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Abstract

Background.—Preexisting antibodies to influenza, shaped by early infection and subsequent
exposures, may impact responses to influenza vaccination.

Methods.—We enrolled 72 children (aged 7-17 years) in 2015-2016; all received inactivated
influenza vaccines. Forty-one were also vaccinated in 2014-2015, with 12 becoming infected with
A(H3N2) in 2014-2015. Thirty-one children did not have documented influenza exposures in the
prior 5 seasons. Sera were collected pre- and postvaccination in both seasons. We constructed
antibody landscapes using hemagglutination inhibition antibody titers against 16 A(H3N2) viruses
representative of major antigenic clusters that circulated between 1968 and 2015.

Results.—The breadth of the antibody landscapes increased with age. Vaccine-induced antibody
responses correlated with boosting of titers to previously encountered antigens. Postvaccination
titers were the highest against vaccine antigens rather than the historic A(H3N2) viruses
previously encountered. Prevaccination titers to the vaccine were the strongest predictors of
postvaccination titers. Responses to vaccine antigens did not differ by likely priming virus.
Influenza A(H3N2)-infected children in 2014-2015 had narrower antibody landscapes than those
uninfected, but prior season infection status had little effect on antibody landscapes following
2015-2016 vaccination.

Conclusions.—A(H3N2) antibody landscapes in children were largely determined by age-
related immune priming, rather than recent vaccination or infection.

Correspondence: Min Z. Levine, PhD, Influenza Division, Centers for Disease Control and Prevention, 1600 Clifton Rd NE, Atlanta
GA 30329 (mlevine@cdc.gov).

Supplementary Data

Supplementary materials are available at 7he Journal of 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 corresponding author.

Potential conflicts of interest. H. Q. M. has received research funding from Seqirus, unrelated to the present work. All other authors
report no potential conflicts of interest.

All authors have submitted the ICMJE Form for Disclosure of Potential Conflicts of Interest. Conflicts that the editors consider
relevant to the content of the manuscript have been disclosed.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hinojosa et al. Page 2

Keywords
influenza vaccination; antibody landscape; birth cohorts; immune priming; infection

Human immunity to influenza is complicated by repeated exposures in an individual’s
lifetime from vaccination and/or natural infection. Vaccination is the most effective public
health measure to protect against influenza infections. However, responses to vaccination
and influenza vaccine effectiveness are often impacted by multiple factors, including
antigenic match between vaccine strain and circulating strains, preexisting immunity from
past exposures, and other virological and immunological factors.

Immune responses to influenza vaccination are affected by preexisting antibodies to
previously encountered antigens [1-3], including from initial influenza infection and
subsequent exposures through vaccination or later infection. Serologic studies since the
1950s have suggested a dominant antibody recall response to the first or early influenza
antigen exposure [4-7], referred to by Francis et al [7] as “original antigenic sin” or
currently as antigenic seniority [8]. Fonville et al introduced antibody landscapes as a
method to visualize serologic data by plotting antibody titers as a function of antigenic
relationships among viruses that circulated during different time periods [8]. Recent studies
have shown that antibody responses to vaccination can also be modified by prior season
vaccinations [9-11]. However thus far, most immune priming and repeated vaccination
studies have been conducted in adults whereas data in children remain sparse. In adults,
responses to vaccination may be complicated by preexisting immunity from decades of
multiple vaccinations and infections. Examination of antibody landscapes among children
with well-documented prior exposures may help us to understand factors that can influence
vaccine effectiveness.

In this study, we evaluated effects of antibody landscapes on vaccine responses using sera
collected from children over 2 influenza seasons in 2014-2015 and 2015-2016. Children
were also followed prospectively for influenza infection in both seasons [9]. Antigenic drift
of circulating A(H3N2) viruses and a vaccine strain change from 2014-2015 to 2015-2016
(from A/Texas/50/2012 [clade 3C.1] to A/Switzerland/9725193/2013 [clade 3C.3a]) also
provided an opportunity to examine effects of infection and vaccine strain changes on
antibody landscapes in children. We identified antibody profiles associated with probable
immune priming and analyzed effects of prior season vaccination and infection on antibody
landscapes.

METHODS

Study Participants and Sera

School-aged children (aged 5-17 years) were enrolled from September to November 2015 in
a serologic study in Marshfield, Wisconsin (Figure 1; Supplementary Table 1) [9]. Children
included in the antibody landscape analysis (n = 72; age 7-17 years [median age, 13 years])
received 2015-2016 trivalent inactivated influenza vaccine (113, Fluzone, Sanofi Pasteur).
Of these, 41 were previously enrolled in 2014-2015 and received either 2014-2015 11V3
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(Sanofi Pasteur) or quadrivalent live attenuated influenza vaccine (LAIV4, FluMist,
MedImmune). Children were grouped based on their 2014-2015 A(H3N2) infection and
vaccination status: 12 were vaccinated (9 received LAIV and 3 received 11V) and had
laboratory-confirmed A(H3N2) infection during the 2014-2015 season (VI group; age 7-13
years [median age, 10.5 years]), 29 were vaccinated and uninfected with A(H3N2) in 2014-
2015 (VU group; age 7-17 years [median age, 12 years]), and 31 children were newly
enrolled in 2015-2016 from the Marshfield Epidemiologic Study Area who were
unvaccinated and uninfected with no documented influenza infection nor medically attended
acute respiratory illness in the prior 5 seasons (UU group; age 9-17 years [median age, 13
years]) (Supplementary Table 1) [9]. In 2015-2016, none of the participants had A(H3N2)
infection identified during active surveillance. Sera collected prevaccination and 21-28 days
postvaccination in 2015-2016 from all children and in 2014-2015 from those enrolled in
both seasons were tested.

Written informed consent was obtained from parents/guardians of the children, and assent,
when applicable. This study was approved by the institutional review boards of the Centers
for Disease Control and Prevention and the Marshfield Research Clinic Institute.

Hemagglutination Inhibition Assays

Vaccine responses were measured by hemagglutination inhibition (HI) assays using 0.5%
turkey erythrocytes as previously described [12]. Serum samples were treated with receptor-
destroying enzyme and preabsorbed with packed turkey erythrocytes to remove nonspecific
agglutinins as needed. Serial 2-fold dilutions of sera were made from an initial 1:20 dilution.
The HI titer was defined as the reciprocal of the last dilution of serum that completely
inhibited hemagglutination. At least 2 independent experiments were performed for all time
points from the same individual with each sample run in duplicates.

All viruses were propagated in 9- to 11-day-old embryonic chicken eggs and sequenced
(Supplementary Table 2).

Antibody Landscapes

For each individual, antibody landscapes were constructed for each time point using
antibody responses against 16 A(H3N2) viruses representative of antigenic clusters that
circulated between 1968 and 2016: A/Aichi/2/1968 (Aichi/1968), A/Victoria/03/1975
(Victoria/1975), A/Bangkok/1/1979 (Bangkok/1979), A/Shanghai/11/1987(Shanghai/1987),
AJ/Beijing/353/1989 (Beijing/1989), A/Beijing/32/1992 (Beijing/1992), A/Wuhan/359/1995
(Wuhan/1995), A/Sydney/05/1997 (Sydney/1997), A/Panama/2007/1999 (Panama/1999), A/
Fujian/411/2002 (Fujian/2002), A/California/07/2004 (California/2004), A/
Wisconsin/67/2005 (Wisconsin/2005), A/Brisbane/10/2007 (Brisbane/2007), A/
Perth/16/2009 (Perth/2009), A/Texas /50/2012 (Texas/2012), and A/Switzerland/
9715293/2013 (Switzerland/2013).

To define likely A(H3N2) immune priming, children were grouped into cohorts using 2
approaches. In the first approach, we assumed that the year of birth directly implied priming
with a virus that circulated during that year; thus, participants were grouped by birth years as
“birth cohorts.” To achieve sufficient numbers per birth cohort, 2 birth years were grouped
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as 1 “birth cohort,” except in 20062008, where 3 birth years were grouped as 1 birth
cohort. To construct antibody landscapes for each birth cohort, we plotted geometric mean
titers (GMTSs) against viruses arranged chronologically by the year of isolation.

In the second approach, we determined likely priming virus based on an individual’s
postvaccination antibody landscape without assuming that initial influenza exposure
occurred in the first years of life [13-15], and grouped these children into “priming cohorts.”
Likely A(H3N2) priming virus was assumed to be antigenically similar to the earliest
reference strain that circulated after a child’s birth with titer =40 post 2015-2016
vaccination (Supplementary Tables 3 and 4). Circulation periods for historical A(H3N2)
viruses were estimated based on data published for influenza surveillance (Supplementary
Table 3). Following the method of Fonville et al [8], we generated an antigenic cartographic
map using ferret antisera titers against the 16 A(H3N2) viruses and computed antigenic
distance along a “summary path” using R version 3.6.1 software (Supplementary Methods
and Supplementary Figure 1). Log-transformed postvaccination titers (logs [titer / 5]) were
plotted against 16 A(H3N2) reference viruses arranged on the horizontal axis based on the
antigenic distance measured from the antigenic map.

Statistical Analysis

RESULTS

GMTs of replicates were reported as final titers. Titers <20 (predilution of sera) were
assigned as 10. GMT fold-rise was calculated as the ratio of postvaccination to
prevaccination titers. Seroconversion was defined as >4-fold rise in antibody titers with
postvaccination titers =40. Comparison between study groups were analyzed by 2-tailed ¢
test or 1-way analysis of variance, and difference in proportions was compared using Fisher
exact test. Multivariate linear regression with log,-transformed titers or fold-rise in titers was
used to examine associations between pre- and postvaccination or fold-rise in titers with age
and probable priming viruses in both seasons. Statistical analyses were conducted using
GraphPad Prism 8.1.1 and SAS 9.4 software.

Impact of Immune Priming

Antibody landscapes in children against 16 A(H3N2) viruses representative of major
antigenic clusters that circulated from 1968 to the study period 2016 were compared before
and after 2014-2015 and 2015-2016 influenza vaccinations (Figure 2). Vaccination against
either Texas/2012 or Switzerland/2013 not only induced antibody rises to the vaccine
viruses, it also boosted responses to older viruses, including some that circulated prior to
participants’ birth (Figure 2 and Supplementary Figures 2 and 3). Antibody responses in
children were broader than those detected by primary infection ferret antisera against the
vaccine viruses, which only recognized viruses that circulated in adjacent seasons
(Supplementary Table 5).

To investigate the effect of immune priming on vaccine responses, we first grouped the
children into 5 birth cohorts that were from birth years 1998-1999, 2000-2001, 2002-2003,
2004-2005, and 2006-2008. At prevaccination, the breadth of antibody landscapes, or the
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number of viruses with HI titers =40, increased with the age of the birth cohorts (Figure 3
and Supplementary Figure 4A). Children in the same birth cohort, regardless of their prior
season vaccination status, had similar shapes of antibody landscapes before vaccination. At
baseline, children in the UU group without documented vaccination and infection in the past
5 seasons (n = 31) had lower titers but similar shapes of landscapes to older viruses
compared with children who received vaccine in the prior season (VI and VU groups, n =
41), indicating that these children were also exposed to A(H3N2) viruses early in life
(Figure 3). Following 2015-2016 vaccination, children in older birth cohorts induced
broader antibody responses (back-boost) to earlier viruses; the number of postvaccination
titers =80 increased with birth cohort years (Supplementary Figure 4B). Of note, young
children in the 2006-2008 birth cohort, all of whom received LAIV in 2014-2015, had no
detectable HI antibody responses in 2014-2015 (Figure 3).

Next, we used each child’s antibody landscape to historic viruses and defined their likely
immune priming virus [13]. Antigenic characterization (Supplementary Table 5) and
antigenic cartographic map using ferret antisera (Figure 4A) illustrated the gradual and
frequent antigenic drift of A(H3N2) viruses over the past 5 decades. Among the children
received vaccination in both seasons, we identified 5 priming cohorts. These children were
likely primed with Sydney/1997-like, Panama/1999-like, Fujian/2002-like, California/2004-
like, and Wisconsin/2005-like A(H3N2) viruses earlier in their life. We constructed antibody
cartographic landscapes for these 5 priming cohorts in both seasons (Figure 4B). Similar to
the birth cohorts, children primed with older viruses had broader breadth of antibody
landscapes at baseline. After vaccination, landscapes based on antigenic distance retained
their shapes over 2 seasons within each priming cohort (Figure 4B).

The 2 approaches to identify likely immune priming yielded similar results. In each “birth
cohort” or “priming cohort” (Figures 3 and 4), antibody responses were higher to the current
vaccine virus and closely related contemporary viruses, rather than to the priming virus or
other older viruses they may have been exposed to in the past. In 2015-2016, fold-rise in
titers to the likely priming virus was significantly associated with the fold-rise to the vaccine
virus Switzerland/2013 (P <.001) (Table 1, model 5). However, in the multivariate model,
prevaccination titers to the likely priming virus were not significant predictors of responses
to vaccine viruses (Table 1, models 1-4). Pairwise comparison of antibody responses to the
vaccine viruses in each season among priming cohorts revealed no significant difference (P
>.05) except that, in the 2014-2015 season, children likely primed with Wisconsin/2005-
like viruses (n = 4) had lower responses to Texas/2012 compared to other priming cohorts
(Supplementary Tables 6 and 7). Three of the 4 children in this priming cohort received
LAIV; lower antibody responses were likely due to the vaccine type received [16], rather
than immune priming.

Impact of Prior Season Vaccination

A(H3NZ2) vaccine antigen was updated from Texas/2012 (3C.1) in 2014-2015 to
Switzerland/2013 (3C.3a) in 2015-2016 due to antigenic drift of the circulating viruses.
Interestingly, among children enrolled in both seasons (VI and VU groups), following
consecutive vaccination with these 2 antigenically distinct antigens, antibody landscape
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patterns generally remained similar between seasons (Figure 2A and 2B); similar landscape
patterns were also retained within each priming cohort (Figure 3A and 4B). Antibody
waning was evident between the postvaccination landscape in 2014-2015 and
prevaccination in 2015-2016 (Figures 2-4). In children vaccinated in both seasons, there
was a slight increase from 2014-2015 to 2015-2016 prevaccination landscape titers (Figure
5A).

When stratified by prior season vaccination status, at baseline, children unvaccinated and
uninfected in the past 5 seasons (UU group, n = 31) had lower 2015-2016 prevaccination
landscape titers than those who received 2014-2015 113 (IIV/I1V, n = 29), including titers
to the vaccine virus Switzerland/2013 and several viruses that circulated in the earlier
influenza seasons (Texas/2012, Perth/2009, Wisconsin/2005, and California/2004; P < .05,
Figure 5B). However following vaccination with Switzerland/2013, their landscape titers
were largely similar (£ >.05) for all viruses between the 2 groups except for 1 virus
(Brisbane/2007) (Figure 5B) where the UU group showed significantly higher titers (P
<.05). The magnitude of the titers increased but the patterns of the landscapes were retained
between pre- and postvaccination in each group. Children in the UU group had significantly
higher antibody fold-rise to the vaccine virus Switzerland/2013 (Supplementary Figures 3
and 5) and to the other earlier A(H3N2) viruses compared to children vaccinated in 2014—
2015 (IIV/11V group in Figure 5C and Supplementary Figure 3). Furthermore, in each group,
the highest fold-rise was to the vaccine virus Switzerland/2013, rather than to any of the
historic A(H3N2) viruses (Figure 5C). Following vaccination in 2015-2016, a greater
proportion (94%) of children in the UU group seroconverted to Switzerland/2013 compared
with children who received 11V3 in the prior season (63%; P=.0052).

In multivariate linear regression models to analyze the predictors for vaccine responses in
each season, in 2015-2016, prevaccination titers against vaccine virus Switzerland/2013
were the strongest predictors of postvaccination titers to Switzerland/2013 (# <.001; Table
1, model 4). In 2014-2015, prevaccination titers to Texas/2012 were positively correlated
with postvaccination titers to Texas/2012 and negatively correlated with fold-rise to Texas/
2012 (P <.05; Table 1, models 1 and 2).

Impact of Influenza A(H3N2) Infection

Among the 12 children who had reverse-transcription polymerase chain reaction—confirmed
infection with A(H3N2) viruses in 2014-2015 (VI group), 9 had received LAIV and 3
received I1V in 2014-2015 (Supplementary Table 1). Circulating A(H3N2) viruses in 2014—
2015 were antigenically drifted from the vaccine virus Texas/2012 but were antigenically
similar to the updated vaccine strain Switzerland/2013 (3C.3a) in 2015-2016 [16]. Infection
with A(H3N2) in 2014-2015 resulted in elevated titers across the landscape in 2015-2016
prevaccination sera, consistent with convalescent response following natural infection.
Subsequent vaccination in 2015-2016 further boosted landscape titers (Figure 6A).
Conversely, in vaccinated but uninfected children (VU group, n = 29), antibody waned
across the landscape from postvaccination in 2014-2015 to prevaccination in 2015-2016,
followed by a substantial increase of landscape titers postvaccination with Switzerland/2013
in 2015-2016 (Figure 6B).
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Children infected with A(H3N2) after receiving Texas/2012 in 2014-2015 had lower
postvaccination titers cross-reactive to Switzerland/2013 compared with those who were
vaccinated but not infected (P =.004; Supplementary Figure 6A). Postvaccination
(preinfection) antibody landscapes among vaccine failure cases (V1) were narrower in
breadth and lower in magnitude than those from the vaccinated but uninfected children
(VU). Here, postvaccination titers to all 9 recent viruses on the landscape from Sydney/1997
to Switzerland/2013 were significantly lower (P <.05) in those who became infected with
A(H3N2) than those who were uninfected in 2014-2015 (Figure 5C).

In the following 2015-2016 season, postvaccination antibody landscapes did not differ
significantly among the 3 groups of children (Figure 6D; VI, VU, and UU groups; P >.05).
Children in the UU group had higher fold-rise in titers to most viruses than other groups,
likely due to lower prevaccination titers (Supplementary Figure 6B).

DISCUSSION

Many factors can influence an individual’s response to influenza vaccination. Examination
of A(H3N2) antibody landscapes among children suggested early development of immune
priming patterns that were continuously reinforced with new infection and vaccination. Over
an individual’s lifetime, regular boosting of antibodies against previously encountered
antigens can result in increased breadth of antibody landscapes [7, 8]. Recent influenza
vaccine studies have suggested that immune priming and birth cohorts can determine an
individual’s antibody landscape and impact antibody responses to contemporary vaccines,
leading to variable vaccine effectiveness [13, 17, 18]. Here, we found that even in young
children, immune priming and age are major factors that determine the breadth of the
antibody landscape. For each priming cohort, fold-rise in antibody titers to A(H3N2)
priming virus was associated with fold-rise to vaccine virus in the 2015-2016 season.
Nonetheless, there was no significant difference among priming cohorts in their
postvaccination titers to the vaccine viruses. Compared to those that were not infected in
2014-2015, vaccine failure cases had lower cross-reactive antibody titers to circulating
viruses and narrower antibody landscapes. However, infection with A(H3N2) viruses in
2014-2015 had little effect on the shape of landscapes following 2015-2016 vaccination.
Antibody landscapes offered a comprehensive analysis of an individual’s complex antibody
profile, allowing the examination of factors that can influence response to vaccination and
infection.

In the current study, vaccination with contemporary viruses not only induced antibody rise to
vaccine, it also back-boosted antibodies to viruses that children may have been previously
exposed to. Yet, in contrast to the “original antigenic sin” hypothesis, the strongest responses
detected were against the current vaccine antigens, rather than to the older priming viruses.
Of note, in our previous analysis with A(HLN1) landscapes in adults, we detected significant
boosts to the likely A(HLN1) priming viruses in addition to strong responses to the vaccine
virus following vaccination in 6 influenza seasons [13]. Here, in A(H3N2) antibody
landscapes in children, we did not observe a clear boost to the priming virus following
vaccination.
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When comparing landscapes between seasons, the landscape of each priming cohort was
recapitulated in the second season, regardless of the prior season vaccination or infection
status, even when there was a significant antigenic drift between the vaccine antigens in the
first (Texas/2012 in 2014-2015) and second seasons (Switzerland/2013 in 2015-2016).
These data suggest that antibody responses following vaccination were likely derived from
expansions of existing memory B cells through the shared epitopes between vaccine and
previously exposed viruses. Although higher antibody rise to vaccine viruses may indicate
stimulation of naive B cells to the novel epitopes on the new vaccine strain, it likely occurred
to a lesser extent given the retained shape of the antibody landscapes. The age effect on
antibody landscape was evident: The breadth of the landscapes clearly increased with age,
reflecting accumulated exposures over time.

Children without recent influenza vaccination or infection had lower preexisting antibody
titers across the landscape than those recently vaccinated or infected, resulting in
substantially greater fold-rise after 2015-2016 vaccination, consistent with previous studies
[8, 19]. For each birth cohort, despite lower prevaccination titers in the recently unvaccinated
and uninfected group, the shape of the landscapes were similar to those among recently
vaccinated or infected participants, suggesting similar age-related A(H3N2) priming. Age-
related priming, rather than recent vaccination/infection, determined the shape of the
antibody landscapes in these children.

It has been hypothesized that binding of vaccine antigens by preexisting antibodies can
decrease antigenic load and lead to reduced novel responses following vaccination, termed
“antigenic trap” [8]. Although the fold-rise to Switzerland/2013 vaccine was the highest in
the recently unvaccinated uninfected cohort, the lack of antigenic trapping potential did not
result in higher titers compared to children vaccinated in both seasons; surprisingly,
postvaccination landscape titers did not differ significantly between the previously
vaccinated and unvaccinated cohorts. Preexisting titers were positively correlated with
postvaccination titers for both seasons. This could be interpreted as acquired immunity
unhindered by cross-reactive antibodies for “antigenic trapping” [20].

The antigenic distance hypothesis has been cited in explanation for observed low
effectiveness in repeat vaccination whereby multiple vaccinations against an identical or
antigenically similar component focuses response toward the vaccinating antigen and
consequently reduces efficacy against an antigenically drifted epidemiological strain [21,
22]. In our study, repeat vaccination included 2 seasons when an A(H3N2) antigenic cluster
transition occurred, from a 3C.1 virus (Texas/2012) in 2014-2015 to a 3C.3a virus
(Switzerland/2013) in the following season. The receipt of 11V containing Texas/2012 in
2014-2015 did not predict vaccine response to antigenically distant Switzerland/2013 in the
subsequent season. Yet, we observed an incremental increase in titers across the preexisting
landscape of the repeat vaccinated cohort (Figure 6B) and demonstrated a positive
correlation of postvaccination titer with preexisting titers (Table 1). Of note, in birth cohort
2006-2008 that received LAIV in 2014-2015, there was no antibody landscape increase;
here, HI antibodies may not be the best indicator of LAIV vaccine responses. None of our
study subjects were infected with A(H3NZ2) in 2015-2016, this could be an indication of
protection conferred by vaccination, or due to low circulation of A(H3N2) (compared to
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>80% prevalence of A(HLN1)pdmO029) in that season [23]. A larger study is required to
adequately address the impact of antigenic distance and antibody landscapes on vaccine
effectiveness.

Our study has several limitations. First, the sample sizes of priming cohorts are small, and
the narrow age range in the study population (age 7-17 years) may have limited our ability
to clearly differentiate the effect of immune priming on vaccine responses, especially for
A(H3NZ2) viruses that have high frequency of antigenic drift. Second, we were not able to
use cell-culture propagated viruses to differentiate the effect of egg-adapted substitutions of
A(H3NZ2) viruses in the landscape analysis. Third, our current study is based on HI antibody
responses. Additional immunological responses, including neutralizing and neuraminidase
inhibition antibodies and other nonneutralizing antibodies, may also contribute to antibody-
mediated protection. Furthermore, antibody repertoires deserve further investigation; the
persistence of antibody landscape patterns in our study cohorts is consistent with
observations of limited clonality of postvaccination repertoire in other studies [24-26]. Last,
our findings are focused on A(H3N2); antibody landscape analysis on other influenza
subtypes, for example, A(H1N1), also warrants investigation.

An effective vaccination strategy requires stimulation of both de novo antibody responses
targeting epitopes specific to the newly emerged, antigenically distinct circulating strains, as
well as rapid expansion of existing memory B cells targeting shared epitopes between the
circulating strains and viruses from past exposure. It will also need to overcome challenges
from the complex, heterogenous preexisting immunity in the human population. Further
studies through antibody landscape analysis and other approaches are needed to elucidate
immunological determinants of influenza vaccine response and protection, in order to
improve influenza vaccine effectiveness.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Study design. Study recruitment and sera used for antibody landscape analysis.

Sera from 2015-16

Abbreviations: 11V, inactivated influenza vaccine; LAIV, live attenuated influenza vaccine;

UU, unvaccinated and uninfected; VI, vaccinated and infected; VU, vaccinated and

uninfected.
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Figure 2.
Antibody landscapes pre- and postvaccination for children vaccinated in both 2014-2015

and 2015-2016 seasons and those only vaccinated in 2015-2016. A, Antibody landscapes in
2014-2015 among children vaccinated in both seasons (h = 41). B, Antibody landscapes in
2015-2016 among children vaccinated in both seasons (n = 41). C, Antibody landscapes in
2015-2016 among children previously unvaccinated and uninfected (UU group, n = 31). Y-
axis: log, geometric mean titer with 95% confidence interval; dashed line denotes the titer of
40. X-axis: A(H3N2) viruses in chronological order.
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Antibody landscape changes following vaccination in children grouped by birth cohort. A,
Antibody landscapes of children vaccinated in both seasons (n = 41) grouped by birth
cohort. B, Antibody landscapes of children in the unvaccinated and uninfected (UU) group
(n =31) grouped by birth cohort. Y-axis: log, geometric mean titer with 95% confidence
interval; dashed line denotes the titer of 40. X-axis: A(H3N2) viruses plotted in
chronological order by year of isolation: (1) A/Aichi/2/1968, (2) A/Victoria/03/1975, (3) A/
Bangkok/1/1979, (4) A/Shanghai/11/1987, (5) A/Beijing/353/1989, (6) A/Beijing/32/1992,
(7) A/\Wuhan/359/1995, (8) A/Sydney/05/1997, (9) A/Panama/2007/1999, (10) A/
Fujian/411/2002, (11) A/California/07/2004, (12) A/Wisconsin/67/2005, (13) A/
Brisbane/10/2007, (14) A/Perth/16/2009, (15) A/Texas/50/2012, (16) A/Switzerland/
9715293/2013.
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Antigenic cartographic map of A(H3N2) viruses and antibody landscape changes following
vaccination in children grouped by A(H3N2) virus priming cohorts. A, Antigenic
cartographic map of the 16 A(H3N2) viruses constructed using ferret antisera
hemagglutination inhibition titers. Gridlines in the x- and y-axes indicate 1 antigenic unit. 5,
Antibody landscapes for children enrolled in both seasons (n = 41) grouped by 5 immune
priming cohorts. Y-axis: average logp-transformed (titer/5). X-axis: A(H3N2) viruses
graphed along the summary path on the x-axis based on antigenic distance of each virus
from Texas/2012 calculated from antigenic map in (A); see details in the Supplementary

Methods.
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Figure 5.

Impact of prior season vaccination on antibody landscapes changes. A, Change of
prevaccination antibody landscape in 2014-2015 and 2015-2016 among children enrolled in
both seasons (n = 41). B, Antibody landscape changes pre- and postvaccination in 2015—
2016 stratified by prior season vaccination status. Children who received inactivated
influenza vaccine (11V) in both the 2014-2015 and 2015-2016 seasons (IIV/I1V, n = 32)
compared with those in the unvaccinated and uninfected (UU) group who received 11V in
2015-2016 (UU/ 11V, n = 31). Antibody titers to each virus were compared between the 2
groups at pre- and postvaccination. *P <.05; **P <.01. In both (A) and (B), the dashed line
denotes a titer of 40. Y-axis: log, geometric mean titer with 95% confidence interval. X-axis:
A(H3N2) viruses in chronological order. C, Fold-rise to all A(H3N2) viruses following
vaccination with Switzerland/2013 in 2015-2016. *P <.05; **P <.01, ***P <.001; dashed
line denotes 4-fold rise. Y-axis: mean fold-rise with standard error. X-axis: A(H3N2) viruses
in chronological order. Abbreviations: 1V, inactivated influenza vaccine; LAIV, live
attenuated influenza vaccine; UU, unvaccinated and uninfected; VI, vaccinated and infected;
VU, vaccinated and uninfected.
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Figure 6.

Impact of prior season infection on antibody landscape changes. A, Antibody landscape
changes from the 2014-2015 to 2015-2016 seasons in the vaccinated and infected group
(VI, n=12). B, Antibody landscape changes from 2014-2015 to 2015-2016 season in the
vaccinated but uninfected group (VU, n = 29). C, Comparison of pre- and postvaccination
antibody landscapes in 2014-2015 among the VI (prior to infection) and VU groups.
Statistically significant differences in titers between the VI and VU groups postvaccination
for each virus are indicated by *P <.05, **P <.01, and ***P <.001. D, Comparison of
antibody landscapes in 20152016 season stratified by prior season (2014—-2015) exposure
status: VI, VU, and UU (unvaccinated and uninfected, n = 31). Statistically significant
difference in titers between the 3 groups postvaccination for each virus were indicated by *P
<.05. Y-axis: logy geometric mean titer with 95% confidence interval. X-axis: A(H3N2)
viruses in chronological order. Dashed line denotes a titer of 40.
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