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. Toidentify the variations in fusion (F) protein gene of RSV in China, a molecular epidemiological study

- was conducted. A total of 553 RSV positive specimens were collected from 2338 pediatric patients

. hospitalized with community-acquired pneumonia during a multi-center study conducted during
2014-2016. A total of 252 samples (183 RSV A, 69 RSV B) were selected for F gene sequencing, and

. analyzed together with 142 F gene sequences downloaded from GenBank. The result showed that all

. the Chinese RSV A and RSV B strains could be divided respectively into three branches. Compared with
RSV A/B prototype sequences respectively, there were significant amino acid (AA) mutations at multiple
antigenic sites. For RSV A, changes were found at AA residues 122, 124, 125, 276 and 384, and for RSV
B at AAresidues 45, 116, 125, 172, 173 and 202. Variations in human histocompatibility leukocyte
antigen-restricted CTL epitopes were also observed. In total, 56 amino acid differences for the complete

. F protein were found between the RSV A and B groups in China, while several mutations were only

. foundin the RSV B strains during 2015-2016. The RSV F gene is relatively conserved in China, however,

: limited mutations are still occurring with time.

Human respiratory syncytial virus (RSV) is a leading pathogen of acute lower respiratory tract infection (ALRTT)
. among young children’2 RSV caused about 33.8 million new episodes of ALRTI worldwide in children younger
. than 5 years of age in 2005, which contained at least 3.4 (2.8-4.3) million severe cases necessitating hospital
admission. Among these patients, there were roughly 66,000-199,000 deaths, with 99% of them occurring in
developing countries®. RSV associated illness is also the major cause of hospital admissions and mortality in
infants born prematurely or with particular congenital diseases®. In China, RSV was also the most frequently
detected virus (9.9%) in children younger than 2 years of age with ALRTI, accounting for 17.0%*.
Except for the therapeutic monoclonal antibody-palivizumab (MedImmune, Gaithersburg, MD, USA)?, there
is no safe and effective vaccine or drugs against RSV available. A suitable vaccine available in the future could have
a large impact in public health.
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The RSV fusion (F) protein is an important transmembrane glycoprotein which mediates the fusion between
virus and the target cell membrane®. It contains the main antigenic determinants associated with neutralizing
antibodies and cytotoxic T-lymphocyte (CTL)-mediated immunity’~’. Antigenic sites I, I, IV, @, MPE-8 (AM14),
203033034 and p27 are all present in the F protein®. Antigenic site II is the targeted site of palivizumab with the
defined binding epitope (residues 262-276)°. Many human histocompatibility leukocyte antigen (HLA)-restricted
CTL epitopes on the F protein have been identified, such as HLA-A*01, HLA-B*57, HLA-Cw*12!%!2. The F pro-
tein of RSV is the major candidate of vaccine research and the focus of antiviral drug or antibodies development.

It is important to elucidate variations in these epitopes of F protein. However, there has been no multi-center
study of RSV F protein in China to date. There were few data of RSV F molecular variations available, especially
the binding site of palivizumab. The present multi-center prospective study was conducted to clarify the genetic
characteristics and variations in antigenic determinants of the F protein of the prevalent genotypes present in the
mainland of China.

Results

The samples. In this study, a total of 553 (23.65%) RSV positive samples were identified from 2338 enrolled
patients between November 2014 and June 2016 from 10 hospitals located in Beijing, Chongqing, Jilin, Hebei,
Ningxia, Zhejiang, and Guangdong provinces in China. The ages of these patients ranged from 1 month to 8.5
years with a median age of 1 year. The male-to-female ratio was 2:1 (369 boys and 184 girls). For these 553 RSV
positive samples, 366 (66.18%) were identified as RSV genotype A (RSV A), 176 (31.83%) were identified as RSV
B, and 11 (1.99%) were identified as both RSV A and B). A total of 252 complete F gene sequences were obtained
from 553 RSV positive samples, while the complete F gene sequences of 301 samples were not available because
of poor sequence data quality.

Phylogenetic analysis. A total of 394 RSV F gene complete sequences were analyzed in this study, including
252 complete F gene sequences obtained (183 RSV A and 69 RSV B) in this study, and 142 reference sequences
(including Long, CH18537, and 140 Chinese RSV F sequences) available from GenBank. Except the prototype
sequences of Long and CH18537 strain, pairwise nucleotide (amino acid) sequences identities were 94.3%-100%
(96.1%-100%) among 300 RSV A; 96.5%-100% (97.9%-100%) among 92 RSV B; and 81.2%-82.7% (88.3%-
90.9%) between groups A and B. Compared with the prototype strains Long (for RSV A) and CH18537 (RSV B),
the mean distances were 0.049 for RSV A, and 0.034 for RSV B, respectively. The P-distance between RSV B and
the prototype Long strain was 0.204.

All the Chinese RSV A strains could be stratified into A1, A2 and A3 branches. The mean genetic distances
were 0.048, 0.049 and 0.035 between Al and A2, Al and A3, A2 and A3 respectively. RSV B strains could also be
divided into three branches, with low genetic distance (0.027 between B1 and B2, 0.029 between B1 and B3, 0.012
between B2 and B3). Apart from the strains collected during 2010-2013, most of the strains isolated between
2014 and 2016 belonged to the A3 and B3 branches (Fig. 1).

Variation analysis. There were 83 nucleotide changes in RSV A and 59 nucleotide changes in RSV B fusion
protein genes, and 298 nucleotide differences were observed between RSV A and B. All nucleotide mutations
were base substitutions, the majority of which resulted in synonymous amino acid changes. The amino acid of
the F proteins were relatively conserved. In contrast, there were 15 and 18 significant amino acid changes in RSV
A and B, compared with their respective reference strains, while 56 amino acid differences were found between
the two groups.

Variations at the antigenic site areas were analyzed (Table 1). For RSV A, amino acid changes were found at:
antigenic site I in AA residue 384 (V —1, 99.3%); antigenic site p27 in amino residues 122 (T — A, 4.3%), 124
(K—N, 100%) and 125 (T — N, 0.6%). For RSV B, amino acid changes were found at: antigenic site p27 in AA
residues 116 (N — D, 3.3%) and 125 (L — P, 3.3%); antigenic site a2033334 in AA residues 172 (L — Q, 91.3%)
and 173 (S—L, 73.9%); antigenic site MPE8 in AA residues 45 (F — L, 94.6%). The change of 276 (N — S) on
palivizumab binding site of antigenic site I was observed in 98.0% RSV A and all the RSV B strains. The change at
antigenic site «2a333034 in AA residue 173 (S — L, 73.9%) was only found in the RSV B strains during 2015-2016.
For the AA residue 202 of antigenic site &, all sequences except CH18537 were glutamine.

Mutations were also observed in the human histocompatibility leukocyte antigen (HLA) -restricted CTL
epitopes. For RSV A, two amino acid residue substitutions were observed in over 98% of the strains in the
HLA-A*0201 epitope, while the amino residue mutations 10 (A — T) in the HLA-A*0201 epitope, and 547
(L—F) in the HLA-Cw*12 epitope, were only found in 7 and 4 of the RSV A strains, respectively. For RSV
B, comparing with the CH18537 strain, one mutation 17 (V —1I) in HLA-A*0201 was observed among all
the Chinese RSV B strains. The AA residue 15 (L — F) substitution in HLA-A*0201 and the 116 (N — D) in
HLA-A*01 restricted epitopes were only observed in three strains between 2015 and 2016. The AA residue 547
(L — M) substitution in HLA-Cw*12 restricted epitopes was only observed in two strains.

Discussion
The F protein of RSV is the significant candidate for RSV vaccine and antibody development. Although it is rela-
tively conserved, many variations were found in F gene among different clinical strains, especially between RSV
subtypes. Few data about the molecular epidemiology of RSV F gene is available in China. In this multi-center
prospective study, 2338 patients were enrolled from 7 provinces of China during December 2014-June 2016. A
total of 553 patients with RSV infection were identified. RSV A was the predominant subtype which was detected
from 366 (66.18%) samples, while the RSV B strains (176, 31.83%) detection was slightly lower.

The RSV F complete gene was amplified and sequenced from 252 clinical samples. All Chinese RSV F
sequences after 2010 available from GenBank were also analyzed in this study. The sequence identities within

SCIENTIFICREPORTS | (2018) 8:4491 | DOI:10.1038/s41598-018-22826-4 2



www.nature.com/scientificreports/

(A) 9_5|. RSVA-HB-312/HeB/CHN/2016 7 (B)
@ RSVA-HB-316/HeB/CHN/2016

- @ RSVA-ZJ-288/ZJICHN/2015
> @ RSVB-HB-296/HeB/CHN/2016

@ RSVA-CAP-10/BJ/ICHN/2014
@ RSVA-WZ-288/ZJ/CHN/2015 2 @ RSVB-HB-309/HeB/ICHN/2016
"; SVA-WZ-336/ZJ/ICHN/2015 @ RSVB-BD-21/HeB/CHN/2016
|_— @ RSVA-CAP-255/BJICHN/2015 @ RSVB-WZ-102/ZJICHN/2015
@ RSVA-YC-202/NX/CHN/2015 @ RSVB-WZ-54/ZJ/CHN/2015
@ RSVB-WZ-310/ZJICHN/2015

Er @ RSVA-YC-161/NX/CHN/2015

RSVA-YC-188/NX/CHN/2015 @ RSVB-CQ-270/CQ/CHN/2016

55— @ RSVB-HB-226/HeB/CHN/2015
@ RSVB-WZ-417/ZJICHN/2015
@ RSVB-WZ-191/ZJICHN/2015
@ RSVB-CAP-408/BJ/CHN/2016
@ RSVB-ZJ-316/ZJICHN/2015
@ RSVB-ZJ-386/ZJ/ICHN/2016
@ RSVB-CC-68/JL/CHN/2015
@ RSVB-ZJ-293/ZJ/ICHN/2015
@ RSVB-WZ-383/ZJICHN/2015
@ RSVB-HB-260/HeBICHN/2015
5| @ RSVB-HB-328/HeB/ICHN/2016
@ RSVB-CQ-292/CQ/CHN/2016
@ RSVB-CAP-69/BJ/CHN/2015
@ RSVB-CAP-388/BJ/CHN/2015
KMS517573-B-730/GD/2013
@ RSVB-CAP-46/BJ/CHNI2015
@ RSVB-ZJ-445/ZJ/CHN/2016
@ RSVB-CQ-216/CQICHNI2015 B3
@ RSVB-GYYF-151/GD/CHN/2016
@ RSVB-ZJ-213/ZJICHN/2015
@ RSVB-WZ-8/2J/CHN/2015
@ RSVB-CAP-98/BJ/CHN/2015
@ RSVB-GZEF-101/GD/CHN/2015
@ RSVB-HB-196/HeB/CHN/2015
@ RSVB-HB-239/HeB/CHN/2015
@ RSVB-BD-46/HeBICHN/2016
86— @ RSVB-HB-280/HeB/CHN/2015
chs;zszs-ca Feb-2012/3038/CQ/CHN/2012
4 - KJ130654-CQ Jun-2013/4954/CQICHN/2013 RSVB-HB-98/HeB/CHNI2014
JX682739-CQ Feb-2012/2992/CQ/CHN/2012 @ RSVB-ZJ-263/ZJICHNI2015
@ RSVA-CAP.42/BJICHNI2015 E:xeazsw-co Dec-2011/2701/CQICHN/2011

I @ RSVA-YC-200/NX/CHN/2015

I @ RSVA-ZJ-299/ZJ/CHN/2015

@ RSVA-WZ-6/ZJICHN/2015

@ RSVA-WZ-536/ZJICHN/2015

@ RSVA-ZJ-333/ZJICHN/2015

'E. RSVA-HB-263/HeB/CHN/2015
@ RSVA-HB-294/HeB/CHN/2016

@ RSVA-GZFE-9/GD/CHN/2015

L~ @ RSVA-CAP-328/BJICHN/2015

! KT285064-B614122905-SH/CHN/2014

|— @ RSVA-GZFE-150/GD/CHN/2015

|— @ RSVA-CAP-1/BJICHN/2014

I @ RSVA-CQ-235/CQ/CHN/2015

@ RSVA-GYYF-1/GD/CHN/2015

@ RSVA-WZ-188/ZJICHN/2015

RSVA-GYYF-148/GD/CHN/2016

[‘:RSVA-GYYF-GSIGDIC HN/2015

@ RSVA-HB-216/HeB/CHN/2015
KJ130651-CQ Jan-2013/4219/CQ/CHN/2013 A3 90
KJ130652-CQ May-2013/4866/CQ/CHN/2013
|- @ RSVA-GZFE-34/GD/CHN/2015

r @ RSVA-CQ-115/CQICHN/2015
96 — @ RSVA-ZJ-398/ZJICHN/2015
| — @ RSVA-CAP-405/BJ/ICHN/2016
@ RSVA-HB-102/HeB/CHN/2014
—I @ RSVA-CAP-66/BJ/ICHN/2015
991 @ RSVA-HB-99/HeB/CHN/2014
— @ RSVA-GYYF-55/GD/CHN/2015

84

JX682718-CQ Apr-2012/3229/CQ/CHN/2012 JX682819-CQ Jan-2012/2785/CQ/ICHN/2012
@ RSVA-WZ-122/ZJICHN/2015 JX682821-CQ Jan-2012/2795/CQ/CHN/2012

JX682793-CQ Nov-2011/2411/CQ/CHNI2011 JX682822-CQ Feb-2012/2995/CQ/CHN/2012
KC978856-Chongqing/13-73/CQICHN/2011 85| JX682806-CQ Jan-2010/332/CQ/CHN/2010

- JX682740-CQ Sep-2010/857/CQ/CHN/2010 it')‘(&gszﬁfgg:xa%‘:’f]ﬁlfs%ﬁw&;% \
JX682783-CQ Sep-2011/2118/CQ/ICHN/2011 -CQ Mar-;

JX682751-CQ J';n-zo11/1231/colcuwzo11 JX682813-CQ Dec-2011/2575/CQ/ICHN/2011
gras faecaciiet o e o
— @ RSVA-HB-80/HeB/CHN/2014 - -

JX482020-CQ Jan-2012(4)/CQICHNI2012 L [~ JX682815-CQ Dec-2011/2588/CQICHNI2011
100 JX682741-CQ Oct-2010/996/CQ/CHN/2010 87— JX682820-CQ Jan-2012/2791/CQ/CHN/2012
JX682743-CQ Nov-2010/1067/CQ/CHNI2010
L JX682760-CQ Mar-2011/1442/CQ/CHN/2011
| — KM517572-A/GZ/2011-224/GD/CHN/2011

[ KM578843-G2/2012-110/GDICHNI2012

6L JX682769-CQ May-2011/1685/CQ/CHN/2011

: JX682716-CQ Mar-2012/3155/CQ/CHN/2012 A2
100 JX682745-CQ.Dec-2010I1148/CQ/CHNI201O
100 RSVA-WZ-131/ZJICHN/2015
JF421562-B030903/SC/CHN/2010

@ RSVA-CAP-9/BJ/CHN/2014 A1l
W AY911262 ATCC VR-26/USA W D00334 RSVB 18573 _

JX682818-CQ Dec-2011/2726/CQ/CHN/2011
J -CQ Mar-20 Q/CHN/2010
9% JX682803-CQ Jan-2010/334/CQ/CHN/2010 B2
861 JX682807-CQ Jan-2010/378/CQ/CHN/2010 -
91 JX682812-CQ Apr-2011/1647/CQ/CHN/2011
JX682805-CQ Feb-2010/383/CQ/CHN/2010
JX682804-CQ Jan-2010/324/CQ/CHN/2010 B1
JX682810-CQ Feb-2011/1421/CQ/ICHN/2011

Figure 1. The phylogenetic dendrogram based on the alignments of the 120 representative RSV F gene
complete sequences was constructed with MEGA5.03 software. Panels (A and B) are detailed phylogenetic
trees of the RSV A and RSV B taxa analyzed, respectively. The neighbour-joining method was used to infer the
topology. The percentage of bootstrap (percentage of 1000 pseudoreplicate datasets) replicates supporting the
trees are indicated at the nodes (for clarity, only values over 70% are shown). Squares indicate the prototypes
RSV A Long and RSV B CH18537 strains. Filled circles indicate the strains from this study during 2014-2016.
The scale bars represent substitutions per base pair per the indicated horizontal distance.

Chinese RSV A and B were more than 94.3% and 96.5% at the nucleotide level, more than 96.1% and 97.9% at the
AA level, respectively. The sequence identities, including nucleotide and amino acid level, were lower than that
reported by Xia et al.”. It might be due to the longer time and wider geographical distributions. The phylogenetic
analyses showed that the RSV A strains from different regions of China between 2014 and 2016 were slightly
clustered into the same branches, while the same temporal pattern of clusters of isolates was observed in RSV B.

There were a few AA changes in the antigenic sites of RSVA and RSVB by comparing with their historical
Long and CH18537 strains, respectively. These changes contain the substitutions of basic/acidic AA (K124N,
R202Q, N116D), hydrophilic/hydrophobic AA (L172Q, S173L), and replacement of heterocyclic AA (L125P).
These changes might alter the secondary structure of the protein, which are much more likely to change the anti-
genic appearance. However, further study is required for identifying the contributions of these non-synonymous
AA changes. RSV F protein has metastable and stable states, which corresponds to the prefusion and postfu-
sion respectively. The prefusion F protein on the surface of the virus plays the function of driving membrane
fusion between the viral envelope and the host cell. The prefusion F protein undergoes a dramatic conformational
change at the initiation of fusion, which results a very stable postfusion form"’. RSV neutralization activity in
human sera is primarily directed against the antigenic sites on the prefusion F protein'*. Comparing with the his-
torical CH18537 strain, the antigenic sites of RSV B prefusion F protein (&, MPE-8, a203(33034 (AM14), and p27)
were relatively much more variable than the postfusion F protein. The amino acid of the antigenic sites between
RSV A and B were high variable. There were 23 amino acid changes between RSV A and B. These results may
suggest that a monovalent vaccine based on the F protein of RSV A may not provide enough protection against
infections caused by RSV B. This will be an important consideration for the development of the therapeutic mon-
oclonal antibody or small molecular drugs.
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Table 1. Amino acid changes in antigenic sites and Cytotoxic T lymphocyte (CTL) epitopes of the fusion gene
of RSV A (n=300) and RSV B (n = 92) comparing with the prototype Long and CH18537 strains. Notes. *A
position B, the amino acid of this site have a change from A to B; *All from 2015-16. Abbreviations: AA, amino
acids; F, frequency; V, variation.

The p27 is cleaved during the infection of cells and internalization of the virus. The cleavage of p27 is an
important event to enable full infection of the virus'®, and is also a proven significant antigenic site'®. Indeed, the
p27 was the most variable antigenic site between RSV A and -B in this study. However, within each group, RSV
A and RSV B are relatively conserved compared with their respective reference strains. These results suggest that
the p27 antigenic site is responsible for group specificity, which is consistent with previous study?®.

It is interesting that the change at antigenic site a2a33334 in AA residue 173 (S — L) was only found in 97.1%
(67/69) of RSV B strains in China during 2015-2016. This was a new antigenic site change in clinical strains
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from China, however it was not found in RSV B before 2014 or in RSV A strains. This is not a resistance muta-
tion under pressure, since no drugs or antibodies targeting this antigenic site was used. It might suggest that the
change is due to the antigenic drift of the viruses and has become the predominant strain. Few data on antigenic
site a2a333(34 was available. The potential effect of this change needs further study.

Palivizumab is the only licensed monoclonal antibody for the prevention of severe RSV infection. The binding
site of palivizumab is located on the antigenic sites II, which existed in both the prefusion and postfusion forms
of F protein. There were many reports about the change of 276 (N — S), which was proved to be a non-resistance
mutation to palivizumab”!”. The change of 276 (N — S) was also observed in 98.0% RSV A and all the RSV B
strains in this study. Consistent with the report of Xia et al.”, the percentage of strains with 276 (N — S) substi-
tution in the F protein is increasing, accounted for 99% of RSV after 2014. The residues 262, 272, 275 are very
important sites at which mutations could confer resistance to palivizumab'”. No other change was observed in
this study except the 276 (N — S) substitution. No resistance-associated mutations of natural polymorphisms or
selection pressure to palivizumab were found in the RSV strains of China.

The amino acid variations at the CTL epitopes were also significant for RSV vaccine design and to understand
the mechanism the virus uses to escape immunosurveillance!!. The CTL epitopes were conserved within the
groups in this study. Almost all the variations constituted inter-group differences, except for residues 18 (V —1)
and 540 (S— A)in RSV A, and 17 (V —1) in RSV B. The AA residue 15 (L — F) substitution in HLA-A*0201 and
the 116 (N — D) in HLA-A*01 restricted epitopes were first observed in three strains between 2015 and 2016.
Continuous monitoring is needed to investigate the development of these mutations; and further studies are
needed to illustrate the effect of these variations on recognition of CTL cells.

In conclusion, this is the first multi-center molecular epidemiologic study of the RSV F gene in China. The
result revealed that the RSV F genes share relatively high identity in China. However, genetic variations tem-
porally were also observed. The alterations of 276 (N — S) were observed in the majority of RSV A strains. The
genetic variations of 173 (S — L) at antigenic site a2a33334 and 15(L — F), 116 (N — D) at CTL epitopes were
first identified in the RSV B strains during 2015-16. The F protein of RSV in the mainland of China is relatively
conserved and remains the potential candidate target for vaccine and drug development.

Methods

Ethics statement. This study was approved by the Medical Ethics Committee of the Beijing Children’s
Hospital affiliated to Capital Medical University, and informed consent was obtained. All procedures were con-
ducted according to the guidelines.

Sample collection. Between November 2014 and June 2016, RSV positive respiratory samples were col-
lected from patients hospitalized with community-acquired pneumonia (CAP) in a multi-centers study that
involved 10 hospitals of 7 provinces or municipalities (Beijing, Chongging, Jilin, Hebei, Ningxia, Zhejiang, and
Guangdong) in China. Eligible participants were younger than 18 years. Nasopharyngeal aspirates or throat swabs
were collected on admission. The specimens were frozen at —80 °C until tested by a multiplex PCR/DNA hybrid-
ization assay that detect RSV A, RSV B, and 16 other respiratory viruses (xTAG RVP Kit; Luminex, Toronto,
Ontario, Canada).

RNA extraction and sequence determination for RSV F gene. Total RNA from RSV positive clini-
cal samples were extracted by using QIAamp MinElute Virus Spin Kit (Qiagen, Hilden, Germany) according to
the manufacturer’s instructions. The complete F gene sequences were obtained by segmented amplification and
sequencing. Two fragments were amplified by SuperScript™ III One-Step RT-PCR System (Invitrogen, Carlsbad
CA, USA, cat: 12574018), respectively. The primer pairs A-F1/R1 (A-F1: CTCAAGTCTCCACAACATCCGA;
A-R1: GGGAAGAAAGATACTGATCCTGCAT) and F2/R2 (F2: ATGCCTATAACAAATGATCAGAAAAAGTT;
R2: GCAATGACCTCGAATTTCAAATT) were used to amplify and sequence the nucleotides of the F
gene of RSV A samples, while the primer pairs B-F1/R1 (B-F1: CACAAACACCCACAGCATCCGA; B-R1:
GGAAAGAAGGATACTGATCCTGCAT) and F2/R2 were used to amplify and sequence the nucleotides of the
F gene of RSV B samples. The sequences were edited and assembled by using Sequencher software version 5.0
(Gene Codes, Ann Arbor, MI, USA). The sequences generated in this study were submitted to GenBank with the
accession numbers from MF978510 to MF978761.

Other RSV F gene sequences used in this study. All (140) Chinese RSV F gene reference sequences
(117 RSV A and 23 RSV B) from Jan 2010 to June 2017, as well as the prototype sequences of RSV A and B gen-
otypes were downloaded from GenBank. Information of the sequences downloaded from GenBank is shown in
the Supplementary Table 1.

Phylogenetic and genetic diversity analysis. Multiple sequence alignments, phylogenetic analyses and
pairwise distance were conducted and calculated by using MEGA 5.03 software (Sudhir Kumar, Arizona State
University, Tempe, AZ, USA). The phylogenetic tree was generated with the neighbor-joining method and the
Kimura 2-parameter model was chosen with pairwise deletion treatment for the missing and gaps data. The relia-
bility of phylogenetic inference was estimated by using the bootstrap method with 1000 replicates, while only the
values over 70% are shown. The sequences identities and genetic diversity of the complete F gene were determined
with BioEdit software.
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