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Introduction: Respiratory syncytial virus (RSV) is the most common cause of lower respiratory tract
infections among infants and young children. The fusion (F) protein of RSV is a major target for
monoclonal antibodies and vaccine candidates. We analyzed sequence polymorphisms of the RSV F
protein and investigated palivizumab-resistance mutation in clinical isolates from Korean children in
post-palivizumab era.
Methods: A review of pediatric patients with RSV infections in Korea from September 2009 to April 2015
was conducted. We performed RSV F gene sequence analysis on positive clinical samples and compared
to reference sequences, A2 and 9320.
Results: RSV F gene data were obtained from 60 patients (30 RSV-A and 30 RSV-B), of whom 15 (10 RSV-
A and 5 RSV-B) received palivizumab. The nucleotide and amino acid identities of the F gene sequence
were conserved between RSV isolates and reference strains. There was no significant difference between
isolates from patients who received and did not receive palivizumab. One or more amino acid changes
were observed in all RSV-A and 26 RSV-B isolates. Twenty-five variations in RSV-A and 17 in RSV-B were
noted. One variation within antigenic site II was noted in a RSV-A isolate; D263N with unknown sig-
nificance was found in a patient without palivizumab prophylaxis. N276S variation adjacent to antigenic
site II was observed in 27 RSV-A isolates. However, no known palivizumab-resistant mutations were
found in either RSV-A or RSV-B isolates.
Conclusions: The RSV F gene was highly conserved and no known palivizumab-resistant mutants were
found in Korean circulating strains.

© 2019 Japanese Society of Chemotherapy and The Japanese Association for Infectious Diseases.
Published by Elsevier Ltd. All rights reserved.
1. Introduction

Respiratory syncytial virus (RSV) is the most important respi-
ratory pathogen of infancy and early childhood, and a major cause
of hospitalization for acute lower respiratory tract infections (ALRI)
globally [1]. In the recent study, it was estimated that globally 33.1
million episodes of RSV-associated ALRI occurred in children
younger than 5 years in 2015. RSVwas associated with about 28% of
all ALRI episodes and 13e22% of all ALRI mortality in young
ses, Department of Pediatrics,
chool of Medicine, 81 Irwon-

d The Japanese Association for Infecti
children [2]. Currently, there is no effective treatment for RSV-
associated ALRI and only palivizumab is used for prophylaxis in
high risk patients. However, several RSV vaccines and therapeutic
agents are currently being developed and investigated in clinical
trials [1,3,4].

RSV encodes 11 proteins. The attachment glycoprotein (G) and
the fusion glycoprotein (F) are the two major surface glycoproteins,
the most important epitopes for neutralization. RSV F protein me-
diates RSV binding to cellular receptors, allowing entry into host
cells. RSV F protein is required for infection and can initiate infec-
tion in the absence of G protein [5]. RSV F protein is the preferred
target for vaccines and antiviral agents [1,4].

Palivizumab is a humanized monoclonal antibody binding to
antigenic site II of RSV F protein [5]. It is currently approved inmore
than 83 countries since 1998 [3,6]. RSV F protein is known as highly
ous Diseases. Published by Elsevier Ltd. All rights reserved.
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conserved. However, RNA viruses are highly mutable, and are
highly adaptive to selective pressure. RSV cultured with pal-
ivizumab developed F gene mutations, and was resistant to pal-
ivizumab prophylaxis in cotton rats [7e9]. Palivizumab resistant
RSV strains have also been found in clinical isolates [10e12]. In
Korea, palivizumab was introduced in 2004. It was approved by
Korean public health insurance in 2006 and formally used in high-
risk preterm infants since then [13].

Limited information regarding the molecular epidemiology of
the RSV F gene and palivizumab-resistant RSV is available in Korea
[14]. The objective of this study was to conduct molecular analysis
of RSV F genes of clinical isolates collected from 2009 to 2015 and
investigate whether palivizumab resistant RSV mutant isolates
were circulating among Korean children with or without receiving
palivizumab.
2. Methods and materials

2.1. Patients and clinical samples

Pediatric patients diagnosed with RSV infection at Samsung
Medical Center, Seoul, Korea from September 2009 to April 2015
were identified. RSV detection was performed by multiplex PCR
assay (Seeplex® RV7 Detection Kit, Seegene, Seoul, Korea). Stored
RSV positive nasopharyngeal aspirate specimens that were retained
after RSV diagnosis were used for RSV F gene sequence analysis.

Clinical data including demographic characteristics, underlying
diseases, palivizumab prophylaxis and management of RSV infec-
tion were collected for patients with obtainable RSV F gene
sequence data. This study was approved by the Institutional Review
Board of Samsung Medical Center.
2.2. Molecular analysis of the F gene

The reference strains RSV-A A2 and RSV-B 9320 (GenBank
accession numbers, M74568.1 and AY353550, respectively) were
used as positive controls. RSV RNA was isolated from nasopha-
ryngeal aspirate specimens. The extracted viral RNA was reverse-
transcribed into cDNA. The RSV F gene was then amplified as
described previously [12,15]. Sequence analyses for RSV F gene
were performed and results were compared with reference se-
quences. The detailed experimental methods are described in the
supplementary material (Supplementary methods).
2.3. Phylogenetic analysis

Phylogenetic analysis of RSV F gene sequences was performed
with reference strains (A2 and 9320), and analyzed together with
36 F gene sequences identified from GenBank which were identi-
fied during our study period (2009e2015) (Supplementary Table 1).
The phylogenetic trees were constructed using the neighbor-
joining method and the topologic accuracy of the tree was evalu-
ated by using 2000 bootstrap replicates. Nucleotide and amino acid
identities were estimated by calculating pairwise distances (p-
distance) with MEGA6 software using the maximum-composite
likelihood and Poisson correction models, respectively. Multiple
sequence alignment was performed using Clustal W in MEGA6 and
BioEdit (version 7.2.5). The rates of synonymous (dS) and non-
synonymous substitutions (dN) were evaluated by using the Nei-
Gojobori model in MEGA6. The number of nucleotide differences
per sequence between reference strains and F gene sequences of
RSV isolates was identified.
2.4. Identification of palivizumab-resistant RSV isolates

Polymorphismwas defined as variation from amino acid change
that appeared most frequently at that position in reference se-
quences [15]. Palivizumab-resistant RSV was defined when known
F gene mutation with confirmed resistant phenotype to pal-
ivizumab was detected [12,15]. Sequence variant was defined as a
known polymorphism unrelated to palivizumab resistance [15]. To
identify mutants or sequence variants, F protein sequences of RSV
isolates were compared to reference sequences RSV-A2 and RSV
9320. Polymorphisms at other neutralizing epitopes of RSV F pro-
tein as well as palivizumab binding site (antigenic site II, the po-
sition of amino acid 258-275) were also assessed for clinical RSV
isolates.
3. Results

3.1. Patient characteristics and RSV isolates

During the study period, RSV-A infections were identified more
frequently. However, RSV-B infection was predominant in
2010e2011 and 2013e2014 seasons. Sixty RSV positive nasopha-
ryngeal samples were available for genotypic analysis (30 RSV-A
and 30 RSV-B). During 2011e2012 season, only RSV-A isolates
(n ¼ 14) were analyzed. During 2013e2014 season, 19 of 20
analyzed isolates were RSV-B. Most of analyzed RSV isolates were
detected during the epidemic period in Korea (Supplementary
figures).

Patient characteristics are summarized in Table 1. Forty (66.7%)
patients had underlying diseases. RSV associated mortality was not
observed in patients included in this study.
3.2. Molecular characteristics of F gene in RSV isolates

Of 60 RSV isolates available for F gene sequencing, 55 (25 RSV-A
and 30 RSV-B) were used for phylogenetic analysis and molecular
characterization. Five RSV-A isolates were excluded from phylo-
genetic analysis due to limited F gene sequence data. In RSV-A
isolates, a 1500-bp region (positions 151-1650 in F gene of A2)
was determined and 22 unduplicated sequences were obtained. In
RSV-B isolates, a 1446-bp region (positions 151-1596 in F gene of
9320) was determined and 26 unduplicated sequences were ob-
tained. Comparing sequences of 48 distinct RSV isolates, RSV F
gene (positions 151-1596) was conserved, sharing 77.7% nucleo-
tide and 88.6% amino acid sequence identities. RSV F gene phylo-
genetic trees are shown in Fig. 1. In 22 RSV-A isolates, the
nucleotide p-distance range for A2 was 0.0470e0.0544 (mean
0.0505; median 0.0507). The range of nucleotide p-distance for
9320 was 0.0000e0.0386 (mean 0.0250, median 0.0321) in RSV-B
isolates.

Nucleotide and amino acid identities (mean ± SD, %) of F gene
sequences between RSV isolates and reference strains were as
follows: 95.12 ± 0.14 and 97.28 ± 0.16, respectively, for RSV-A;
97.61 ± 1.67 and 98.96 ± 0.69, respectively, for RSV-B. RSV iso-
lates from patients who received palivizumab and those who did
not receive palivizumab showed no significant difference in
nucleotide or amino acid identities.

The median number of RSV F gene synonymous substitutions
per site between A2 and RSV-A isolates was 60 (4.00%) and that of
non-synonymous substitutions was 13 (0.87%). Compared to 9320,
median numbers of synonymous and non-synonymous sub-
stitutions per site in RSV-B isolates were 43 (2.97%) and 5 (0.35%),
respectively. The F protein of RSV-A and RSV-B isolates was well
conserved (dN/dS ratio < 1).



Table 1
Characteristics of study patients.

Total RSV-A RSV-B

No. of cases 60 30 30
Sex, male (%) 39 (65.0) 21 (70.0) 18 (62.1)
Age, median, month (IQR) 11.8 (4.0e24.3) 7.7 (3.6e20.4) 15.6 (4.9e43.1)
Underlying diseases (%)a

None 20 (33.3) 10 (33.3) 10 (33.3)
Prematurity 15 (25.0) 12 (40.0) 3 (10.0)
Cardiovascular disease 7 (11.7) 3 (10.0) 4 (13.3)
Hematologic-oncologic
disease

12 (20.0) 2 (6.7) 10 (33.3)

Others 7 (11.7) 3 (10.0) 4 (13.3)
Palivizumab recipient (%) 15 (25) 10 (33.3) 5 (16.7)
RSV infection (%)
Upper respiratory tract
infection

15 (25.0) 3 (10.0) 12 (40.0)

Lower respiratory tract
infection

45 (75.0) 27 (90.0) 18 (60.0)

Management of RSV infection (%)
Need for oxygen therapy 18 (30.0) 11 (36.7) 7 (23.3)
Need for ICU care 9 (15.0) 5 (16.7) 4 (13.3)
Need for mechanical
ventilation

6 (10.0) 4 (13.3) 2 (6.7)

IQR, interquartile range; ICU, intensive care unit.
a One patient had both prematurity and severe pulmonary hypertension.

Fig. 1. Phylogenetic analysis of RSV F gene sequences. Distinct RSV F gene sequences in this
evolutionary history was inferred using the Neighbor-Joining method. In Fig. 1(a), the optim
tree with the sum of branch length ¼ 0.29195279 is shown. The percentage of replicate tree
shown next to branches.
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3.3. Amino acid changes in RSV F protein

One or more F protein amino acid changes were observed in all
(100%) RSV-A isolates and 26 (86.7%) RSV-B isolates. Twenty-five
polymorphisms were identified in F protein of RSV-A isolates, of
which 23 had unknown significance (Table 2). In RSV-B isolates, 17
polymorphisms were observed, of which three sequence variants
were known to be palivizumab sensitive (Table 3). However, known
palivizumab resistant F protein mutations were not found in RSV-A
or RSV-B isolates.

RSV F protein polymorphisms observed here were also
frequently found in RSV isolates identified from other studies
during the same period. F protein sequence data of these isolates
(n ¼ 37; 20 RSV-A and 17 RSV-B) were compared to reference
strains. No known palivizumab resistant mutants were found.
Among these 20 RSV-A isolates, N105S and N276S, known pal-
ivizumab sensitive variants, were observed frequently.

3.4. Polymorphisms in neutralizing epitopes of RSV F gene

One polymorphism within antigenic site II was noted only in
RSV-A F protein. D263N with unknown significance was noted in a
RSV-A isolate obtained from a patient who did not receive
study are denominated as F-(subtype A or B)(number of isolate)/(isolated season). The
al tree with the sum of branch length ¼ 0.14649023 is shown. In Fig. 1(b), the optimal
s in which associated taxa clustered together in the bootstrap test (2000 replicates) is



Table 2
Sequence variation of F protein in RSV-A isolates.

Regiona Amino acid
changes
in A2

Frequency in
RSV-A isolates
(Total N ¼ 30)b (%)

Frequency in other
study isolates
(Total N ¼ 20)c (%)

Known
palivizumab
sensitive

F2 N105S 29 (96.7) 15 (75.0)

F1 N276S 27 (90.0) 14 (70.0)

Unknown
significance

SP F20L 1 (3.3) 20 (100.0)

F2 G25S 1 (3.3) 20 (100.0)
P102A 30 (100.0) 20 (100.0)
T103A 30 (100.0) 20 (100.0)

p27 Y117H 1 (3.3) 1 (5.0)
T118I 1 (3.3) 0 (0.0)
L119P 1 (3.3) 0 (0.0)
A122T 30 (100.0) 20 (100.0)
K124N 25 (83.3) 20 (100.0)
T125N 1 (3.3) 4 (20.0)
L129S 1 (3.3) 0 (0.0)

F1 V139G 30 (100.0) 20 (100.0)
V152I 30 (100.0) 19 (95.0)
H159Q 1 (3.3) 0 (0.0)
L178V 30 (100.0) 20 (100.0)
D263N 1 (3.3) 0 (0.0)
I379V 27 (90.0) 20 (100.0)
V384I 25 (83.3) 18 (90.0)
P389S 2 (6.7) 0 (0.0)
M447V 24 (80.0) 20 (100.0)
I537V 1 (3.3) 0 (0.0)
S540A 24 (80.0) 14 (70.0)
L541S 1 (3.3) 0 (3.3)

a Region in F protein. Schematic diagram of RSV F protein and neutralizing
epitope sites were shown in Fig. 2.

b RSV-A isolates in this study.
c RSV-A isolates selected from GenBank. See Supplementary Table 1.
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palivizumab. N276S variation adjacent to antigenic site II was
observed in 27 RSV-A isolates (Fig. 2). N276S is a known pal-
ivizumab susceptible variant. The frequency of N276S was 100% in
most all seasons except the 2011e2012 season (73.0%).
Table 3
Sequence variation of F protein in RSV-B isolates.

Regiona Amino acid
changes
in 9320

Frequency in
RSV-B isolates
(Total N ¼ 30)b (%)

Frequency in other
study isolates
(Total N ¼ 17)c (%)

Known
palivizumab
sensitive

F2 F45L 3 (10.0) 12 (70.6)

p27 A103V 17 (56.7) 6 (35.3)

F1 Q209K 7 (23.3) 2 (11.8)

Unknown
significance

F2 K65E 1 (3.3) 0 (0.0)
T97M 22 (73.3) 17 (100.0)

p27 L125P 1 (3.3) 3 (17.6)
V127A 2 (6.7) 0 (0.0)

F1 L172Q 20 (66.7) 6 (35.3)
S173L 1 (3.3) 1 (5.9)
S197N 26 (86.7) 17 (100.0)
N201S 5 (16.7) 0 (0.0)
S215F 1 (3.3) 0 (0.0)
I291V 1 (3.3) 0 (0.0)
D310E 1 (3.3) 0 (0.0)
T324I 1 (3.3) 0 (0.0)
D510N 1 (3.3) 0 (0.0)
T529A 20 (66.7) 13 (76.5)

a Region in F protein. Schematic diagram of RSV F protein and neutralizing
epitope sites were shown in Fig. 2.

b RSV-B isolates in this study.
c RSV-B isolates selected from GenBank. See Supplementary Table 1.
K65E, N201S and Q209K were found at site Ø in RSV-B F protein
sequences. An amino acid change at 389 (antigenic site I) was
observed in two RSV-A isolates (P389S) and one RSV-B strain
(S389P) (Fig. 2).

4. Discussion

We evaluated themolecular epidemiology of RSV F gene and the
prevalence of palivizumab resistance-conferring mutations in RSV
F protein among circulating RSV isolates in Korea from 2009 to
2015. Results of the current study showed that RSV F protein was
highly conserved. Any known palivizumab-resistant F protein
mutations were not found in either RSV-A or RSV-B isolates. To the
best of our knowledge, this is the first Korean study to investigate
palivizumab resistant mutations and sequence polymorphisms of
RSV F protein in post-palivizumab era.

Of 21 RSV treatments developed in the past decade, 4 of 10
vaccines and 8 of 11 therapeutic agents in active clinical trials have
targeted the F protein [3,4]. Therefore, comprehensive information
on themolecular epidemiology and evolutionary dynamics of RSV F
protein is essential.

The highest sequence divergence between RSV-A and RSV-B is
found in the G protein, onwhich most molecular epidemiology and
genetic diversity studies have focused [16e19]. Multiple genotypes
within two subgroups have been identified, but there are limited
studies regarding the antigenic variation and the evolutionary
patterns of RSV F protein genes [14,17,20e26]. Overall, the RSV F
protein gene is considered to be highly conserved. In this study,
analyzed RSV F gene sequence identity was 95.1% in RSV-A and
97.6% in RSV-B at the nucleotide level. Kim et al. [14] reported that
the nucleotide identity of the RSV F gene was 93.5e98.7% in RSV-A
and 96.5e99.2% in RSV-B during 9 consecutive seasons from 1990
to 1999 in Korea (pre-palivizumab era). This finding is similar in
other countries. In Canada, the mean nucleotide identity of the F
gene within a subgroup was 97% in RSV-A and 98% in RSV-B during
2006e2010 [20]. Kimura et al. studied the time-scaled, molecular
evolution of the F gene in RSV- A [25] and RSV-B [26] using se-
quences from GenBank. A total of 246 sequences of RSV-A strains
collected globally from 1956 to 2014 were analyzed, RSV-A showed
four clusters during past 70 years [25]. In RSV-B, a total of 86 se-
quences from 1956 to 2013 were analyzed and RSV-B showed three
clusters for 60 years [26]. However, the genetic similarity was very
high and low genetic divergence was observed in both RSV-A and
RSV-B strains.

Palivizumab was approved by the US in 1998 and by the Euro-
pean Medicines Agency in 1999. In 2004, a palivizumab resistant
virus (amino acid change K272M) was selected by passage of RSV in
the presence of palivizumab in cell culture, and variable resistance
to palivizumab was shown in cotton rats by RSV mutants (K272M/
Q, N268I) [7,8]. Palivizumab-resistant RSV (N276S, K272E) was
isolated from an infant treated with palivizumab in 2010 [11].
However, Zhu et al. demonstrated that N276S in RSV-A did not
confer any resistance to palivizumab by neutralization test [15].

The incidence of palivizumab-resistant RSV is variable. Four
sequence changes (K272E, K272Q, S276F, and S275L) were identi-
fied in the F gene of RSV isolates from 93 palivizumab prophylaxis
recipients. Resistance to palivizumab was confirmed by micro-
neutralization assay, and calculated amino acidmutation frequency
was 5.4% [12]. Resistance-conferring mutations within the pal-
ivizumab binding site occurred in 8.7% (2/23) of palivizumab re-
cipients, and none of 100 non-palivizumab recipients, during
2006e2010 in Canada [20]. In a Spanish single-center analysis, one
(1.9%) palivizumab resistant RSV mutant, isolated from a non-
palivizumab recipient, was found during molecular characteriza-
tion of F protein epitope A from 52 randomly selected specimens



Fig. 2. Amino acid changes in different regions on the F protein of RSV isolates. At top panel of the figure, the schematic structure of RSV F protein and neutralizing epitopes are
shown [27,28]. The table below showed amino acid changes in different regions in F protein of analyzed RSV isolates including important neutralizing epitopes. SP, single peptide;
FP, fusion peptide; HRA, heptad-repeat A; HRB, heptad-repeat B; TM, transmembrane.
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during 2013e2014 [22]. In our study, no known palivizumab
resistant F protein mutations were found in either RSV-A or RSV-B
isolates from 60 randomly-selected pediatric patients, including 15
palivizumab recipients, during the 2009e2014 RSV seasons.

However, several amino acid sequence variations were found in
this study: 25 in RSV-A and 17 in RSV-B. Zhu et al. performed
sequence analysis of 254 clinical RSV isolates from palivizumab-
naïve patients during 2003e2008 [15]. Forty-six polymorphic
sequence variations were observed in 39 positions at RSV-A while
34 polymorphic sequence variations were observed in 32 positions
at RSV-B. Among these, N262D and S275F variations in the RSV-A F
gene were resistant to neutralization at the highest palivizumab
concentration tested. The most variable region reported in the F
protein was p27, followed by the F2 subunit [14,21]. In this study,
amino acid changes in the RSV F protein were frequently observed
at p27 in RSV-A, and at F1 in RSV-B (Fig. 2). Frequently observed
sequence variations in our study were also observed with high
frequencies in reference strains isolated during 2008e2014 avail-
able from GenBank. Among these, N276S in RSV-A, sequence vari-
ation at adjacent to the palivizumab binding site, was observed
with high frequency in both our clinical isolates (90.0%) and
reference strains (70.0%). In a Canadian study, N276S sequence
variant emerged at a rate of 44.4% in 2008e2009 and became the
predominant RSV-A clade during 2009e2010 in palivizumab re-
cipients and non-recipients (100%) [20]. A Japanese study analyzed
RSV strains isolated from 2004 to 2013 showed that N276S
sequence variant in RSV-A began to appear around 2007e2008 and
was found in more than 90% after 2009 [24]. The N276S sequence
variant has not been reported in RSV isolates before the use of
palivizumab, the predominance of N276S may be related to some
selective pressure attributable to palivizumab [21,24]. However, the
frequency of N276S in RSV F protein was also increased in China
during 2010e2012. It became prevalent at that time, although
palivizumab was not introduced in China until then [21].

Our study has several limitations. First, because of sample
availability, only limited numbers of clinical samples were included
in the study. Second, a phenotypic assay was not performed to
determine the palivizumab resistance of the observed sequence
variations. However, sequence variants with unknown significance
in our study were found in both palivizumab recipients and non-
recipients, and also frequently observed in references strains.
5. Conclusions

Our study provides useful information on the current molecular
epidemiology of the RSV F gene in Korea after the introduction of
palivizumab. RSV-A isolates appeared to exhibit more genetic di-
versity than RSV-B isolates, but overall the RSV F proteinwas highly
conserved. No known palivizumab resistant F protein mutations
were found in RSV isolates, but several F protein sequence variants
were observed. Genetic diversity of the RSV F protein may affect
novel RSV vaccines and therapeutics in development. Therefore, a
continued monitoring of the molecular evolution of RSV F gene is
needed.
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