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A B S T R A C T

Respiratory syncytial virus (RSV) is a significant cause of acute lower respiratory tract infection (ALRTI) in
children under five years of age. Between 2017 and 2021, 396 complete sequences of the RSV F gene were
obtained from 500 RSV-positive throat swabs collected from ten hospitals across nine provinces in China. In
addition, 151 sequences from China were sourced from GenBank and GISAID, making a total of 549 RSV F gene
sequences subjected to analysis. Phylogenetic and genetic diversity analyses revealed that the RSV F genes
circulating in China from 2017 to 2021 have remained relatively conserved, although some amino acids (AAs)
have undergone changes. AA mutations with frequencies � 10% were identified at six sites and the p27 region:
V384I (site I), N276S (site II), R213S (site Ø), and K124N (p27) for RSV A; F45L (site I), M152I/L172Q/S173 L/
I185V/K191R (site V), and R202Q/I206M/Q209R (site Ø) for RSV B. Comparing mutational frequencies in RSV-F
before and after 2020 revealed minor changes for RSV A, while the K191R, I206M, and Q209R frequencies
increased by over 10% in RSV B. Notably, the nirsevimab-resistant mutation, S211N in RSV B, increased in
frequency from 0% to 1.15%. Both representative strains aligned with the predicted RSV-F structures of their
respective prototypes exhibited similar conformations, with low root-mean-square deviation values. These results
could provide foundational data from China for the development of RSV mAbs and vaccines.
1. Introduction attachment (G) and fusion (F) glycoproteins serve as the main surface
Respiratory syncytial virus (RSV) is an enveloped virus with a genome
of approximately 15.2 kb of single negative-strand RNA. The RSV
genome consists of 10 genes, encoding 11 proteins, of which the
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antigens (Simoes, 1999; Efstathiou et al., 2020). According to discrep-
ancies in antigenicity and the G gene sequence, RSV is classified into two
subgroups (RSV A and RSV B). Differences in the G gene sequence be-
tween the two subgroups can reach up to 50%, whereas the F gene is
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relatively conserved (Fuentes et al., 2016; Pangesti et al., 2018). RSV F
glycoprotein (RSV-F), which comprises 574 amino acids (AAs), mediates
the fusion of viral envelopes with cell membranes. It facilitates the
binding of RSV to host cell receptors, enabling viral entry into host cells
and causing infected cells to fuse with neighboring cells to form syncytia
(Hacking and Hull, 2002).

Clinically, RSV is one of the most common causes of acute lower
respiratory tract infection (ALRTI) in children under the age of five years.
Based on two global RSV epidemiological estimates, there are approxi-
mately 33 million RSV-related ALRTI cases and over 100,000
RSV-related deaths annually among children under five years old (Shi
et al., 2017; Li et al., 2022). Furthermore, the disease burden of RSV in
those over 60 years of age is comparable to that of influenza A virus
(Ackerson et al., 2019; Korsten et al., 2021). The burden of RSV infection
is particularly serious in low- and middle-income countries, where more
than 95% of RSV-related ALRTI cases occur (Li et al., 2022). In China,
RSV is also the most commonly detected virus in samples from patients
with ALRTI and from children under 18 years old with
community-acquired pneumonia (CAP) (Zhang et al., 2015; Zhu et al.,
2021).

Despite the significant annual disease burden caused by RSV, effec-
tive antivirals are far from available. Although ribavirin was the only
marketed antiviral against RSV, it is currently not recommended for
routine clinical use (Efstathiou et al., 2020; Langedijk and Bont, 2023).
Consequently, monoclonal antibodies (mAbs) and vaccines are the most
promising preventive measures against RSV infection. To date, 33 drug
candidates for preventing RSV infection are undergoing clinical evalua-
tion (Mazur et al., 2023). The United States Food and Drug Administra-
tion (FDA) recently approved Arexvy, the first RSV vaccine, for use in
seniors over 60 years old in the United States (Soni et al., 2023). As
antibodies directed against the prefusion conformation of RSV-F provide
the main neutralizing activity in serum, almost all mAbs and vaccines are
designed to target this conformation (Rossey et al., 2018; Mazur et al.,
2023). However, the development of viral escape, caused either by
selective pressure or by natural polymorphisms of the virus, poses a
potential risk to the efficacy of mAbs or vaccines. Therefore, surveillance
on mutations in RSV F gene sequences is of great significance for the
development of mAbs and vaccines.

Previously, we reported variations in RSV-F in China from 2014 to
2016 (Chen et al., 2018), and other studies have also documented the
national or regional molecular prevalence of RSV-F in China (Qin et al.,
2013; Zhang et al., 2013; Xia et al., 2014; Song et al., 2018; Sun et al.,
2022). This present study analyzed mutations in RSV-F, compared mu-
tation frequencies between the period before and after 2020, and
investigated changes in RSV-F conformations, by sequencing
RSV-positive samples collected from ten hospitals across nine provinces
or municipalities in China from 2017 to 2021. This study aims to provide
foundational data from China to aid in the development of RSVmAbs and
vaccines.

2. Materials and methods

2.1. Samples collection

This multi-center study, conducted from February 2017 to February
2021, involved ten hospitals from Beijing, Chongqing, Guangdong,
Guizhou, Hebei, Hunan, Ningxia, Shanghai, and Zhejiang provinces.
Initially, throat swabs were collected by specially trained staff from
children (under 18 years old, both boys and girls) hospitalized with
ALRTI at the ten hospitals. All swabs were immediately transferred to
tubes containing 3 mL of virus preservation solution (Yocon biotech-
nology Co., Ltd., China) and stored in a �80 �C freezer. Subsequently,
these samples were routinely transferred to our laboratory using dry ice,
followed by long-term storage in a �80 �C freezer. Finally, in our lab-
oratory, these samples were centrally tested by a specialized group of
staff.
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2.2. Extraction of viral RNA

Viral RNA was extracted from the collected samples through nucleic
acid extraction instrument (DaAnGene, China) and nucleic acid extrac-
tion kits (DaAnGene), followed by multiplex fluorescence real-time PCR
and PCR amplification.

2.3. Determination of RSV-positive samples

A multiplex fluorescence real-time PCR kit (XABT, China) targeting
16 respiratory pathogens was performed to identify RSV-positive sam-
ples. A total of 500 RSV-positive throat swabs were selected for further
testing based on factors such as the child's age, place of residence, time of
onset, and RSV subgroups.

2.4. Determination of RSV subgroups and sequencing of RSV F genes

Nucleic acids from the RSV-positive samples were amplified using
PrimeScript™ One Step RT-PCR Kit Ver. 2 (Takara, Dalian) with primers
F2 and R2 (F2: 50-ATGCCTATAACAAATGATCAGAAAAAGTT-30; R2: 50-
GCAATGACCTCGAATTTCAAATT-30) (Chen et al., 2018). Subsequently,
products were sequenced by Sino Geno Max Co., Ltd. (China) using the
same primers. Viral subgroups were determined based on BLAST search
results on NCBI. Both amplification and sequencing of the full-length RSV
F gene utilized the same amplification reagent and primer pairs A-F1/R1
(A-F1: 50-ACACCAAAGGAAATCCARAACAMA-30; A-R1: 50-CCARCAA
GGAGTATCWATTACACCATA-30) and F2/R2 for RSV A-positive samples,
or the primer pairs B–F1/R1 (B–F1: 50-ATCCGAGCCCTCCACATCAAA-30;
B-R1: 50- GTGCACAGAGGTGATGTGTGT-30) and F2/R2 for RSV B-posi-
tive samples. The amplification program consisted of reverse transcrip-
tion at 50 �C for 30 min, initial denaturation at 94 �C for 2 min, followed
by 40 cycles of 94 �C for 30 s, 55 �C for 30 s, 72 �C for 1 min and 20 s,
culminating in a final extension at 72 �C for 5 min. Full-length RSV F gene
sequences were assembled using SeqMan 7.1.0 (DNAStar, Inc., USA)
software.

2.5. Obtaining of prototype and reference strain sequences

RSV F gene sequences for two prototype strains (accession number:
JX198112.1 for Long and JX198143.1 for CH18537) and two reference
strains (PP376579.1 andMZ516132.1) were downloaded from GenBank.
The two reference strains were used exclusively to determine genotypes
of strains clustered in A2. Additionally, 151 reference sequences
collected in China from 2017 to 2021 (Supplementary Table S1) were
downloaded from GenBank and GISAID database and included in this
study.

2.6. Analysis of phylogenetic and genetic diversity

Multiple sequence alignments, pairwise distance, and phylogenetic
analyses were performed usingMEGA 11 (University Park, PA, USA). The
neighborhood-joining and maximum likelihood methodologies were
used to construct phylogenetic trees, utilizing a bootstrap value of 1000
to evaluate the accuracy of tree construction, with only values over 70%
displayed. The phylogenetic trees embellishment was performed by iTOL
version 6.8.1 (Letunic and Bork, 2021). AA sequences were deduced and
translated using the standard genetic code within MEGA 11. Nucleotide
and AA identity analyses of RSV-F were conducted with BioEdit version
7.2 (IBIS Biosciences, Inc., CA, USA).

2.7. Structural visualization and homology modeling of RSV-F

Structure diagrams of prefusion and postfusion RSV-F trimers were
visualized using PyMOL version 2.5 (Schr€odinger, LLC) with PDB files
5w23 and 3rrr, respectively (Sun et al., 2022). Homology models for
prefusion and postfusion conformations of RSV-F protomers from both
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prototype strains (Long and CH18537) and isolate strains
20190024/BJ/CHN/2019 (abbreviated as 20190024), and
CQ025/CQ/CHN/2021 (abbreviated as CQ025) were constructed by
SWISS-MODEL (Waterhouse et al., 2018). The two isolate strains harbored
all mutations with frequencies � 10%. The templates for homology
modeling included PDB files 5ude (for prefusion conformations of Long
and strain 20190024), 6q0s (for prefusion conformations of CH18537 and
strain CQ025), and 3rki (for all postfusion conformations). Next, the
established RSV-F structure models were respectively aligned using
PyMOL. Those structural outliers (certain peptides) were identified and
excluded using programs. The root-mean-square deviation (RMSD) value
represents the similarity between two protein structures, where a smaller
value indicates higher similarity (Maiorov and Crippen, 1994).

3. Results

3.1. Sample information

In this study, a total of 396 (79.20%, 396/500) full-length RSV F
genes from 500 RSV-positive throat swabs were successfully sequenced
(GenBank accession numbers were listed on Supplementary Table S2). Of
the 361 sequences for which case information was available, the male-to-
female ratio was found to be 1.93:1 (238 boys and 123 girls). The age of
these children ranged from 1 day to 14 years, with a median age of 0.58
years, and the majority were infants aged � 1 year (69.25%, 250/361).

Combined with 151 reference strains (72 for RSV A and 79 for RSV B),
a total of 547 RSV F gene sequences were analyzed in this study,
including 242 (44.24%, 242/547) of subgroup A and 305 (55.76%, 305/
547) of subgroup B. For RSV A, 136 sequences (56.20%, 136/242) were
from Beijing, 38 (15.70%, 38/242) from Zhejiang, with the remaining 68
sequences (28.10%, 68/242) from other locations. The distribution of
sequences collected between 2017 and 2021 was relatively balanced,
peaking in 2019 at 33.47% (81/242) and reaching its nadir in 2020 at
9.92% (24/242) (Table 1). For RSV B, the majority of sequences were
sourced from Hunan (24.59%, 75/305), Shanghai (21.97%, 67/305),
Hubei (13.77%, 42/305), Beijing (13.11%, 40/305), and Chongqing
(13.11%, 40/305); with a significant proportion of these sequences
collected in 2021 (71.80%, 219/305) (Table 1).
Table 1
Spatiotemporal distribution of the number of RSV A/B fusion gene sequences
included in this study.

Province/
Municipality

Year Total

2017 2018 2019 2020 2021

Sequenced
Beijing – 31/4 a 44/9 1/0 – 76/13
Chongqing – – – – 8/40 8/40
Guizhou 2/0 14/3 2/0 – – 18/3
Guangdong 8/1 3/0 1/1 – 3/13 15/15
Hebei – – – – 1/1 1/1
Hunan – – – – 9/75 9/75
Ningxia 0/1 1/0 1/0 – – 2/1
Shanghai – – – – 9/67 9/67
Zhejiang 32/11 – – – – 32/11
Downloaded
Beijing – 5/0 33/5 22/22 – 60/27
Gansu b 1/0 – – – – 1/0
Hubei b

– 1/0 – 1/19 1/23 3/42
Ningxia 1/0 – – – – 1/0
Shandong b

– 1/0 – – – 1/0
Zhejiang 2/4 4/5 – – – 6/9
Unknown c 0/1 – – – – 0/1
Total 46/18 60/12 81/15 24/41 31/219 242/305

a Numbers before and behind “/” indicated the number of RSV A and RSV B
fusion glycoprotein gene sequences.

b Gansu, Hubei, and Shandong Provinces were not included in the ten
provinces.

c Sequence downloaded from GenBank missing “Province/Municipality”
information.
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3.2. Phylogenetic analysis

A total of 551 sequences of RSV F gene were analyzed, including 547
sequences, two from prototype strains, and two from reference strains
utilized for the classification of cluster A2. Based on the mean p-distance
between clusters A2 and A3 (0.010 � 0.002) and B2 and B3 (0.009 �
0.002), combined with the phylogenetic tree branching patterns, both
RSV A and RSV B could be divided into 3 clusters. (Fig. 1A and 1B).
Additionally, the maximum likelihood method verified these results
(Supplementary Fig. S1). For RSV A, all sequences were clustered within
A3, with the exception of Long, which was in cluster A1, and three iso-
lates (20190825/BJ/CHN/2019, 20190845/BJ/CHN/2019, and
20190832/BJ/CHN/2019) clustered in A2 with two reference
sequences. According to the RSV G gene of reference strains, clusters A2
and A3 both belonged to genotype ON1. For RSV B, CH18537 constituted
cluster B1, one isolate (YC17110/NP/YC/CHN/2017) and three refer-
ence sequences (MW587044.1, MN163124.1, and OR666576) formed
cluster B2, leaving the remaining sequences were in cluster B3. Similarly,
according to the RSV G gene of reference strains, both clusters B2 and B3
belonged to genotype BA9.

Compared to Long and CH18537, the mean p-distances were 0.0488
� 5.146E-03 for RSV A and 0.0377 � 4.359E-03 for RSV B, respectively;
the nucleotide (amino acid) sequence identities were 94.7%–95.3%
(97.5%–98.2%) for RSV A and 95.7%–96.5% (97.3%–98.4%) for RSV B,
respectively. Excluding the prototype strains, nucleotide (amino acid)
sequence identities were 98.4%–100% (98.7%–100%) among the 242
RSV A sequences and 98.4%–100% (98.6%–100%) among the 305 RSV B
sequences, with mean distances calculated within groups of 0.0051 �
5.948E-04 for RSV A and 0.0048 � 5.466E-04 for RSV B.
3.3. Analysis of variations in sites of RSV-F

All mutations in the RSV F gene involved nucleotide substitutions
compared to their respective prototype strains; no deletions or insertions
were observed. For RSV A and RSV B, 60 and 58 AA changes were
identified, respectively (Fig. 2). As the number of monoclonal antibodies
targeting different sites of RSV-F increases, classifying RSV-F antigenic
sites has become increasingly complex. Rossey et al. identified six sites
based on the secondary structure of RSV-F: sites Ø and I–V (Table 2)
(Rossey et al., 2018). Additionally, although p27 is cleaved during RSV-F
maturation, it is of great significance in the process of RSV infection and
warrants further analysis (Krzyzaniak et al., 2013). In this study, 24 AA
alterations were identified at six sites and within the p27 region for RSV
A, and 32 changes for RSV B, with most occurring at frequencies below
10% (Table 2). For RSV A, main AA changes included: sites Ø (R213S,
100%), I (V384I, 100%), II (N276S, 90.5%), and p27 (K124N, 100%). For
RSV B, these changes included: sites Ø (R202Q, 100%; I206M, 98.03%;
Q209R, 97.7%), I (F45L, 100%), and V (M152I, 100%; L172Q, 100%;
S173L, 100%; I185V, 100%; K191R, 97.7%) (Figs. 2 and 3).
3.4. The difference in mutational frequencies of RSV-F between the time
before and after 2020

It has been reported that mutational frequencies at nirsevimab-
binding site of RSV-B changed before and after 2020 in the United
States (Rios-Guzman et al., 2024). To investigate whether similar
changes occurred in China, we analyzed 547 RSV-F sequences collected
during two periods: 2017–2019 (before 2020) and 2020–2021 (after
2020). Mutational frequencies at all AA positions were assessed. How-
ever, most frequencies exhibited slight changes, with absolute differ-
ences < 5% (Fig. 4). Specifically, for RSV A, frequencies increased by
more than 5% at positions T12I, A102V, L111I, T122A, K123E, and
A552T. For RSV B, frequencies increased by more than 10% at positions
K191R, I206M, and Q209R, while frequencies decreased by more than
5% at positions A16V, Y21H, and N197D.



Fig. 1. Phylogenetic analysis of the fusion gene of RSV A (n ¼ 245) and RSV B (n ¼ 306). Phylogenetic trees of RSV A (A) and RSV B (B) were generated using the
neighbor-joining method, with bootstrap values over 70% indicated. Strains marked with red (RSV A) and blue (RSV B) dots in front of their labels were obtained by
sequencing, while those without these markings were acquired from GenBank and GISAID. Different clusters were distinctly colored and noted accordingly.

Fig. 2. Amino acid mutations of the full-length (574 amino acids) fusion glycoprotein of RSV A (n ¼ 242) and RSV B (n ¼ 305) compared respectively with Long and
CH18537. Amino acid changes detected at frequencies of � 10% were displayed as colored columns (red for RSV A and blue for RSV B). The form of amino acid
changes is shown as “A position B”.
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Across six sites of RSV-F, mutational frequencies changed slightly for
RSV A. However, the mutation V349I at site Ш increased from 0.54% to
5.46%, suggesting a potential evolutionary trend. Notably, for RSV B,
mutational frequencies obviously increased for I206M (from 88.89% to
99.62%) and Q209R (from 86.67% to 99.62%) in site Ø, while N197D
decreased (from 6.67% to 1.15%). In site V, K191R showed a notable
increase (from 88.89% to 99.23%).

In the p27 region, mutational frequencies obviously increased for RSV
A at L111I (from 0% to 7.27%), T122A (from 2.14% to 10.91%), and
K123E (from 0% to 9.09%). In contrast, all mutational frequencies in p27
changed slightly for RSV B.

3.5. Analysis of RSV-F conformations

According to chemical structures, no changes in the AA polarity were
observed in the primary mutations of RSV A. In contrast, RSV B strains
exhibited altered AA polarities at sites V (M152I, L172Q, and S173L) and
Ø (I206M).
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Furthermore, to investigate the influence of the main mutations on
protein conformation, structure predictions of RSV-F were performed
with homology modeling. The results of structure alignments revealed
that both isolate strains, 20190024 (RSV A) and CQ025 (RSV B),
closely overlapped with their respective prototype strains in both the
prefusion and postfusion conformations. The RSMD values for RSV A
were 0.107 (prefusion) and 0.061 (postfusion), and for RSV B were
0.070 (prefusion) and 0.068 (postfusion), indicating a high structural
similarity between the isolate and prototype strains (Fig. 5A). How-
ever, some secondary structure changes were observed in the isolate
strains. In isolate 20190024, α-helix to random coil transitions were
detected at positions AA 35–36 and AA 97–98 in the prefusion
conformation, with no changes observed in the postfusion conforma-
tion. However, no changes were found in the postfusion conformation.
Conversely, in isolate CQ025, all transitions involved random coil to
α-helix changes, specifically at positions AA 369–371 in the prefusion
conformation and AA 355–357 and AA 384–385 in the postfusion
conformation (Fig. 5B).



Table 2
Amino acid mutations at six sites and in the p27 region of the fusion glycoprotein
of RSV A and RSV B based on deduced amino acid sequences.

Sites on F protein a AA location of sites RSV A (n ¼ 242) RSV B (n ¼ 305)

V b F (%) V F (%)

I 26–45;
313–319;
379–390

T29I 0.41 F45L 100
E31K 0.41
V40I 0.42
V384I 100
K390R 1.24

II 254–277 N276S 90.5 M264I 0.33
III 46–54;

301–312;
345–352;
367–378

T50P 0.41 null null
V349I 1.65

VI 422–471 S451T 0.41 C439F 0.33
N466S 2.3
L467F 0.33

V 55–62;
146–194;
287–300

S55R 0.41 I59V 0.33
M152I 100
L172Q 100
S173L 100
V178A 0.33

I291T 0.83 I185V 100
K191R 97.7
E295G 0.33

Ø 63–96;
195–227

N67S 0.41 E66D 0.66
N67T 0.83 D73E 0.33
L93W 0.83 N197D 1.97

R202Q 100
K201R 0.41 I206M 98.03

Q209R 97.7
R213S 100 S211N 0.98

p27 110–136 L111I 1.65 Y114H 0.33
R113S 1.24 M115I 0.66

M115V 0.33
T118A 0.83 N120Y 0.33
N120D 0.41 T121A 0.33

K123N 1.31
T122A 4.13 N124S 0.33
K123E 2.07 N124D 0.66

N124Y 0.33
K124N 100 L125P 2.95
L129F 0.41 V127I 0.33

I129L 0.66

Abbreviations: V, variation; F, frequency.
a Determination of these sites was referred to reference (Rossey et al., 2018).
b The form of amino acid changes was shown as “A position B”.
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However, all findings presented herein are preliminary predictions
generated by software, relying on deduced AA sequences. Assessing the
actual impact of these mutations on protein conformations is complex
and necessitates further investigation through high-resolution structural
analyses and comparative biological function studies.

4. Discussion

RSV is a primary pathogen responsible for ALRTI in children, posing
significant threats to their health and lives. Currently, effective antiviral
treatments for RSV are lacking. RSV-F serves as a critical target protein
for vaccine and monoclonal antibody (mAb) development. Therefore,
monitoring mutations in RSV-F is crucial for the advancement and
evaluation of vaccines and mAbs.

Phylogenetic analysis revealed that both RSV A and RSV B formed
three clusters based on the RSV F gene. Clusters A2 and A3were genotype
ON1, while clusters B2 and B3 were genotype BA9. RSV B strains
exhibited greater variability in AA polymorphisms compared to RSV A
strains, consistent with prior studies (Hause et al., 2017). Across six sites
and in the p27 region, four mutations were detected at � 10% fre-
quencies in RSV A strains, and nine in RSV B strains. Among these, R213S
(site Ø, RSV A), M152I, and I185V (site V, RSV B) are reported for the
first time in this study, while other mutations have been previously
731
documented (Chen et al., 2018; Song et al., 2018; Sun et al., 2022).
Importantly, these three mutations are not novel variants.

Between 2014 and 2016 in China, we observed that the mutational
frequencies of K124N (RSV A) and R202Q (RSV B) consistently remained
at 100%. Conversely, the mutational frequencies of F45L, L172Q, S173L
(RSV B), and V384I (RSV A) increased from 94.6%, 91.3%, 73.9%, and
99.3%–100%, respectively (Chen et al., 2018). It might be due to natural
evolution. This also reflects that mutations at these sites might be
conducive to the spread of the virus. Notably, mutations L172Q and
S173L in RSV B have been associated with resistance to suptavumab
(Sim~oes et al., 2021). L172Q and S173L are natural polymorphisms of
RSV B, with historically reported frequencies of less than 1%, rather than
mutations developed under selective pressure with suptavumab (Sim~oes
et al., 2021; Langedijk and Bont, 2023). However, the frequency of both
mutations found simultaneously in historical isolates was unavailable
until 2015. The concurrent appearance of the two mutations was first
reported in China in 2015, and they globally predominated over 3 RSV
seasons (Chen et al., 2018; Sim~oes et al., 2021). In this study, their fre-
quencies maintained 100% from before 2020 to after 2020. Though
suptavumab has never been approved in China, the natural evolution of
these twomutations has rendered all circulating RSV B strains in China to
escape suptavumab neutralization. Thus, it is imperative to continue
tracking RSV-F mutations to ensure the efficacy of current monoclonal
antibodies.

Palivizumab (MEDI-493), a recombinant humanized mAb for pre-
venting severe lower respiratory tract infections in children at a high risk
of RSV infection, was approved by FDA in 1998, but has not yet been
approved in China (Garegnani et al., 2021). In this study, based on
published information from FDA, no mutations which were associated
with resistance to palivizumab were found within or outside its binding
site (AA 262–275) (Administration, 1998). This finding is consistent with
the conclusion that resistance-related mutations, which are developed in
vitro after the introduction of palivizumab, are not frequently produced in
real-world settings, even though palivizumab is not available in China
(Sim~oes et al., 2021).

Despite its ability to prevent severe RSV infections, palivizumab is
expensive, requires monthly doses throughout the RSV season, and has
not been introduced in China (Administration, 1998; Mazur et al., 2023).
In January 2024, nirsevimab (MEDI-8897) was approved by the National
Medical Products Administration of China and is expected to be available
during the 2024–2025 RSV infection season. Nirsevimab is a new mAbs
targeting site Ø, with YTE mutation at its Fc terminus extending its
half-life, allowing one injection of nirsevimab to protect children
throughout the RSV season (Zhu et al., 2017; Keam, 2023). The binding
site of nirsevimab (AA 62–69, 196–212) is highly conserved in both RSV
A and RSV B, enabling it to neutralize different subgroups of RSV.
However, some reports have indicated the presence of mutations asso-
ciated with resistance to nirsevimab, such as E66K and K68E in RSV A,
and K68N, N201S/T, Q209K/L, and S211N in RSV B (Zhu et al., 2017;
Langedijk et al., 2022; Peeples and Thongpan, 2023; Rios-Guzman et al.,
2024). Notably, although S211N renders only a 1.2-fold reduction in
susceptibility to nirsevimab, its frequency has increased from 0% to
1.15% (3/260) (accession number: OR899386, OR899425 and
EPI_ISL_6314659) in China after 2020. A BLAST search on NCBI revealed
that these sequences cluster with strains isolated in the United States,
Australia, and Europe (data not shown), suggesting that the increase in
China may be due to the global influence of RSV B circulating in the
United States after 2020 (Rios-Guzman et al., 2024). Alternatively, this
mutation may result from natural evolution. Considering that nirsevimab
will soon be available, the mutational frequency of S211N should be
closely monitored. No other resistance-related mutations in the
nirsevimab-binding site of RSV A and RSV B were found in this study.

Additionally, RSV B strains involved in this study exhibited R202Q
(100%), I206M (97.72%), and Q209R (97.34%) mutations. The R202Q
mutation was already present when nirsevimab was designed and has
maintained a frequency of 100% from 2014 to 2021 in China (Zhu et al.,



Fig. 3. Visualization of amino acid variations at six sites of the fusion glycoprotein in different conformations. A and B Structure models of the prefusion and
postfusion conformations of the fusion glycoprotein indicated the location of sites I (red), II (green), III (purple), IV (yellow), V (pink), and Ø (cyan), and mutated
amino acids (black). C The left image presented a cartoon structure of the postfusion conformation, while the right image displayed a locally magnified structure
showing the positions of the changed amino acids. Changed amino acids detected at � 10% frequencies are displayed. The form of amino acid changes is shown as “A
position B”.
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2017; Chen et al., 2018). The frequencies of the I206M and Q209R
mutations were higher than global data collected from 2015 to 2021
(I206M: 68.90%, Q209R: 68.25%) (Wilkins et al., 2023). Furthermore,
the frequencies of the two mutations increased after 2020, a trend
consistent with global data, suggesting a worldwide prevalence (Wilkins
et al., 2023; Rios-Guzman et al., 2024). Although the I206M mutation
can slightly reduce nirsevimab neutralization (5.0-fold change in IC50), it
often co-occurs with the Q209R mutation due to steric effects. In such
cases, these RSV B strains become more susceptible to nirsevimab
(0.2-fold change in IC50) (Wilkins et al., 2023). In this study, only one
strain (1/305, 0.33%) (accession number: OR899555) isolated in 2017
exhibited the I206M mutation without the Q209R mutation.

Clesrovimab (MK-1654) binds to site IV (AA 426–429, 432–433,
440–441, 443, and 445–447) and contains the YTE mutation at its Fc
terminus, with properties of half-life extension and broad-spectrum
neutralization like nirsevimab. In vivo experiments in cotton rats and
humans have shown that this mAb can inhibit RSV replication (Tang
et al., 2019; Maas et al., 2021). Compared to the binding site of
nirsevimab, clesrovimab's binding sites are more conserved across all
732
RSV genotypes (Hause et al., 2017). In this study, we found that no
mutations occurred in its binding site.

In 2016, Fuentes et al. identified p27 as a new antigenic site of RSV-F
and an age-dependent immunodominant epitope (Fuentes et al., 2016).
Although the neutralizing activity of p27 antibodies is lower than that of
antibodies targeting other sites of RSV-F in adults, mucosal p27 anti-
bodies may play a crucial role in controlling RSV infection (Fuentes et al.,
2020; Ye et al., 2020; Blunck et al., 2022). Mechanistically, p27 anti-
bodies may protect the body through antibody-dependent cell-mediated
cytotoxicity (ADCC) effect rather than directly neutralizing RSV (Lee
et al., 2022; Rezende et al., 2023). Therefore, p27 may have potential
values in therapy and prevention. However, the sequence of p27 is var-
iable (Hause et al., 2017), which is also found in this study. Compared to
prototype strains, the AA sequence of p27 exhibited eight and twelve
changes in subgroups A and B, respectively. The frequency of three
mutations in RSV A (L111I, T122A, and K123E) increased by more than
5% since 2020, suggesting a potential evolutionary trend in RSV A.
BALB/c mice immunized with mutated RSV-F (N116Q) have been re-
ported to generate an enhanced neutralizing antibody response (Leemans



Fig. 4. Differences in mutational frequencies of the fusion glycoprotein between the time before and after 2020. Heat maps displayed differences in the frequency of
all mutations in the fusion glycoprotein of both RSV A [n ¼ 242, n (before) ¼ 187 and n (after) ¼ 55] and RSV B [n ¼ 305, n (before) ¼ 45 and n (after) ¼ 260]
between the time before (2017–2019) and after (2020–2021) 2020. Each cell in the heat maps represented the frequency (%) of a mutation (shown on the left of the
heat maps) in a specific time group (shown at the bottom of the heat maps). The color intensity of each cell corresponded to the frequency value, with darker colors
indicating higher frequencies. Mutations located at sites I (red), II (green), III (purple), IV (yellow), V (pink) and Ø (cyan) were outlined in corresponding colors, while
those located in the p27 region were marked with black lines. The form of amino acid changes is shown as “A position B”.
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et al., 2018, 2019); however, this mutation was not observed in our
study.

Our study has several limitations. Firstly, the sample selection for this
study should be comprehensive, balanced and random in both temporal
and spatial distribution. However, some samples were excluded due to
sequencing failures. Secondly, we only conducted a preliminary analysis
of the mutated RSV-F conformation. Extensive investigations are needed
to determine the impact of variations on the conformation and biological
function of RSV-F.

As RSV-F-targeted vaccines and mAbs are focal points of research, the
molecular epidemiology of RSV-F deserves continued surveillance. This
733
multi-center study sequenced and analyzed RSV-F circulating in China
from 2017 to 2021, finding that the RSV F gene was relatively conserved,
while some nucleotide substitutions and AA mutations were detected.
Based on simple alignments of structures, the altered AAs appear to have
little impact on the RSV-F conformation. However, the effects of altered
AAs on RSV-F require further high-resolution structural and biological
function analyses. For RSV B, K191R, I206M, and Q209R have become
gradually predominant in China from before 2020 to after 2020; a
nirsevimab-resistant mutation, S211N, has emerged with a low fre-
quency in China since 2020. These results could provide foundational
data from China for the development of RSV mAbs and vaccines.



Fig. 5. Analysis of changes in the fusion glycoprotein conformation. A Cartoon structures displayed the alignment results of Long with isolate strain 20190024/BJ/
CHN/2019 (RSV A, left) and CH18537 with isolate strain CQ025/CQ/CHN/2021 (RSV B, right). Images (c) and (d) were obtained by rotating Images (a) and (b) 180�

along the X-axis, respectively. B Local magnifications of the alignment result revealed changes in the secondary structure of the fusion glycoprotein. Modified regions
were marked with black lines and annotations. Structural outliers of isolate strains were colored with red (RSV A) or blue (RSV B). Root-mean-square deviation values
were indicated.
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5. Conclusions

The RSV F genes circulating in China from 2017 to 2021 have
remained relatively conserved, although some AAs located at six specific
734
sites and the p27 region have undergone changes. For RSV B, the K191R,
I206M, and Q209R mutations have gradually become predominant in
China from the time before 2020 to after 2020. Additionally, the S211N
mutation has emerged at a low frequency in China since 2020.
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