AZD7442 were rare when measured up to
15 days post dosing, and all treatment-
emergent variants showed in vitro
susceptibility to AZD7442.

While treatment-emergent variants can
reduce neutralising activity of some
therapies, our data indicate that AZD7442
creates a high genetic barrier for
resistance, making it a feasible option for
COVID-19 treatment.

INTRODUCTION

The development and deployment of vaccines
against severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) has had a signifi-
cant impact on the global burden of coron-
avirus disease 2019 (COVID-19) [1]. However,
individuals considered clinically vulnerable to
SARS-CoV-2 infection and severe COVID-19
outcomes, including those with comorbidities
or immunosuppression, and older adults, may
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benefit from additional protection [2–6]. To this
end, anti-SARS-CoV-2 spike protein monoclonal
antibody (mAb) therapies have been widely
used in pandemic responses to provide protec-
tion to immunocompromised individuals and
individuals who cannot be vaccinated as pre-
exposure prophylaxes, and to limit disease
progression [7–9].

RNA viruses, such as SARS-CoV-2, are prone
to rapid evolution due to inherently high rates
of mutation and recombination [10]. Owing to
ongoing intra-host viral mutations, viral vari-
ants with decreased susceptibility to mAb neu-
tralisation may emerge, and be selected for,
during COVID-19 treatment [9, 11–13].
AZD7442 is a combination of two fully human
SARS-CoV-2-neutralising mAbs—tixagevimab
(AZD8895) and cilgavimab (AZD1061)—derived
from potent antibodies isolated from B cells of
individuals with prior SARS-CoV-2 infection
[14]. Tixagevimab and cilgavimab were selected
to be used in combination to provide a high
threshold of protection against virus mutational
escape from mAb neutralisation. Tixagevimab
and cilgavimab carry a triple modification
(L234F/L235E/P331S; TM modification) that
reduces fragment crystallizable effector func-
tion and the risk of antibody-dependent disease
enhancement, and a YTE modification (M257Y/
S259T/T261E) that extends the in vivo half-life
of each mAb [15]. Following administration, the
AZD7442 component mAbs bind to distinct
epitopes on the receptor-binding domain of the
SARS-CoV-2 spike protein, and potently neu-
tralise the virus by preventing interaction with
the host human angiotensin-converting
enzyme 2 receptor [15].

In the phase 3, randomised, double-blind,
placebo-controlled TACKLE study
(NCT04723394) a single intramuscular dose of
AZD7442 was shown to protect against severe
outcomes from COVID-19 in a population of
unvaccinated outpatients comprising predomi-
nantly (approx. 90%) individuals at high risk of
severe disease [8]. The risk of COVID-19 pro-
gression was found to be reduced in outpatients
who received AZD7442 versus placebo; the rel-
ative risk reduction was 50.5% and absolute risk
reduction 4.5% for severe COVID-19 or death
[8]. Here, we examine the emergence of viral

variants following AZD7442 treatment during
TACKLE.

METHODS

TACKLE Study Design

TACKLE (NCT04723394) was a phase 3, ran-
domised, double-blind, placebo-controlled
study, conducted across 95 sites in Europe,
Japan, Latin America, and the USA, designed to
assess the safety and efficacy of a single dose of
AZD7442 for the prevention of severe outcomes
from COVID-19, including death. Full details of
the study, including primary and key secondary
outcomes, were reported previously [8]. In
short, between January and July 2021, this
study enrolled unvaccinated, non-hospitalised
adults (C 18 years) with mild-to-moderate
COVID-19 confirmed by laboratory reverse-
transcription polymerase chain reaction (RT-
PCR) or antigen test on a sample collected
B 3 days prior to enrolment. Participants were
randomised and dosed B 7 days from symptom
onset with a single 600-mg dose of AZD7442
(two consecutive 3-mL intramuscular injec-
tions, one each of 300 mg tixagevimab and
300 mg cilgavimab) or matched saline placebo
(two consecutive 3-mL intramuscular injec-
tions). Randomisation in a 1:1 ratio was strati-
fied, using centralised blocked randomisation,
by time from symptom onset (B 5 vs.[5 days),
and risk of progression to severe COVID-19
(high vs. low risk; high risk included those
aged C 65 years, immunocompromised indi-
viduals, and those with comorbidities, such as
cancer and chronic diseases). Per protocol, cases
of severe COVID-19 were diagnosed by the
treating principal investigator and defined as
pneumonia (fever, cough, tachypnoea or dysp-
noea, and lung infiltrates) or hypoxaemia (sat-
uration of arterial blood with oxygen\ 90% in
room air, severe respiratory distress, or both),
and a World Health Organization (WHO) Clin-
ical Progression Scale score of 5 or more [16].
Participants, investigators, and the sponsor
were blind to treatment-group assignments.
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Ethical Approval

The study was conducted in accordance with the
Good Clinical Practice guidelines and the Decla-
ration of Helsinki, Council for International
Organizations of Medical Sciences International
Ethical guidelines, applicable International Con-
ference on Harmonization Good Clinical Practice
guidelines, and all applicable laws and regula-
tions. The protocol, protocol amendments, and
all other relevant documentation were reviewed
and approved by an institutional review board or
ethics committee (Supplementary Material
Table S1) and are available with the previous
report [8]. An independent Data Safety Manage-
ment Board provided oversight throughout the
study to ensure the safe and ethical conduct of
the study. All participants provided written
informed consent.

Objective

We examined treatment-emergent viral variants
following AZD7442 treatment as an exploratory
objective of the TACKLE study. With longitu-
dinal viral genotypic analysis, we explored the
relationship between treatment-emergent viral
variants and in vitro changes in viral suscepti-
bility to AZD7442, viral load, and prevalence of
severe COVID-19 outcomes, including death.

Sample Collection and Handling

Nasopharyngeal (NP) swabs were taken at study
visits occurring at baseline, and 3, 6, and 15 days
after administration of AZD7442 or placebo.
Immediately after collection, all swabswere placed
in transport medium for storage at - 70 �C. Sam-
ples then were shipped to the centralised testing
laboratory on dry ice where they were stored at
- 70 �C until viral nucleic acid extraction.

Genotypic Analysis

Nucleic Acid Extraction, Amplification,
and Sequencing
Viral nucleic acids were extracted from NP
swabs on a Kingfisher Flex instrument using the

MagMaxTM Viral/Pathogen Nucleic Acid Isola-
tion Kit (Thermo Fisher Scientific, Waltham,
MA, USA). A validated protocol for next-gener-
ation sequencing (NGS) of the SARS-CoV-2
spike gene was employed on SARS-CoV-2 RT-
PCR-positive swabs to identify viral mutations
and assign SARS-CoV-2 lineages at Monogram
Biosciences (South San Francisco, CA, USA).
Briefly, the full-length S gene (amino acids
1–1274) was amplified and sequenced in a
GenoSure SARS-CoV-2 spike 2 9 150 base pair
MiSeq sequencing (v2 chemistry; Illumina, San
Diego, CA, USA) NGS assay. Sequence files were
analysed to determine frequency of amino acid
polymorphisms (consensus; reported at allele
fraction [AF] C 25%) and minor variants (min-
imum coverage[ 10009; reported at AF 3% to
25%).

SARS-CoV-2 Lineage Designation
For each sample, a consensus SARS-CoV-2 spike
nucleotide sequence was derived from NGS
representing variants at AF C 25% with Inter-
national Union of Pure and Applied Chemistry-
based codes. A spike-only version of Pangolin
COVID-19 lineage assigner (Hedgehog; https://
github.com/aineniamh/hedgehog, version
1.0.7) was used to classify SARS-CoV-2 spike
sequences to current Pango lineages or sets of
lineages [17]. Variant of concern (VOC) and
variant of interest (VOI) classification followed
nomenclature as defined by the WHO during
the study period [18, 19].

Treatment-Emergent Substitution Analysis
NGS-derived consensus SARS-CoV-2 spike
nucleotide sequences were aligned to Wuhan-
Hu-1/2019 SARS-CoV-2 reference sequence
(GenBank accession number NC_045512) using
Geneious (version 2023.0.4; Dotmatics, Boston,
MA, USA). Longitudinal sequence quality con-
trol was performed by computing intra-partici-
pant Hamming’s distances (R version 4.2.0 and
DescTools package version 0.99.47), and par-
ticipants with at least one pairwise Hamming’s
distance greater than the mean ? 3 standard
deviations of the intra-participant distribution
(i.e. 12.21 substitutions) were retained in the
baseline analysis but were removed from the
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longitudinal analysis, as they may have repre-
sented sample mislabelling/misassignment.

Sanger sequencing, a common method of
minor variant detection, has a traditionally
accepted capacity to detect minor variants
at[ 25% AF [20–22]. The technique we used in
this study, NGS, has been predicted to accu-
rately detect minor sequence variants at a 1%
AF [20]. However, it has also been suggested
that variants in the 1–3% AF range can only be
accurately determined if the obtained sequence
data are of high quality and when the variants
are confirmed by a secondary method [23].
Therefore, our treatment-emergent substitution
analysis was performed by intra-participant
comparison of baseline to post-baseline amino
acid sequences, and by computing amino acid
substitutions (i.e. amino acid replacements, and
in-frame insertions and deletions) at AF C 25%
and AF 3% to 25% in the binding sites of tix-
agevimab (positions 455–456, 458, 475–480,
483–489, and 493) and cilgavimab (positions
345–346, 439–441, 443–447, 449–450, 452, 484,
490, 492–494, and 499) [14]. The notation
employed for treatment-emergent substitutions
is of the following format: amino acid
residue(s) present at baseline plus residue posi-
tion, followed by amino acid residue(s) ob-
served at the post-baseline time point.

In Vitro Microneutralisation of SARS-CoV-
2 Spike Protein Pseudotyped Lentivirus

Spike protein sequences representing the major
SARS-CoV-2 lineages identified at baseline, and
single substitutions in the spike protein identi-
fied at baseline and treatment-emergent analy-
ses were engineered into SARS-CoV-2 Wuhan-
Hu-1/2019 ? D614G spike protein pseudotyped
lentiviruses and assessed for in vitro suscepti-
bility to AZD7442 and its component mAbs via
a microneutralisation assay. Generation of spike
protein pseudotyped lentivirus and pseudovirus
microneutralisation assays were performed as
previously reported, with several modifications
[24, 25]. Inserts encoding for residues 1–1254 of
the Wuhan-Hu-1/2019 ? D614G SARS-CoV-2
spike protein with single substitutions or of
major viral variants (Supplementary Material

Table S2) were designed through codon opti-
misation and were incorporated in the pCAGG-
Sdl19 plasmid. SARS-CoV-2 spike pseudotyped
lentiviral particles were generated using a third-
generation human immunodeficiency virus
(HIV)-based lentiviral vector system expressing
luciferase. Pseudotyped lentiviral particles were
produced, purified, and titrated to assess
AZD7442 susceptibility in the microneutralisa-
tion assay.

In vitro susceptibility of SARS-CoV-2 variants
to AZD7442 and its component mAbs was
assessed using one of three versions of the
microneutralisation assay (i.e. research-grade,
qualified version 1.0 [pVNTv1.0], and qualified
version 2.0 [pVNTv2.0]). For all three versions
of this assay, serial dilutions of mAbs were pre-
pared in a 384-well microtiter plate and pre-in-
cubated with pseudovirus for 30 min at 37 �C.
Following incubation, AD293-ACE2-ARCB cells
stably expressing ACE2 (for research-grade and
pVNTv1.0 assay versions) or HEK-Blue-ACE2/
TMPRSS2 cells stably expressing ACE2/TMPRSS2
(for pVNTv2.0 assay version; InVivogen, San
Diego, CA, USA) were added to the wells and the
plates were incubated for 48 h at 37 �C. Relative
quantitation of infectivity was determined by
measuring the luminescence of the expressed
luciferase activity as relative luminescence units
on an EnVision 2105 Multimode Plate Reader
(Perkin Elmer, Waltham, MA, USA) using the
Steady-GloTM Luciferase Assay System (Pro-
mega, Madison, WI, USA) for research-grade
and pVNTv1.0 assay version or Bright-GloTM

Luciferase Assay System for pVNTv2.0 assay
version, according to the manufacturer’s rec-
ommendations. Percent inhibition was calcu-
lated by normalisation to the virus-only control
for all assays. For the research-grade assay, half-
maximal inhibitory concentration (IC50) values
were determined by non-linear regression using
Prism software (GraphPad, version 9.0.0). The
average IC50 value for each antibody was
determined from a minimum of two indepen-
dent experiments. The corresponding fold
change IC50 against each variant was deter-
mined for each mAb individually and together
(tixagevimab and cilgavimab) compared with
the reference SARS-CoV-2 Wuhan-Hu-1/
2019 ? D614G spike protein pseudovirus.
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Reference IC50 was measured within each run of
the research-grade assay. The assay methodol-
ogy underwent a qualification based on speci-
ficity, intermediate precision, inter-assay
precision, and intra-assay precision to support
regulatory submission [26]. For assays per-
formed using the qualified pseudovirus
microneutralisation assay (pVNTv1.0 and
pVNTv2.0), IC50 values were subsequently
determined by fitting a four-parameter logistic
model to the replicate relative luminescence
signal obtained across a dilution of mAb con-
centrations and back-calculating the concen-
trations that give 50% inhibition between the
virus only and the no virus control (X50) using
ordinary least squares in RStudio, version 4.0.2
(PBC, Boston, MA, USA). The average reference
IC50, established during qualification, was uti-
lised for all qualified assay runs for fold-change
calculations.

Quantitative PCR to Measure SARS-CoV-2
Viral Load

NP swab samples acquired at baseline and study
day 6 that were assessed as positive in the
Cobas� SARS-CoV-2 RT-PCR assay (Roche
Diagnostics International AG, Rotkreuz,
Switzerland) were further evaluated by quanti-
tative RT-PCR to measure viral load using the
Centers for Disease Control and Prevention’s
2019-nCoV Real-Time RT-PCR Diagnostic Panel
(Centers for Disease Control and Prevention,
Atlanta GA, USA). The testing was performed at
Covance Central Laboratory Services (Indi-
anapolis, IN, USA). The validation included
precision, sensitivity, accuracy, and linearity.
The lower limit of quantitation for the viral load
assay was 3.348 log10 copies/mL (2228 copies/
mL).

Statistical Analysis

Statistical analysis of viral shedding was con-
ducted by first calculating the log-transforma-
tion of the reduction in viral shedding at study
day 6 versus baseline. The reduction was then fit
to a robust linear model (R version 4.1.3). A one-
sided t test was used to compare the mean

reduction in viral shedding between partici-
pants who exhibited treatment-emergent sub-
stitutions and participants who had no detected
substitutions.

RESULTS

Participants

A total of 1014 participants were enrolled
between 28 January 2021 and 22 July 2021, with
910 randomly assigned to receive AZD7442
(n = 456) or placebo (n = 454), as described
previously [8] (Fig. 1). Approximately half
(n = 396; 50.5%) of all participants included in
the genotypic analyses were female, the major-
ity (n = 652; 87.5%) were aged\ 65 years (mean
age [standard deviation] 45.8 [15.2] years), and
baseline sociodemographic characteristics of
participants were balanced between the two
groups (Table 1).

Genotypic Analysis

Baseline Prevalence of SARS-CoV-2 Variants
Of 452 participants who received AZD7442 and
451 who received placebo, baseline spike
sequences were available for analysis from 745
(82.5%) study participants (AZD7442, n = 380;
placebo, n = 365; Fig. 1). Across all participants
with samples available at baseline, 483/745
(64.8%) sequences corresponded to VOC or VOI
based on WHO classification during the study
period [18, 19]. Prevalence of SARS-CoV-2 vari-
ants was balanced between treatment groups
and was in concordance with SARS-CoV-2 cir-
culating at geographical locations at the time of
recruitment [27], with Alpha (38.0%), B.1.1.519
(18.7%), Gamma (12.2%), and Delta (9.8%)
accounting for the majority of overall cases
(Table 2).

At baseline, 11/34 positions in the binding
sites of tixagevimab and cilgavimab showed the
presence of amino acids that differed from the
ancestral Wuhan-Hu-1 sequence at an AF
C 25%, with frequencies ranging from 0.1% to
29.3% in the full analysis set (Supplementary
Material Tables S3 and S4). The most common
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amino acid differences were T478K (218 partic-
ipants; 29.3%) in the tixagevimab binding site,
E484K (135; 18.1%) in the tixagevimab and
cilgavimab sites, and L452R (83; 11.1%) in the
cilgavimab site, which represent lineage-defin-
ing signatures of the major SARS-CoV-2 variants
detected in the study. All tested variants and
single amino acid differences showed in vitro
susceptibility to AZD7442, with a less than
fivefold change versus Wuhan-Hu-1 ? D614G
reference (Table 2; Supplementary Material
Tables S3 and S4). Overall, 417/745 (56.0%)
participants carried at least one amino acid
difference to the Wuhan-Hu-1 reference
sequence in the binding sites of tixagevimab
and cilgavimab at an AF C 25%, with 117/745
(15.7%) participants carrying at least two amino
acid differences (Supplementary Material
Table S5).

Treatment-Emergent SARS-CoV-2 Substitution
Analysis
The analysis of treatment-emergent substitu-
tions was conducted for each participant by
comparing baseline sequences to any post-
baseline sequence. A baseline spike sequence
and at least one follow-up sequencing dataset
were available for treatment-emergent substi-
tution analysis of 235/452 (52.0%) and 226/451
(50.1%) participants in the AZD7442 and pla-
cebo groups, respectively. This excluded 14
participants (n = 8 in the AZD7442 treatment
group and n = 6 in the placebo group) who did
not pass longitudinal sequence quality control
(Supplementary Material Table S6). The
sociodemographic characteristics and the dis-
tribution of SARS-CoV-2 variants in the longi-
tudinal dataset were similar to the ones in the
overall dataset (Tables 1, 2; Supplementary
Material Tables S7 and S8).

Treatment-emergent substitutions were
uncommon, with 5 (2.1%) participants who
received AZD7442 having treatment-emergent

Fig. 1 Participant disposition. A severe COVID-19
event was defined as pneumonia (fever, cough, tachypnoea
or dyspnoea, and lung infiltrates) or hypoxaemia (satura-
tion of arterial blood with oxygen\ 90% in room air,
severe respiratory distress, or both), and a WHO Clinical

Progression Scale score of 5 or more. COVID-19 coron-
avirus disease 2019, QC quality control, WHO World
Health Organization
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Table 1 Sociodemographic characteristics of participants in the baseline genotypic analysis

Characteristic AZD7442 (N = 380) Placebo (N = 365) Total (N = 745)

Sex

Male 181 (47.6) 188 (51.5) 369 (49.5)

Female 199 (52.4) 177 (48.5) 376 (50.5)

Age, years

C 18 to\ 65 329 (86.6) 323 (88.5) 652 (87.5)

C 65 to\ 75 31 (8.2) 34 (9.3) 65 (8.7)

C 75 20 (5.3) 8 (2.2) 28 (3.8)

Mean (SD) 46.3 (15.6) 45.3 (14.8) 45.8 (15.2)

Race

White 240 (63.2) 217 (59.5) 457 (61.3)

American Indian or Alaska Native 82 (21.6) 100 (27.4) 182 (24.4)

Asian 30 (7.9) 19 (5.2) 49 (6.6)

Black or African American 8 (2.1) 10 (2.7) 18 (2.4)

Unknowna 20 (5.3) 19 (5.2) 39 (5.2)

Country

Argentina 27 (7.1) 26 (7.1) 53 (7.1)

Brazil 5 (1.3) 8 (2.2) 13 (1.7)

Czech Republic 2 (0.5) 2 (0.5) 4 (0.5)

Germany 29 (7.6) 30 (8.2) 59 (7.9)

Hungary 2 (0.5) 1 (0.3) 3 (0.4)

Italy 37 (9.7) 30 (8.2) 67 (9.0)

Japan 26 (6.8) 14 (3.8) 40 (5.4)

Mexico 115 (30.3) 136 (37.3) 251 (33.7)

Poland 1 (0.3) 0 (0) 1 (0.1)

Russian Federation 42 (11.1) 43 (11.8) 85 (11.4)

Spain 29 (7.6) 32 (8.8) 61 (8.2)

UK 16 (4.2) 16 (4.4) 32 (4.3)

USA 49 (12.9) 27 (7.4) 76 (10.2)

Data are n (%) unless otherwise specified
SD standard deviation
aNot reported, multiple, or missing data

Infect Dis Ther



substitutions in the tixagevimab/cilgavimab
binding site at an AF C 25%; none at an AF
C 25% were identified in the placebo group
(Fig. 2; Table 3; Supplementary Material Fig. S1).
Fifteen (6.4%) participants in the AZD7442
group and 12 (5.3%) who received placebo had
treatment-emergent substitutions in the tix-
agevimab/cilgavimab binding site at an AF 3%

to 25% (Fig. 3; Supplementary Material
Table S9). Across these individuals, 25 unique
treatment-emergent substitutions at an AF 3%
to 25% were detected (Supplementary Material
Table S9). The majority of treatment-emergent
substitutions were detected at study day 6 fol-
lowing treatment with AZD7442 or placebo
(Figs. 2, 3).

Table 2 SARS-CoV-2 variants identified at baseline (AF ‡ 25%)

Variant, n (%) AZD7442
(N = 380)

Placebo
(N = 365)

Total
(N = 745)

IC50, ng/mL (fold-reduction
in susceptibility)

Tixagevimab Cilgavimab AZD7442

VOC

Alpha 151 (39.7) 132 (36.2) 283 (38.0) 3.8 (5.6)a 11.9 (3.4)a 9.1 (4.2)a

Beta 0 (0) 1 (0.3) 1 (0.1) 13.6 (7.0)a 5.3 (0.5)a 11.7 (2.2)a

Gamma 43 (11.3) 48 (13.2) 91 (12.2) 1.1 (0.9)a 1.7 (0.4)a 1.8 (0.8)a

Delta 37 (9.7) 36 (9.9) 73 (9.8) 3.5 (3.5)c 48.1 (15.5)c 5.9 (3.7)c

VOI

Epsilon 3 (0.8) 1 (0.3) 4 (0.5) 0.8 (1.2)a 8.1 (2.2)a 2.1 (1.0)a

Zeta 1 (0.3) 1 (0.3) 2 (0.3) 11.8 (7.3)a 6.4 (1.1)a 10.4 (2.9)a

Eta 0 (0) 2 (0.5) 2 (0.3) 4.6 (4.2)a 5.2 (0.9)a 5.1 (1.8)a

Iota 1 (0.3) 0 (0) 1 (0.1) 9.4 (8.6)a 3.3 (0.6)a 5.2 (1.9)a

Lambda 13 (3.4) 11 (3.0) 24 (3.2) 0.1 (0.1)b 11.7 (3.8)b 0.3 (0.2)b

Mu 0 (0) 2 (0.5) 2 (0.3) 1.5 (1.5)b 140.9 (45.5)b 7.2 (4.5)b

Formerly monitored variant

AT.1 1 (0.3) 2 (0.5) 3 (0.4) 1.0 (1.0)c 0.7 (0.2)c 1.2 (0.7)c

B.1.1.519 67 (17.6) 72 (19.7) 139 (18.7) 1.1 (1.1)b 5.4 (1.7)b 1.3 (0.8)b

B.1.1.523 6 (1.6) 3 (0.8) 9 (1.2) 2.3 (2.3)c 1.3 (0.4)c 2.5 (1.5)c

C.36.3 2 (0.5) 1 (0.3) 3 (0.4) 0.4 (0.4)c [ 1500 (484)c 1.1 (0.7)c

R.1 13 (3.4) 6 (1.6) 19 (2.6) 8.5 (8.5)c 0.9 (0.3)c 1.9 (1.2)c

Other variants

Ancestral 22 (5.8) 24 (6.6) 46 (6.2) 1.4 (1.0)a 4.5 (1.0)a 2.3 (1.0)a

Other 20 (5.3) 23 (6.3) 43 (5.8) – – –

In vitro susceptibility of SARS-CoV-2 variants to AZD7442 and its component mAbs was assessed using three versions of
the microneutralisation assay: aResearch-grade; bQualified version 1.0 (pVNTv1.0); and cQualified version 2.0 (pVNTv2.0)
AF allele fraction, IC50 half maximal inhibitory concentration, mAb monoclonal antibody, SARS-CoV-2 severe acute
respiratory syndrome coronavirus 2, VOC variant of concern, VOI variant of interest

Infect Dis Ther



Treatment-emergent substitutions with an
AF C 25% arising in participants in the
AZD7442 group were tested in vitro for

susceptibility to AZD7442 (Table 4). Four of the
five variants remained susceptible to AZD7442
with a less than fivefold change of in vitro sus-
ceptibility to AZD7442 compared to the refer-
ence Wuhan-Hu-1 ? D614G. Lentiviral
pseudovirus particles produced for the remain-
ing one variant did not achieve high enough
titer for in vitro susceptibility testing. Twenty-
four out of 25 treatment-emergent substitutions
detected with an AF 3% to 25% had a less than
fivefold change of in vitro susceptibility to
AZD7442 compared to the reference Wuhan-
Hu-1 ? D614G (Supplementary Material
Table S9). Substitution F456F/S, in the tix-
agevimab binding site, which emerged at day 3
post dosing at AF 5.6% in one (0.4%) partici-
pant treated with AZD7442, showed a 23.2-fold
change in in vitro susceptibility to AZD7442;
however, this is consistent with AZD7442 being
active against this substitution. Among
AZD7442 recipients, treatment-emergent

Fig. 2 Treatment-emergent substitutions in tix-
agevimab or cilgavimab binding sites according to
SARS-CoV-2 lineage at baseline (AF ‡ 25%). For each
time point, the number of sequences assessed is shown.
Only subjects with an emergent mutation at any time
point are longitudinally tracked and only sequences
carrying treatment-emergent substitutions in tixagevimab
or cilgavimab binding sites at an AF C 25% are shown.
Blue lines depict longitudinal assessment from individual
participants. Black ovals depict sequences that had no
detectable substitution in the tixagevimab or cilgavimab
binding sites compared to the participant baseline
sequence. The participant infected with Gamma variant

had an event of severe COVID-19 presenting with
pneumonia and hypoxaemia, with a maximum WHO
Clinical Progression Scale score of 6. All other participants
with treatment-emergent substitutions in tixagevimab or
cilgavimab binding sites had no severe COVID-19 events.
Substitution notation is of the following format: amino
acid residue(s) present at baseline plus residue position,
followed by amino acid residue(s) observed at the post-
baseline time point. B.1.1_6: PANGO lineages B.1.1.222
or B.1.1.322. AF allele fraction, COVID-19 coronavirus
disease 2019, SARS-CoV-2 severe acute respiratory syn-
drome coronavirus 2, WHO World Health Organization

Table 3 Incidence of treatment-emergent substitutions
in tixagevimab or cilgavimab binding sites

Characteristic, n (%) AZD7442
(N = 235)

Placebo
(N = 226)

No treatment-emergent

substitution

215 (91.5) 214 (94.7)

Only carried treatment-

emergent substitutions at

AF 3–25%

15 (6.4) 12 (5.3)

Only carried treatment-

emergent substitutions at

AF C 25%

5 (2.1) 0 (0)

AF allele fraction
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substitutions at the tixagevimab and cilgavimab
binding sites did not appear to be associated
with an increase in cases of severe COVID-19
events or death (Table 5). Severe COVID-19 or
death occurred in 3/20 (15.0%) participants
with and 11/215 (5.1%) participants without
treatment-emergent substitutions. However,

the low number of participants and the lack of
study power to statistically infer differences
between groups precludes our ability to draw
firm conclusions.

SARS-CoV-2 viral loads in NP swabs at base-
line and study day 6 were compared to deter-
mine if there was a difference in viral shedding

Fig. 3 Treatment-emergent substitutions in tix-
agevimab or cilgavimab binding sites according to
SARS-CoV-2 lineage at baseline (AF 3 to 25%). For
each time point, the number of sequences assessed is
shown. Only subjects with an emergent mutation at any
time point are longitudinally tracked and only sequences
carrying treatment-emergent substitutions in tixagevimab
or cilgavimab binding sites at an AF 3% to 25% are shown.
Blue lines depict longitudinal assessment from individual
participants. Black ovals depict sequences that had no
detectable substitution in the tixagevimab or cilgavimab
binding sites compared to the baseline sequence. The
participant infected with Alpha variant with study day 6

G446G/V and C488C/F substitutions, and the participant
infected with Alpha variant with study day 6 S477N/S
substitution both had an event of severe COVID-19
presenting with pneumonia and hypoxaemia, with a
maximum WHO Clinical Progression Scale score of 5.
Substitution notation is of the following format: amino
acid residue(s) present at baseline plus residue position,
followed by amino acid residue(s) observed at the post-
baseline time point. AF allele fraction, COVID-19 coro-
navirus disease 2019, SARS-CoV-2 severe acute respiratory
syndrome coronavirus 2, WHO World Health
Organization
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between treatment groups. In participants in
the longitudinal analysis subset who did not
have treatment-emergent substitutions, reduc-
tion in viral shedding by study day 6 was sig-
nificantly stronger for the AZD7442 group than
the placebo group (P = 0.018). No formal anal-
ysis of the difference in viral shedding between
treatment groups was undertaken for partici-
pants with treatment-emergent substitutions
because of the small cohort numbers; however,
the changes in viral shedding recorded in par-
ticipants with and without treatment-emergent

substitutions were comparable within treat-
ment groups (Supplementary Material Fig. S2).

DISCUSSION

Error-prone replication of the SARS-CoV-2 gen-
ome allows for the generation of viral mutants,
which can be selected by the evolutionary
pressure exerted by antiviral drugs [28]. On the
basis of knowledge gained through clinical
treatment of infections with other RNA viruses
(e.g. HIV), the emergence of viral resistance

Table 4 In vitro susceptibility of individual SARS-CoV-2 spike substitutions identified in treatment-emergent
substitution analysis (AF ‡ 25%)

Substitution mAb IC50, ng/mL (fold-reduction in susceptibility)

Tixagevimab Cilgavimab AZD7442

L452L/R Cilgavimab 1.7 (0.8)a 29.5 (5.6)a 3.0 (1.0)a

S477R/S Tixagevimab 1.9 (1.9)b 4.9 (1.6)b 1.7 (1.1)b

K/T478K Tixagevimab 2.5 (1.5)a 3.0 (0.6)a 3.0 (1.2)a

E484E/V Tixagevimab/cilgavimab 10.2 (10.2)b 1.5 (0.5)b 4.2 (2.6)b

C488C/Y Tixagevimab QNS QNS QNS

In vitro susceptibility of SARS-CoV-2 variants to AZD7442 and its component mAbs was assessed using two versions of the
microneutralisation assay: aResearch-grade; and bQualified version 1.0 (pVNTv1.0). Substitution notation is of the fol-
lowing format: amino acid residue(s) present at baseline plus residue position, followed by amino acid residue(s) observed at
the post-baseline time point
AF allele fraction, IC50 half maximal inhibitory concentration, mAb monoclonal antibody, QNS quality not sufficient
(produced lentiviral pseudoparticles did not achieve high enough titer for in vitro susceptibility testing), SARS-CoV-2 severe
acute respiratory syndrome coronavirus 2

Table 5 COVID-19 events in participants in the AZD7442 treatment group with treatment-emergent substitutions
in tixagevimab or cilgavimab binding sites

Event, n (%) With treatment-emergent
substitutionsa (N = 20)

Without treatment-emergent
substitutions (N = 215)

Total
(N = 235)

No event 17 (85.0) 204 (94.9) 221 (94.0)

Severe COVID-19 eventb

or death

3 (15.0) 11 (5.1) 14 (6.0)

AF allele fraction, COVID-19 coronavirus disease 2019, WHO World Health Organization
aIncludes participants with treatment-emergent substitutions at AF C 25% and AF 3–25%. A severe COVID-19 event was
defined as pneumonia (fever, cough, tachypnoea or dyspnoea, and lung infiltrates) or hypoxaemia (saturation of arterial
blood with oxygen\ 90% in room air, severe respiratory distress, or both), and a WHO Clinical Progression Scale score
of C 5

Infect Dis Ther



under treatment is influenced by the balance
between the selective pressure exerted by the
antiviral drug and the capacity of the virus
populations to generate a pool of viable resis-
tant mutants [29–31]. The likelihood of resis-
tance emergence is maximal when the drug
levels at the site of action are low enough to
allow for viral replication, thus allowing for
continuing generation of viral mutants, while
high enough to exert a selective pressure (Sup-
plementary Material Fig. S3). In the current
study, based on a clinical trial demonstrating
protection from progression to severe COVID-
19 or death in treated participants, the observed
low levels of treatment-emergent substitutions
are consistent with effective drug levels being
achieved at the site of action.

We found a low incidence of SARS-CoV-2
variants bearing substitutions at tix-
agevimab/cilgavimab binding sites following
treatment with AZD7442 in the TACKLE study,
with frequencies comparable to those seen in
the placebo group. None of the tested treat-
ment-emergent substitutions with AF C 25%
showed reduced susceptibility to AZD7442.
Only 1/25 treatment-emergent substitution
detected at AF 3% to 25% in 1/235 participants
showed greater than fivefold change in suscep-
tibility to AZD7442. Importantly, the treat-
ment-emergent substitutions observed in the
tixagevimab/cilgavimab binding sites were not
associated with any detectable decreases in
susceptibility to the mAbs, severe COVID-19/
death, or increases in viral shedding between
study day 6 and baseline. Overall, this indicates
that AZD7442 created a high genetic barrier to
resistance during the study period (in the
background of highly susceptible viral variants).

Data herein were obtained from participants
of the TACKLE study who were enrolled between
January and July 2021, with a follow-up for lon-
gitudinal assessment of treatment-emergent
variants up to 15 days post dosing. Therefore,
data were collected prior to and during a global
SARS-CoV-2 Delta variant wave, and thus a lim-
itationof this study is that infectionswere caused
by circulating variants that are no longer classi-
fied as variants of concern/interest [18, 19]. At
present, the Omicron variant and its sublineages
account for the vast majority of sequenced

infections [32]. Although treatment-emergent
variants following AZD7442 treatment for Omi-
cron could not be assessed in the present study,
previous in vitro studies demonstrated that
AZD7442 retains neutralising activity against
BA.1, BA.2, BA.2.12.1, BA.3, BA.4, and BA.5
Omicron subvariants [33, 34]. However, recently
circulating Omicron sublineages escape the
strong neutralising potency of AZD7442 in vitro
[25, 35, 36].

As novel variants emerge with resistance to
available antiviral therapies, alternative targeted
treatment options are required. Results from the
TACKLE study suggest that new mAbs with a
similar mechanism of action to AZD7442 could
protect against severe outcomes associated with
SARS-CoV-2 infection.

In the present study, examination of disease
severity was limited by the rarity of treatment-
emergent variants. As a result of the low num-
bers of treatment-emergent substitutions
observed in the tixagevimab/cilgavimab bind-
ing sites, we cannot make firm conclusions on
the impacts of such substitutions on the sever-
ity of COVID-19 or risk of death, nor could we
conduct a formal analysis of the differences in
viral shedding in participants with treatment-
emergent substitutions according to treatment
group. However, it was notable that the changes
we observed in viral shedding from baseline to
study day 6 in individuals with treatment-
emergent substitutions were comparable to
individuals without treatment-emergent sub-
stitutions in respective treatment groups.

Despite reduced activity against recent vari-
ants, AZD7442 has demonstrated that mAb
approaches are a viable option for providing
additional protection against severe outcomes
of SARS-CoV-2 infection. Monitoring of emerg-
ing variants will remain an important part of
clinical trial design and real-world monitoring
for mAb treatments.
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