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Abstract. Vaccination is the best strategy to reduce the burden of influenza infec-
tion. Nevertheless, mutations can cause antigenic mismatches between the vaccine
strains and circulating strains. These differences can lead to reduced vaccine effec-
tiveness (VE) and illness. Further investigations and molecular characterizations
of influenza viruses associated with antigenic drift will increase our understanding
of viral genetic factors contributing to reduction in VE. In this study, during the
2013 and 2014 (with low VE) influenza seasons, 15 influenza A(H3N?2) viruses
from Thai children enrolled in a VE study, who either received (n = 5) or did not
receive (n = 10) vaccines of influenza A(H3N2) strain belonging to clade 3C.1, were
sequenced. Phylogenetic analysis demonstrated the viruses belonged to clade
3C.2[5(1 from vaccinated and 4 from unvaccinated children) from 2013] and clade
3C.2a [10 (4 from vaccinated and 6 from unvaccinated children) from 2014]. The
number of single nucleotide variants in viruses from individual children was not
different in both seasons. The low VE observed in 2014 suggests a relationship
with influenza A(H3N2) clade 3C.2a circulating in that year.
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INTRODUCTION

Influenza is an acute respiratory
disease of importance in humans, which
spreads worldwide and causes yearly
epidemics causing 290,000-650,000 deaths
annually (Iuliano et al, 2018). Although
annual vaccination is the most effective
way to prevent influenza virus infection
(Castilla et al, 2013; Shen et al, 2013), the
vaccine effectiveness (VE) is dependent
on several factors, especially the matching
of vaccine strains with circulating viruses
(Carrat and Flahault, 2007). In seasons
where mismatches occur, this may lead
to reduced VE and a higher than expected
number of influenza cases.

Due to the high rate of error-prone
replication (Webster et al, 1992), mutations
can gradually accumulate at antigenic
sites of the HA1 subunit, which plays a
major role in binding to host receptors
and is a major target of neutralizing anti-
bodies (Bouvier and Palese, 2008). Major
antigenic sites (defined as epitopes A,
B, C, D, and E) are located on HA1 and
mutations in these epitopes help drive
antigenic drift, thereby reducing anti-
body recognition (Tewawong et al, 2015).
Antigenic drift in globally circulating
influenza viruses is monitored every
year to help more appropriate vaccine
development (Boni, 2008). Intra-host
single nucleotide variants (iSNV) can be
produced over the course of an infection
and are able to transmit as part of the in-
fecting population (Debbink et al, 2017).
Many studies have attempted to uncover
how host immunity and vaccine-induced
immunity influence the level of iSNV
(Archetti et al, 1950; Boni et al, 2006; Dinis
et al, 2016; Debbink et al, 2017); however
the significant differences in numbers
of iSNVs and amino acid substitutions
between those from unvaccinated and
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vaccinated subjects are not observed in
these studies.

In Thailand, the Ministry of Public
Health (MOPH) recommends influenza
vaccination for persons =65 years of age,
those with underlying medical condi-
tions, children from 6 months through
to 2 years (<36 months) of age, pregnant
women, mentally ill individuals, persons
weighing >100 kg, and healthcare per-
sonnel (Kittikraisak et al, 2015). A recent
VE study using test negative design in
Thai children during the 2013 and 2014
influenza endemic seasons estimated VE
against all influenza viruses at 64% [95%
confidence interval (CI): 21-84%] in 2013,
and 26% (95% CI: -47-63%) in 2014 (Kit-
tikraisak et al, 2016). VE against influenza
A(H3N2) viruses is estimated at 73% (95%
CI: -14-94%) and 6% (95% CI: -103-56%)
for 2013 and 2014 seasons, respectively
(Kittikraisak et al, 2016). Genetic charac-
terization of influenza viruses obtained
directly from VE studies may provide
more precise information on the effect of
viral genetic factors on VE and may assist
in improving future vaccine development
(Zhu et al, 2017).

In this study, 15 influenza A(H3N2)
genomes obtained from Thai children
enrolled in a referred VE study, who either
received or did not receive influenza vac-
cines during the 2013 and 2014 influenza
seasons, were examined for virus genetic
factors that might have contributed to low
VE of 6% in the 2014 season (Kittikraisak
et al, 2016).

MATERIALS AND METHODS

Study cohort

This influenza VE study was con-
ducted at the Queen Sirikit National
Institute of Child Health (QSNICH),
Bangkok, Thailand during the 2013 and
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2014 influenza seasons (Kittikraisak et al,
2016). All specimens were collected from
children of 10 to 56 months (average 25
months) of age.

The study was approved by the ethics
committee of QSNICH (Document No.59-
009) and the Institutional Review Board
(IRB) of the Walter Reed Army Institute
of Research, USA (WRAIR#2094). The
IRB of the US Centers for Disease Control
and Prevention relied on QSNICH ethical
approval. Prior written informed consent
was obtained from legal guardians of the
children enrolled.

Clinical specimens selected for influenza
virus genomic sequencing

Samples and definitions used as
inclusion criteria for influenza virus ge-
nomic sequencing and analysis were: (i)
having specimen volume =1 ml, (ii) hav-
ing a cycle threshold (Ct) value from an
RT-quantitative PCR assay of influenza

virus <22 cycles (Rutvisuttinunt et al,
2015), and (iii) were collected from chil-
dren whose vaccination status was veri-
fied as fully vaccinated or unvaccinated
(Kittikraisak et al, 2016). The influenza
seasons were defined as follows: the 2013
season, June 2013 - May 2014 and the 2014
season, June 2014 - May 2015. Based on
the selection process (Fig 1), 15 influenza
A(H3N2) virus-positive specimens were
selected, 5 specimens from 2013 and 10
specimens from 2014 (Table 1). These
represented 5/66 (8%) and 10/173 (6%)
specimens from the VE study in the 2013
and 2014 seasons, respectively. Among
these specimens, 5 (1 from 2013 and 4
from 2014 season) were collected from
children who received full vaccination
and 10 (4 from 2013 and 6 from 2014 sea-
son) from unvaccinated children. The one
vaccinated child in 2013 received the 2013
Southern Hemisphere vaccine composed
of A/California/7/2009 (2009 pandemic

[ 1,377 total numbers of children enrolled in the VE study during 2013 - 2014 ‘

»

66 cases were influenza A{H3N2) positive in 2013 |

l 63 total unvaccinated cases ‘

l 1 total partially vaccinated cases ]

| 2 total fully vaccinated cases |

Sample volume z1ml

. 4

| Ct<22 Influenza rtRT-PCR assay

¥

[ 5 samples for targeted-sequencing

2013

W

[ 173 cases were influenza A(H3N2) positive in 2014 |

[ 161 total unvaccinated cases |

l 3 total partially vaccinated cases

| 9 total fully vaccinated cases |

| Sample volume =1ml |

b

| Ct<22 Influenza rtRT-PCR assay ‘

. 4

| 10 samples for targeted-sequencing |

2014

Fig 1-Flow chart depicting selection process in selecting influenza A samples for the study (Kit-

tikraisak et al, 2016).
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H1NT1-like), A/ Victoria/361/2011 (H3N2)
and B/Wisconsin/1/2010 (Yamagata
lineage) (available in Thailand during
May-December 2013), and the four in
2014 received the 2014 Southern Hemi-
sphere vaccine composed of A/Califor-
nia/7/2009, A/Texas/50/2012 (H3N2)
and B/Massachusetts/2/2012 (Yamagata
lineage) (available in Thailand during
May-December 2014) (Table 1).

DNA library preparation and whole ge-
nome sequencing

RNA of specimens was extracted
using QIAamp Viral RNA Mini Kit (QIA-
GEN, Valencia, CA) and employed in RT-
PCR to amplify the influenza virus whole
genome. RT-PCR was performed using
influenza specific primers, SuperScript I1I
One-Step RT-PCR System and Platinum
Tuq High Fidelity DNA Polymerase (Ther-
moFisher, Carlsbad, CA) as previously
described (Zhou et al, 2009). In brief, ap-
proximately 10 ug total RNA were added
to the reaction mixture containing 0.2 yM
MBTuni-12 and MBTuni-13 primers. Ther-
mocycling was performed in Mastereycler
Nexus gradient thermal cycler (Eppen-
dorf, Hamburg, Germany) as follows:
45°C for 60 minutes; 94°C for 2 minutes;
5 cycles of 94°C for 30 second, 48°C for 30
seconds and 68°C for 3 minutes; 35 cycles
of 94°C for 30 seconds, 57°C for 30 seconds
and 68°C for 3 minutes; and a final step of
68°C for 7 minutes. Amplicons were pu-
rified using QIAquick® PCR Purification
Kit (QIAGEN) and DNA concentration
was measured using Qubit® dsDNA HS
Assay Kit (ThermoFisher). DNA library
preparation employed QIAseq FX DNA
library kit (QIAGEN) and 600 ul aliquot
of alibrary pool (15 samples per pool) was
placed in a flow cell of a 500 cycle MiSeq
reagent Kit v2 (Illumina, San Diego, CA).
Pair-end sequencing (2 x 250 bp) was per-
formed on MiSeq instrument (Illumina).
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Next generation sequencing (NGS) data
analysis

Data of sequence reads obtained from
the MiSeq were trimmed to nucleotides
(nts) below quality 30 using Trimmomatic
tool (Bolger et al, 2014) before the paired-
end data were analyzed by Trinity V.2.2.0
(Grabherr et al, 2011). Contigs longer than
500 nts were compared to a non-redun-
dant nt NCBI database using BLASTN
(McGinnis and Madden, 2004) and the
best hits were considered reference strains
for mapping. Reference sequences were
updated with their consensus sequences
before being re-mapped using BWA-MEM
aligner (Li and Durbin, 2009; Fonseca et al,
2012). The consensus sequence was ex-
tracted using samtools (Li et al, 2009) and
bcftools (Narasimhan et al, 2016). In order
to obtain the whole sequences and iSNV
for the influenza virus eight segments, the
filtered short reads were aligned to their
updated reference sequences.

Read mapping analysis

The average depth of coverage (DOC)
was observed at above ~10,000 reads per
base with even coverage across the coding
region of all segments indicating sufficient
redundancy to identify virus consensus
sequences and iSNVs (Table 2).

Phylogenetic tree construction, sequence
alignment and glycosylation site prediction

Atotal of 587 influenza A(H3N2) HA1
gene sequences were used to construct
the phylogenetic tree. These sequences
included 15 sequences obtained from the
study, 357 sequences from GenBank and
195 sequences from GISAID databases; all
sequences were from influenza A(H3N2)
viruses circulating in Thailand from 2011
to 2017. Other sequences were from Gen-
Bank and GISAID: 9 sequences of vaccine
strains and 11 reference strain sequences
with known virus clades. Maximum
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Table 2
Influenza A virus genome deep sequencing of samples in Bangkok,
Thailand 2013 - 2015.
No. SampleID Total number Alignment
of reads
Number of Mapped read (%) Average DOC
mapped reads
1 G2-069 1,964,970 1,908,118 97.11 26,011.75
2 G1-444 2,697,677 2,659,465 98.58 36,627.45
3 G1-449 2,495,812 2,441,404 97.82 33,099.12
4 G1-480 2,040,210 2,023,045 99.16 27,941.59
5 G1-511 2,963,937 2,943,452 99.31 41,869.09
6 G2-030 2,187,102 2,111,782 96.56 27,777.87
7 G1-016 2,214,503 2,172,512 98.10 29,067.43
8 G1-027 2,178,026 2,155,147 98.95 29,954.13
9 G1-043 2,358,913 2,329,273 98.74 31,859.59
10 G1-335 2,340,645 2,309,014 98.65 31,270.54
11 G2-564 2,007,967 1,989,210 99.07 28,065.65
12 G1-334 2,171,203 2,095,983 96.54 29,548.11
13 G2-628 1,946,210 1,932,683 99.30 26,823.80
14 G1-491 1,492,841 1,483,947 99.40 21,649.45
15 G2-693 1,907,269 1,867,785 97.93 25,462.17
DOC, depth of coverage.

likelihood (ML) tree was constructed with
Molecular Evolutionary Genetic Analysis
(MEGA) version 6.0 using HKY+G model
with 1,000 bootstrap replicates support
(Tamura et al, 2013). The tree was visual-
ized and annotated using FigTree version
1.4.2 (Rambaut, 2012). Nt and amino acid
sequence alignments were performed us-
ing MEGA version 6.0. Potential N-linked
glycosylation site was predicted using
NetNGlyc 1.0 (http:/ /www.cbs.dtu.dk/
services/NetNGlyc/) (Blom et al, 2004).
Amino acid consensus sequences of N-X-
S/T, where X represents any amino acid
except P, with a threshold value >0.5 is
considered to be a potential glycosylation
site (Shakin-Eshleman et al, 1996; Gupta
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et al, 2004). GenBank accession numbers,
including those of the 15 sequences from
the study, are listed in Table 3.

ISNV analysis

ISNV analysis was conducted using
LoFreq, a per site quality score-based
statistical test (Wilm et al, 2012; McElroy
etal, 2013). Positive SN'Vs were identified
using the following criteria: (i) frequency
>0.02, (ii) minimum depth of coverage
>10,000, and (iii) variant-supporting reads
in both orientations.

Statistical analysis

Shapiro-Wilk test was used to analyze
normal distribution of the number of Ct
values and the number of iSNVs. Overall
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correlation between Ct values and number
of iSNVs was determined by Pearson’s
correlation method. The total number of
iSNVs between vaccinated and unvac-
cinated groups was compared as well as
the total number of iSNVs between 2013
and 2014 seasons. As prior studies have
demonstrated that viral load influences
sensitivity and specificity of iSNV detec-
tion (McCrone and Lauring, 2016), Ct
values of virus specimens from vaccinated
and unvaccinated individuals (set 1) and
of the 2013 and 2014 seasons (set 2) were
compared using an independent-samples
t-test. Then subsequent within-set com-
parisons of the total numbers of iSNVs
for the entire influenza genome and for
each of the eight genome segments were
conducted on set 2. Independent-samples
t-test was used when the numbers of
iSNVs (total genome or an individual seg-
ment) for the two groups were normally
distributed, otherwise Mann-Whitney test
was applied. A p-value <0.05 is consid-
ered statistically significant.

RESULTS

Phylogenetic analysis

A phylogenetic tree constructed
from 587 influenza A(H3N2) HA1 gene
sequences revealed that the 15 [A /H3N2]
viruses from the 2013 and 2014 seasons
belonged to clade 3C.2 (5/15) and 3C.2a
(10/15), respectively, whereas vaccine
strains for 2013 (A /Victoria/361/2011)
and 2014 (A / Texas/50/2012) belonged to
clade 3C.1 (Fig 2A). In the 2014 season,
within clade 3C.2a, the four sequences
from fully vaccinated children were not
clustered together but scattered among
other sequences in the same clade, as was
also observed for sequences from unvac-
cinated children. As there was only one
sequence from a fully vaccinated child in
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2013, such analysis could not be undertak-
en. Percentage of each influenza A(H3N?2)
clade identified in Thailand during 2011 to
2017 was shown in Fig 2B. It was observed
that the influenza A(H3N2) clade 3C.1
viruses predominated in 2011, represent-
ing 80% (41/51) of all influenza A(H3N?2)
viruses sequenced in this year. Influenza
A(H3N2) clade 3C.2 viruses emerged in
2012 (3/22, 14%) and gained dominance
in 2013 (52/58,90%). Influenza A(H3N2)
clade 3C.2a viruses emerged in 2013 (1/58,
2%) and gained dominance in 2015 (93/96,
97%). Influenza A(H3N2) clade 3C.2al
viruses emerged in 2015 (1/96, 1%) and
gained dominance in 2017 (33/40, 83%).

Amino acid substitutions in HA subunits

When the amino acid sequences in
the HA subunits of the 15 viruses were
compared with those from vaccine strains
in the corresponding season, viruses from
the 2013 season (clade 3C.2) contained 6
amino acid substitutions in the antigenic
site (epitopes A to D) and an amino acid
substitution in the non-antigenic site,
while viruses from the 2014 season (clade
3C.2a) contained 10 amino acid substitu-
tions in the antigenic site (epitope A to
D) and an amino acid substitution at the
non-antigenic site (Table 3). In the HA2
subunit, viruses from both seasons com-
pared to the vaccine strains contained
D160N substitution (Table 4). There was
no unique amino acid differences in amino
acid sequences of the HA subunits from
vaccinated compared to unvaccinated
children in both seasons.

Glycosylation sites

Eleven potential glycosylation sites in
influenza A(H3N?2) clade 3C.2 HA1 were
identified at amino acid positions 8, 22, 38,
45, 63,126,133, 144, 165, 246, and 285 (data
not shown). Loss of N122 glycosylation
site makes the glycosylation pattern dif-
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ferent from that of A /Victoria/361/2011,
the 2013 vaccine strain (Stucker et al, 2015);
whereas, clade 3C.2a virus also contained
11 potential glycosylation sites at the same
positions as in clade 3C.2 except for S144
(in epitope A) and T160 (in epitope B)
that caused loss in potential glycosylation
sites, and a new potential glycosylation
site at position158 (in epitope B), result-
ing in a glycosylation pattern different
from that of the 2014 vaccine strain A/
Texas/50/2012 (Stucker et al, 2015) (data
not shown).

Characterization of iSNVs

A total of 132 iSNVs were identified
across the entire genome of the 15 influen-
za A (H3N2) viruses, 36 synonymous and
96 non-synonymous mutations (Table 5).
Each virus sample contained 4-15iSNVs,
with 121/132 (92%) variants present at a
frequency of <0.1 and only 11 (8%) present
at frequencies >0.1, latter found on PB1 (2
variants at frequency of 0.106 and 0.108),
PA (4 variants at frequency of 0.167-0.259),
HA (1 variant at frequency of 0.408), and
NP (1 variant at frequency of 0.499) (Fig
3). The 3 variants with frequency >0.2
were found only in strains from 2014
season, namely, variants on PA (C708T),
HA (T703C), and NP (T943C). Among
these, only 1 variant on the HA protein of
sample G1-511 (a sample with clade 3C.2a
virus from a vaccinated child) contained
anon-synonymous mutation (HA-5219P)
located in epitope D.

In addition, there were 10 low fre-
quency variants, 7 at HA1 antigenic
sites and 3 at HA2 subunit, the former
(56 non-synonymous and 2 synonymous
mutations) consisting of 5 variants in
epitope D (A563T, G563T, A572T, A581T,
and A761G), 1in epitope B (T606A), and 1
in epitope C (C960A). The 5 non-synony-
mous mutations were found in samples
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HA1-E172V, HA1-G172V, HA1-D175V,
HA1-Y178F, and HA1-K238R. For the 3
low frequency variants in HA2 subunit, all
non-synonymous mutations were T1088G
(HA2-V18G), T1099G (HA2-Y21D) and
G1558A (HA2-G174R). From both sea-
sons, 4 variants (frequency of 0.020-0.046)
were found in almost all viruses, in HA
(A572T), NA (T1013A and T1020A) and PA
(A1878T), with non-synonymous muta-
tion in HA-D191V (HA1-175 on antigenic
site D), NA-L338stop and PA-K626N.

Overall, Ct values showed normal
distribution and inversely correlated with
the numbers of iSNVs (correlation coeffi-
cient of -0.67, p = 0.008) (data not shown),
indicating low Ct value reflected a high
number of iSNVs. As the Ct values from
vaccinated and unvaccinated groups were
different (independent-samples t-test, p =
1.2 E-05), comparison of the numbers of
iSNVs between these two groups could
not be analyzed. Comparison of the total
number of iSNVs across the entire genome
showed total number of iSN'Vs per sample
from the same season is not significantly
different (Mann-Whitney U test, p = 0.54).
Total number of iSNVs in each genome
segment is also not statistically signifi-
cantly different (Mann-Whitney U test,
p =0.07,0.12, 0.24, 0.81, 0.81, and 0.95 for
PB2, PB1, NA, M, NS, and NP, respectively
and independent-samples t-test, p = 0.05
and 0.63 for HA and PA, respectively)
(data not shown).

DISCUSSION

Phylogenetic analysis demonstrates
influenza A(H3N2) clade 3C.1 viruses
predominated in 2011, representing 80%
(41/51) of all influenza A(H3N?2) vi-
ruses sequenced in that year. Influenza
A(H3N2) clade 3C.2 viruses emerged in
2012 (3/22, 14%) and gained dominance
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Table 5
Numbers of synonymous and non-synonymous mutations in genome of influenza
A(H3N2) strains, Bangkok, Thailand.

Sample SampleID Vaccinated Season Number of Number Number of
iSNVs of non- synonymous
synonymous mutations
mutations

1 G2-069 YES 2013 4 3 1
2 G2-030 NO 2013 12 10 2
3 G1-016 NO 2013 9 8 1
4 G1-027 NO 2013 11 2
5 G1-043 NO 2013 13 10 3
6 G1-444 YES 2014 3
7 G1-449 YES 2014 2
8 G1-480 YES 2014 1
9 G1-511 YES 2014 10 5 5
10 G1-335 NO 2014 15 12 3
1 G2-564 NO 2014 12 9 3
12 G1-334 NO 2014 6 5 1
13 G2-628 NO 2014 12 7 5
14 G1-491 NO 2014 3 3
15 G2-693 NO 2014 3 1

iSNVs, intra-host single nucleotide variants.

in 2013 (52/58,90%). Influenza A(H3N2)
clade 3C.2a viruses emerged in 2013 (1 /58,
2%) and gained predominance in 2015
(93/96, 97%), while influenza A(H3N?2)
clade 3C.2al viruses emerged in 2015
(1/96, 1%) and gained predominance
in 2017 (33/40, 83%). The circulation of
clades 3C.2 and 3C.2a from the study was
similar to that reported in other studies
(D’Mello et al, 2015; Tewawong et al, 2015;
Wedde et al, 2015; Monamele et al, 2017;
Yokoyama et al, 2017).

This report describes for the first time
in Thailand genetic characteristics of influ-
enza A(H3N?2) viruses identified from vac-
cinated and unvaccinated children (albeit

Vol 50 No. 1 January 2019

asmall number) from a previous VE study
of the 2013 and 2014 flu seasons (Kittikrai-
sak et al, 2016). The results reveal HA1
sequences at antigenic sites of clade 3C.2
and 3C.2a (the predominant clade in the
2013 and 2014 season, respectively) were
different from the clade 3C.1 in the vaccine
strains for 2013 (A/Victoria/361/2011)
and 2014 (A /Texas/50/2012). Both fully
vaccinated and unvaccinated children
were infected with viruses circulated in
the corresponding season. Although not
all viruses from fully vaccinated children
in the VE study were investigated, our
findings imply that differences in circulat-
ing influenza A viruses from vaccine strain

113



10

114

SOUTHEAST AsIaN | TRoP MED PusLic HEALTH

=] i =

ANS! Jo 1oquinN

1
0

0050
117 40]
0BF0
QLr0
0aro
0st°0
oo
113 ]
L4 ]
118 ]
0oro
06E™D
0BED
0LED
0980
0SED
OreD
0EE0
0TED
0TED
000
0620
08Z°0
0L2°0
09g0
0520
oreo
0EZ’0
0TE0
01zo
00z0
0610
08T°0
0LT0
091’0
0510
orTo
QET'0
0IT0
attT o
00T'0
06070
0800
QL0°0
0300
0500
oroo
QE00
0z00

Frequency
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might account for the breakthrough infec-
tions; however, further studies need to be
conducted to verify these speculations.

Based on sequence data alone, low VE
might have been expected in both seasons
as the vaccine strains employed were
from a different clade from the circulating
viruses. However, in this population VE
in 2013 is 73% (95% CI: -14-94%) when
clade 3C.2 is the predominant clade and
A /Victoria/361/2011 clade 3C.1 is the
vaccine strain (Kittikraisak et al, 2016).
Similar findings were observed in Japan
(1992 - 1993 flu season), USA (2004 - 2005
season) and Thailand (2011 - 2012 season),
with VE of 55-68% during the circulation
of antigenically dissimilar strains (Sugaya
et al, 1994; Ohmit et al, 2006; Kittikraisak
et al, 2015). Apparently the 6 mutated
antigenic sites in HA1 epitopes A to D and
11 potential glycosylation sites found in
the circulating clade 3C.2 viruses did not
cause a significant antigenic difference
from vaccine strain. A recent study in
the USA demonstrated adults vaccinated
with egg-adapted A /Victoria/361/2011-
IVR-165 vaccine strain produce antibo-
dies recognizing both the vaccine strain
and viruses from the dominant wild type
clades, 3C.2 and 3C.3 circulating during
2012-2013 flu seasons (Cobey et al, 2018),
which lends support to the notion that
vaccine-induced antibodies can cross-
react with other strains not expressing the
vaccine unique epitopes.

Influenza A(H3N2)-specific VE es-
timate of the 2014 flu season is 6% (95%
CI: -103-56%) when predominately clade
3C.2a viruses were circulate and A/ Tex-
as/50/2012 (clade 3C.1) was the vaccine
strain (Kittikraisak et al, 2016), consistent
with VE estimates from Canada, UK and
USA, which showed low or negligible pro-
tection against the circulating clade 3C.2a
viruses during the 2014-2015 influenza
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season (Lednicky et al, 2016; Skowronski
et al, 2016). The mutations at 9 antigenic
site in HA1 epitopes A to D of clade 3C.2a
viruses discovered in current study are
similar to those reported in other studies
(Lednicky et al, 2016; Skowronski et al,
2016; Huang et al, 2017, Monamele et al,
2017; Yokoyama et al, 2017; Zost et al,
2017). The unique amino acids (T128,
S144, Y159, and T160) of HA protein in
clade 3C.2a viruses were suggested to
contribute to making HA structure more
advantageous to evade pre-existing anti-
bodies as well as increase ligand binding
specificity (Yokoyama et al, 2017).

Although, the number of potential
glycosylation sites on clade 3C.2a viruses
was equal to that of clade 3C.2, a glycosyl-
ation site migration (change in location)
from epitope A to epitope B in clade 3C.2a
viruses might be critical in affecting VE.
A study of pre-2009 influenza A(HINT1)
viruses suggested glycosylation site mi-
grations on HA and NA proteins have at
least five possible functions, namely, more
effectively mask antigenic sites, more
effectively protect enzymatic cleavage
sites of NA, help stabilize the polymeric
structures, regulate receptor binding and
catalytic activities, and balance HA bind-
ing activity with release activity of NA
(Sun et al, 2012).

A comparison between clade 3C.2
and 3C.2a viruses reveals mutations to 3
charged amino acids in epitope B (K160T),
epitope C (Q311H) and epitope D (N225D)
are found only in the former viruses, which
might drastically alter HA antigenicity
and receptor binding affinity (Kobayashi
and Suzuki, 2012; Li ef al, 2013; Huang
et al, 2017). Further investigations on the
effects of charged amino acid mutations
and antigenicity in clade 3C.2a viruses on
VE are needed. However, it is also possible
thatlow VE in 2014 season might have been
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due to low vaccine immunogenicity in the
study population (Lee et al, 2016; Petrie et al,
2016; Cobey et al, 2018).

As regards intra-host diversity, Deb-
bink et al (2017) noted seasonal vaccina-
tion from 2004 to 2008 in healthy adults
18-49 years of age in the United States has
minimal impact on the intra-host diversity
of influenza A(H3N2) virus population.
Although fewer samples were examined
in the current study, similar results were
observed in viruses from young Thai
children during the 2013 and 2014 influ-
enza seasons. However, our analysis was
based on data from circulating viruses that
were dissimilar to the corresponding vac-
cine, showing a greater reduction in HA
genetic diversity of viruses from children
who received 3C.1 clade vaccine. A vari-
ant with high frequency (0.408) found in
HA gene of only 1 sample in clade 3C.2a
virus from a vaccinated person might be
construed as arising from vaccine-induced
immunity driving a strong selective pres-
sure towards novel variants in that indi-
vidual. Thus, vaccination paradoxically
may help promote antigenic drift-related
variants and high mutation rates of HA
gene (Cattoli et al, 2011); however, this
notion needs more study. Comparison of
intra-host diversity between viruses from
the two seasons suggest host background
immunity (3C.1 vaccine-induced im-
munity or pre-exiting host immunity) in
each season has a low impact on intra-host
diversity of clade 3C.2 and 3C.2a viruses.
This also implies intra-host diversity was
not associated with the difference in VE
between 2013 to 2014 influenza seasons
as there was no change in the number of
intra-host diversity in the virus popula-
tion from both seasons and no appearance
in both seasons of a specific variant related
to critical mutations in the antigenic sites.

The major limitation of the study was
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the small number of samples (only 15
viruses). In addition, no data were avail-
able on viral load, measurement of the
existing antibody titer against influenza
viruses or a plasmid control for monitor-
ing false positive iSNVs. Viral load can
influence sensitivity and specificity of
iSNV detection (McCrone and Lauring,
2016). In the current study, there was a
negative correlation between Ct values
(assumed to reflect in part the viral load
in samples) and number of variants ob-
tained from all examined samples, but
the comparison was performed on only
the groups with no Ct value differences.
Existing antibody against influenza virus,
including vaccine-induced and natural
infection-induced antibodies, would
have enhanced accuracy of the analysis,
but such information regarding the test
samples was not available. Although
there was no plasmid control for monitor-
ing false positive iSNV results, sequencing
was performed directly with swab speci-
mens without amplification by passage in
cell culture and high fidelity enzyme was
used to eliminate false positive iSNVs.

In summary, genetic characterization
of influenza A(H3N2) viruses from a pre-
vious VE study in Thai children during
2013 and 2014 influenza seasons shows
a predominance of clade 3C.2a viruses in
2014 that may have been a cause of the low
vaccine effectiveness in the 2014 season
owing to mutations related with glyco-
sylation site migration of the HA protein.
No association was observed between
lower vaccine effectiveness and intra-
host diversity among viruses from the
two seasons. Continued investigations
of genetic characterization of influenza
viruses from vaccine effectiveness stud-
ies and in particular vaccine failures will
provide more precise information on the
effect of viral genetic factors on vaccine
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effectiveness and support improvements
in future vaccine development.
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