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ARTICLE INFO ABSTRACT

Keywords: Background: Nirsevimab is an extended half-life monoclonal antibody (mAb) licensed for the prevention of
Respiratory syncytial virus respiratory syncytial virus (RSV)-associated lower respiratory tract disease in neonates, infants and medically
Nirsevimab

vulnerable children. We characterized RSV isolates recovered from participants enrolled in MEDLEY: a ran-
domized, palivizumab-controlled phase 2/3 trial of nirsevimab in infants born preterm and/or with congenital
heart disease or chronic lung disease of prematurity.

Methods: Participants were assessed in two RSV seasons (Season 1 and 2). Season 1 participants were randomized
(2:1) to receive a single dose of nirsevimab (50 mg if weight <5 kg or 100 mg if weight >5 kg in Season 1; 200
mg in Season 2) followed by four monthly doses of placebo, or five once-monthly doses of palivizumab (15 mg/
kg weight per dose). Season 2 participants continued nirsevimab and placebo (nirsevimab/nirsevimab) or were
re-randomized (1:1) to switch to nirsevimab (palivizumab/nirsevimab) or continue palivizumab (palivizumab/
palivizumab). Cases of RSV infection were identified by central testing of nasal swabs from participants seeking
medical attention for respiratory illnesses. Nirsevimab and palivizumab binding site substitutions were assessed
via microneutralization assay.

Results: Twenty-five cases of confirmed RSV infection were observed during the trial and sequenced: 12 in nir-
sevimab recipients and 10 in palivizumab recipients during Season 1, and 1 case in each Season 2 group.

Palivizumab
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Molecular sequencing of RSV A (n = 14) isolates detected no nirsevimab binding site substitutions, and 3 pal-
ivizumab neutralization-resistant substitutions (Lys272Met, Lys272Thr, Ser275Leu). The nirsevimab binding site
Ile206Met:GIn209Arg and Ile206Met:GIn209Arg:Ser211Asn substitutions were the only anti-RSV mAb binding
site substitutions detected among RSV B isolates (n = 11). Nirsevimab neutralized all nirsevimab and pal-
ivizumab binding site substitutions in RSV A and B isolates recovered from MEDLEY participants.

Conclusion: No binding site substitution detected during MEDLEY affected RSV susceptibility to nirsevimab

neutralization.

1. Introduction

Respiratory syncytial virus (RSV) is a leading cause of lower respi-
ratory tract infection (LRTI) and hospitalization in infants and children
aged <24 months worldwide [1,2]. RSV is a negative-sense RNA virus,
which circulates through an annual RSV season lasting ~5 months each
winter in temperate climates [3]. The RSV Fusion (F) protein has been a
prominent target for the development of RSV interventions due to its
essential roles in host cell entry and broad genetic conservation among
RSV A and B subtypes [4-6]. Serological studies have identified six
antigenic sites within RSV F: sites @ (“zero”) and V are exclusively found
in its prefusion conformation and sites I-IV have been observed in both
prefusion and postfusion conformations [5].

Monthly injections of the humanized murine anti-RSV F protein site
II monoclonal antibody (mAb), palivizumab, have been established as a
well-tolerated and effective method of preventing RSV-associated LRTI
hospitalization in numerous high-risk infant populations (e.g., infants
born preterm and/or with hemodynamically significant congenital heart
disease or chronic lung disease of prematurity [CHD/CLD]) since its
licensure in 1998 [7,8]. Palivizumab was originally licensed for all
preterm infants with a gestational age < 35 weeks; however, subsequent
local policy decisions by the American Academy of Pediatrics in 2014
restricted palivizumab use to infants with a gestational age < 29 weeks
[8,9]. An unmet need for RSV interventions for the benefit of all infants
spurred the development of nirsevimab - a highly potent, broadly
neutralizing extended half-life (~71 days) anti-RSV F protein site @
mADb, designed to confer protection for a typical 5-month RSV season
with a single intramuscular injection [10,11]. Nirsevimab has demon-
strated consistently high efficacy against RSV-associated lower respira-
tory tract disease in placebo-controlled studies throughout its clinical
development program, with efficacy rates of 79.5 % against medically
attended RSV-associated LRTI (MA RSV LRTI) and 77.3 % against hos-
pitalization for MA RSV LRTI observed over 150 days post dose in a
pooled analysis of preterm infants from the pivotal phase 2b
(NCT02878330) trial and preterm and term infants from the primary
cohort of the phase 3 MELODY (NCT03979313) trial [12-15]. Similarly,
nirsevimab was 83.2 % effective at preventing LRTI hospitalization in
healthy preterm and term infants during the real-world phase 3b HAR-
MONIE study (NCT05437510) [16]. Further pharmacokinetic (PK) an-
alyses from the phase 2b and the MELODY trials, as well as the phase 2/3
palivizumab-controlled MEDLEY trial (NCT03959488) enabled the
extrapolation of nirsevimab efficacy to infants born preterm or born
with CHD/CLD [15]. Following approvals in other geographic territories
beginning late-2022, nirsevimab was approved for the prevention of
RSV lower respiratory tract disease in neonates and infants born during
or entering their first RSV season, and in children <24 months of age
who remain vulnerable to severe RSV disease through their second RSV
season in the United States (US) in July 2023 [17].

The primary mechanism of nirsevimab and palivizumab resistance is
reduced binding to the RSV F protein due to amino acid changes in their
respective binding sites [7,10,11,18]. Previous analyses have illustrated
that the nirsevimab (amino acid residues [AA] 62-69 and 196-212 in
site @) and palivizumab (AA 262-275 in site II) binding sites were highly
conserved among circulating RSV variants between 1956 and 2021, and
that neutralization-resistant variants are rare and have not increased in
prevalence between successive RSV seasons [6,7,11]. However, the

inherently error-prone nature of RSV’s RNA-dependent replication cycle
could theoretically lead to the emergence of viral variants with reduced
neutralization susceptibility, as illustrated by the failure of a phase 3
study of suptavumab — a previous investigational anti-RSV F site V mAb
— to meet its primary endpoint due to the emergence of a neutralization-
resistant variant of RSV B [3,5,19]. Thus, ongoing viral surveillance is
needed to ensure enduring mAb effectiveness between successive RSV
seasons.

Analyses of RSV isolates in infants dosed with nirsevimab and pal-
ivizumab can support the identification of potential neutralization-
resistant variants and complement data from in vitro resistance and
viral surveillance studies [6,18,20,21]. In this context, we have geno-
typically evaluated and functionally assessed the impact of amino acid
substitutions in the nirsevimab and palivizumab binding sites as
observed in participants with confirmed RSV infections from the MED-
LEY trial. We also contextualize RSV infections with reference to the
geotemporal prevalence of RSV during the trial, and participant serum
anti-RSV F mADb concentrations and viral load data.

2. Methods
2.1. MEDLEY trial design

MEDLEY was a phase 2/3 randomized, double-blind, palivizumab-
controlled trial evaluating the safety, PK and descriptive efficacy of
nirsevimab in infants born preterm or born with CHD/CLD. The trial
protocol and statistical analysis plan have been published with the pri-
mary analysis [22,23]. The genotypic and phenotypic characterization
of RSV isolates with evaluable sequencing data described herein were
pre-specified exploratory analyses. The trial was conducted in accor-
dance with the principles of the Declaration of Helsinki and the Inter-
national Council for Harmonisation Good Clinical Practice guidelines.
Each site had approval from an institutional ethics review board or
ethics committee, and appropriate written informed consent was ob-
tained for each infant prior to enrollment.

The trial was conducted between July 30, 2019 and January 20,
2023 [24]. Participants were recruited from 126 sites across 25 coun-
tries in Europe, North America, Asia and South Africa [25]. Participants
were assessed in two 5-month RSV seasons (Seasons 1 and 2, respec-
tively). Participants born during or prior to their first RSV season and
who were eligible to receive palivizumab in accordance with local
guidelines were enrolled into the trial in two cohorts: infants born
preterm (i.e., gestational age of <35 weeks and 0 days), and infants born
with CHD/CLD irrespective of gestational age at birth. Participation in
Season 2 was restricted to the CHD/CLD cohort in accordance with local
or national guidelines for palivizumab use. Further descriptions of
eligibility criteria for both cohorts are detailed in Supplemental Ma-
terials. Participants were excluded if they had a history of LRTI/RSV
infection or active LRTI/RSV infection prior to or at the time of
randomization. Baseline characteristics for MEDLEY study participants
in Season 1 and Season 2 have been published previously [22,26].

2.2. Study intervention

Participants were randomized 2:1 prior to their first RSV season
(Season 1) to receive either a single intramuscular dose of nirsevimab
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(weight-banded dosing regimen: 50 mg in infants weighing <5 kg or
100 mg in infants weighing >5 kg), followed by four monthly doses of
placebo or five monthly intramuscular doses of palivizumab (15 mg/kg
weight per dose). Participants who were randomized to nirsevimab in
Season 1 received 200 mg nirsevimab followed by four once-monthly
placebo doses in Season 2 (nirsevimab/mnirsevimab group). Partici-
pants who received palivizumab in Season 1 were re-randomized 1:1 to
switch to the Season 2 nirsevimab and placebo regimen (palivizumab/
nirsevimab group) or continue with five palivizumab once-monthly
doses (palivizumab/palivizumab group). Study interventions were
administered on Days 1, 31, 61, 91 and 121, and trial participants were
followed through to Day 361 (i.e., 360 days post-first dose of study
intervention) in their respective seasons.

2.3. Randomization and masking

Randomization was performed using an interactive web response
system to assign blinded investigational product kit numbers. Neither
the investigators nor the parents or guardians were aware of the trial
group assignments. Within each cohort, randomization was stratified by
hemisphere (northern, southern) and participant age at the time of
Season 1 randomization (<3 months, >3 to <6 months, >6 months).
Data from the trial were collected by clinical investigators and analyzed
by the contract research organization, ClinChoice.

2.4. Confirmation of RSV infection

Nasal swabs were obtained from all trial participants seeking medical
attention for a respiratory infection and additionally may have been
obtained as part of routine clinical care in the inpatient and outpatient
settings. RSV infection was confirmed by a US Food and Drug Admin-
istration (FDA)-cleared and Conformité Européenne (CE)-marked in vitro
diagnostic quantitative real-time reverse transcription-polymerase
chain reaction assay (RT-PCR; Lyra RSV+ human metapneumovirus
assay, Quidel, San Diego, CA, USA) in a central laboratory (Eurofins-
Viracor, MO, USA).

2.5. Categorization of RSV cases

Cases of RSV infection were categorized into one of four sampling
periods based on the timing of first dose of study intervention (Season 1
Day 1-151 and Day 152-361, and Season 2 Day 1-151 and Day
152-361) and according to the protocol definition of MA RSV LRTI
(Supplementary Table 1). All cases of RT-PCR-confirmed RSV infection
occurring through Day 151 that did not meet the protocol definition of
MA RSV LRTI, and all confirmed cases of RSV infection occurring during
Day 152-361 in their respective seasons were assessed as exploratory
RSV infections. Confirmed-RSV cases were also contextualized against
participant hospitalization status and the geotemporal prevalence of
RSV in northern and southern hemispheres. RSV prevalence data for
participant countries were obtained from the following viral surveil-
lance dashboards: the US Centers of Disease Control’s National Respi-
ratory and Enteric Virus Surveillance System (NREVSS; https://www.
cde.gov/surveillance/nrevss/rsv/index.html), the European Centre for
Disease Prevention and Control’s European Surveillance System (TESSy;
http://atlas.ecdc.europa.eu/public/index.aspx) and the World Health
Organization’s FluNet using data provided by the Global Influenza
Surveillance and Response System (GISRS; http://ais.paho.org/phip
/viz/ed_who_rsv.asp).

2.6. Genotypic evaluation of RSV

RSV attachment protein (G) Sanger sequencing, RSV A and B sub-
typing and F protein next-generation sequencing (NGS) sequence as-
sembly and sequence annotation procedures were performed per other
viral surveillance studies in the nirsevimab clinical development
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program [6,27]. Briefly, following G gene amplification and Sanger
sequencing, RSV A and B subtypes were assigned based on alignment of
the G hypervariable region 2 against contemporary RSV A and B refer-
ence sequences (Netherlands RSVA/13-005275 GenBank accession no.
KX858754.1; RSV B/13-001273 GenBank accession no. KX858755.1).
RSV genotypes were assigned by phylogenetic clustering using a refer-
ence database of 11 RSV A and 23 RSV B genotypes [28].

RSV A and B F gene sequences in FASTA format were translated to
amino acid sequences and aligned against RSV A/13-005275 (GenBank
accession no. KX858757.1) and RSV B/13-001273 (GenBank accession
no. KX858756.1) reference variants. These isolates were selected as
reference variants to assess F protein amino acid variation due to their
similarities with consensus RSV A and B F sequences at the beginning of
nirsevimab development [10]. The full-length RSV F gene was amplified
and sequenced using NGS assays for determination of consensus poly-
morphism(s); major variants were defined as >25 % molecular allele
frequency (MAF), while minor variant(s) were defined as >4 to <25 %
MAF for RSV A and >5 to <25 % MAF for RSV B. The prevalence of all
amino acid sequence variations in the full-length RSV F protein were
reported relative to the frequency observed in RSV A and B sequences
collected during prospective RSV molecular epidemiology studies con-
ducted between 2015 and 2021 (Supplemental Materials) [6].

2.7. Generation of recombinant RSV variants

Individual and co-occurring F protein amino acid substitutions were
engineered using reverse genetics into recombinant RSV (rRSV) A
(A2-000; containing the Glu66 residue) or rRSV B (B9320-000; con-
taining the Asn197 residue) complementary DNAs (cDNAs) using mo-
lecular cloning techniques as previously described [6,27]. rRSV variants
were rescued and plaque purified to obtain sufficient titers for subse-
quent microneutralization susceptibility assay testing. The sequence of
each rRSV stock was confirmed following RNA extraction, RT-PCR, and
Sanger sequencing.

2.8. RSV microneutralization assay

Per previous analyses, the effect of binding-site substitutions on the
in vitro neutralization potency of nirsevimab and palivizumab was
assessed in a validated RSV microneutralization assay at Viroclinics
Biosciences BV (Rotterdam, Netherlands) [6,27]. Nirsevimab or pal-
ivizumab were serially diluted in 96-well plates prior to the addition of a
fixed concentration of rRSV reference or test variants at a median tissue
culture infectious dose (TCIDsg) of 50-1700 per well and incubated for
1 h, followed by the addition of HEp-2 cells. After 5 days of incubation at
37 °C, RSV-infected cells were fixed and stained with anti-RSV mAb and
a horseradish peroxidase-labeled detection antibody. Tetrame-
thylbenzidine substrate was added and Optical Densityssonm Wwas
measured. Half-maximal inhibitory concentrations (ICso) were calcu-
lated using a four-parameter logistic nonlinear curve fitting and
compared to the ICsq values of the rRSV A and B reference variants on
the same plate to determine fold-change in ICsy values. Based on sta-
tistical power to detect ICsq fold-change values relative to reference
viruses, a cut-off of >5.0-fold-change IC5y was used to define reduced
susceptibility to nirsevimab and/or palivizumab neutralization.

2.9. Visualization RSV F protein amino acid substitutions

RSV A and B F protein structures were obtained from Protein Data
Bank (PDB ID 5UDC and 5UDD, respectively) and visualized in PyMol
version 2.2.2. Regions of RSV F were defined as follows: signal peptide
=AA1-23; p27 = AA 110-136; nirsevimab binding site = AA 62-69 and
196-212; palivizumab binding site = AA 262-275; and transmembrane
and intracellular domains = 525-574 [5,6].
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Fig. 1. Overview of participants with confirmed RSV infections in the MEDLEY trial (ITT population). CONSORT diagram indicating number of participants with

confirmed cases of RSV infection during MEDLEY (A) Season 1 and (B) Season 2.

Abbreviations: CHD/CLD, congenital heart disease or chronic lung disease of prematurity; ITT, intent-to-treat; RSV, respiratory syncytial virus.

2.10. Pharmacokinetic sampling

Trial participants provided serum samples for PK assessments during
their respective study seasons on Days 1 (pre-dose), 8 (Japan only), 15
(European Union [EU] only), 31 (non-EU participants), 151 and 361,
and upon seeking medical attention for a respiratory infection. Serum
concentrations of nirsevimab were determined using validated colori-
metric enzyme-linked immunosorbent assay (AstraZeneca, Gaithers-
burg, MD, USA). Serum concentrations of palivizumab were measured
using a validated Meso Scale Discovery electro-chemiluminescent assay
(AstraZeneca, Gaithersburg, MD, USA). Data were analyzed graphically.

2.11. Measurement of viral load

Participant viral loads were measured by semiquantitative RT-PCR
during assessments of nasal swabs to confirm the presence of RSV
infection. Cycle threshold (CT) values are representative of viral loads.

2.12. Role of the funding source

This trial was supported by AstraZeneca and Sanofi. AstraZeneca
employees supported trial design, data collection, data analysis and data
interpretation in collaboration with the other authors. The sponsors paid
for a professional medical writer who wrote the first draft of the
manuscript under the direction of the authors.

3. Results
3.1. MEDLEY trial participants with confirmed RSV infections

A total of 925 infants (preterm cohort n = 615; CHD/CLD cohort n =
310) were randomized 2:1 to receive nirsevimab (n = 616) or pal-
ivizumab (n = 309) in Season 1 (Fig. 1A). Cases of confirmed RSV
infection were observed in 1.9 % (n = 12/616) of nirsevimab recipients
and 3.2 % (n = 10/309) of palivizumab recipients during Season 1. In
total, 262 participants from the CHD/CLD cohort continued in the study
in Season 2, with 180 participants in the nirsevimab/nirsevimab group,
40 participants in the palivizumab/nirsevimab group and 42 partici-
pants in the palivizumab/palivizumab group (Fig. 1B). A single case of
RSV infection was observed among each of the three Season 2 groups,
representing 0.5 % (n = 1/180) of participants in the nirsevimab/nir-
sevimab group, 2.5 % (n = 1/40) of participants in the palivizumab/
nirsevimab group and 2.4 % (n = 1/42) of participants in the pal-
ivizumab/palivizumab group.

RSV cases are depicted according to sampling period and RSV sub-
type in Fig. 2. Of the 22 cases in Season 1, 9 cases occurred during the
Day 1-151 sampling period (4 cases in nirsevimab recipients [all RSV A]
and 5 cases in palivizumab recipients [3 RSV A, 2 RSV B]) and 13 cases
occurred during the Day 152-361 sampling period (8 cases in nirsevi-
mab recipients [3 RSV A, 5 RSV B] and 5 cases in palivizumab recipients
[3 RSV A, 2 RSV B]). Two exploratory cases of RSV A infection were
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Season 22
| | Day 152-361 —l
H RSVA
RSV B

Prophylaxis received

Fig. 2. Overview of confirmed RSV cases according to RSV antigenic subtype, MEDLEY trial sampling period and Season 1 and 2 study interventions.
No cases of RSV infection were observed during the Season 2 Day 1-151 sampling period.

Abbreviations: RSV, respiratory syncytial virus.

observed in palivizumab recipients during Season 1 Day 1-151, with all
other cases during this sampling period meeting the protocol definition
of MA RSV LRTI (Supplemental Table 2). All cases observed in Season
2 occurred during the Day 152-361 sampling period, with 1 case of RSV
A in the palivizumab/nirsevimab group, and 1 case of RSV B in both the
palivizumab/nirsevimab and palivizumab/palivizumab  groups.
Contextualizing RSV cases by timing since first dose study intervention
highlighted an increased number of Season 1 cases between Days
230-280 (Supplemental Fig. 1 A). All 3 Season 2 cases occurred be-
tween Day 300-360 (Supplemental Fig. 1B).

3.2. Geotemporal contextualization

RSV cases were contextualized against participant hospitalization
and the geotemporal prevalence of RSV in the northern and southern
hemispheres (Fig. 3). Twenty-one of the 22 Season 1 cases (12 in nir-
sevimab recipients; 9 in palivizumab recipients) were observed in the
northern hemisphere (Fig. 3A). Eight participants — representing 0.81 %
(n = 5/616) of overall Season 1 nirsevimab recipients and 0.97 % (n =
3/309) of Season 1 palivizumab recipients, respectively — in this cohort
required hospitalization for RSV LTRI. Notably, 9 of these Season 1
northern hemisphere cases (5 in nirsevimab recipients, 4 in palivizumab
recipients) occurred between March 2021 and August 2021, illustrating
the impact of the disrupted 2021 RSV season on MEDLEY study partic-
ipants. The remaining Season 1 case and 3 Season 2 cases occurred
within the winter months of their respective geographic territories
(Fig. 3B-C). One participant in the palivizumab/palivizumab group
required hospitalization.

3.3. Genotypic characterization of RSV A and B isolates during MEDLEY

No nirsevimab binding site substitutions were identified among RSV
A isolates recovered during Season 1 (Table 1). Three palivizumab
neutralization-resistant substitutions were observed among RSV A iso-
lates recovered from 2 palivizumab recipients during the Season 1 Day
1-151 sampling period (Table 1; Fig. 4A): a major variant (MAF >25 %)
containing a Ser275Leu substitution and a minor variant (>4 % to <25

% MAF in RSV A) containing a mixed population of viruses with the
Lys272Met and Lys272Thr substitutions, which comprised 6.8 % and
19.6 % of the respective allele frequencies in the sample [20,21]. No
palivizumab binding site variants were observed among RSV A isolates
recovered during the Day 152-361 or Season 2 sampling periods
(Table 1).

Two clusters of point substitutions in the nirsevimab binding site
were observed as major variants (MAF >25 %) among RSV B isolates
recovered throughout both study seasons (Table 1; Fig. 4B). The co-
occurring Ile206Met:Gln209Arg polymorphism was identified in 2 pal-
ivizumab recipients during the Day 1-151 sampling period. Addition-
ally, the Ile206Met:GIn209Arg polymorphism was also observed in
combination with an Ser211Asn substitution in 4 nirsevimab recipients
and in 1 palivizumab recipient during the Day 152-361 sampling
period, and in both isolates recovered during Season 2 (Table 1). No
minor variant (MAF >5 % to <25 % in RSV B) nirsevimab binding site
substitutions, or major or minor palivizumab binding site variants, were
identified among RSV B isolates obtained during either season of the
study.

Additional substitutions in the RSV F protein outside the nirsevimab
and palivizumab binding sites were observed as major and minor vari-
ants among RSV A and B viruses recovered during the study (Supple-
mental Material; Supplemental Tables 3-7). As depicted in Fig. 4,
these substitutions were largely observed in non-extracellular regions of
the RSV F protein, such as the signal peptide, p27, and the trans-
membrane and intracellular domains.

3.4. Phenotypic characterization of observed RSV F substitutions

Data from rRSV microneutralization assays illustrate that any sub-
stitutions observed in the nirsevimab and palivizumab binding sites had
minimal impact on the susceptibility of rRSV A and B viruses to nirse-
vimab neutralization (defined as fold-change in ICsy values >5.0)
(Table 1). As expected, the RSV A Lys272Met, Lys272Thr and Ser275Leu
substitutions affected susceptibility to palivizumab neutralization (fold-
change in ICsy: >179.9 [Lys272Met]; >213.8 [Lys272Thr]; >426.95
[Ser275Leu]; Table 1). However, rRSV A viruses containing these
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Fig. 3. Contextualization of RSV infections observed among MEDLEY study participants. Cases of confirmed RSV infections among MEDLEY study participants
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Abbreviations: LRTI, lower respiratory tract infection; RSV, respiratory syncytial virus.



Table 1

Nirsevimab and palivizumab binding site changes observed in RSV A or B isolates recovered from MEDLEY Season 1 and 2 participants.

Anti-RSV F

MAF”

Season 2"

Season 1 Fold-change ICsq ICsp, ng/mL
mAD binding
site® Day 1-151, n (%) Day 152-361, n (%) Day 152-361, n (%)
Nirsevimab  Palivizumab  Nirsevimab  Palivizumab  Nirsevimab/ Palivizumab/ Palivizumab/ Nirsevimab ~ Palivizumab  Nirsevimab  Palivizumab
(N =616) (N = 309) (N = 616) (N = 309) Nirsevimab (N Nirsevimab Palivizumab
=180) (N = 40) (N =42)
RSVA, n - - 4 3 3 3 0 1 0 - - - -
None N/A Major 4 (100) 2(67) 3(100) 3(100) 0 1 (100) 0 1 1
Ser275Leu Palivizumab (>25 % 0 1(33) 0 0 0 0 0 2.052 >426.95 1.592 >20,000
MAF)
None N/A Minor (>4 0 2(67) 3(100) 3(100) 0 1 (100) 0 1 1 - -
Lys272Met Palivizumab %to<25% 0 1(33)° 0 0 0 0 0 2.7 >179.9 4.3 >20,000
Lys272Thr MAF) 0 1 (33)° 0 0 0 0 0 1.1 >213.9 1.3 >20,000
RSV B, n’ - - 0 2 5 2 1 0 1 - - - -
None N/A Major 0 0 1 (20) 1 (50) 0 0 0 1 1 - -
(>25%
MAF)
Individual substitutions
1le206Met Nirsevimab Major 0 2 (100) 4 (80) 1 (50) 1 (100) 0 1 (100) 5.0 2.0 7.0 164.4
GIn209Arg (>25% 0 2 (100) 4 (80) 1 (50) 1 (100) 0 1 (100) 0.5 3.1 0.9 213.7
Ser211Asn MAF) 0 0 4 (80) 1 (50) 1 (100) 0 1 (100) 1.2 1.9 2.5 148.7
As observed
Ile206Met: Nirsevimab Major 0 2 (100) 0 0 0 0 0 0.2 1.3 0.4 79.8
GIn209Arg (>25%
Ile206Met: MAF) 0 0 4 (80) 1 (50) 1 (100) 0 1 (100) 0.5 3.6 0.9 204.4
GIn209Arg:
Ser211Asn

Abbreviations: AA, amino acid residues; F, fusion; mAb, monoclonal antibody; ICso, half-maximal inhibitory concentration; MAF, molecular allele frequency; N/A, not available; RSV, respiratory syncytial virus.
@ Nirsevimab binding site = AA 62-69 and 196-212; palivizumab binding site = AA 262-275.
b No cases of RSV infection were observed during the Season 2 Day 1-151 sampling period.
¢ A mixed population of viruses were identified in 1 participant.
4 No RSV B minor nirsevimab or palivizumab binding site variants were observed in Season 2 by the time of final database lock (June 6, 2023).
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Fig. 4. Major and minor variant RSV A and B F protein substitutions observed during MEDLEY. Major and minor variant substitutions observed in the pre-F protein
of (A) RSV A and (B) RSV B in relation to nirsevimab and palivizumab binding sites. The binding sites of nirsevimab (AA 62-69 and 196-212) and palivizumab (AA
262-275) are labeled in purple and yellow, respectively. The grey regions represent the signal peptide (AA 1-23), p27 (AA 110-136), and transmembrane and
intracellular domains (AA 525-574) of the RSV F protein. Amino acid substitutions are labeled in dark blue for major variations and light blue for minor variants.
These visualizations are depicted as surfaces, as the surface-exposed antigenic sites are the primary targets of antibodies. Thus, only the exposed amino acid residues
are visible. Rear protomers are depicted in transparency. For panel A, no density at Alal03Thr and Trp341Arg as these residues are not surface exposed. For panel B,

no density at Alal03Val.

Abbreviations: AA, amino acid residues; F, fusion; RSV, respiratory syncytial virus; SP, signal peptide; TM/CT, transmembrane and intracellular domains. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

substitutions remained susceptible to nirsevimab neutralization (fold-
change ICso: 2.7 [Lys272Met]; 1.1 [Lys272Thr]; 2.1 [Ser275Leul).

rRSV B viruses with the double nirsevimab binding site Ile206Met:
GIn209Arg substitution demonstrated no loss in susceptibility to nirse-
vimab or palivizumab neutralization (fold-change ICsp: 0.2 [nirsevi-
mab]; 1.3 [palivizumab]; Table 1). A minor shift in susceptibility to
nirsevimab neutralization was observed with Ile206Met (fold-change
ICs0: 5.0) when both substitutions were tested individually. However,
these rRSV B viruses with the Ile206Met substitution remained suscep-
tible to palivizumab neutralization (fold-change ICs¢: 2.0). rRSV B vi-
ruses with the Ser211Asn and Ile206Met:GIn209Arg:Ser211Asn
substitutions were susceptible to both nirsevimab and palivizumab
neutralization.

A summary of all observed RSV F protein substitutions outside the
nirsevimab and palivizumab binding sites is provided in Supplemental
Tables 5-6. We note that 4 of the 6 substitutions (Glul10Gly,
Met115Thr, Thr122Ala and Asn126Tyr) observed among RSV A isolates
occur in a region of RSV F (AA 110-136) that is cleaved by a host pro-
tease during virion assembly [5]. Additionally, 4 of the 11 substitutions
(Alal03Val, Leul72Gln, Ser173Leu and Lys191Arg) observed among
RSV B isolates have been tested in previous analyses during the nirse-
vimab clinical development program and have not affected suscepti-
bility to nirsevimab or palivizumab neutralization [29]. Thus, while

investigations of the effects of the remaining substitutions on nirsevimab
and palivizumab neutralization are ongoing, we do not anticipate that
these remaining substitutions will adversely affect nirsevimab or pal-
ivizumab neutralization due to their respective locations within RSV F.

3.5. Serum concentrations of nirsevimab and palivizumab in participants
with RSV infections

Serum concentrations of nirsevimab or palivizumab during both
study seasons are shown in Fig. 5 by time after dose and are categorized
according to the presence/absence of RSV infection. Participants who
developed RSV infections during the trial had similar serum levels of
nirsevimab or palivizumab compared with participants who remained
uninfected during the trial.

3.6. Viral load in participants with RSV infections

Participant viral loads were similar among participants who expe-
rienced RSV infection during Season 1 irrespective of whether they
received nirsevimab or palivizumab (Fig. 6). However, the low number
of cases during Season 2 precludes interpretation. Due to the low overall
number of RSV cases during the trial, participant data were compared to
the placebo arm of the MELODY study. Although median CT values were
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Fig. 5. Serum concentrations versus time after first nirsevimab or palivizumab dose per season in MEDLEY participants. Nirsevimab and palivizumab serum con-
centrations in MEDLEY study participants during (A) Season 1 and (B) Season 2. Grey lines and circles represent participants who did not develop RSV infections
during the trial. Blue lines and circles denote participants who developed RSV infections during the trial; dashed lines/open circles represent samples obtained prior
to RSV infection and solid lines/closed circles represent samples obtained after infection. The LLOQ was 0.5 pg/mL for nirsevimab and 10 pg/mL for palivizumab.
The vertical dashed grey line denotes Day 151 (i.e., 150 days post first dose study intervention). (A) One participant in the nirsevimab group in Season 1 with a
confirmed RSV infection had no measurable levels of nirsevimab at any time point, strongly indicating a dosing error. There were confirmed dosing errors in 3
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below the LLOQ by Day 222. No samples were available for this participant between Days 31 and Day 222. A second participant received doses on Days 1, 91 and
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Abbreviations: LLOQ, lower limit of quantification; RSV, respiratory syncytial virus. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

numerically higher in MEDLEY participants compared with MELODY RSV LRTI [8,12-15]. As illustrated by in vitro and clinical studies, the

participants, thereby representing a trend towards lower viral loads sustained effectiveness of passive immunization strategies depends on
compared with placebo recipients, the range of viral titers was similar the conservation of the neutralizing epitopes recognized by existing and
between both studies. emerging mAbs [10,18,19]. Although the nirsevimab binding site has
been demonstrated to be highly conserved since the 1950s, new RSV

4. Discussion variants have the potential to emerge with each replication cycle,
necessitating ongoing global surveillance for potential neutralization-

Immunoprophylaxis with anti-RSV F protein mAbs has a demon- resistant mutants [6]. This analysis of confirmed RSV infections from

strated history of reducing the risk of pediatric hospitalization following the phase 2/3 MEDLEY trial showed that most naturally occurring
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Abbreviations: CHD/CLD, congenital heart disease or chronic lung disease of prematurity; CT, cycle threshold; RSV, respiratory syncytial virus.

amino acid substitutions in the RSV F protein were located predomi-
nately in non-extracellular regions of the RSV F protein, and that nir-
sevimab neutralizes a range of RSV A and B viruses with nirsevimab and
palivizumab binding site substitutions.

A low rate of RSV infection was observed during the trial, with 2.4 %
(n =22/925) of Season 1 and 1.1 % (n = 3/262) of Season 2 participants
experiencing confirmed RSV infections. This low rate of infection could
be attributed to the lack of a placebo arm in the trial design, as both
nirsevimab and palivizumab have been shown to be effective RSV pro-
phylaxes for several different populations of infants and children <24
months of age [8,13-15]. Our data were also influenced by, and reflect
the impact of, the non-pharmacological public health measures that
were introduced to mitigate the COVID-19 pandemic (i.e., lockdowns,
social distancing, facemask mandates, school closures, etc.). The lifting
of many of these interventions in 2021 played a partial role in the un-
usual RSV epidemiology that was seen during the 2020-2021 RSV sea-
son, with 40.9 % (n = 9/22) of the cases observed in the northern
hemisphere during Season 1 occurring during summer months, rather
than the typical winter respiratory virus season [3,30]. Both nirsevimab
and palivizumab are meant to be administered at the beginning of the
RSV season. Therefore, a disrupted RSV seasonality following the
COVID-19 pandemic may also explain the increased number of RSV
infections observed during our Day 152-361 sampling period (i.e., 13
Day 152-361 cases versus 9 Day 1-151 cases during Season 1), as the
timing of dose administration was not optimized to reflect the unex-
pected and atypical geotemporal prevalence of RSV observed during the
2020-2021 season. The low but similar rate of confirmed RSV cases
requiring hospitalization between both trial arms precludes further
interpretation; however, we note that nirsevimab retained neutraliza-
tion activity against all binding site substitutions identified during the
study, irrespective of primary or exploratory case definitions.
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There were no major nirsevimab binding site variants among RSV A
isolates recovered during the trial. The Ser275Leu palivizumab
neutralization-resistant substitution was detected as a major RSV A
variant in 1 participant [20]. rRSV A viruses containing the Ser275Leu
substitution remained susceptible to nirsevimab neutralization. Three
individual major variant nirsevimab binding site substitutions —
Ile206Met, GIn209Arg and Ser211Asn — were observed among RSV B
isolates. While the Ile206Met:GIn209Arg substitution is susceptible to
nirsevimab neutralization, the Ile206Met substitution when tested in
isolation demonstrated a minor reduction in susceptibility to nirsevimab
neutralization (fold-change ICs( of 5.02 as compared to reference virus).
Previous molecular modeling analyses have illustrated that the
GIn209Arg substitution improves electrostatic interactions between RSV
F and nirsevimab, thus restoring full neutralization susceptibility [27].
Although the Ile206Met:GIn209Arg polymorphism was observed in RSV
B viruses with a prevalence of 65.8 % from 2015 to 2021, the Ile206Met
substitution without GIn209Arg has only been observed in 0.6 % of
circulating RSV B viruses and has not increased in prevalence in suc-
cessive RSV seasons [6]. The triple Ile206Met:GIn209Arg:Ser211Asn
substitution has been observed at a low (1.1 %) cumulative frequency in
ongoing surveillance studies since 2015, but was 28.6 % prevalent
during the 2021 RSV season, coinciding in part with the MEDLEY study
period [6]. Minor variant polymorphisms were also examined to fully
assess the effects of emergent mutations on nirsevimab and palivizumab
neutralization. No minor nirsevimab binding site variants were identi-
fied among participants’ RSV A isolates. However, a mixed population of
viruses containing the Lys272Met and Lys272Thr palivizumab
neutralization-resistant substitutions were identified as minor RSV A
variants in 1 participant’s sample [21]. These substitutions have been
rarely observed (i.e., prevalence of <0.05 %) during previous nirsevi-
mab surveillance studies and have not increased in geotemporal
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prevalence in successive RSV seasons between 2015 and 2021 [6]. rRSV
A viruses containing the Lys272Met and Lys272Thr substitutions
remained susceptible to nirsevimab neutralization. No minor RSV B
variants were detected among participants’ samples. Although limited,
these data complement previous studies illustrating the broad and
potent neutralization activity of nirsevimab across different surveillance
studies throughout the clinical development program and that nirsevi-
mab escape mutants are rare [6,27]. Additionally, previously identified
nirsevimab neutralization-resistant substitutions (e.g., Lys68Glu in RSV
A; 1le64Thr, Lys68Asn, Lys68Gln, Asn201Ser/Thr and Asn208Ser in RSV
B) remained susceptible to palivizumab neutralization, illustrating an
important absence of cross-resistance between both mAbs [6,11,18,27].

Contextualization of RSV infections against anti-RSV F protein mAb
serum concentrations suggests that several cases may have been the
result of dosing errors (1 in a nirsevimab recipient in Season 1) or missed
doses (3 in palivizumab recipients also in Season 1). A beneficial char-
acteristic of nirsevimab is that it confers protection for the duration of a
5-month RSV season with a single dose, and thus may prevent such
missed dosing opportunities that would potentially leave infants
vulnerable to RSV infection. Nirsevimab and palivizumab serum con-
centrations in participants with RSV infections who received all planned
doses were similar to those observed in participants who did not develop
infection or, feasibly, were asymptomatic or had mild infections not
requiring medical attention and were consequently not identified during
the trial. Studies of other viruses have illustrated that the emergence of
viral resistance is influenced by the balance between the selective
pressure exerted by antiviral therapies and the capacity of the virus to
generate a pool of viable resistant mutants [31]. However, there was no
increase in nirsevimab resistance observed among RSV isolates obtained
during the MEDLEY trial, despite a high proportion of cases occurring
during the Day 152-361 sampling period during which waning nirse-
vimab serum concentrations were observed. Participants viral loads
were similar among nirsevimab and palivizumab recipients and were
similar to the range observed in a larger population of healthy preterm
and term infants from the placebo arm of the phase 3 MELODY trial
[13,14]. These observations are consistent with previous studies of
maternally transferred antibodies and other anti-RSV F protein mAbs,
which suggest that although high levels of anti-RSV F protein neutral-
izing antibodies can reduce the risk of hospitalization from RSV-
associated LRTI, they are not sufficient to prevent asymptomatic infec-
tion or mild disease [27,32,33]. Moreover, previous studies of both anti-
RSV F protein mAbs have shown that nirsevimab and palivizumab
administration still allows for the development of host natural immune
responses [29,34].

There are several limitations to this analysis. As previously discussed,
the use of active RSV interventions in both study arms, alongside an
altered RSV circulation due to COVID-19 pandemic control measures
during the study period, resulted in a small number of confirmed-RSV
cases and did not allow for any between group statistical analyses
[30]. Consequently, this analysis does not fully represent the number of
cases observed during a typical RSV season and these data should be
interpreted within the context of other nirsevimab surveillance studies
[6,27]. Additionally, as the nirsevimab viral surveillance program has
been designed to evaluate F sequence variations, we are unable to infer
whether variations in other surface RSV virion proteins (e.g., G and
small hydrophobic proteins) affect nirsevimab or palivizumab binding.
In summary, nirsevimab neutralized all nirsevimab binding site sub-
stitutions observed during the MEDLEY trial, and no resistance-
associated substitutions were identified beyond 150 days post dose as
levels of nirsevimab waned. These data complement previous studies
from the nirsevimab clinical development program, illustrating that
nirsevimab neutralizes >99 % of contemporary RSV variants and that
nirsevimab neutralization-resistant variants remain rare, therefore
suggesting that highly potent and broadly neutralizing mAbs may limit
the potential emergence of neutralization-resistant viral variants [6,27].
At the time of manuscript preparation, nirsevimab has been approved
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for the prevention of RSV-associated lower respiratory tract disease in
numerous geographic territories and further viral surveillance studies to
monitor for nirsevimab resistance are underway [17]. Our observations
support the use of nirsevimab for the prevention of RSV-associated LTRIs
in infants born during or entering their first RSV season and in children
aged <24 months who remain vulnerable to severe RSV disease in their
second season.
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