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Abstract

Most humans have pre-existing immunity to influenza viruses. In this study, volunteers
(ages of 18-85 years) were vaccinated with split, inactivated Fluzone™ influenza vaccine in
four consecutive influenza seasons from 2013 to 2016 seasons. The impact of repeated
vaccination on breadth and durability of antibodies was assessed as a result of vaccine
strain changes. Total IgG anti-hemagglutinin (HA) binding antibodies and hemagglutination-
inhibition (HAI) activity increased in all age groups against both influenza A HA components
in the vaccine post-vaccination (day 21). However, younger subjects maintained seroprotec-
tive titers to the vaccine strains, which resulted in higher seroconversion rates in the elderly,
since the HAI titers in elderly subjects were more likely to decline prior to the next season.
Young subjects had significant HAI activity against historical, as well as contemporary H1
and H3 vaccine strains from the mid-1980s to present. In contrast, elderly subjects had HAI
activity to H1 strains from all years, but were more likely to have HAI activity to older strains
from 1918-1950s. They also had a more restricted HAI profile against H3 viruses compared
to young subjects recognizing H3N2 influenza viruses from the mid-2000s to present. Vac-
cine recipients were then categorized by whether subjects seroconverted from a seronega-
tive or seropositive pre-vaccination state. Regardless of age, immunological recall or ‘back-
boosting’ to antigenically related strains were associated with seroconversion to the vaccine
strain. Overall, both younger and older people have the ability to mount a breadth of immune
responses following influenza vaccination. This report describes how imprinting exposure
differs across age groups, influences antibody cross-reactivity to past hemagglutinin anti-
genic variants, and shapes immune responses elicited by current split inactivated influenza
vaccines. Understanding how current influenza vaccines are influenced by pre-existing
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immunity in people of different ages is critical for designing the next-generation of ‘universal
or broadly-protective influenza vaccines.

Introduction

Influenza A virus (IAV) infection is a recurrent health and economic burden as it cycles
between the human population and the animal reservoir [1]. Worldwide, there are millions of
hospitalizations and thousands of deaths each year as seasonal epidemics, frequent pandemics,
and spillover events together affect between 5% and 30% of the global population. The popula-
tion with greatest disease severity includes children under the age of <1 and the elderly over
the age of >65, with 54-70% of hospitalizations and 71-85% of deaths occurring in adults over
the age of sixty-five [2]. Aging is associated with diminished immunity that impacts antibody
production, induction of naive T cell populations, and B-cell activation. In addition, aging can
result in the malfunction of CD4 T cells, which are critical for sustaining the responses of
innate and adaptive immune cells against invading pathogens [3] [4]. Influenza vaccine
induced antibody responses in the elderly are often compromised and wane before the next
season can can result in poor protection [5]. Annual influenza vaccination is recommended
for these high risk groups, but has been proven to be most effective in children and young
adults [6] [7]. In seasons where influenza viruses undergo change (drift or shift), the current
licensed influenza vaccines available can offer variable efficacy [8]. However, antibody breadth
induced post-vaccination against historical or previously circulating or antigenically related
strains has the potential to increase the effectiveness of the trivalent and quadrivalent influenza
vaccine (TIV or QIV) leading to increased seroprotection [9]. This study investigates the poly-
clonal antibody-elicited response to the annual split inactivated influenza virus (IIV) vaccine,
Fluzone™, in a cohort of individuals that were vaccinated over 4 consecutive influenza seasons.
Serum samples were collected and analyzed with the goal of determining how vaccination
against currently circulating influenza viruses is influenced by both pre-existing immune
responses and age-dependent seroconversion influence vaccination against currently circulat-
ing influenza viruses. In this study, we report that 1) seroconversion to the vaccine strain is
essential to provide immunity against past-historical strains of influenza, also known as back-
boosting, 2) that individuals can differentially respond to the different influenza A virus HA
components in the vaccine, and that 3) pre-existing antibodies with hemagglutination-inhibi-
tion (HAI) activity against past vaccine strains can vary between age groups. This report
focuses on the HAI results against influenza A viruses and influenza B viruses (IBV) will
reported in subsequent reports.

Materials and methods
Ethics statement and role of the funding source

The study procedures, informed consent, and data collection documents were reviewed and
approved by was approved by the Western Institutional Review Board and the Institutional
Review Boards of the University of Pittsburgh and the University of Georgia. Informed written
consent was obtained from the parents/guardians of the children. The funding source had no
role in sample collection nor decision to submit the paper for publication.
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Subjects

Eligible volunteers between the ages of 18 and 85 years old (y.0.), who had not yet received the
seasonal influenza vaccine, were enrolled beginning in September of each year. Influenza virus
did not circulate widely in the community during the time periods that the subjects partici-
pated and the participants were not monitored for influenza virus infection during that time-
period. These volunteers were recruited from two sites that included medical facilities in Pitts-
burgh, Pennsylvania and Stuart, Florida and enrolled with written, informed consent. Exclu-
sion criteria included documented contraindications to Guillain-Barré syndrome, dementia or
Alzheimer disease, allergies to eggs or egg products, estimated life expectancy <2 years, medi-
cal treatment causing or diagnosis of an immunocompromising condition, or concurrent par-
ticipation in another influenza vaccine research study.

In the 2013 season (year 1), 127 eligible subjects were enrolled, in the 2014 season (year 2),
275 eligible subjects were enrolled in the 2015 season (year 3), 270 eligible subjects were
enrolled, and in the 2016 final season (year 4), 270 eligible volunteers were enrolled. All north-
ern hemisphere seasons are referred to just the autumn time-period, since vaccinations and
collections occurred each year between September 1* to December 15™ each year. Overall, in
years 2-4, 225 subjects returned in Year 3 and 175 participated in all three seasons (Table 1).
Each year, volunteers between the ages of 18-64 years received the standard-dose (15 pg) inac-
tivated influenza Fluzone™ (Sanofi Pasteur, Swiftwater, PA, USA) vaccine (IIV-SD) and sub-
jects over 65 years of age were offered either ITV-SD or a high dose (60 pg) Fluzone™ ITV
(IIV-HD) before the start of the study (Table 2). The trial was approved by three institutional
review boards (Western Institutional Review Board, University of Georgia, and University of
Pittsburgh Institutional Review Board), and all subjects gave written informed consent. The
IIV formulations consisted of three or four strains of influenza virus as specified by the U.S.
Food and Drug Administration for inclusion in the vaccine each year (Table 2). For years 1
and 2, the strains included a trivalent formulation of A/California/7/2009 (HIN1), A/Texas/
50/2012 (H3N2), B/Massachusetts/2/2012 (Yamagata lineage). In year 3, a quadrivalent influ-
enza vaccine (WIV) formulation composed of A/California/7/2009 (HIN1), A/Switzerland/
9715293/2013 (H3N2), B/Phuket/3073/2013 (Yamagata lineage), and B/Brisbane/60/2008
(Victoria lineage) was used for vaccination. The year 4, QIV contained the same strains as year
3 except that the H3N2 component was switched to A/Hong Kong/1/2014 (H3N2). Blood
(70-90 ml) was collected from each subject at the time of vaccination (D0) and collected again
7-9 days (D7) and 21-28 days (D21) post-vaccination. Blood samples were processed for sera
and peripheral blood mononuclear cells (PBMC) at all three time points and samples were ali-
quoted within 24 hours of collection and stored at -150°C for future analysis. In this study,
sera from samples collected at days 0 and 21 were tested for the ability to mediate hemaggluti-
nation inhibition (HAI) against a panel of HIN1 and H3N2 viruses representing historical and
current vaccine strains.

Hemagglutinination-inhibition (HAI) assay

The hemagglutination inhibition (HATI) assay was used to assess functional antibodies to the
HA able to inhibit agglutination of turkey erythrocytes. The protocols were adapted from the
WHO laboratory influenza surveillance manual [10] WHO Manual. To inactivate non-specific
inhibitors, sera were treated with receptor-destroying enzyme (RDE) (Denka Seiken, Co.,
Japan) prior to being tested. Briefly, three parts of RDE was added to one part of sera and incu-
bated overnight at 37C. RDE was inactivated by incubation at 56C for 30-45 min and then
cooled to room temperature before diluting with 1x PBS or 0.85% NaCl to a final sera concen-
tration of 1:10. RDE-treated sera was serially diluted in PBS two-fold across v-bottom
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Table 1. Demographics of volunteers.

Season

Subject (#)
Gender (%)

Ethnicity (%)

Season

Subject (#)
Gender (%)

Ethnicity (%)

Male
Female
White
AA
Asian
N.H./P.l.
Hispanic
A.l
Mixed
N.R

Male
Female
White
A.A
Asian
N.H./P.l.
Hispanic
A.l
Mixed
N.R

*Years of age (y.o.)

2013
Total
127
27%
73%
77%
22%
0%
0%
1%
0%
0%
0%
2015
Total
270
25%
75%
70%
20%
1%
0%
7%
0%
0%
1%

https://doi.org/10.1371/journal.pone.0185666.t001

Table 2. Fluzone vaccine strains.

Year | Influenza Season | Fluzone | Route

1

2
3
4

2013
2014
2015
2016

SD/HD
SD/HD
SD/HD
SD/HD

L.M/L.D.
.M
1.M
.M

2014
18-34* 35-49 50-64 65-85 Total 18-34* 35-49 50-64 65-85
28 4 46 49 275 45 38 100 92

16% 29% 29% 30% 27% 16% 29% 29% 30%
80% 74% 70% 72% 73% 80% 74% 70% 72%
60% 61% 63% 67% 64% 60% 61% 63% 67%
7% 3% 30% 30% 23% 7% 3% 30% 30%

7% 3% 1% 0% 2% 7% 3% 1% 0%

0% 0% 1% 0% 0% 0% 0% 1% 0%
20% 34% 4% 2% 10% 20% 34% 4% 2%
0% 0% 0% 0% 0% 0% 0% 0% 0%

0% 0% 0% 0% 0% 0% 0% 0% 0%

2% 0% 1% 0% 1% 2% 0% 1% 0%

2016
18-34* 35-49 50-64 65-85 Total 18-34* 35-49 50-64 65-85
49 40 84 97 270

20% 18% 27% 28% 29% 22% 27% 33% 28%
78% 73% 68% 81% 71% 78% 73% 67% 72%
82% 70% 70% 64% 66% 71% 70% 63% 72%
6% 3% 26% 29% 19% 12% 5% 22% 26%

0% 8% 1% 0% 1% 7% 0% 1% 0%

0% 0% 1% 0% 0% 0% 0% 0% 1%
12% 15% 4% 4% 6% 10% 22% 3% 2%

0 0% 0 0% 0% 0% 0% 0% 0%

0 0% 0 0% 2% 0% 0% 3% 1%

0 5% 0 1% 1% 0% 2% 0% 1%

microtiter plates. An equal volume of each influenza virus (25 ul), adjusted to a concentration
of ~8 hemagglutination units (HAU)/50 pl, was added to each well. The plates were covered
and incubated at room temperature for 20 min, and then 0.8% turkey erythrocytes (Lampire
Biologicals, Pipersville, PA, USA) in PBS were added. Red blood cells were stored at 4C and
used within 72 h of preparation. The plates were mixed by agitation and covered, and the
RBCs settled for 30 minutes at room temperature. The HAI titer was determined by the recip-
rocal dilution of the last well that contained non-agglutinated RBCs. Positive and negative
serum controls were included for each plate. Seroprotection was defined as HAI titer >1:40

IAV (H1N1) (IAV) H3N2 IBV (Victoria) IBV (Yamagata)
A/California/07/2009 A/Texas/50/2012 N/A B/Massachusetts/2/2012
A/California/07/2009 A/Texas/50/2012 N/A B/Massachusetts/2/2012

A/California/07/2009 | A/Switzerland/9715293/2013 | B/Brisbane/60/2008* B/Phuket/3073/2013
A/California/07/2009 | A/Hong Kong/4801/2014 B/Brisbane/60/2008 B/Phuket/3073/2013*

*QIV was used in Standard Dose Vaccine and TIV was used for High Dose Vaccine.
In 2015-2016 and 2016—2017 seasons, the Yamagata stains changed and the Victoria strains were included for a QIV formulation.

https://doi.org/10.1371/journal.pone.0185666.t1002
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and seroconversion as a 4-fold increase in titer compared to baseline resulting in a titer of
>1:40, as per the WHO and European Committee for Medicinal Products to evaluate influ-
enza vaccines [11]. People were considered seronegative with a titer less than 1:40.

Anti-HA enzyme linked immunosorbent assay (ELISA)

ELISA was performed to assess the presence of total HA-reactive antibodies. Immulon 4HBX
plates (Thermo Fisher, Waltham, MA, USA) were coated overnight at 4°C with 500 ng/ml of
recombinant HA (rHA) in carbonate buffer, pH 9.4, containing 5 micrograms/ml fraction V
bovine serum albumin (BSA) (Equitech-Bio, Kerrville, TX, USA) (50 microliters/well) in a
humidified chamber. Plates were coated with full length rHA proteins: A/Texas/50/2012,
A/Switzerland/9715293/2013, or A/California/07/2009 (Protein Sciences Corp, Meriden CT
USA). Plates were blocked with blocking buffer (PBS containing 5% BSA, 2% bovine gelatin,
and 0.05% Tween 20) for 60 min at 37C. Serum samples were serially diluted 3-fold in blocking
buffer, and plates were incubated with serum overnight at 4C. Human sera samples were
freshly prepared in Blocking Buffer at a 1:500 dilution. Plates were washed four times with 1x
PBS, and were then incubated with 2° antibody Goat Ant-human IgG Fc-HRP (Southern Bio-
tech, Birmingham AL USA) at a 1:4000 dilution in blocking buffer for 90 mins at 37C. Second-
ary antibody was washed four times with 1x PBS following incubation, ABTS Diammonium
Salt (aMReSCO, Solon, Ohio, USA) working solution was then aliquoted into wells and incu-
bated for 20 mins. Plates were read using a spectrophometer (BioTek, Winooski, VT, USA) at
414 nm (ODy,4). End-point titers are reported as the Log;, of the reciprocal serum dilution at
which the ODyy4. The average of the background values was determined plus three times stan-
dard deviation was subtracted from the end-point dilution titer to achieve the final value. Posi-
tive and negative controls were run on each plate.

Viruses and HA antigens

Influenza viruses were obtained through the Influenza Reagents Resource (IRR), BEI
Resources, the Centers for Disease Control (CDC), or were provided by Sanofi Pasteur.
Viruses were passaged once in the same growth conditions as they were received, in 12-day
old embryonated chicken eggs or semi-confluent Madin-Darby canine kidney (MDCK) cell
culture (as per the instructions provided the World Health Organization [10]. Virus lots were
titrated with turkey erythrocytes and made into aliquots for single-use applications. The HIN1
virus panel includes A/South Carolina/1/1918 (SC/18), A/Puerto Rico/8/1934 (PR/34),
A/Weiss/JY2/1943 (Weiss/1943), A/Fort Monmouth/1/1947 (FM/47), A/Denver/1/1957
(Den/57), A/New Jersey/6/1976 (NJ/76), A/USSR/90/1977 (USSR/77), A/Brazil/1/1978 (Braz/
78), A/Chile/1/1983 (Chile/83), A/Singapore/6/1986 (Sing/86), A/Texas/36/1991 (TX/91),
A/Beijing/262/1995 (Bei/95), A/New Caledonia/20/1999 (NC/99) A/Solomon Island/3/2006
(S1/06), A/Brisbane/59/2007 (Bris/07), A/California/07/2009 (CA/09), A/Michigan/45/2015
(Mich/15). The H3N2 vaccine panel includes the following strains: A/Hong Kong/1/1968
(HK/68) (NR-28620), A/Port Chalmers/1/1973 (PC/73), A/Mississippi/1/1985 x PR/8 (Miss/
85) (NR-3502), A/Sichuan/60/1989 x PR/8 (Sic/89) (NR-3492), A/Nanching/933/1995 (Nan/
95), A/Sydney/05/1997 (Syd/97), A/Panama/2007/1999 (Pan/99), A/Fujian/411/2002 (Fuj/02),
A/New York/55/2004 (NY/04) (FR-462), A/Wisconsin/67/2005 (Wisc/05) (FR-397), A/Bris-
bane/10/2007 (Bris/07), A/Perth/16/2009 (Per/09), A/Victoria/361/2011 (Vic/11), A/Texas/50/
2012 (TX/12), and A/Switzerland/9715293/2013 (J1506B) (Switz/13), and A/Hong Kong/
4801/2014 (HK/14). All viruses were characterized for ability to agglutinate turkey erythro-
cytes. All viruses were propagated in embryonated chicken eggs.
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Statistical methods

The statistical significance of the differences was calculated by two-tailed paired Student
t-test with Wilcoxon-sign rank test comparing day 0 to day 21. Values were considered
significant for p < 0.01. Unless otherwise stated, data from at least three independent
experiments.

Results
Demographics of volunteers

Demographic characteristics of the volunteers showed that in the 2013 season, of the 127 eli-
gible volunteers who enrolled ~75% of the study participants were between the ages of 50—
85 y.o0. (Table 1). For each of the next three seasons, approximately twice as many people
were enrolled. In the 2014 season, 16% of the 276 eligible volunteers who enrolled were
between the ages of 18-34 years old (y.0) (young age group) and 14% were 35-49 y.o.

(adult age group) (Table 1). Approximately twice as many enrollees were over the age of 50
with 69% of the subjects between 50-85 years of age (36% between 50-64 y.o. (middle age
group) and 33% between 65-85 y.o. (elderly age group). A similar distribution of subjects in
each age group was generally maintained over the 4 years of the study (Table 1). There were
~3 times more women enrolled in the study than men and 64-70% of the volunteers were
self-identified as White, with 20-25% classified as African American and 7-10% self-identi-
fied as Hispanic/Latino (Table 1). Of the 275 volunteers enrolled in 2014, 180 were re-
enrolled in the study in the next three seasons and 220 participated in the next two seasons
(data not shown). In all four seasons, the HIN1 component of the vaccine remained
unchanged (Table 2), however, the H3N2 component was changed twice in years 3 and 4

of the study. The IBV components were the same in years 1 and 2 and changed for years 3
and 4.

Hemagglutination-inhibition (HAI) response to the vaccine strains

In 2014 and 2015, for nearly all age groups there was a statistically significant increase in the
total anti-HA IgG antibody titer against the vaccine strains in response to vaccination (Fig 1).
For HINT1, a statistically significant increase in the HAI-mediating antibodies elicited by the
vaccine was found in the elderly age group in each of the four seasons (Fig 2). Increases in HAI
activity was also observed in the other three younger age groups, but there was variability from
one year to the next. In contrast, for H3N2, in almost all age groups, there was a statistically
significant increase in HAI specific antibodies (Fig 2E-2H). In almost every age group and in
each season, the HAI geometric mean titer (GMT) to the vaccine strains increased following
vaccination (Table 3) with the fold-increase of the response trending higher in the older age
groups. Few people had seroprotective titers (0-35%) to the HIN1 component of the vaccine
in any season (Fig 3A, 3D, 3G and 3]) with the highest number of non-seroconverters in the
young, 18-34 y.o. group. In contrast, the number of people seroconverting to the H3N2 com-
ponent of the vaccine was significantly higher (23-82%).

Prior to vaccination, antisera were scored as seronegative (defined as an HAI titer less than
1:40) (Fig 3B, 3E, 3H and 3K) or seropositive (defined as an HAI titer greater than 1:40) (Fig
3C, 3F, 31 and 3L) against both the HIN1 and H3N2 vaccine components. Following vaccina-
tion at day 21, sera from individuals that were seronegative at day 0 were assayed for serocon-
version to the HIN1 and H3N2 strains in the vaccine (Fig 3B, 3E, 3H and 3K). Young
volunteers had higher seroconversion rates (56-100%) against the HIN1 component following
vaccination compared to the other three age groups (36-76%), even though the n for the
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Fig 1. ELISA titers. The box-and-whisker plots show the lower (Q1) and upper (Q4) quartile representing the IgG endpoint dilution
titer for anti-HA antibodies. The diagram also shows the geometric mean titer (GMT) for day 0 and day 21 post-vaccination for each
age group. The n value per age group is listed on the x-axis. (A) Serum samples were tested (A) 2014 season against rHA for the
H1N1 component of the vaccine, A/California/07/2009 (CA/09). (B) 2015 season against rHA for the H1N1 component of the vaccine,
A/California/07/2009 (CA/09). (C) 2014 season against rHA for the H3N2 component of the vaccine, A/Texas/50/2012 (TX/12). (D)
2014 season against rHA for the H3N2 component of the vaccine, A/Switzerland/9715293/2013 (Switz/13). *p<0.05; *p<0.01;
*p<0.001; *p<0.0001.

https://doi.org/10.1371/journal.pone.0185666.9001

young volunteers in this category are quite low. While there was no statistical difference in any
season, 90-100% of the seronegative volunteers, regardless of age, seroconverted to the H3N2
component by day 21 in the 2015 and 2016 season (Fig 3H and 3K) and 44-83% in 2013 and
2014 (Fig 3B and 3E). In contrast, the number of seropositive volunteers at day 0 that serocon-
verted to the vaccine strains by day 21 was quite low, particularly for the HIN1 component (0-
31%). For the H3N2 component, the seroconversion rates were low for all seasons, except
2015 (Fig 31). The majority (up to 90%) of these volunteers remained seropositive to the vac-
cine strains without a 4-fold rise in HAI titers (Fig 3C, 3F, 3] and 3L, stacked green bars). A
small number of these volunteers had a decline in HAI titers and became seronegative. Overall,
the rates of seroconversion are dependent on the HAI titers to the vaccine component prior to
vaccination with higher seroconversion rates in people that are documented to be seronegative
to the vaccine component prior to vaccination.
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Fig 2. Hemagglutination inhibition (HAI) activity in serum antibody induced by Fluzone™. HA| titers were determined from
pre- and post-vaccination serum samples against HIN1 (A-D) and H3N2 (E-H). Values of each individual titer are the geometric
mean titers plus standard errors of the means (SEM) (error bars). The box-and-whisker plots show the lower (Q1) and upper (Q4)
quartile representing the IgG endpoint dilution titer for anti-HA antibodies. The diagram also shows the GMT for day 0 and day 21
post-vaccination for each age group against HIN1 (A-D) and H3N2 (E-H) components of the vaccine. The n value per age group is
listed on the x-axis. Serum samples were tested (A and E) 2013 season, (B and F) 2014 season, (C and G) 2015 season, (D and H)
2016 season. *p<0.05; *p<0.01; *p<0.001; *p<0.0001.

https://doi.org/10.1371/journal.pone.0185666.9002

Table 3. Hemagglutinin-inhibition (HAI) GMT.

H1N1 CA/09 GMT +/- SEM H3N2 GMT +/- SEM

Age (y.o.) Age (y.o.)

2013 DO D21 Fold Rise TX/122013 DO D21 Fold Rise
18-34 29 +/- 226* 45 +/- 90 1.75 18-34 29 +/- 58 52 +/- 84 2.42
35-49 34 +/-28 28 +/- 31 0.82 35-49 20 +/-13 34 +/-10 1.7
50-64 19 +/- 64 39 +/-93 2.14 50-64 35 +/- 88 81 +/- 318 2.41
65-85 16 +/- 38 38 +/- 188 2.24 65-85 22 +/- 162 52 +/- 106 2.2
2014 TX/122014

18-34 41 +/-73 63 +/- 105 1.54 18-34 109 +/- 178 416 +/- 587 3.82
35-49 20 +/- 61 38 +/- 107 1.9 35-49 48 +/- 232 210 +/- 471 4.38
50-64 24 +/-139 50 +/- 113 2.04 50-64 65 +/- 161 148 +/- 398 2.28
65-85 14 +/- 33 35 +/- 67 2.5 65-85 39 +/- 162 129 +/- 364 3.31
2015 Switz/13 2015

18-34 71 +/-159 86 +/- 130 1.21 18-34 25 +/- 30 170 +/- 217 6.80
35-49 32 +/-90 57 +/- 56 1.78 35-49 23 +/- 30 184 +/- 334 8.00
50-64 28 +/- 101 55 +/-119 1.89 50-64 41 +/- 62 255 +/- 1001 6.2
65-85 16 +/- 57 39 +/-79 2.43 65-85 30 +/- 37 230 +/- 850 7.67
2016 HK/14 2016

18-34 83 +/- 126 172 +/- 251 2.07 18-34 44 +/- 78 152 +/- 301 3.45
35-49 62 +/- 83 125 +/- 154 2.02 35-49 39 +/-212 125 +/- 457 3.21
50-64 43 +/- 85 83 +/- 131 2.33 50-64 36 +/- 85 122 +/- 206 4.78
65-85 25 +/- 61 73 +/- 158 2.48 65-85 30 +/- 131 153 +/- 306 5.56
*GMT +/- S.E.M.

https://doi.org/10.1371/journal.pone.0185666.t003
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Fig 3. Seroconversion vs. seroprotection. Stacked bars graphs represent the seroconversion to the HIN1 and H3N2
components. The number of individuals for each age group per season are listed on the x-axis. For panels A, D, G, J, subjects
were determined to be seroconverters following a 4-fold rise in HAI titer with a titer >1:40 at day 21 (blue) or non-
seroconverters (red). Subjects seronegative (<1:40) at day O prior to vaccination (B, E, H, K) that seroconverted (four-fold rise
in titer with a titer of >1:40) at day 21 are highlighted in blue and those subjects that remained seronegative (<1:40) at both day
0 and 21 are highlighted in red. Subjects that were seropositive (>1:40) at day 0 prior to vaccination (C, F, I, L) that
seroconverted (four-fold rise in titer with a titer of >1:40) at day 21 are highlighted in blue and those subjects that dropped in
titer to a seronegative state (<1:40) are highlighted in red. Subjects that were seropositive at day 0 and remained seropositive
at day 21 are highlighted in green.

https://doi.org/10.1371/journal.pone.0185666.9003
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Seroprotective HAI titers analyzed by age group over multiple seasons

In order to determine the effect of pre-existing antibodies with HAT activity to current vaccine
strains, we categorized the HAI responses to the H1 and H3 vaccine strains over three conse-
cutive northern hemisphere seasons (i.e. 2014-2015-2016) (Fig 4). Subjects immunized over 3
consecutive seasons were categorized according to their seroprotection status at each of the 6
time points analyzed (i.e., days 0 and 21 in all 3 years). For example, individuals in each age
group that had HATI titers less than 1:40 at all 6 time points were assigned a value of “0”. If an
individual had an HATI titer of 1:40 or greater at one of the 6 time points, their response was

A 2014-2016 Cohorts: H1N1 (CA/09 — CA/09 — CA/09)

— Timepoints Seropositive through 3 Years —

Birth Years 1982-1994 (22-34)  Birth Years 1967-1981 (35-49)  Birth Years 1952-1966 (50-64)  Birth Years 1931-1951 (65-85)

...
.
n=19 =20

B. 2014-2016 Cohorts: H3N2 (TX/12 — Switz/13 — HK/14)

— Timepoints Seropositive through 3 Years —

n =67 n =69

Birth Years 1982-1994 (22-34) Birth Years 1967-1981 (35-49)  Birth Years 1952-1966 (50-64) Birth Years 1931-1951 (65-85)

1.5%
‘ ‘
n=19 n=67

Jo O1 O2 O3 04 O5 He

Fig 4. Seropositivity over multiple influenza seasons. Subjects were immunized over 3 consecutive seasons, 2014, 2015, and
2016. Each subject was assessed for seropositive titers to the H1N1 and H3N2 components of the vaccine at day 0 and day 21
immunized were categorized according to their seroprotection status at each of the 6 time points analyzed (i.e., days 0 and 21 inall 3
years). Subjects in each age group that had HAI titers less than 1:40 at all 6 time points were assigned a value of “0”. Subjects with an
HAI titer of 1:40 or greater at one of the 6 time points was categorized as a “1”. Subjects with an HAI titer of 1:40 or greater at two of
the 6 times was categorized as a “2”, at three of the 6 time points, was categorized as a “3”, at four of the 6 times was categorized as a
“4”, at five of the 6 times was categorized as a “5”, and subjects with was greater than 1:40 all 6 times was categorized as a “6”. Pie
charts for each of these 7 categories was assessed for each age group against the HIN1 or H3N2 component. The n value for each
age group was listed beneath each pie chart.

https://doi.org/10.1371/journal.pone.0185666.9004

n=20

PLOS ONE | https://doi.org/10.1371/journal.pone.0185666 November 1,2017 10/23


https://doi.org/10.1371/journal.pone.0185666.g004
https://doi.org/10.1371/journal.pone.0185666

@° PLOS | ONE

Pre-existing antibodies to influenza impacts breadth of elicited antibodies to influenza A strains

categorized as a “1”. If an individual had an HATI titer of 1:40 or greater at two of the 6 times,
this response was categorized as a “2”, at three of the 6 time points, this response was catego-
rized as a “3”, at four of the 6 times, this response was categorized as a “4”, at five of the 6
times, this response was categorized as a “5”, and if the titer was greater than 1:40 all 6 times,
this response was categorized as a “6”.

One hundred and seventy-five individuals were enrolled and vaccinated in the 2014-2015-
2016 influenza seasons. There were ~3.6 fold more “repeaters” in the two oldest age groups
than in the two youngest age groups. For volunteers in the youngest cohort, 53% of them had
sera with HAT activity greater than 1:40 against HIN1 component of the vaccine at all 6 time
points and were categorized as a “6” (Fig 4A) and another 21% of the volunteers were in cate-
gory 5. Therefore, 74% of the young volunteers (22-34 y.o.) were in categories 5 or 6 against
the HIN1 component, CA/09 (Fig 4A). The percentage of volunteers in these categories
decreased in older age groups with only 31% of volunteers placed in category 5 and 6 in the
elderly age group (65-85 y.0). There was an increase in the number volunteers in the two old-
est age groups in category “0” (~9%) with no HAI activity against CA/09 H1INT1 at any time
point. In the volunteers under the age of 50, no one was in categories 0 or 1 for the H3N2 com-
ponent (Fig 4B). For example, there were 69% of the young volunteers (18-34 y.o.) having
HAI activity against the HK/14 vaccine strain at 5 or 6 time points (Fig 4B), whereas only 54%
of the elderly volunteers had this phenotype. For both H1 and H3 vaccine strains, individuals
in the two oldest age groups had HAI activity that represented all 7 of the HAI categories. In
contrast, the two youngest age groups had individuals with HAI activity that represented the
top 4-5 categories (Fig 4).

HAI activity against a panel of historical vaccine HIN1 and H3N2
influenza A strains

Sera collected prior to vaccination and 21-days post-vaccination from volunteers that partic-
ipated in three consecutive seasons (2014-2016) were tested for HAI activity against a panel
of 32 historical HIN1 and H3N2 isolates representing the time-period between 1918 and
2014 (Fig 5). Volunteers in all age groups, but particularly for those over the age of 40, had
HAT activity prior to vaccination against older HIN1 strains in the panel, pre-1957 and the
era between 1977-1983, which was more pronounced than younger volunteers (Fig 5A and
5C). Volunteers in the young group generally had sera at day 0 with pre-existing HAI titer to
recent HIN1 seasonal strains from the 1986-2006, whereas older volunteers in the cohort
had sera with little HAT activity against recent strains, except for the TX/91 HIN1 virus (Fig
5A and 5C). Both younger and older cohorts had pre-existing HAT activity against the TX/
91 strain and it was more likely that HATI activity to TX/91 was a direct result of having
recalled immunity or ‘back-boosting’ to shared antigenic domains between this virus and
the current HIN1 vaccine strain following vaccination. In contrast, the geometric mean
HATI titer (GMT) increased in all age groups following vaccination against the H3N2 compo-
nent of the QIV vaccine in each season (Fig 5B and 5D and Table 3). In addition, there was a
back boosting of HAI titers on day 21 post-vaccination to the historical strains, TX/12,
Vic/11, Perth/09, Bris/07, and Wisc/05 in all age groups. Prior to vaccination (day 0), volun-
teers in the youngest age group had antibodies with HAI activity against more viruses in the
panel representing historical strains dating back to 1985 with middle aged or older volun-
teers recognizing fewer of these older strains (Fig 5B and 5D). Overall, the HAI activity to
the H1 and H3 vaccine strains each season were statistically similar between seasons regard-
less of the age group (Fig 5).
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Fig 5. Heat Map of HAI results. Serum samples were collected from subjects at day 0 and day 21 post-vaccination and
HAI activity of each serum samples was tested against a panel of HIN1 and H3N2 historical influenza viruses. A heat map
of each subject’s HAI titer against each strain is depicted for (A) HIN1 2015 season, (B) H3N2 2015 season, (C) H1N1
2016 season, (D) H3N2 2016 season. The list of strains are shown on the upper x-axis in chronological order from left to
right, oldest to youngest. The subjects were categorized by each age group (youngest to oldest listed from top to bottom of
the heat map) on the y-axis. Those subjects between the ages of 18-34 y.o. are highlighted in red, subject between the
ages of 35-49 y.o in green, subject between the ages 50-64 y.o in blue, and 65-85 y.o. in orange. HAI titers greater than

1:40 are highlighted on a color scale and HAI less than 1:40 are highlighted are not colored (1:20, 1:10, and 1:5).

https://doi.org/10.1371/journal.pone.0185666.g005
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Table 4. Percent of individuals with antisera with HAI activity that recognized more, fewer, or similar number of strains in the panel post-vaccina-

tion compared to pre-challenge.

Age

18-34
35-49
50-64
65-85

18-34
35-49
50-64
65-85

18-34
35-49
50-64
65-85

Year-Subtype
2014-H1N1

2015-H1N1

2016-H1N1

<2*

18%
32%
44%
42%

13%
26%
37%
39%

33%
59%
35%
35%

Similar >2* Year-Subtype <2 Similar >2
2014-H3N2
67% 15% 13% 87% 0%
68% 0% 60% 37% 3%
56% 0% 61% 36% 3%
55% 2% 59% 40% 1%
2015-H3N2
73% 15% 37% 47% 16%
46% 22% 50% 48% 2%
55% 8% 61% 34% 5%
55% 6% 66% 28% 6%
2016-H3N2
68% 0% 28% 72% 0%
38% 3% 44% 56% 0%
65% 0% 48% 52% 0%
62% 3% 53% 47% 0%

*>2 or more = Antisera detects 2 or more viruses post-vaccination compared to pre-vaccination in the HAl assay in the panel
Similar = Antisera detects 1 more, the same, or 1 fewer virus post-vaccination compared to pre-vaccination in the HAI assay in the panel post-vaccination
<2 or fewer = Antisera detects 2 or fewer viruses post-vaccination compared to pre-vaccination in the HAl assay in the panel

https://doi.org/10.1371/journal.pone.0185666.t004

Seroconversion to the vaccine strain enhances back boosting

To examine the effect of age and pre-existing antibodies on the back-boosting phenomenon,
HAT activity against a panel of historical vaccine strains was assessed from pre- and post-
vaccination sera (Table 4). The number of strains recognized by the antisera with a titer of
1:40 or higher using day 21 (post-vaccination) sera was determined and compared to the
number of strains recognized using day 0 (pre-vaccination) sera. The increase or decrease in
number of strains recognized at day 21 compared to day 0 was recorded and placed into
three categories: increase by 2 or more, decrease by 2 or more, or little (+/- 1) to no change
(Table 4). For example, in 2014, 18% of the sera collected at day 21 from the young cohort
gained HAI activity against 2 or more HIN1 viruses in the panel following vaccination com-
pared to day 0 (Table 4), whereas 15% of the young volunteers recognized fewer viruses in
the panel compared to day 0 (Table 4). In contrast, 42% of the people in the aged cohort had
antisera that recognized 2 or more viruses in the panel and only 2% recognized fewer strains
at day 21 compared to day 0. Similar results were observed in the 2015 season against the
HINT strains.

The same sera were tested against the panel of H3N2 viruses and in 2014, the percentage
of volunteers per age group that had increased or decreased recognition of H3N2 by age was
similar to 2014 HIN1 analysis (Table 4). However, in 2015, the percentage of individuals in
the young cohort with HAT activity in their sera that recognized 2 or more H3N2 in the
panel almost tripled (13% to 37%), but no change in the other age groups were observed.
Interestingly, 16% of the 2015 young cohort had sera that recognized 2 or fewer viruses in
the panel, whereas no one in the young cohort recognized 2 or fewer viruses in 2014 and
2016 (Table 4).
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Breadth of ‘back-boosting’ response post-vaccination as a function of
influenza exposure history or age

The number of strains in the HINI and H3N2 panel recognized by HAI positive immune sera,
(pre- and post-vaccination), was then determined as a function of age and classified into 4 dif-
ferent seroconversion groups over the three consecutive seasons (Figs 6 and 7). By way of
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Fig 6. Vaccine induced back boosting to H1N1 historical viruses. HAI activity in sera collected from subjects pre- (day 0) and post- (day 21)
vaccination were examined for the number of strains in detected with a titer greater than 1:40 against each strain the H1N1 influenza virus panel. Subjects
from three consecutive influenza seasons (2014, 2015, 2016), along with the number of subjects per season (n value) are listed on the x-axis at day 0 and
21 post-vaccination. The number of strains recognized by each subject is listed on the y-axis. Panel A-D represent subjects between ages of 18-34y.o
(red symbols). Panel E-H represent subjects between the ages of 35—49 y.o (green symbols). Panel I-L represent subjects between the ages 50-64 y.o.
(blue symbols). Panel M-P represent subjects between the ages of 65-85 y.o. (orange symbols). Subjects seronegative (<1:40) to the HIN1 component in
the vaccine at day 0 and remained seronegative post-vaccination (Panels A, E, |, M). Subjects seronegative (<1:40) to the H1N1 component in the vaccine
at day 0 but seroconverted (four-fold increase in titer with a titer >1:40) post-vaccination (Panels B, F, J, N). Subjects seropositive (>1:40) to the HIN1
component in the vaccine at day 0 but did not seroconvert post-vaccination (Panels C, G, K, O). Subjects seropositive (>1:40) to the HIN1 component in
the vaccine at day 0 and seroconverted (four-fold rise in titer) post-vaccination (Panels D, H, L, P).

https://doi.org/10.1371/journal.pone.0185666.g006
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Fig 7. Vaccine induced back boosting to H3N2 historical viruses. HAI activity in sera collected from subjects pre- (day 0) and post- (day 21)
vaccination were examined for the number of strains in detected with a titer greater than 1:40 against each strain the H3N2 influenza virus panel. Subjects
from three consecutive influenza seasons (2014, 2015, 2016), along with the number of subjects per season (n value) are listed on the x-axis at day 0 and
21 post-vaccination. The number of strains recognized by each subject is listed on the y-axis. Panel A-D represent subjects between ages of 18-34y.o
(red symbols). Panel E-H represent subjects between the ages of 35—-49 y.o (green symbols). Panel I-L represent subjects between the ages 50-64 y.o.
(blue symbols). Panel M-P represent subjects between the ages of 65-85 y.o. (orange symbols). Subjects seronegative (<1:40) to the H3N2 component in
the vaccine at day 0 and remained seronegative post-vaccination (Panels A, E, I, M). Subjects seronegative (<1:40) to the H3N2 component in the vaccine
at day 0 but seroconverted (four-fold increase in titer with a titer >1:40) post-vaccination (Panels B, F, J, N). Subjects seropositive (>1:40) to the H3N2
component in the vaccine at day 0 but did not seroconvert post-vaccination (Panels C, G, K, O). Subjects seropositive (>1:40) to the H3N2 component in
the vaccine at day 0 and seroconverted (four-fold rise in titer) post-vaccination (Panels D, H, L, P).

https://doi.org/10.1371/journal.pone.0185666.9007

example, all the young volunteers (total of 93) were classified based upon seroconversion to
the vaccine strain. Young volunteers (6 in 2014, 3 in 2015, and 0 in 2016) that had no serocon-
version to the HIN1 component of the vaccine were classified as Group 1; seronegative at day
0 and seronegative at day 21 (Fig 6A). On average, these young volunteers had HAI activity
against 3-4 of the 17 HIN1 viruses in the panel. Those young age volunteers classified as sero-
negative at day 0 that seroconverted at day 21 had HAI activity less than 1:40 to the HIN1
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vaccine component prior to vaccination, followed by a 4-fold rise in HAI activity to a titer

of > 1:40 following vaccination. In 2014, young volunteers in Group 2 (the day 0 seronegative/
day 21 seroconverted category) had sera with HAT activity that, on average, recognized 2 of the
viruses in the HIN1 panel in 2014 and did not statistically increase post-vaccination at day 21,
but there was an increase in the number of historical strains recognized in 2015 and 2016 (Fig
6B). Similar results were observed for those young age volunteers classified as seropositive to
the vaccine strain at day 0 that did not seroconvert at day 21, but remained seropositive on day
21 (Fig 6C, Group 3). In fact, people in this age group represented the major phenotype of this
age group with the most significant breadth observed. The serum HATI activity of these individ-
uals in Group 3 are similar to those in the seronegative/seroconverted category (Group 2),
however, these people did not have a 4-fold increase in HAI activity following vaccination, but
they did have a seroprotective titer of 1:40 at day 21 (Fig 6C). No young age volunteers were
classified as seropositive on day 0/seroconverted on day 21 (Group 4) in 2014 or 2015 and only
6 were classified in Group 4 in 2016 (Fig 6D). Volunteers in Group 4 had a seroprotective titer
(1:40 or greater prior to vaccination) that increased by 4-fold or greater after vaccination on
day 21 (Fig 6D). These subjects were categorized as seropositive/seroconverters.

In 2014, 34 of the 45 (75%) young aged volunteers and 82% in 2015 and 67% in 2016 were
classified as seropositive/non-seroconverters against the HIN1 vaccine component, however,
there was little increase in the average number of viruses in the panel recognized by the sera
post-vaccination (Fig 6C). In 2016, a large increase occurred in the number of vaccine strains
recognized from an average of 5 in 2015 to an average of 10 strains recognized in 2016. The
number of individuals classified as seronegative/seronegative in 2014 increased by age from
13% for the young aged cohort to 39% for the elderly cohort (Fig 6A and 6M) with a concomi-
tant decrease (18% of the total volunteers in this age group) in the number of elderly volun-
teers classified as seropositive/non-seroconverters (Fig 6C and 60). However, the number of
people in the seronegative/seronegative classification declined in 2015 and again in 2016.
While the number of volunteers remained low in seropositive/seroconverted classification in
all age groups, there were statistically significant increases in the number of individuals classi-
fied as seronegative/seroconverted in the two oldest age groups compared to young age group.
In the adult, middle-aged, and elderly age groups, there was a significant increase in the num-
ber of HINI strains recognized by the sera collected 21 days after vaccination compared to
pre-vaccination at day 0 (Fig 6F, 6] and 6N). There was also a significant increase in the num-
ber of strains back-boosted in sera collected post-vaccination for those adult, middle-aged, and
elderly volunteers classified as seropositive/seroconverted (Fig 6H, 6L, and 6P), as well as those
middle-aged and elderly volunteers classified as seropositive/non-seroconverted (Fig 6K and
60). For the H3N2 component of the vaccine, similar results to the HIN1 distribution and
back-boosting of HAI titers were observed in 2014, 2015, and 2016 amongst all age groups
with a few outstanding exceptions (Fig 7).

Discussion

In this study, groups of individuals representing different age groups were vaccinated in four
consecutive influenza seasons. This allowed a comprehensive analysis of the effect of repeat
vaccination on HAI to be assessed in the same cohort as a function of age. Adult volunteers
from 18 to 85 years of age were recruited from one of two sites; Stuart, Florida or Pittsburgh,
Pennsylvania. After the initial 2013 season, ~270 individuals were divided into four age classi-
fications to represent young, adult, middle aged and the elderly. There was a mix of ethnicities
and ~75% of the volunteers were women. All volunteers in the 2015 and 2016 seasons were
vaccinated with the split inactivated (IIV) influenza (standard or high dose) FluZone™ vaccine
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(Sanofi Pasteur). Each vaccine contained two influenza A strains (HIN1 and H3N2) and one
or two influenza B strains (Yamagata and Victoria lineages). During the study, the HIN1 com-
ponent, A/California/07/2009 (CA/09), was constant over the 4 seasons. However, the H3N2
component was changed in 2 out of 4 seasons assessed. In 2013 and 2014, volunteers were vac-
cinated with the split, inactivated IIV vaccine that contained two influenza A strains and only
one influenza B strain (B/Massachusetts/2/2012, Yamagata lineage), which was replaced in
2015 and 2016 with the B/Phuket/3073/2013 (Table 2). For the Victoria lineage strain, B/Bris-
bane/60/2008, was added to the vaccine in 2015.

Following vaccination, all age groups had a rise in anti-HA IgG antibody titers. However,
people in the three oldest age groups were more likely to have increases in HATI titers to vaccine
strains at day 21 post-vaccination than people in the 18-34 year old age group. This resulted in
higher seroconversion rates in the elderly age group compared to the young age group. This
would appear contrary to the yearly reported seroconversion rates published by the U.S. Cen-
ters for Diseases Control and Prevention and the World Health Organization each year [12].
The reported average seroconversion rate (defined as a four-fold rise in HAI titer post-vaccina-
tion from the pre-vaccination titer) ranges from 50-75% of vaccinated individuals between the
ages of 18-49 years of age and 10-30% for the elderly (defined as older than 65 years of age).
While discrepant, waning immunity in the elderly season by season might explain the findings
in our study. Even though fewer people had a 4-fold rise in HAI titers post-vaccination, in gen-
eral, the geometric mean HAI titer was higher at day 21 in the young age group and decreased
by age, also a finding consistent in the elderly, in particular, that requires annual boosts. How-
ever, the fold rise was similar between age groups each season, indicating that the overall elici-
tation of the HAI response was equally effective in all age groups for both the HIN1 and H3N2
components of the vaccine in all seasons. The response to the influenza B components and
comparisons between TIV and QIV vaccination will be reported elsewhere. While the fold rise
in HAI GMT was more varied from season to season against the H3N2 component compared
to the HIN1 component, the rise between age groups was similar in each season.

Influenza vaccination is less effective in the elderly compared to young adults, in part due
to decreased generation of specific serum antibodies [13] [14] [15] [16] [17] [18] switched
memory B cells [19] [13] [14] [15] [17] [18], and the presence of long-lived plasma cells (PC)
[20] [21] [22]. Moreover, antibody titers generated in response to a booster vaccination
depend on B cell stimulation, differentiation to B memory cells generated during the primary
response, and stimulation and differentiation of these to make new plasmablasts and PC [23].
Intrinsic B cell defects increase with age and contribute to sub-optimal vaccine responses in
humans [18] [17].

In the present study, generally all age groups were not necessarily more likely to seroconvert
to the HIN1 component of the vaccine compared to the H3N2 within a given season (Figs 2 or
3). These results did not seem to be influenced by administration of high dose vaccine in the
elderly compared to elderly that received standard dose (data not shown). However, when
individuals were categorized at day 0 as seronegative (HAI titer less than 1:40), the seroconver-
sion rates were similar across all age groups in all 4 seasons with the caveat that there were con-
siderably fewer individuals in the young, 18-34 y.o., age group. Similar seroconversion results
were observed when the people were seropositive at day 0 (HAI titer greater than 1:40). The
vast-majority of individuals that were seropositive did not increase their HAI titer by 4-fold
following vaccination, particularly to the HIN1 component of the vaccine. These results indi-
cate that people from all age groups can seroconvert to the influenza A components of the vac-
cine following vaccination, regardless if the individual is seropositive or seronegative prior to
vaccination. However, the number of people in each category varies by age group, with youn-
gest individuals (18-34 y.o.) primarily in a seropositive state and therefore, remain seropositive
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without seroconverting post-vaccination. This may be due to younger people having more
durable antibody responses than the elderly (Fig 4). Individuals, regardless of age, are more
likely to seroconvert when they are seronegative prior to vaccination, however, there are more
elderly people that are seronegative prior to vaccination and therefore, have more people that
have the potential to seroconvert to the vaccine.

When we examined the ability to maintain a seropositive HAI titer over consecutive sea-
sons, younger people were more likely to be seropositive in consecutive seasons than elderly
individuals (Fig 4). The duration and quality of anti-influenza antibodies and the generation of
immunological memory to vaccines is critical for protective immunity. The antibodies made
during a recall memory response differ from those generated during a primary response, as
the class/isotype of the secreted antibody is usually switched [24] [25]. Moreover, antibodies
appear in serum faster and the affinity of the antibodies generated is higher than in the primary
response. Therefore, the ability to maintain seroprotective HAI titers against the influenza
viruses is critical for protection. The elderly population consists of more individuals that are
seronegative and therefore, those that do seroconvert are more likely to have their HAI titer
wane over consecutive seasons, even when receiving the same split, inactivated IIV each
season.

In addition to examining the effects of age on influenza vaccination, the effect of pre-exist-
ing anti-influenza immunity was examined on vaccine induced recall or back-boosting of
serum antibody response to past historical vaccine strains (Fig 5). HAI titers were examined
pre- and post-vaccination against a set of HIN1 and H3N2 influenza A viruses representing
past vaccine strains. Young people (18-34 y.o.) were more likely to have pre-existing HAI anti-
bodies against the strains from 1986 to 2009 compared to individuals in the other three age
groups. Older individuals, particularly those in the 35-49 y.o. adult age group had higher pre-
existing HAI antibodies against HIN1 strains from 1977-1983. Almost none of the individuals
in the youngest age group had pre-existing antibodies to strains from this era. In contrast,
young individuals recognized almost all of the H3N2 strains from 1985 to present, whereas
older individuals had a more restricted HAI activity against strains from 2004 to present. Inter-
estingly, in all age groups, there was an increase, or “back-boost”, in HAI titer targeting histori-
cal strains at day 21 across all age groups. Back boosting of HAT titers to past strains was
reported by Fonville et al. [26] and is dependent on the pre-exposure history and more recently
has been termed ‘Immunological imprinting’ [27]. The magnitude of the response to historical
strains in general declines with increasing antigenic distance from the strain used in the vac-
cine. The long-term persistence of increased antibody titers was more specific to the antigenic
era of the likely infecting strain, but still spanned multiple antigenic clusters. The intensity of
the ‘back-boosting’ response was related to how closely the vaccine strain matched the anti-
genic cluster of those target viruses evaluated in the panel. This phenomenon was observed
more often with the H3N2 viruses than with the HINT1 viruses. The HA from the pandemic
HINT1 viruses is not antigenically similar to the human seasonal viruses that preceded its emer-
gence in 2009 [28] [29] [30]. All age groups recognized a similar number of HINTI historical
strains, but these strains differed per age group, as might be expected based on different immu-
nological imprinting.

We did observe an age-related effect in the number of back-boosted strains recognized
post-vaccination at day 21 (Table 3). Younger individuals were less likely to increase the num-
ber of back boosted strains recognized following vaccination compared to individuals over the
age of 35 years of age. In fact, a small percentage of young people were more likely to have a
decline in the number of back-boosted strains with little or no individuals in the other age
groups showing a decline in the number of strains recognized. Older people were more likely
to have an increase in the number of back-boosted strains recognized post-vaccination. This
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finding is consistent with back-boosting being associated with seroconversion and likely depth
of exposure history. As a group, young people have less seroconversion because they are
already seropositive to the vaccine strain prior to vaccination each season.

To explore the reason for these back-boosting responses, we categorized the individuals in
each age group as either seronegative or seropositive on day 0 in the three consecutive seasons
and further sub-categorized individuals based on whether or not they seroconverted to the
vaccine strain. Then, we identified the number of strains in the historical panel by subtype that
each individual recognized pre- and post-vaccination. For HIN1 (Fig 6) in all three seasons,
most of the seronegative individuals are elderly, whereas there are relatively few people in the
youngest age group who are seronegative prior to vaccination. In the middle-age (50-64 y.o.)
and elderly groups (65-85 y.0.) that were seronegative at day 0, ~50% of the people serocon-
verted following vaccination (seronegative/seroconverted). The largest proportion of people
are seropositive at day 0 and do not seroconvert at day 21, these individuals do remain sero-
positive (seropositive/non-seroconverted), across all age groups, although in general, more
people in the adult (35-49 y.o), middle age (50-64 y.o.) and elderly (64-85 y.o.) populations.
However, a small subset of the seropositive individuals do seroconvert (seropositive/serocon-
verted). It is not clear, but the increased numbers of people in the two youngest age groups
that are seropositive at day 0 to the HIN1 component of the vaccine in 2016, and that do
seroconvert at day 21, may be due to repeated vaccination or subclinical infections [31] over
consecutive seasons. Serial vaccination may be associated with reduced influenza vaccine per-
formance against H3N2 epidemics between 2010 and 2014 [32]. It was speculated that the hier-
archy of HAI antibody responses against historical influenza strains are shaped by original
priming, or imprinting, as well as back-boosting immune responses [33-37]. Annually-
repeated vaccination may have negative effects on the immune response by accelerating anti-
body re-focusing toward prior, rather than evolved epitopes, or for selection of cross-reactive,
non-neutralizing antibody responses [38].

In this study, there is also little evidence supporting the hypothesis that repeated annual
vaccination limits a vaccinee’s ability to mount breadth of immunity against past strains.
Based upon the data presented here, we hypothesize that repeated vaccination pushes all indi-
viduals into a consistently seropositive state as indicated in Table 3. This phenomenon is most
readily observed in the young, but does occur across all age groups. Therefore, the lower sero-
conversion rates observed against the HIN1 component of the vaccine is artificially low
because most of the young individuals enter the study in a seropositive state and maintain that
status for the duration of the study (Table 4). Annual vaccination formulation changes do
result in broader antibody results [39] and regulatory agencies may consider re-formulating
the various vaccine components annually.

With respect to the H3N2 component of the vaccine, young people recognize a high number
of historical strains on day 0 (Fig 7), these HAI data are also represented on an individual level
as a heat map (Fig 5B). Unlike the responses to HIN1, few people were seronegative, either pre-
or post-vaccination in any of the age groups. Whether this was a result of annual updating of
the H3N2 component of the vaccine in each of the seasons represented is not clear, unlike the
HINI1 component which remained constant. Although the strains used in the vaccine changed
multiple times over the duration of the study, antibodies elicited against the vaccine strains
tended to be cross-reactive against unmatched strains in the HAT assay [40]; an observation
confirmed through antibody repertoire profiling of individuals exhibiting breadth of immunity
and that will be reported elsewhere. Similar to what was observed with HIN1, nearly all of the
volunteers that were seronegative prior to vaccination against the H3N2 component serocon-
verted to the vaccine by day 21. Seroconversion was associated with a rise in the number of
back-boosted strains recognized by the elicited antisera collected from the volunteers regardless

PLOS ONE | https://doi.org/10.1371/journal.pone.0185666 November 1,2017 19/23


https://doi.org/10.1371/journal.pone.0185666

@° PLOS | ONE

Pre-existing antibodies to influenza impacts breadth of elicited antibodies to influenza A strains

of age. For individuals that were seropositive prior to vaccination, there was a more modest
back-boosting to the panel of H3N2 strains. The increase in the number of back boosted strains
was more pronounced in the older groups and was less obvious in the young age group. Sero-
positive young individuals had antisera that recognized 10 or more of the 15 historical strains
tested prior to vaccination and therefore, even if there was a rise in the number of back boosted
strains recognized post-vaccination, the boost was less significant (Fig 7C and 7D).

Opverall, the back-boosting to past strains was associated with seroconversion to the vaccine
strain in each season. A person’s pre-existing immunity to influenza attenuates influenza infec-
tion by subsequently strengthening the influenza vaccine induced responses [41]. Influenza
infection, and possibly vaccination, imprints an immunological memory response that is
boosted following influenza vaccination and that results in the elicitation of antibodies that
recognize multiple influenza viral variants [41]. Influenza vaccine antibody responses are
shaped by pre-existing antibody responses to influenza [22, 42-44]. Recently, it was demon-
strated that ~60% of the serum antibody response post-vaccination to influenza is due to the
boosting effect of pre-existing antibody clonotypes [45] and not de-novo responses to the vac-
cine. Therefore, a higher pre-vaccination antibody titer to a specific influenza virus strain
results in a more dominant boost effect of pre-existing antibodies and the emergence of fewer
de novo vaccine-elicited antibodies [45]. In the present study, younger and older individuals
enter each season with different breadth of pre-existing antibodies prior to vaccination. When
the young and older volunteers are divided into similar seroconversion/seronegative categories
based on their serological status (seropositive/seronegative), they appear to react in a similar
manner to vaccination. But the proportion of volunteers assigned to these categories differ by
age with almost all the young people in the seropositive category prior to vaccination and
fewer elderly in this category. Therefore, a major difference between the young and elderly age
groups is the number of people represented in these age groups and how they parse out into
the various phenotypes (or categories). People in the elderly age group (65-85 y.0.), taken as a
whole, may require more frequent vaccination as a result of having a less robust antibody
response to influenza vaccination. Regardless, when considering responses on an individual
basis, once people are phenotyped into similar categories, young and elderly volunteers that
belong to the same immunological category, respond to vaccination similarly.

In this study, we provide data that supports the hypothesis that individuals with breadth of
pre-existing immunity against historical strains is a benefit resulting from immunization with
the currently licensed split ITV influenza vaccines. The ability to seroconvert to the vaccine is a
primary determinant in a rise in antibodies to past influenza variants and most likely to co-cir-
culating variants in any given season. As such, it can be said that current licensed vaccines
offer breadth of immunity, at least to strains from the past, or strains belonging to similar anti-
genic clades. Whether this elicited immunity can afford protection against drifting variants of
the future is currently being determined through deep assessments of individuals with breadth
identified in this study and will be addressed in future analyses. The mechanism behind this
back-boosting phenomenon is currently unknown, but most likely is not due to the produc-
tion of novel antibodies with extensive cross-reactivity, but rather to recalling of memory B
cells that results in the rise of anti-influenza HA antibodies against many epitopes and viral
variants [46]. As such, influenza exposure history by infection, and possibly through vaccina-
tion, influences the breadth of immunity provoked through annual vaccination.

Acknowledgments

The authors would like to thank and Donald M. Carter, Thomas Layman, Beau Reener, Brad-
ford Lefoley, Ben Park, Arnel Sicam for technical assistance and Greg Kirchenbaum Giuseppe

PLOS ONE | https://doi.org/10.1371/journal.pone.0185666 November 1,2017 20/23


https://doi.org/10.1371/journal.pone.0185666

@° PLOS | ONE

Pre-existing antibodies to influenza impacts breadth of elicited antibodies to influenza A strains

Sautto, and Anne Bebin-Blackwell for helpful discussions and comments. The following
reagents were obtained through the NIH Biodefense and Emerging Infections Research
Resources Repository, NIAID, NIH: MDCK; Kidney (Canine), Working Cell Bank, NR-2628.

Author Contributions
Conceptualization: Ivette A. Nuiiez, Sophia Mundle, Harry Kleanthous, Ted M. Ross.

Data curation: Kensington Diagle, Kristen Sweeney, Moti Ramgopal, Richard K. Zimmerman,
Ted M. Ross.

Formal analysis: Ivette A. Nuiiez, Michael A. Carlock, James D. Allen, Simon O. Owino,
Sophia Mundle, Thorsten U. Vogel, Harry Kleanthous, Ted M. Ross.

Funding acquisition: Ted M. Ross.

Investigation: Michael Susick, Kensington Diagle, Kristen Sweeney, Sophia Mundle, Harry
Kleanthous, Ted M. Ross.

Methodology: Ivette A. Nufiez, Michael A. Carlock, James D. Allen, Simon O. Owino, Krissy
K. Moehling, Patricia Nowalk, Harry Kleanthous, Ted M. Ross.

Project administration: Michael Susick, Kensington Diagle, Kristen Sweeney, Simon Dela-
grave, Moti Ramgopal, Richard K. Zimmerman, Harry Kleanthous, Ted M. Ross.

Resources: Krissy K. Moehling, Ted M. Ross.

Supervision: Patricia Nowalk, Michael Susick, Kristen Sweeney, Sophia Mundle, Richard K.
Zimmerman, Harry Kleanthous, Ted M. Ross.

Validation: Krissy K. Moehling.
Writing - original draft: Harry Kleanthous, Ted M. Ross.

Writing - review & editing: Ivette A. Nuiiez, Michael A. Carlock, James D. Allen, Simon O.
Owino, Patricia Nowalk, Sophia Mundle, Thorsten U. Vogel, Simon Delagrave, Richard K.
Zimmerman, Harry Kleanthous, Ted M. Ross.

References

1. HayAJ, Gregory V, Douglas AR, Lin YP. The evolution of human influenza viruses. Philos Trans R Soc
Lond B Biol Sci. 2001; 356(1416):1861—70. https://doi.org/10.1098/rstb.2001.0999 PMID: 11779385.

2. ReedC, Chaves SS, Daily Kirley P, Emerson R, Aragon D, Hancock EB, et al. Estimating influenza dis-
ease burden from population-based surveillance data in the United States. PLoS One. 2015; 10(3):
e€0118369. https://doi.org/10.1371/journal.pone.0118369 PMID: 25738736

3. Lefebvre JS, Masters AR, Hopkins JW, Haynes L. Age-related impairment of humoral response to influ-
enza is associated with changes in antigen specific T follicular helper cell responses. Sci Rep. 2016;
6:25051. https://doi.org/10.1038/srep25051 PMID: 27109638

4. PeraA, Campos C, Lopez N, Hassouneh F, Alonso C, Tarazona R, et al. Iimunosenescence: Implica-
tions for response to infection and vaccination in older people. Maturitas. 2015; 82(1):50-5. https://doi.
org/10.1016/j.maturitas.2015.05.004 PMID: 26044074.

5. Blomberg BB, Frasca D. Quantity, not quality, of antibody response decreased in the elderly. J Clin
Invest. 2011; 121(8):2981-3. https://doi.org/10.1172/JCI58406 PMID: 21785210

6. Souty C, Blanchon T, Bonmarin |, Levy-Bruhl D, Behillil S, Enouf V, et al. Early estimates of 2014/15
seasonal influenza vaccine effectiveness in preventing influenza-like illness in general practice using
the screening method in France. Hum Vaccin Immunother. 2015; 11(7):1621-5. https://doi.org/10.
1080/21645515.2015.1046661 PMID: 26061896

7. Goodwin K, Viboud C, Simonsen L. Antibody response to influenza vaccination in the elderly: a quanti-
tative review. Vaccine. 2006; 24(8):1159-69. https://doi.org/10.1016/j.vaccine.2005.08.105 PMID:
16213065.

PLOS ONE | https://doi.org/10.1371/journal.pone.0185666 November 1,2017 21/23


https://doi.org/10.1098/rstb.2001.0999
http://www.ncbi.nlm.nih.gov/pubmed/11779385
https://doi.org/10.1371/journal.pone.0118369
http://www.ncbi.nlm.nih.gov/pubmed/25738736
https://doi.org/10.1038/srep25051
http://www.ncbi.nlm.nih.gov/pubmed/27109638
https://doi.org/10.1016/j.maturitas.2015.05.004
https://doi.org/10.1016/j.maturitas.2015.05.004
http://www.ncbi.nlm.nih.gov/pubmed/26044074
https://doi.org/10.1172/JCI58406
http://www.ncbi.nlm.nih.gov/pubmed/21785210
https://doi.org/10.1080/21645515.2015.1046661
https://doi.org/10.1080/21645515.2015.1046661
http://www.ncbi.nlm.nih.gov/pubmed/26061896
https://doi.org/10.1016/j.vaccine.2005.08.105
http://www.ncbi.nlm.nih.gov/pubmed/16213065
https://doi.org/10.1371/journal.pone.0185666

@° PLOS | ONE

Pre-existing antibodies to influenza impacts breadth of elicited antibodies to influenza A strains

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Osterholm MT, Kelley NS, Sommer A, Belongia EA. Efficacy and effectiveness of influenza vaccines: a
systematic review and meta-analysis. Lancet Infect Dis. 2012; 12(1):36—44. https://doi.org/10.1016/
S1473-3099(11)70295-X PMID: 22032844.

Ross TM, Lin CJ, Nowalk MP, Huang HH, Spencer SM, Shay DK, et al. Influence of pre-existing hemag-
glutination inhibition titers against historical influenza strains on antibody response to inactivated triva-
lent influenza vaccine in adults 50—-80 years of age. Hum Vaccin Immunother. 2014; 10(5):1195-2083.
https://doi.org/10.4161/hv.28313 PMID: 24614078

Organization WH, Network WGIS. Manual for the Laboratory Diagnosis and Virological Surveillance of
Influenza: World Health Organization; 2011.

Agency EM. Guideline on influenza vaccines: Non-clinical and clinical module [Draft]. In: Use CfMPfH,
editor. EMA/CHMP/VWP/457259/2014. London E14 4HB, UK2014.

Flannery B, Chung JR, Thaker SN, Monto AS, Martin ET, Belongia EA, et al. Interim Estimates of
2016—17 Seasonal Influenza Vaccine Effectiveness—United States, February 2017. MMWR Morb Mor-
tal Wkly Rep. 2017; 66(6):167—71. https://doi.org/10.15585/mmwr.mm6606a3 PMID: 28207689.

van Essen GA, Beran J, Devaster JM, Durand C, Duval X, Esen M, et al. Influenza symptoms and their
impact on elderly adults: randomised trial of AS03-adjuvanted or non-adjuvanted inactivated trivalent
seasonal influenza vaccines. Influenza Other Respir Viruses. 2014; 8(4):452—62. https://doi.org/10.
1111/irv.12245 PMID: 24702710

Murasko DM, Bernstein ED, Gardner EM, Gross P, Munk G, Dran S, et al. Role of humoral and cell-
mediated immunity in protection from influenza disease after immunization of healthy elderly. Exp Ger-
ontol. 2002; 37(2—3):427-39. PMID: 11772530.

McElhaney JE, Beran J, Devaster JM, Esen M, Launay O, Leroux-Roels G, et al. AS03-adjuvanted ver-
sus non-adjuvanted inactivated trivalent influenza vaccine against seasonal influenza in elderly people:
a phase 3 randomised trial. Lancet Infect Dis. 2013; 13(6):485-96. https://doi.org/10.1016/S1473-3099
(13)70046-X PMID: 23518156.

Jiang J, Fisher EM, Murasko DM. Intrinsic defects in CD8 T cells with aging contribute to impaired pri-
mary antiviral responses. Exp Gerontol. 2013; 48(6):579-86. https://doi.org/10.1016/j.exger.2013.02.
027 PMID: 23473930

Frasca D, Diaz A, Romero M, Landin AM, Phillips M, Lechner SC, et al. Intrinsic defects in B cell
response to seasonal influenza vaccination in elderly humans. Vaccine. 2010; 28(51):8077-84. https://
doi.org/10.1016/j.vaccine.2010.10.023 PMID: 20974306

Frasca D, Diaz A, Romero M, Phillips M, Mendez NV, Landin AM, et al. Unique biomarkers for B-cell
function predict the serum response to pandemic H1N1 influenza vaccine. Int Immunol. 2012; 24
(3):175-82. https://doi.org/10.1093/intimm/dxr123 PMID: 22281510

Amanna IJ, Carlson NE, Slifka MK. Duration of humoral immunity to common viral and vaccine anti-
gens. N Engl J Med. 2007; 357(19):1903-15. https://doi.org/10.1056/NEJMoa066092 PMID:
17989383.

Pritz T, Lair J, Ban M, Keller M, Weinberger B, Krismer M, et al. Plasma cell numbers decrease in bone
marrow of old patients. Eur J Immunol. 2015; 45(3):738—46. https://doi.org/10.1002/eji.201444878
PMID: 25430805.

Sasaki S, Sullivan M, Narvaez CF, Holmes TH, Furman D, Zheng NY, et al. Limited efficacy of inacti-
vated influenza vaccine in elderly individuals is associated with decreased production of vaccine-spe-
cific antibodies. J Clin Invest. 2011; 121(8):3109-19. https://doi.org/10.1172/JCI57834 PMID:
21785218

Sasaki S, He XS, Holmes TH, Dekker CL, Kemble GW, Arvin AM, et al. Influence of prior influenza vac-
cination on antibody and B-cell responses. PLoS One. 2008; 3(8):e2975. https://doi.org/10.1371/
journal.pone.0002975 PMID: 18714352

Kaml M, Weiskirchner |, Keller M, Luft T, Hoster E, Hasford J, et al. Booster vaccination in the elderly:
their success depends on the vaccine type applied earlier in life as well as on pre-vaccination antibody
titers. Vaccine. 2006; 24(47-48):6808—11. https://doi.org/10.1016/j.vaccine.2006.06.037 PMID:
16872725.

Moens L, Kane A, Tangye SG. Naive and memory B cells exhibit distinct biochemical responses follow-
ing BCR engagement. Immunol Cell Biol. 2016; 94(8):774—86. hitps://doi.org/10.1038/icb.2016.41
PMID: 27101928.

Deenick EK, Avery DT, Chan A, Berglund LJ, lves ML, Moens L, et al. Naive and memory human B
cells have distinct requirements for STAT3 activation to differentiate into antibody-secreting plasma
cells. J Exp Med. 2013; 210(12):2739-53. https://doi.org/10.1084/jem.20130323 PMID: 24218138

Fonville JM, Wilks SH, James SL, Fox A, Ventresca M, Aban M, et al. Antibody landscapes after influ-
enza virus infection or vaccination. Science. 2014; 346(6212):996—1000. https://doi.org/10.1126/
science.1256427 PMID: 25414313

PLOS ONE | https://doi.org/10.1371/journal.pone.0185666 November 1,2017 22/23


https://doi.org/10.1016/S1473-3099(11)70295-X
https://doi.org/10.1016/S1473-3099(11)70295-X
http://www.ncbi.nlm.nih.gov/pubmed/22032844
https://doi.org/10.4161/hv.28313
http://www.ncbi.nlm.nih.gov/pubmed/24614078
https://doi.org/10.15585/mmwr.mm6606a3
http://www.ncbi.nlm.nih.gov/pubmed/28207689
https://doi.org/10.1111/irv.12245
https://doi.org/10.1111/irv.12245
http://www.ncbi.nlm.nih.gov/pubmed/24702710
http://www.ncbi.nlm.nih.gov/pubmed/11772530
https://doi.org/10.1016/S1473-3099(13)70046-X
https://doi.org/10.1016/S1473-3099(13)70046-X
http://www.ncbi.nlm.nih.gov/pubmed/23518156
https://doi.org/10.1016/j.exger.2013.02.027
https://doi.org/10.1016/j.exger.2013.02.027
http://www.ncbi.nlm.nih.gov/pubmed/23473930
https://doi.org/10.1016/j.vaccine.2010.10.023
https://doi.org/10.1016/j.vaccine.2010.10.023
http://www.ncbi.nlm.nih.gov/pubmed/20974306
https://doi.org/10.1093/intimm/dxr123
http://www.ncbi.nlm.nih.gov/pubmed/22281510
https://doi.org/10.1056/NEJMoa066092
http://www.ncbi.nlm.nih.gov/pubmed/17989383
https://doi.org/10.1002/eji.201444878
http://www.ncbi.nlm.nih.gov/pubmed/25430805
https://doi.org/10.1172/JCI57834
http://www.ncbi.nlm.nih.gov/pubmed/21785218
https://doi.org/10.1371/journal.pone.0002975
https://doi.org/10.1371/journal.pone.0002975
http://www.ncbi.nlm.nih.gov/pubmed/18714352
https://doi.org/10.1016/j.vaccine.2006.06.037
http://www.ncbi.nlm.nih.gov/pubmed/16872725
https://doi.org/10.1038/icb.2016.41
http://www.ncbi.nlm.nih.gov/pubmed/27101923
https://doi.org/10.1084/jem.20130323
http://www.ncbi.nlm.nih.gov/pubmed/24218138
https://doi.org/10.1126/science.1256427
https://doi.org/10.1126/science.1256427
http://www.ncbi.nlm.nih.gov/pubmed/25414313
https://doi.org/10.1371/journal.pone.0185666

@° PLOS | ONE

Pre-existing antibodies to influenza impacts breadth of elicited antibodies to influenza A strains

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

Cobey S, Hensley SE. Immune history and influenza virus susceptibility. Curr Opin Virol. 2017; 22:105—
11. https://doi.org/10.1016/j.coviro.2016.12.004 PMID: 28088686

Hancock K, Veguilla V, Lu X, Zhong W, Butler EN, Sun H, et al. Cross-reactive antibody responses to
the 2009 pandemic H1N1 influenza virus. N Engl J Med. 2009; 361(20):1945-52. https://doi.org/10.
1056/NEJM0a0906453 PMID: 19745214,

Shinde V, Bridges CB, Uyeki TM, Shu B, Balish A, Xu X, et al. Triple-reassortant swine influenza A (H1)
in humans in the United States, 2005-2009. N Engl J Med. 2009; 360(25):2616—-25. https://doi.org/10.
1056/NEJM0a0903812 PMID: 19423871.

Garten RJ, Davis CT, Russell CA, Shu B, Lindstrom S, Balish A, et al. Antigenic and genetic character-
istics of swine-origin 2009 A(H1N1) influenza viruses circulating in humans. Science. 2009; 325
(5937):197—201. https://doi.org/10.1126/science. 1176225 PMID: 19465683

Valero-Pacheco N, Pérez-Toledo M, Villasis-Keever MA, Nufiez-Valencia A, Bosco-Garate |, Lozano-
Dubernard B, et al. Antibody Persistence in Adults Two Years after Vaccination with an HIN1 2009
Pandemic Influenza Virus-like Particle Vaccine. PLoS One. 2016; 11(2):e0150146. https://doi.org/10.
1371/journal.pone.0150146 PMID: 26919288

Skowronski DM, Chambers C, De Serres G, Sabaiduc S, Winter AL, Dickinson JA, et al. Serial Vaccina-
tion and the Antigenic Distance Hypothesis: Effects on Influenza Vaccine Effectiveness During A
(H3N2) Epidemics in Canada, 2010-2011 to 2014—2015. J Infect Dis. 2017; 215(7):1059-99. https://
doi.org/10.1093/infdis/jix074 PMID: 28180277.

Skowronski DM, Hottes TS, McElhaney JE, Janjua NZ, Sabaiduc S, Chan T, et al. Immuno-epidemio-
logic correlates of pandemic H1N1 surveillance observations: higher antibody and lower cell-mediated
immune responses with advanced age. J Infect Dis. 2011; 203(2):158—67. https://doi.org/10.1093/
infdis/jig039 PMID: 21288814

Skowronski DM, Janjua NZ, De Serres G, Purych D, Gilca V, Scheifele DW, et al. Cross-reactive and
vaccine-induced antibody to an emerging swine-origin variant of influenza A virus subtype H3N2
(H3N2v). J Infect Dis. 2012; 206(12):1852—61. https://doi.org/10.1093/infdis/jis500 PMID: 22872731.

Miller MS, Gardner TJ, Krammer F, Aguado LC, Tortorella D, Basler CF, et al. Neutralizing antibodies
against previously encountered influenza virus strains increase over time: a longitudinal analysis. Sci
Transl Med. 2013; 5(198):198ra07. https://doi.org/10.1126/scitransimed.3006637 PMID: 23946196

Hensley SE. Challenges of selecting seasonal influenza vaccine strains for humans with diverse pre-expo-
sure histories. Curr Opin Virol. 2014; 8:85-9. https://doi.org/10.1016/j.coviro.2014.07.007 PMID: 25108824

Gostic KM, Ambrose M, Worobey M, Lloyd-Smith JO. Potent protection against HSN1 and H7N9 influ-
enza via childhood hemagglutinin imprinting. Science. 2016; 354(6313):722—-6. https://doi.org/10.1126/
science.aag1322 PMID: 27846599

Huang KY, Rijal P, Schimanski L, Powell TJ, Lin TY, McCauley JW, et al. Focused antibody response to
influenza linked to antigenic drift. J Clin Invest. 2015; 125(7):2631-45. https://doi.org/10.1172/
JCI81104 PMID: 26011643

Plant EP, Fredell LJ, Hatcher BA, Li X, Chiang MJ, Kosikova M, et al. Different Repeat Annual Influenza
Vaccinations Improve the Antibody Response to Drifted Influenza Strains. Sci Reports. 2017; 7:5258.

Wong TM, Allen JD, Bebin-Blackwell AG, Carter DM, Alefantis T, DiNapoli J, et al. COBRA HA elicits
hemagglutination-inhibition antibodies against a panel of H3N2 influenza virus co-circulating variants. J
Virol. 2017;in press.

Kim JH, Talbot HK, Mishina M, Zhu Y, Chen J, Cao W, et al. High-dose influenza vaccine favors acute
plasmablast responses rather than long-term cellular responses. Vaccine. 2016; 34(38):4594—601.
https://doi.org/10.1016/j.vaccine.2016.07.018 PMID: 27473306

Francis TJ. On the Doctrine of Original Antigenic Sin. Proceedings of the American Philosophical Soci-
ety. 1960; Vol. 104(No. 6):572-8.

Andrews SF, Kaur K, Pauli NT, Huang M, Huang Y, Wilson PC. High preexisting serological antibody
levels correlate with diversification of the influenza vaccine response. J Virol. 2015; 89(6):3308—17.
https://doi.org/10.1128/JVI1.02871-14 PMID: 25589639

Brodin P, Jojic V, Gao T, Bhattacharya S, Angel CJ, Furman D, et al. Variation in the human immune
system is largely driven by non-heritable influences. Cell. 2015; 160(1-2):37—47. https://doi.org/10.
1016/j.cell.2014.12.020 PMID: 25594173

Lee J, Boutz DR, Chromikova V, Joyce MG, Vollmers C, Leung K, et al. Molecular-level analysis of the
serum antibody repertoire in young adults before and after seasonal influenza vaccination. Nat Med.
2016; 22(12):1456—-64. https://doi.org/10.1038/nm.4224 PMID: 27820605

de Bruijn IA, Remarque EJ, Beyer WE, le Cessie S, Masurel N, Ligthart GJ. Annually repeated influenza
vaccination improves humoral responses to several influenza virus strains in healthy elderly. Vaccine.
1997; 15(12-13):1323-9. PMID: 9302738.

PLOS ONE | https://doi.org/10.1371/journal.pone.0185666 November 1,2017 23/23


https://doi.org/10.1016/j.coviro.2016.12.004
http://www.ncbi.nlm.nih.gov/pubmed/28088686
https://doi.org/10.1056/NEJMoa0906453
https://doi.org/10.1056/NEJMoa0906453
http://www.ncbi.nlm.nih.gov/pubmed/19745214
https://doi.org/10.1056/NEJMoa0903812
https://doi.org/10.1056/NEJMoa0903812
http://www.ncbi.nlm.nih.gov/pubmed/19423871
https://doi.org/10.1126/science.1176225
http://www.ncbi.nlm.nih.gov/pubmed/19465683
https://doi.org/10.1371/journal.pone.0150146
https://doi.org/10.1371/journal.pone.0150146
http://www.ncbi.nlm.nih.gov/pubmed/26919288
https://doi.org/10.1093/infdis/jix074
https://doi.org/10.1093/infdis/jix074
http://www.ncbi.nlm.nih.gov/pubmed/28180277
https://doi.org/10.1093/infdis/jiq039
https://doi.org/10.1093/infdis/jiq039
http://www.ncbi.nlm.nih.gov/pubmed/21288814
https://doi.org/10.1093/infdis/jis500
http://www.ncbi.nlm.nih.gov/pubmed/22872731
https://doi.org/10.1126/scitranslmed.3006637
http://www.ncbi.nlm.nih.gov/pubmed/23946196
https://doi.org/10.1016/j.coviro.2014.07.007
http://www.ncbi.nlm.nih.gov/pubmed/25108824
https://doi.org/10.1126/science.aag1322
https://doi.org/10.1126/science.aag1322
http://www.ncbi.nlm.nih.gov/pubmed/27846599
https://doi.org/10.1172/JCI81104
https://doi.org/10.1172/JCI81104
http://www.ncbi.nlm.nih.gov/pubmed/26011643
https://doi.org/10.1016/j.vaccine.2016.07.018
http://www.ncbi.nlm.nih.gov/pubmed/27473306
https://doi.org/10.1128/JVI.02871-14
http://www.ncbi.nlm.nih.gov/pubmed/25589639
https://doi.org/10.1016/j.cell.2014.12.020
https://doi.org/10.1016/j.cell.2014.12.020
http://www.ncbi.nlm.nih.gov/pubmed/25594173
https://doi.org/10.1038/nm.4224
http://www.ncbi.nlm.nih.gov/pubmed/27820605
http://www.ncbi.nlm.nih.gov/pubmed/9302738
https://doi.org/10.1371/journal.pone.0185666

