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Background. Clade 6B HIN1 pdm09 influenza viruses cause substantial morbidity and mortality worldwide. Human antibody
profiles elicited upon vaccination against the clade 6B virus are largely unclear before viral emergence.

Methods. Healthy volunteers, including children aged 3-8 years, adolescents aged 9-17 years, and adults, were enrolled before
the clade 6B HIN1 outbreak and received the 2013-2014 inactivated influenza vaccine. We determined antibody responses before
and after vaccination. Vaccine-induced plasmablast-derived antibodies were tested against HIN1 pdm09 reference and clade 6B
viruses.

Results. The majority of the subjects generated robust hemagglutination inhibition and neutralizing antibody responses upon
vaccination across the different age groups. Nevertheless, a subset of young adults preferentially produced antibodies that failed to
neutralize clade 6B viruses that emerged and circulated in 2014-2016. The hemagglutinin K163Q change at the Sa antigenic site, one
of the substitutions that define clade 6B viruses, was responsible for resistance to neutralization by both postvaccination sera and

vaccine-induced plasmablast-derived antibodies.

Conclusions. Vaccine-induced antibody immunity is compromised by the antigenic change of HIN1 pdm09 virus in a subset
of adults, and this may warrant the incorporation of human serology in the antigenic characterization of virus and vaccine strain

selection.

Keywords. inactivated influenza vaccine; human serum; plasmablast-derived polyclonal antibodies; clade 6B HIN1 pdmO09

virus; antigenic drift.

Seasonal influenza imposes a huge burden to human health,
and ~>300 000 influenza-associated deaths occur per year
worldwide [1]. The inactivated vaccine has been available since
the 1940s, and it has become the mainstay of seasonal influenza
prevention [1].

The induction of neutralizing antibodies against hemagglu-
tinin (HA), the head of influenza surface protein, by inactivated
vaccine correlates with protection against homologous virus
infection [2]. Despite the presence of HA-targeting neutral-
izing antibodies, the influenza virus could continuously evolve
through antigenic drift and escape from the existing antibody
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immunity [3]. In vitro studies have shown that single residue
substitutions near the receptor-binding site can facilitate the
escape of the virus from polyclonal neutralizing antibodies [4,
5]. Evidence also shows that antigenically mismatched vaccine
is associated with reduced effectiveness against laboratory-
confirmed influenza [1, 6].

Seasonal influenza vaccines are reformulated annually be-
cause of frequent antigenic drift in circulating viruses [7].
Determining if circulating viruses are antigenically similar to
the reference virus (candidate vaccine virus) primarily relies on
the characterization of viruses with postinfection ferret antisera
using the hemagglutination inhibition (HI) assay [7]. The an-
tigenic variant is distinguishable from the reference virus with
postinfection ferret sera, suggesting that the variants could have
epidemic potential.

The 2009 HIN1 pandemic (pdm09) virus emerged in 2009,
replaced previous seasonal HINTI viruses, and has since been
circulating in humans. In Taiwan, substantial HIN1 outbreaks
occurred in early 2014, resulting in thousands of influenza-
associated severe cases [8]. The isolated HIN1 viruses were
dominated by the clade 6B clade with a featured residue sub-
stitution from lysine (K) to glutamine (Q) at position 163 (H1
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numbering) in the Sa antigenic site of HA [8, 9]. The clade 6B
virus was considered antigenically similar to the pdm09 ref-
erence virus (A/California/07/2009-like), as determined by
HI test with postinfection ferret antisera [10, 11]. However,
information on human antibody profiles elicited by the A/
California/07/2009-like virus in an inactivated vaccine against
the clade 6B virus is limited.

The effectiveness of inactivated vaccine may vary among re-
cipients depending on the age and immune status of the pop-
ulation, as well as antigenic match between circulating and
vaccine strains [12]. It has remained unclear if the effectiveness
of inactivated vaccine is higher for older or younger children
[13, 14]. A few studies have suggested that young children have
poorer immunogenicity to influenza vaccine, compared with
adolescents or adults [15]. It is intriguing to investigate the ef-
fect of age on the immunogenicity of inactivated influenza vac-
cination for children and adults.

Here, we examined antibody profiles before and after the
2013-2014 inactivated influenza vaccination in young children,
adolescents, and adults with HI and microneutralization (MN)
assays. We showed that each of the 3 age groups had signifi-
cantly elevated antibody titers against HIN1 pdm09, H3N2,
and type B viruses at day 21 postvaccination compared with
baseline titers. Nevertheless, we found that a subset of adults
had a predominant antibody response that exhibited reduced
or absent neutralizing activities against clade 6B viruses at
both the serological and plasmablast-derived antibody levels.
The characteristic change of K163Q at the Sa antigenic site of
HIN1 pdmo09 virus was responsible for the abolition of anti-
body binding and neutralization.

METHODS

Study Subjects and Vaccination

The study was in accordance with both Good Clinical Practice
guidelines and the ethical standards of the Helsinki Declaration
of the World Medical Association. The study protocol and in-
formed consent were approved by the ethics committee of the
Chang Gung Memorial Hospital. Healthy volunteers were re-
cruited at the Chang Gung Memorial Hospital, Taiwan, in

September 2013, and written informed consent was obtained
from all subjects.

All the enrolled subjects had no history of acute respiratory
tract infection or influenza-like illness in the 3 months before
recruitment. No subjects developed febrile illnesses or acute
respiratory infections during the study period.

Adult subjects were vaccinated with a dose of trivalent
split virion, inactivated influenza vaccine (TIV; Adimmune
Corporation, Taichung, Taiwan). Adolescent subjects aged
9-17 years were vaccinated with a dose of quadrivalent split vi-
rion, inactivated influenza vaccine (QIV; Sanofi Pasteur, Lyon,
France). Child subjects aged 3-8 years were vaccinated with 2
doses of QIV (Sanofi Pasteur, Lyon, France), with an interval
of 21 days between vaccinations (ClinicalTrials.gov identifier:
NCT01967784). The demographic information of enrolled
subjects and viral antigens for TIV and QIV is listed in Table 1.

Sample Collection

Blood samples were obtained, in triplicate, before vaccination
(day 0), 7 days (day 7), and 21 days (day 21) after a single dose
of vaccination for the adult and adolescent groups. For the child
group, blood samples, also in triplicate, were obtained before
the first dose of vaccination (day 0) and 7 days (day 7) and
21 days (day 21) after the second dose of vaccination. The sera
were stored frozen at —80°C until they were analyzed simultane-
ously. Peripheral blood mononuclear cells were separated, cryo-
preserved, and stored in liquid nitrogen.

Viruses

Influenza clinical strains from the years 2008-2016, including
HIN1 viruses (08-70013, 09-71567, 11-70062, 12-90172,
13-305, 14-50, 14-1581, 16-50007, and 16-50121), H3N2 virus
12-50654, and influenza B viruses (13-456 and 09-71805), were
obtained from the Clinical Virology Laboratory, Department
of Laboratory Medicine, Chang Gung Memorial Hospital
(Taoyuan, Taiwan) (Supplementary Table 1). All viruses were
isolated, propagated, and plaque-purified in Madin-Darby
Canine Kidney cells with virus growth medium (Dulbecco’s
Modified Eagle Medium/10% fetal bovine serum/penicillin and

Table 1. Demographic Characteristics of Vaccinated Subjects and Components of the Inactivated Influenza Vaccine

Group Children 3-8y Adolescents 9-17 y Adults

No. 30 30 25

Age, mean + SD 4.8 + 1.3 (3-8) 14.4 + 2.5 (9-17) 31.3 + 4.4 (24-39)
(range), y

Male:female 19:1 15:15 6:19

Vaccine antigens

A/California/07/2009 (HTN1) pdmQ9-like virus;

AlTexas/50/2012 (H3N2)-like virus;

B/Massachusetts/02/2012-like virus (Yamagata
lineage);

B/Brisbane/60/2008-like virus (Victoria lineage)

A/California/07/2009 (HTN1) pdmQ9-like virus;

AlTexas/50/2012 (H3N2)-like virus;

B/Massachusetts/02/2012-like virus (Yamagata
lineage);

B/Brisbane/60/2008-like virus (Victoria lineage)

A/California/07/2009 (H1N1) pdm09-
like virus;

AlTexas/50/2012 (H3N2)-like virus;

B/Massachusetts/02/2012-like virus
(Yamagata lineage)
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streptomycin). The viral titer was determined by hemagglutina-
tion assay using human blood group O erythrocytes.

The variant of 09-71567 virus was selected with HIN1
pdm09-neutralizing human monoclonal antibody T3-3A (pro-
duced in-house) as previously described [9]. The anti-HIN1
pdmO09 activities of T3-3A were tested against the parental
strain 09-71567 and the escape variant in the HI and MN assays.

The viral RNA was extracted and purified according to the
manufacturer’s instruction (QIAamp Viral RNA MiniKit,
Qiagen, Hilden, Germany). Reverse transcription and
cDNA synthesis were conducted with SuperScript III First-
Strand Synthesis SuperMix (Invitrogen, Carlsbad, California,
USA). Polymerase chain reaction (PCR) of the HA1 region
was conducted using ¢cDNA product with the KOD-PLUS
kit (Toyobo, Osaka, Japan). The primers used were as fol-
lows:  HI-1F  5-ATACGACTAGCAAAAGCAGGGG-3;
H1-943R 5-GAAAKGGGAGRCTGGTGTTTA-3,
H1-736F 5-AGRATGRACTATTACTGGAC-3, H1-1300R
5-CCAGGAAACCAATCATCAAC-3’ The PCR product was
purified, and sequencing was performed.

HI Assay

Serum antibody titers were determined by HI assay using human
blood group O erythrocytes. The protocols were adapted from
the World Health Organization (WHO) Laboratory Influenza
Surveillance Manual [16]. All sera were treated with receptor-
destroying enzyme and then heat-inactivated at 56°C for 30
minutes before testing. A serial 2-fold dilution of sera was made
from 1:20 to 1:1280 in PBS in 96-well U-bottom microtiter
plates. The virus was adjusted to a concentration of 8 hemag-
glutination units (HAU)/50 pL in PBS, and an equal volume
of PBS (25 puL) was added to each well. The plates were mixed
using a laboratory shaker, covered, and incubated at room tem-
perature for 20 minutes. Next, 50 pL of 0.75% erythrocytes was
added. The erythrocytes had been prepared fresh, stored at 4°C,
and used within 72 hours of preparation. The plates were mixed
using a laboratory shaker and covered, and then the erythro-
cytes settled for 60 minutes at room temperature. The HI titer
was determined by reciprocal dilution of the last well, which
contained nonagglutinated erythrocytes. A back-titration was
performed to verify the correct HAU of virus for each assay.
Negative and positive serum controls were included for each
assay. All sera were tested in duplicate.

Microneutralization Assay

The microneutralization assay detected the inhibition of virus
entry into Madin-Darby canine kidney cells in the absence of
trypsin, with antibody present throughout the assay, as previ-
ously described [9]. The assay measured antibodies that block
binding of HA to sialic acid and antibodies that block the fusion
activity of HA. Sera samples were heat-inactivated at 56°C for

30 minutes without the receptor destroying enzyme treatment.
All sera were tested in duplicate.

B-Cell Sorting and Plasmablast-Derived Polyclonal Antibodies
Peripheral IgM-negative plasmablasts (CD3"8/CD20"%"/
CD197*/CD27"¢"/CD38"8"/IgM"¢) and T cells (CD3P*) at day
7 postvaccination were identified and sorted by flow cytometry,
as previously described [9, 17]. Freshly sorted plasmablast B
cells were resuspended with sorted T cells at 3x10° cells/mL
and cultured in complete medium at 37°C for 7 days. The me-
dium with secreted plasmablast-derived polyclonal antibodies
(PPAD) was collected and stored at —20°C.

Statistics

Serum HI titer >1:40 indicated seropositivity. The seropos-
itivity rate was defined as the percentage of subjects with an
HI titer >1:40. Serum samples with an HI titer <1:20 were as-
signed a titer of 10. The ratio of geometric mean titers at day
21 postvaccination to the titer prevaccination was defined as
the fold increase of the antibody titer. For antibody titers and
fold increases in antibody titers, statistical significance was de-
termined by the Mann-Whitney test or the Kruskal-Wallis test,
followed by Dunn’s post hoc test for multiple comparisons. The
chi-square or Fisher exact test was applied to the seropositivity
data for significance testing. P values <.05 were considered sta-
tistically significant. Graphs were prepared by GraphPad Prism
software, and statistical analyses were performed by GraphPad
Prism and SPSS.

RESULTS

Comparable Hemagglutination Inhibition Antibody Responses Upon
Influenza Vaccination Among Different Age Groups

A total of 85 subjects were enrolled, and they received the in-
activated 2013-2014 northern hemisphere influenza vaccine
during the study period. The enrolled subjects were classi-
fied into 3 groups: children aged 3-8 years, adolescents aged
9-17 years, and adults (Table 1).

The majority of subjects possessed a baseline geometric mean
HI titer against the HIN1 pdm09 (A/California/07/2009-like)
virus, and the adolescent group had a higher prevaccination
titer than the other 2 groups (P = .002, Kruskal-Wallis test; ado-
lescents vs adults P < .01, adolescents vs children P < .01, post
hoc analysis) (Table 2, Figure 1A). There was no significant dif-
ference in the seropositivity rate against the HIN1 pdm09 virus
before vaccination among the groups (P = .0778, chi-square
test) (Table 2). The children group had lower seropositivity
rates against type B viruses than the other 2 groups at baseline
(Yamagata lineage, P = .0005, and Victoria lineage, P = .0125,
chi-square test) (Table 2). By contrast, the adult group had a
lower seropositivity rate against the H3N2 virus than the other
2 groups at baseline (P = .0075, chi-square test) (Table 2).
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Table 2. Serological Antibody Levels at Baseline, 7 Days After Vaccination, and 21 Days After Vaccination

Group Children 3-8 y Adolescent 9-17 y Adults P
Hemagglutination inhibition geometric mean titer (lower-upper 95% confidence interval)®
H1N1
Day 0 52.8 (39.7-70.2) 96.5 (74.3-130.5) 51.3 (37.7-69.8) .0020°
Day 7 188.1 (141.3-250.3) 145.9 (110.5-192.6) 102.7 (74.7-141.2) .0350°
Day 21 163.7 (121.3-221.0) 167.6 (127.8-219.8) 117.9 (87.5-159.0) 1400
H3N2
Day 0 44.9 (28.3-71.2) 60.6 (45.6-80.6) 28.7 (19.8-41.5) .0151°¢
Day 7 167.6 (118.56-236.9) 108.0 (79.9-146.0) 65.9 (43.8-99.2) .0102¢
Day 21 130.0 (92.4-182.7) 94.0 (71.9-123.1) 71.6 (48.3-106.1) .0112°
B Yamagata
Day 0 16.3 (12.8-20.6) 48.1 (33.6-68.9) 42.3(29.2-61.1) <.0001°
Day 7 72.9 (43.7-121.7) 94.0 (64.9-136.2) 69.6 (48.6-99.8) 4353
Day 21 66.5 (38.0-116.4) 98.5 (70.5-1375) 80.0 (55.3-115.7) .3226
B Victoria
Day 0 14.1 (10.8-18.5) 23.0 (17.8-29.7) 24.3 (175-33.6) .0015°
Day 7 50.4 (35.1-72.4) 40.9 (29.9-56.1) 31.2 (22.2-43.8) .1655
Day 21 43.9 (31.7-60.7) 55.3 (40.6-75.3) 32.0 (22.6-45.4) .0805
Fold increase in hemagglutination inhibition titer, mean + sp¢
H1N1
Day 7 44+£32 1.6 £0.7 3.0£35 <.0001°
Day 21 3.9+30 1.9+13 32+34 .0013°
H3N2
Day 7 6.3+ 11.6 22+18 3.0+3.1 .0180
Day 21 47 +6.2 1.7+0.9 35+39 .0154
B Yamagata
Day 7 8.0+ 118 29+38 3.6+6.3 .0014°
Day 21 9.2 £15.7 24 +£18 48+85 .0414
B Victoria
Day 7 44+£26 2319 14 +£05 <.0001°
Day 21 38=+24 29+20 14 +£0.7 <.0001°
Seropositivity rate®
H1N1
Day 0 93% (28/30) 93% (28/30) 76% (19/25) .0778
Day 7 100% (30/30) 100% (30/30) 92% (23/25) .0856
Day 21 100% (30/30) 100% (30/30) 96% (24/25) .2969
H3N2
Day 0 60% (18/30) 87% (26/30) 48% (12/25) .0075
Day 7 97% (29/30) 97% (29/30) 76% (19/25) .0120
Day 21 93% (28/30) 97% (29/30) 80% (20/25) .0884
B Yamagata
Day 0 23% (7/30) 70% (21/30) 64% (16/25) .0005
Day 7 73% (22/30) 87% (26/30) 84% (21/25) .3810
Day 21 63% (19/30) 90% (27/30) 88% (22/25) .0176
B Victoria
Day 0 10% (3/30) 43% (13/30) 36% (9/25) .0125
Day 7 70% (21/30) 70% (21/30) 52% (13/25) .2860
Day 21 63% (19/30) 83% (25/30) 60% (15/25) 1163

“Differences in antibody titers and fold increases of antibody titers among the 3 groups were analyzed using the Kruskal-Wallis test. Comparisons of seropositivity rates among the 3 groups
were conducted using the chi-square test.

The antibody titers were measured against influenza viruses 09-71567 (H1N1 A/California/07/2009-like), 12-50654 (H3N2 A/Texas/50/2012-like), 13-456 (Yamagata lineage B/
Massachusetts/02/2012-like), and 09-71805 (Victoria lineage B/Brisbane/60/2008-like).

°In Dunn'’s post hoc analysis of Kruskal-Wallis multiple comparison, the antibody titer or the fold increase of antibody titer in the adult group was significantly different from that of either the
children or the adolescent group.

9The ratio of geometric mean titers at day 7 or 21 postvaccination to the titer at baseline was defined as the fold increase of the antibody titer.

°Serum hemagglutination inhibition titer of >1:40 was considered seropositivity.
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Figure 1.

A, Hemagglutination inhibition titers at baseline, day 7 postvaccination, and day 21 postvaccination for children (3-8 years), adolescents (9—17 years), and adults.

Adults and adolescents were immunized with the inactivated trivalent 2013—-2014 influenza vaccine, and children were immunized with the inactivated quadrivalent 2013—-2014
influenza vaccine. The serological antibody level was measured using the hemagglutination inhibition test against influenza viruses 09-71567 (H1N1 A/California/07/2009-
like), 12-50654 (H3N2 A/Texas/50/2012-like), 13-456 (Yamagata lineage B/Massachusetts/02/2012-like), and 09-71805 (Victoria lineage B/Brisbane/60/2008-like). B,
Hemagglutination inhibition titers against HIN1 viruses 09-71567 (pdm09 strain isolated in 2009) and 14-50 (clade 6B pdm09 strain isolated in 2014) for children (3-8 years),
adolescents (917 years), and adults. All samples were assayed twice. The bar indicates the mean value + standard error of the mean. Difference in the geometric mean titers
among the 3 groups was analyzed by Kruskal-Wallis test, with Dunn’s test as the post hoc analysis method. The difference in the geometric mean titers against 09-71567 and

14-50 was analyzed by Mann-Whitney test. *

P<.01;"P<.001;

P<.0001. Abbreviation: ns, nonsignificant.

After vaccination, elevated geometric mean HI titers

against the HIN1 pdm09, H3N2, and type B viruses were
detected in all the groups (HIN1 pdmo09 day 0 vs day 21,
P < .001 for children, P < .05 for adolescents, and P < .001
for adults; H3N2 day 0 vs day 7, P < .001 for children, P < .05
for adolescents, and P < .05 for adults; Yamagata lineage day
0 vs day 21, P < .001 for children, P < .05 for adolescents,

and P < .01 for adults, Kruskal-Wallis with post hoc analysis)
(Table 2, Figure 1A). The adult group was administered a tri-
valent vaccine without the Victoria lineage, and thus the cor-
responding HI titer change was minimal (Victoria lineage day
0vs day 21, P <.001 for children, P <.001 for adolescents, and
nonsignificant P value for adults, Kruskal-Wallis with post
hoc analysis) (Table 2, Figure 1A).
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Similar postvaccination seropositivity rates against the HIN1
pdm09 and H3N2 viruses were detected among the 3 groups (HIN1
pdm09 day 21, P=.2969, and H3N2 day 21, P = .0884, chi-square test)
(Table 2). After vaccination, the child group had a lower day 21 sero-
positivity rate against type B Yamagata lineage than the other groups
(63% in children vs 90% in adolescents vs 88% in adults; P = .0176,
chi-square test). For type B Victoria lineage, children had a lower day
21 seropositivity rate than adolescents (63% vs 83%), but the differ-
ence did not reach statistical significance (P = .1432, Fisher exact test).

Antibody Responses to the Clade 6B H1N1 pdm09 Virus Before and After
Vaccination

In Taiwan, the HIN1 pdmO09 virus was the dominant virus
in the 2014-2015 and 2015-2016 seasons, and the circu-
lating strains were designated the clade 6B virus group
(Supplementary Table 1) [8]. The clade 6B virus was
antigenically indistinguishable from the vaccine reference
virus (HIN1 A/California/07/2009-like) using the HI results
with postinfection ferret antisera [10, 11]. In this regard, the
HIN1 pdm09 antigen for the Northern Hemisphere influ-
enza vaccine remained the same in 2013-2016 [7, 10, 11]. To
investigate individual antibody profiles for the clade 6B virus,
we compared the baseline and postvaccination antibody titers
of clade 6B with those of reference viruses.

At baseline, 70 of the 85 subjects (82%) had positive HI an-
tibody titers (1:40 or more) against the clade 6B virus (Figure
1B). A negative antibody titer (<1:40) at baseline was mostly
found in adults (7/25, 28%), followed by adolescents (4/30,
13%) and children (4/30, 13%), but this difference was not
statistically significant (P = .2709, chi-square test). At base-
line, a similar percentage of adults were seronegative to the
HINI1 pdmO09 virus (7/25 vs 6/25; P = 1.0000, Fisher exact test)
(Table 2). After vaccination, significantly increased geometric
mean HI titers against the clade 6B virus were detected in all 3
groups (day 0 vs day 21, P < .001 for children, P < .05 for ado-
lescents, and P < .01 for adults, Kruskal-Wallis with post hoc
analysis) (Figure 1B). Similar geometric mean HI titers against
clade 6B and reference viruses were detected in the 3 groups
at day 7 and day 21 postvaccination (day 7, P = .8319 for
children, P = .4707 for adolescents, and P = 1.0000 for adults;
day 21, P = .1644 for children, P = .4323 for adolescents, and
P = 4362 for adults, Mann-Whitney test) (Figure 1B). At day
21 postvaccination, 11 out of 15 subjects (4/4 children, 4/4
adolescents, and 3/7 adults) who had a negative baseline HI
titer became seropositive for the clade 6B virus (Figure 1B).

As shown in Figure 2A, postvaccination sera raised against
the reference virus (A/California/07/2009-like) reacted to the
clade 6B virus at titers within 4-fold of the representative ho-
mologous titers in children and adolescents. By contrast, 3
postvaccination sera from the adult group (adults C5, C8, and
C9; 3/25, 12%) had an 8-16-fold reduction in HI titers. The
adults produced robust HI antibody responses to the reference

virus in the 2013-2014 influenza vaccine, but the antibodies
failed to react against the clade 6B virus (Figure 2B).

Supplementary Figure 1 shows that the HI antibody titer sig-
nificantly correlated with the microneutralization titer against
the reference virus, indicating that pdm09-neutralizing anti-
bodies elicited after vaccination predominantly targeted the
head of pdm09 HA in our subjects.

K1630Q Change of pdm09 HA Head Is Responsible for the Reduced Antibody
Response

Circulating HIN1 pdm09 viruses that contributed to the 2014-
2015 and 2015-2016 seasonal outbreaks carried representative
substitutions D97N, S185T, S203T, K283E, and K163Q in the
HA globular head domain compared with the pdm09 reference
virus (A/California/07/2009-like) [18, 19]. We further tested the
sera against a panel of clade 6B viruses isolated between 2014
and 2016 in Taiwan (Supplementary Table 1). Postvaccination
sera of adults C5, C8, and C9 had comparable neutralizing
titers against pdm09 viruses isolated between 2009 and 2013
that harbored H1 head substitutions D97N, S185T, S203T, or
K283E. By contrast, these sera had substantially reduced titers
against clade 6B viruses isolated from 2014 to 2016 that har-
bored additional H1 head substitution K163Q (Figure 2C). For
clade 6B viruses isolated in 2016, the additional H1 substitu-
tion S162N conferred a potential gain of glycosylation motif at
residues 162-164, which also affected the antibody recognition
of the Sa antigenic site [20]. In addition, Figure 2C shows that
postvaccination control sera from other subjects presented sim-
ilar inhibitory activities against both earlier pdm09 and recent
clade 6B viruses. A control human monoclonal antibody 2-12C,
targeting the H1 head residue K130 [9], was not affected by the
substitution K163Q in the neutralization assay.

We successfully selected an escape variant of the HIN1
pdm09 virus (09-71567, year 2009 strain) with a neutral-
izing human monoclonal antibody T3-3A derived from an-
other vaccinated adult [9], and we found a single substitution
encoding K163Q in the Sa antigenic site of hemagglutinin. The
postvaccination sera of adults C5, C8, and C9 had strong HI
and neutralizing activities against parental strain 09-71567 but
lost activities against the escape variant (Figure 3A). This result
corroborated their serological activities against wild-type clin-
ical isolates, indicating that the H1 head-targeting neutralizing
antibodies produced by these vaccinated adults focus on the Sa
antigenic site and are sensitive to the HA head K163Q change of
pdm09 viruses (Figure 3B).

Plasmablast-Derived Polyclonal Antibodies Associated With Reduced
Antibody Response

Plamsablasts are rapidly generated after antigen exposure and
transiently circulated through the peripheral blood, and they
represent the cellular aspect of antigenic-specific humoral
response to vaccination and infection in humans [9, 21].
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Figure 2. Reduced antibody activities against clade 6B HIN1 pdm09 viruses in adult individuals. A, Postvaccination sera from 3 adults had an 8-16-fold decrease in he-
magglutination inhibition titers between the clade 6B virus (strain 14-50) and the reference pdm09 virus (strain 09-71567). B, These 3 adults (adult C5, adult C8, and adult
(C9, born between 1976 and 1988) generated potent antibody responses to the reference pdm09 virus (strain 09-71567) after vaccination, but these antibodies reacted poorly
with the clade 6B virus (strain 14-50). C, Postvaccination sera and plasmablast-derived polyclonal antibodies from adult C5, adult C8, and adult C9 had substantially reduced
or absent neutralizing activities against clade 6B viruses isolated from 2014 to 2016, which harbored the characteristic change of K163Q at the hemagglutinin Sa antigenic
site. Human monoclonal antibody T3-3A neutralized the pdm09 virus [14], targeted the K163 residue of hemagglutinin, and lost activities against clade 6B viruses as well. The
neutralizing activities of antibodies from other vaccinated subjects and control monoclonal antibody 2-12C [14] were not affected by the residue changes of clade 6B viruses.
Plasmablast-derived polyclonal antibodies from an enterovirus 71-infected patient did not react with influenza viruses.
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Figure 3. A, Postvaccination sera from adult C5, adult C8, and adult C9 had greatly reduced neutralizing activities against the HA1 K163Q escape variant of HIN1 pdm09
virus 09-71567. Their serological responses are focused on the Sa antigenic site. Human monoclonal antibody T3-3A was a pdm09-neutralizing antibody derived from another
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the HA of clade 6B viruses. The top and side surface views of HA trimer of HIN1 A/California/07/2009 (PDB 3LZG) are shown. The HA1 region is colored light blue, and the

HAZ region is colored gray. Abbreviation: RBS, receptor-binding site.

Plasmablast-derived antibodies allow for the assessment of
vaccine-induced antibody responses without interference from
the preexisting cross-reactive antibodies in the serum [17]. We
isolated peripheral plasmablast B cells from adult subjects on
day 7 after vaccination and cultured them ex vivo to collect
plasmablast-derived polyclonal antibodies. Functional activity
was detected in PPAb, as determined by microneutralization
assay. Furthermore, PPADb derived from vaccinated adults C5,
C8, and C9 failed to neutralize clade 6B viruses isolated in 2014
2016, whereas they reacted well with an earlier isolate of pdm09
viruses (Figure 2C). By contrast, control antibodies from other
vaccinated subjects showed comparable neutralizing activities
against clade 6B and an earlier isolate of pdm09 viruses. These
results indicate that the plasmablast response strongly correl-
ated with the reactivity of postvaccination sera from adult indi-
viduals and their failure to neutralize clade 6B viruses.

DISCUSSION

The influenza season in 2014 was the first since the 2009 pandemic
when HIN1 pdm09 viruses predominated; it was characterized
by higher rates of medically attended cases and hospitalization
among adults compared with earlier years [8, 10]. Linderman et al.
investigated the baseline serological titer from healthy donors and
found that the circulating HIN1 virus that harbors the HA K163Q
substitution was associated with reduced HI titers in 40% of mid-
dle-aged adults [22]. Petrie et al. subsequently reported that adults
with reduced serological titer to the K163Q HIN1 virus before
the 2013-2014 influenza season were more susceptible to clade
6B virus infection than those with higher serological titer [23].

These cross-sectional baseline serological data led to an interpre-
tation that an insufficient level of protective antibodies was linked
to increased susceptibility to clade 6B viruses during the influenza
season in certain individuals. Similarly, we noted that before the
vaccination, a higher percentage of adults were seronegative to the
clade 6B virus than children and adolescents (28% vs 13%). We
further showed that after receiving the 2013-2014 inactivated vac-
cine, 73% of subjects (100% of children and adolescents and 43%
of adults) who were seronegative at baseline could become sero-
positive for the clade 6B virus.

We demonstrated that a subset of adult individuals gen-
erated robust antibody response to the pdm09 antigen
(A/California/07/2009-like) of the 2013-2014 inactivated vac-
cine, but these antibodies failed to react against the clade 6B
variant with the HA K163Q change. These adults were born be-
tween 1976 and 1988 (average age + SD [range], 31 + 7 [24-37]
years). Two other studies in the United States showed that a
proportion of middle-aged adults developed substantially re-
duced HI titers against the clade 6B virus compared with the
A/California/07/2009-like virus after receiving inactivated in-
fluenza vaccines containing the A/California/07/2009-like HA
component [24, 25]. It was speculated that the imprinting expo-
sure to A/USSR/90/1977-like viruses in childhood may shape
the specificity of B-cell response to pdm09 HA and lead to the
development of cross-reactive antibodies to a shared dominant
epitope, that is, K163, which lies in the conserved space between
the HAs of the A/USSR/90/1977-like and A/California/07/2009-
like viruses in certain adults [9, 22-24]. Although an in-depth
analysis of B-cell clonal signature correlation with the serolog-
ical response of strong and poor responders to the clade 6B
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virus is lacking in the present study, several studies have dem-
onstrated the B-cell clonal signature for human antibody re-
sponse to the pdm09 HA [9, 26, 27]. Krause et al. identified a
panel of pdm09 HA-neutralizing antibody clones from an adult
after the 2009 pandemic, which showed convergent antibody
rearrangements of IGHV3-7/J6 and recognized the Sa antigenic
site of HA [27]. Previously, we characterized the plasmablast
B-cell repertoire of an individual who was born in the 1970s and
had poor serological titers against the clade 6B virus after re-
ceiving the 2011-2012 influenza vaccine [9]. The results showed
that his neutralizing antibody response to the pdm09 vaccine
antigen involved a dominant set of IGHV3-7 and IGHV3-15
gene usage. In addition, these antibody clonal lineages failed to
neutralize the clade 6B virus and focused on a subregion of the
HA (K163), which lies in a patch of conserved surface common
to the 1977 and 2009 HAs [9].

Increasing evidence implies that the focus of neutralizing
antibody responses on immunodominant antigenic eptiopes
may drive the selection of viral escape variants of circulating
viruses [5, 9, 28, 29]. For example, the substitution K163Q at
the focused region has been frequently detected in clade 6B
pdm09 viruses circulating worldwide. However, it remains
unclear if this immune pressure in a fraction of individuals
is the primary force driving antigenic evolution at the pop-
ulation level. The antigenic evolution of seasonal influenza
viruses is a major contributing factor to disease burden, as it
may allow for the spread of variants and reinfection of previ-
ously immunized and infected individuals [1, 30]. The virus
surface glycoprotein HA is the primary target of the host im-
mune response, and evolutionary selection pressure drives it
to acquire mutations to escape immune recognition without
eliminating its receptor binding ability. The antigenic change
of pdm09 HA was selected in a ferret challenge model or with
the ferret antisera under conditions of antibody pressure, and
the majority of antigenic mutants possess single substituions
at residues 156-158 in the antigenic site of HA1 [28, 31]. These
residues have been conserved in the HIN1 pdm09 reference
and recent clade 6B viruses, which also explains that the an-
tigenic drift of emerging clade 6B viruses was not observed
with ferret antisera [10, 11, 28]. These studies demonstrated
that the pattern of antigenic relatedness in circulating isolates
characterized by ferret antisera might not always predict the
spectrum of human antibody immunity. The lost or reduced
reactivity of human serum toward recent clade 6B pdm09 vir-
uses prompted the update of the HINT antigen component in
the vaccine [28]. Our results further highlight the need to in-
corporate human serology in influenza surveillance and vac-
cine strain selection [28, 29].

Children tend to have poorer immune responses to inacti-
vated influenza vaccine than adults, and a second vaccine dose
substantially improves immune response [32]. We showed
that young children mount a high antibody response to HIN1

pdmo09, H3N2, and type B viruses at day 21 after the second
dose of vaccination. In addition, young children had signifi-
cantly greater fold increases in antibody titers than adolescents
and adults. These results are consistent with the data reported
in other vaccine studies [15, 33]. Children with preexisting anti-
bodies to influenza antigens from previous infection are more
likely to generate a protective immune response after vaccina-
tion [34]. Although similar postvaccination seropositivity rates
against the HIN1 pdm09 and H3N2 viruses were detected in
children and adults in the study, a higher HI antibody titer may
be required for the protection of children against influenza
A viruses [35].

There are limitations to this study. First, only antibody
response was measured before and after vaccination. In the
absence of neutralizing antibody when new influenza vari-
ants emerged or diminished antibody level, cellular im-
munity is critical in mitigating virus shedding and disease
severity [36]. The cross-reactive T-cell response is directed
primarily against conserved internal proteins of influenza
virus. However, the magnitude of influenza-specific T-cell
response is not determined, and its role in protection against
the clade 6B variant is unclear in our subjects. Second, eld-
erly subjects, especially those >65 years old, were not in-
cluded in the study. This population is at the highest risk
for influenza complications and also has poor response to
the inactivated influenza vaccination [37]. Nevertheless, re-
cent studies have found that inactivated vaccination confers
similar protective efficacy against HIN1 pdm09 influenza in
the elderly population and other age groups [20, 38]. Third,
human erythrocytes were used in the hemagglutination and
HI assays in the study according to the WHO protocol [16]. It
has been reported that human erythrocytes may yield lower
hemagglutination titer than turkey and chicken erythrocytes
in the case of seasonal influenza strains, and the HI titers
may vary depending on the species of erythrocytes [39].
We have tested a limited selection of viruses using human
and turkey erythrocytes, and both erythrocytes resulted in
comparable hemagglutination titers, and the HI titers using
human erythrocytes were comparable to those using turkey
erythrocytes (Supplementary Table 2).

In conclusion, this study demonstrated that vaccine-induced
antibody response could be compromised by the antigenic evo-
lution of HIN1 pdm09 viruses. Furthermore, our findings sup-
port that human serology could be a useful alternative to ferret
antisera for the determination of antigenic distance between
circulating and vaccine viruses.

Supplementary Data

Supplementary materials are available at Open Forum Infectious Diseases
online. Consisting of data provided by the authors to benefit the reader,
the posted materials are not copyedited and are the sole responsibility of
the authors, so questions or comments should be addressed to the corre-
sponding author.
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