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The dynamics and molecular mechanisms underlying vaccine immu-
nity in early childhood remain poorly understood. Here we applied
systems approaches to investigate the innate and adaptive re-
sponses to trivalent inactivated influenza vaccine (TIV) and MF59-
adjuvanted TIV (ATIV) in 90 14- to 24-mo-old healthy children. MF59
enhanced the magnitude and kinetics of serum antibody titers
following vaccination, and induced a greater frequency of vaccine
specific, multicytokine-producing CD4" T cells. Compared with tran-
scriptional responses to TIV vaccination previously reported in adults,
responses to TIV in infants were markedly attenuated, limited to
genes regulating antiviral and antigen presentation pathways, and
observed only in a subset of vaccinees. In contrast, transcriptional
responses to ATIV boost were more homogenous and robust. Inter-
estingly, a day 1 gene signature characteristic of the innate response
(antiviral IFN genes, dendritic cell, and monocyte responses) corre-
lated with hemagglutination at day 28. These findings demonstrate
that MF59 enhances the magnitude, kinetics, and consistency of the
innate and adaptive response to vaccination with the seasonal in-
fluenza vaccine during early childhood, and identify potential molec-
ular correlates of antibody responses.
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Inﬂuenza infection can be associated with severe complications
and hospitalization in young children (1). Vaccination of children
is safe and may substantially reduce disease burden and influenza
transmission within the community. However, the trivalent inacti-
vated influenza vaccine (TIV) is poorly immunogenic and has low
effectiveness (2) under 2 y of age (3). Furthermore, two doses of
TIV >1 mo apart are required for protection for the first year of
immunization (4).

The availability of novel adjuvants provides a potential solu-
tion toward effective influenza control in the first 2 y. MF59 is an
oil-in-water squalene-based adjuvant currently licensed for use in
many countries worldwide for >65-y-old adults and in Canada
for 6- to 24-mo-old children. Clinical trials have shown MF59-
based influenza vaccines to be safe and to induce significantly
enhanced, longer lasting, as well as broader immune responses
compared with nonadjuvanted split vaccines (2, 5-7). Importantly
the adjuvanted vaccine was shown to be significantly more effica-
cious than nonadjuvanted vaccines in preventing influenza in-
fection in 6- to 72-mo-old children (2). This difference is thought to
be mediated by MF59-mediated improved recruitment and acti-
vation of antigen presenting cells (APCs) (8), activation of vaccine
specific CD4" T lymphocytes, and spreading of the neutralizing
sites recognized by specific antibodies (9, 10). MF59-adjuvanted
TIV is not currently licensed for use in children, but has been
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administered to over 5,000 children in clinical trials (11) and
showed enhanced immunogenicity and efficacy compared with TTV
(2). No previous studies have attempted to assess the molecular
mechanisms underlying influenza vaccine-induced immunity in
children under 2 y of age.

Systems vaccinology is an emerging field that employs systems
biology approaches to identify early molecular signatures, which
may be helpful in predicting immune responses and in discov-
ering new correlates of protection (12). Although systems vac-
cinology has been successfully applied to study different vaccines
(13, 14), including TIV in young adults (15, 16) and older chil-
dren (17), it has not yet been applied in very young children.

Significance

Vaccines are one of the most cost-effective public health tools in
history and offer a means to probe the human immune system.
Recent advances have applied the tools of systems biology to
study immune responses to vaccination in humans. Here we de-
scribe the application of this “systems vaccinology” approach to
studying immunity to vaccination of 14- to 24-mo-old children
with the inactivated influenza vaccine, administered with or
without the MF59 adjuvant. These results reveal important new
insights about the dynamics of the innate and adaptive responses
to vaccination in this population, and identify potential correlates
of immunity to vaccination in children.
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We described here a phase II, open-labeled randomized con-
trolled trial that uses systems approaches to study the innate and
adaptive responses to seasonal TIV and MF59-adjuvanted TIV
(ATIV) in 90 14- to 24-mo-old healthy children. Our results il-
lustrate the potential utility of using systems approaches to de-
lineate mechanisms of vaccine immunity and identify correlates of
vaccine immunity in children.

Results

Antibody Responses to MF59-Adjuvanted vs. Nonadjuvanted Influenza
Vaccines. Two vaccine doses were given 28 d apart, and antibody
responses were measured before and at various time points after
vaccination (Fig. S14; see demographics in Table S1). A major goal
of this study was to document the kinetics of vaccine responses in
children. Given the limits on the amount and frequency of blood
draws in children, the 90 subjects were randomized into three sub-
groups where blood could be obtained before immunization and
1 mo after the second dose for all participants, and on either days 1,
3, or 7 following the second vaccine dose in each subgroup (Fig. S14).

Before immunization there were detectable hemagglutination
(HAI) titers against the HIN1 and H3N2 strains in some chil-
dren, indicating prior exposure to influenza (Fig. S1B). Children
receiving either TIV or ATIV showed elevated HAI titers (Fig. 14).
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Fig. 1. Humoral immunity to influenza vaccination in children. (A) Box plot
showing the HAI response of ATIV and TIV vaccinees on day 28 postboost
compared with preimmunization for each one of the three Influenza virus
strains and for the highest fold-induction among all three strains (P value for
t test; two-tailed test). Numbers above each box represent the mean fold-
change values. (B) Vaccine-specific (HIN1, H3N2, and B/Hubei) and Tet
control plasma cells frequency by ex vivo ELISpot on days 1, 3, or 7 following
two doses of vaccine. The number of IgM- and IgG-secreting plasma cells is
shown on a log-scale with the median and interquartile ranges indicated by
the line and error bars.
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Robust HAI titers were detected at day 1 after the second dose of
vaccine in both groups (Fig. S1B), although to what extent this was
residual titers from the primary vaccination versus those induced by
booster vaccination is unknown. At day 28 postboost, HAI geo-
metric mean titers (GMT) were higher in ATIV vaccinees com-
pared with TIV (Fig. 14, Fig. S1 B and C, and Table S2). Because
HAI titers of >1:40 are described as protective in adults but are not
sufficient in children, Black et al. (18) modeled titers that would
confer up to 90% protection from reinfections. In this study, 100%
of children receiving ATIV had achieved titers >629 [90% pro-
tection according to Black et al. (18)] by day 28 postboost, and as
early as day 1 postboost to the A/strains (Table S2). This level of
protection was only reached by 3% (A/HIN1) and 47% (A/H3N2)
of TIV-immunized children. In response to B/Hubei, only 48% of
the ATIV group and 3% in the TIV group achieved any level of
protection. Thus, MF59 induces a substantially greater antibody
response to vaccination with seasonal influenza vaccine in children.

Influenza-Specific Plasmablast and Memory B-Cell Responses to
Vaccination. A characteristic feature of immunity to seasonal in-
fluenza vaccination in adults is the plasmablast response, which
is induced briskly and peaks sharply at day 7, postvaccination
(19). In children, there was a substantial increase in the frequencies
of IgG-secreting plasmablasts, although this was not statistically
significant because there was a considerable variation in the re-
sponse between the vaccinees. Furthermore, the magnitude of the
response was much lower than reported in adults [mean 398 IgG
secreting TIV specific plasmablasts per million peripheral blood
mononuclear cells (PBMCs), range 1-10* per million PBMCs (15)]
(Fig. 1B and Fig. S2) (15, 19). Because there were more responders
in the ATIV group, the higher HAI response to ATIV despite
apparently similar plasmablasts frequencies may reflect differences
in the kinetics of the plasmablast responses. Interestingly, the fre-
quencies of the IgG-secreting plasmablasts at days 3 and 7 were
similar, which also differs from the adults. This kinetic difference
may arise partly from different study designs (primary responses in
adults vs. boost responses in infants) but warrants further in-
vestigation. Importantly, TIV and ATIV induced a similar mag-
nitude of IgM- and IgG-secreting plasmablast cells specific
to HIN1 and H3N2, with a trend for greater IgM- and IgG-
secreting plasmablasts specific for the B strain. Nevertheless,
Fig. 1B and Fig. S2 suggest that vaccination induces a plasmablast
response of greater than 10 spots per million in a considerably
greater proportion of subjects.

Preimmunization IgM memory B cells were detected to all HA
strains in the TIV and ATIV groups (Fig. S3). At day 28 post-
boost, their frequency were higher (>fourfold) to all of the
vaccine antigens following TIV or ATIV immunization com-
pared with the Tet control (Fig. S3). IgG memory cells were low
before immunization and did not significantly increase during
the course of the study.

ATIV Vaccine Induces a Higher Expansion of Multicytokine-Producing
Vaccine-Specific CD4* T Cells Compared with TIV Vaccine. To assess
vaccine-induced T-cell responses, PBMCs were stimulated with
pooled overlapping peptides spanning the hemagglutinins of vac-
cine strains. The cytokine profiles of vaccine-specific T cells were
characterized by intracellular cytokine assay (Fig. 24). Consistent
with recently published data (7), the MF59-adjuvanted TIV vaccine
induced a higher expansion of multicytokine-producing vaccine-
specific CD4* T cells, mostly producing TNF-a and IL-2. An in-
crease in the frequency of vaccine-specific IFN-y* T cells was
observed by ex vivo human IFN-y enzyme-linked immunospot
(ELISpot) assays in both TIV- and ATIV-vaccinated individuals
(Fig. 2B). The fold-increase in ex vivo vaccine-specific IFN-y*
T cells for each vaccine group, however, remained comparable in
both vaccine groups (Fig. 2B).

Nakaya et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1519690113/-/DCSupplemental/pnas.201519690SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1519690113/-/DCSupplemental/pnas.201519690SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1519690113/-/DCSupplemental/pnas.201519690SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1519690113/-/DCSupplemental/pnas.201519690SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1519690113/-/DCSupplemental/pnas.201519690SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1519690113/-/DCSupplemental/pnas.201519690SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1519690113/-/DCSupplemental/pnas.201519690SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1519690113/-/DCSupplemental/pnas.201519690SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1519690113/-/DCSupplemental/pnas.201519690SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1519690113/-/DCSupplemental/pnas.201519690SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1519690113/-/DCSupplemental/pnas.201519690SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1519690113/-/DCSupplemental/pnas.201519690SI.pdf?targetid=nameddest=SF3
www.pnas.org/cgi/doi/10.1073/pnas.1519690113

L T

/

1\

BN AS PN AN D

A 0.10 + BSO(}
2
[] B 250 .
© 0.8 o
E) ]
Z & 200+
g o
8 0.06 1 E p=0.0089
£ 8 150 -
8 EA -
£ 0041 - ;
() t — E
E p=0.002 i S 100+
5 e = p=0.0007 __
-} p L & —
S 0.02- s f a ;
S o0 02 ; D [ & sof Lo
B! = b
o_oo,..u.l...._,.; DT* o/ .-.Cﬂsi::ﬁ:

=== -

r T 1 r T T | o o |

028028 028028 028028 028028

TIV ATIV TIV ATIV TIV ATIV TIV ATIV
TNF-a* TNF-a* TNF-o* HA specific
IFN-y*+ IFN-y~ IFN-y- (IFN-y*)
IL-2* -zt 2" T cells

Fig. 2. Expansion of multicytokine-producing vaccine-specific CD4* T cells.
(A) Percentage of cytokine-producing vaccine-specific CD4* T cells before
immunization and 28 d postboost in TIV- (blue) and ATIV- (red) vaccinated
individuals, respectively. Significant differences are indicated (Wilcoxon
signed-rank test, n = 12). TNF-a™, IFN-y*, IL-27 T cells and TNF-a~ T cells are
not illustrated because no difference was found. (B) IFN-y ELISpot assays
were used to identify hemagglutinin-specific T cells. Significant differences
are indicated (Wilcoxon signed-rank test, TIV n = 27, ATIV n = 26).

Transcriptional Signatures to Influenza Vaccination in Children. We
next assessed the transcriptional signatures induced by vaccina-
tion with TIV or ATIV. Paired ¢-test analyses were performed to
identify differentially expressed genes at each time point post-
boost compared with before immunization. ATIV induced a
much stronger perturbation of gene expression at days 1, 3, and 7
postboost compared with TIV at any P value cut-off below 0.05
(Fig. 34); the only exception is day 28 postboost, where the two
vaccines elicited similar magnitude of response at more stringent
cut-off (Fig. 34). To provide context for these results, we compared
them to responses observed for vaccination in adults (15). Infant
responses to vaccine boost were markedly attenuated compared
with adult responses to vaccine prime (Fig. 34) (P value < 0.01).
Although this difference may partially derive from the comparison
between primary and boost responses, adults in the previous study
were not immunologically naive to influenza (15); therefore, it is
difficult to define the appropriate adult comparator group for the
infants. In terms of average numbers of genes up- or down-regu-
lated, we observed the strongest responses in the ATIV vaccine
cohorts at days 1 and 3 after the boost. Interestingly, at day 1 most
genes were up-regulated, whereas at day 3 they were down-regu-
lated (Fig. 3B). The numbers of regulated genes is much smaller
than in an adult cohort observed under the same conditions (Fig.
3B). Comparative analysis of gene expression between two vaccines
at each time point is represented in Fig. S4. At day 1 postboost
there is a considerable similarity between the overall predominant
direction of response between ATIV and TIV subjects, although
the response in the TIV arm is much weaker. At days 3 and 7
postboost, the similarities become less pronounced (Fig. S4).

The overall weak transcriptomic responses in vaccinated young
children may be explained in part by the high heterogeneity within
each group. To assess the consistency of gene transcriptional pro-
grams across subjects, we monitored the expression of genes that
are robustly regulated (>twofold) in at least a small fraction of
subjects (>25%). We observed that all of these genes appear to be
up-regulated in a subset of subjects, but are repressed or not reg-
ulated in others (Fig. 3C), demonstrating great subject-to-subject
heterogeneity of responses. To further emphasize this point, we
have also demonstrated the extent of heterogeneity using genes
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that are, on average, most up-regulated in each vaccine arm and
cohort. Monitoring the expression of these genes in each child, we
detected a large fraction of individuals with the same genes being
repressed instead of up-regulated, or left unchanged compared
with before immunization. This is especially pronounced for the
TIV arm and less so for the ATIV arm (Fig. S5).

Modular Analysis of Transcriptomic Responses. To describe the func-
tional content of the transcriptional responses elicited by the two
vaccines, we applied gene set enrichment analysis (GSEA) to the
lists of genes ranked by the average expression fold-change across
all subjects in a cohort. Blood transcription modules (BTMs) de-
veloped previously by our group (13) were used as gene sets on
these analyses. The BTMs encompass a collection of 346 gene sets
that, taken together, describe various aspects of the functioning of
the immune system, including markers of various cell lineages,
innate and adaptive immunity, as well as modules describing gen-
eral physiological processes, such as the cell cycle, cell migration,
energy metabolism, and intracellular signaling in blood circulating
cells (13). Our GSEA analyses show that on day 1 postboost, the
BTM activity changes are similar between TIV and ATIV subjects,
whereas on days 3, 7, and 28, the changes seem to be more specific
for each arm (Fig. S6). Additionally, day 1 postboost had the
strongest changes and greatest significance in both vaccine arms
(Fig. S6). However, because these analyses used lists of genes
ranked by the average expression across all subjects, the inherent
biological variability within each group may have affected the
transcriptomic responses.

Therefore, instead of ranking genes based on the average fold-
change values, we ran GSEA on individual subject’s responses.
This single-sample GSEA approach can be valuable in identifying
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Fig. 3. Blood transcriptome analyses of ATIV and TIV vaccinees. (A) Impact
in the blood transcriptome of ATIV and TIV vaccinees. Number of differen-
tially expressed genes (y axis) using different paired t test two-tailed P value
cut-offs (x axis) identified in response to ATIV (blue lines) or TIV (red lines)
vaccination on children, or in response to TIV vaccination on young adults
(green lines) (25). The time points after vaccination compared with before
are represented above each line. (B) Number of differentially expressed
genes identified using P value < 0.01. Circle sizes are proportional to the
number of genes (shown inside the circle) up- or down-regulated postboost.
(C) Heterogeneity in blood-expression profiles. The heat map shows 785 and
675 genes with twofold difference (up-regulated in red and down-regulated
in blue) in at least 25% of TIV and ATIV vaccinees, respectively, on day 1
postboost compared with preimmunization.
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consistent and stable responses across subjects (20). At day 1 fol-
lowing the boost, several modules related to innate immunity were
found as strongly positively enriched (Fig. 44). These include M75
“antiviral interferon signature,” S5 “dendritic cell signature,” M16
“Toll-like receptor (TLR) and inflammatory signaling,” and others
(Fig. 44). Among the negatively enriched modules, several mod-
ules related to T-cell function, NK cells, and cell cycle were found,
including M7.1 “T cell activation,” M7.2 “enriched in NK cells,”
and M4.0 “cell cycle and transcription” (Fig. 44). Individual gene
expression at day 1 postboost, as well as the interactions between
genes in a BTM, are shown for selected BTMs (Fig. 4 B-D).

Signatures of Inmunogenicity for MF59 Adjuvanted and Nonadjuvanted
Influenza Vaccines. Next, we sought to identify BTMs whose ex-
pression activity correlates with HAI titers in children. Pearson
correlation analyses were performed between the preimmuniza-
tion-normalized expression at days 1, 3, 7, and 28 following the
boost and the maximum fold-change of HAI titers selected across
all three influenza strains present in the vaccine at day 28 after the
boost. We then ranked genes based on correlation values, and
applied GSEA to identify the BTMs that are positively or nega-
tively correlated with HAI response (Fig. S7). When both arms are
pooled together, we observed that a number of innate immunity
modules exhibit a strong, statistically significant, and coordinated
pattern of enrichment (Fig. S74). These modules include M75
“antiviral interferon signature,” M165 “enriched in activated den-
dritic cells,” and several others. These modules were positively
correlated with HAI response at days 1, 7, and 28 following the
boost (Fig. S74). Indeed, several genes from the M75 module were
positively correlated with HAI titers at day 1 postboost (Fig. S7B).
An unexpected finding was that the same modules appear to be
negatively enriched at day 3 after the boost (Fig. S74). We have
further verified our observations by running the correlation analysis
using preimmunization-normalized HAI titers for individual vac-
cine strains, removing the subjects with preexisting titers. Although
we noted some difference in correlates of immunogenicity between
the two strains, using maximum preimmunization-normalized HAI
titers across both strains allowed us to recapitulate the common or
dominant features of response.
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We next compared the signatures that correlate with HAI
response in children with those from young adults (15, 21). We
generated gene sets consisting of the top 200 genes correlating,
either positively or negatively, with the maximum increase in
HAI titers in the children, as well as in both adult studies. We
then used GSEA to determine if the gene sets in children were
significantly enriched in genes preranked by their correlation to
HAI response in adults, and vice-versa (Fig. S7C). Genes that
positively correlated with HAI response at days 1 and 7 post-
boost in children appear to be also positively correlated with the
HALI response in both adult cohorts at the same time points
postvaccination (Fig. S7C). The striking difference is represented
by day 3 postboost gene sets in children, which showed an op-
posite trend in adults (Fig. S7C).

Finally, we performed an additional correlation GSEA anal-
ysis but this time separating the children according to their
vaccine arm. As shown in Fig. 54, the activity profile of BTMs
that correlate with HAI response in ATIV vaccinated children
on days 1, 7, and 28 are more similar to days 1, 3, and 7 of adults.
With the exception of day 7 postboost, TIV vaccinated children
have a more unique HAI-correlated BTM signature (Fig. 54).
The kinetics of enrichment of two BTMs associated with anti-
body-secreting cells (M156.1 and S3) show that enrichment is
higher on days 7 and 28 only for ATIV (Fig. 5B). In fact, the
M156.1 module “plasma cell, immunoglobulins” only achieves
statistical significance at day 28 postboost, suggesting that unlike
in adults, the expansion of antibody secreting cells may occur
after day 7 (Fig. 5B). BTMs associated with monocytes (M11.0)
and TLR and inflammatory signaling (M16) are higher in ATIV
compared with TIV on day 1 but not on day 7 (Fig. 5B). Addi-
tionally, several other BTMs associated with innate immunity
followed this pattern (Fig. 5C), suggesting that MF59 adjuvant
induce a robust innate response and that is correlated with HAI
response. Among the BTMs whose activity was negative corre-
lated with HAI response on day 1 postboost in ATIV, several
were related to T-cell activation and differentiation (Fig. 5C). In
adults, these modules were instead negatively enriched on later
time points (Fig. 5C). These results underscore potential dif-
ferences in the kinetics of immune response in children com-
pared with adults.
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Fig. 4. GSEA applied to individual ATIV and TIV vaccinees. (A) GSEA (nominal P < 0.05; 1,000 permutations) was used to identify positive (red), negative
(blue), or no (white) enrichment between BTMs (gene sets) and preranked gene lists, where genes were ranked according to their fold-change between
expression on day 1 postboost and before immunization for each subject. ATIV and TIV vaccinees are shown in columns and BTMs in rows. (B) Genes in BTM
M?7.0; each “edge” (gray line) represents a coexpression relationship, as described in Li et al. (13); colors represent the mean fold-change for all ATIV vaccinees
on day 1 postboost compared with before immunization. (C) Genes in BTM M40; same as in iB. (D) Genes in BTM M53; same as in B.
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Fig. 5. Kinetics of signatures of immunogenicity to TIV and ATIV vaccination. (A) Hierarchical clustering of children and adults using BTMs, whose activity
correlates with HAI response. GSEA (nominal P < 0.05; 1,000 permutations) was used to identify positive (red), negative (blue), or no (white) enrichment
between BTMs (rows) and preranked gene lists (columns), where genes were ranked according to their correlation between expression fold-change at a given
time point (shown inside the squares) and HAI response (euclidean distance and average clustering method). Shown are 112 BTM s significantly enriched in at
least 4 of 12 lists. (B) Temporal activity pattern of selected BTMs. Graph shows the normalized enrichment score (NES) of each selected BTM in the different
time points for ATIV (blue lines), TIV (red lines), Adults-1 (purple bars), and Adults-2 (brown bars) cohorts. (C) Heat map of selected BTMs whose activity is
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Discussion
MF59 enhanced the magnitude and kinetics of serum antibody

in subsets of children. Correlation analyses indicated that this het-
erogeneity does not merely reflect prior exposure to influenza, sug-

titers and induced a greater frequency of vaccine-specific,
multicytokine-producing CD4" T cells. Vaccination with TIV or
ATIV induced an antigen-specific plasmablast response, albeit with
a lower magnitude and altered kinetics to that observed in adults.
Unlike our previous observations in adults, in infants TIV induced a
weak transcriptional signature consisting of genes encoding proteins
involved in antiviral immunity and antigen presentation. In contrast,
ATIV immunization induced a more homogenous and robust
transcriptional response. The responses in children are highly het-
erogeneous, being up-regulated, unchanged, or even down-regulated

Nakaya et al.

gesting that other factors are at play. Unexpectedly, a large fraction
of children showed repressed instead of up-regulated genes following
TIV immunization, which contrasts to adult responses (15). Whether
it reflects the existence of specific regulatory process active in young
children remains to be tested.

Intriguing features of the data are the kinetics and magnitude
of the plasmablast response to vaccination. Previous studies in
adults have demonstrated that influenza vaccination induces a
plasmablast response that peaks sharply at day 7 after vaccina-
tion. In the present study the response was much weaker and
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displayed a different kinetics as similar numbers of IgG-secreting
plasmablasts were observed at days 3 and 7. Both TIV and ATIV
induced a similarly weak magnitude of IgM- and IgG-secreting
plasmablast cells. Unlike in the adult population in which there is
a strong correlation between the magnitude of the day 7 plas-
mablast response and the serum HAI titers at day 28 (15), no
such correlations were apparent. This finding may be indicative of
an altered kinetics of plasmablast responses in children (possibly
because of the short period between priming dose and boosting
dose). Alternatively, it may indicate an as yet undefined population
of B cells that contribute toward antibody production in children.

Assessing the relative associations of molecular responses on
vaccine-induced HAI titers suggests that the same coordinated
pattern of antiviral IFN signature, dendritic cell activations, and
other innate immunity-associated genes are positively correlated
with HAI responses in children and in adults. An intriguing
finding is that BTMs that are positively correlated with HAI ti-
ters at days 1 and 7 appear to be negatively correlated with HAI
titers at day 3 (Fig. S7A4). One possible explanation for this is that
cells in the blood may migrate to the lymph nodes or spleen, in
response to inflammatory triggers induced in the blood by vac-
cination. Consistent with this notion, in nonhuman primates in-
jected with TLR ligands, there is a rapid and transient decrease
in the numbers of PBMCs, likely as a result of trafficking to
lymphoid organs (22). Notwithstanding, our results demonstrate
that ATIV immunization increases both HAI and transcriptional
responses toward more adult-like patterns, and identify putative
correlations between early innate transcriptional responses and
HAI responses in children. In contrast, in response to TIV, only
about half of all subjects responded in a way similar to the ma-
jority of subjects in the ATIV arm, whereas the remaining did
not respond or responded in the opposite way. These findings
reveal heterogeneity in the response to TIV, and suggest that
ATIV may not necessarily induce a much stronger but a more
consistent (i.e., in a larger fraction of subjects) transcriptomic
response. Although the use of BTMs allowed us to dissect the
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transcriptional response to influenza vaccination in infants, fur-
ther studies should define whether these BTMs defined from
adult populations can be generalizable to the infant population.
In summary, these findings demonstrate that MF59 enhances the
magnitude, kinetics, and consistency of the innate and adaptive
responses to TIV during early childhood, and identify early
molecular correlates of the antibody response.

Methods

All participants gave informed written consent in accordance with ethical
approval from the local ethics committee [Oxford Research Ethics Committee
(OXREC) C approval number 12/SC/0407. EudraCT number 2012-002443-26].
Ninety 14- to 26-mo-old healthy children received two doses of TIV or ATIV at
4-wk intervals during the 2012-2013 winter season. Antibody titers were
measured by HAI and the data were log-transformed to calculate the GMT
and GMR (ratio) with 95% confidence intervals (Cl). Plasmablast and mem-
ory B-cell responses were quantitated by ELISpot. T-cell cytokine profiles
were characterized by flow cytometry. Total RNA was extracted from blood
and checked for quality before amplification, labeling, hybridization, and
scanning (Affymetrix). Expression differences were calculated for each sub-
ject/time point, and difference of mean difference was assessed by one-
sample Student t test. GSEA was performed using BTMs as gene sets. Probe
sets were ranked based on fold-change relative to preimmunization or
based on correlation between expression fold-change relative to preimmu-
nization and HAI response. GSEA was run in preranked list mode with 1,000
permutations to generate normalized enrichment scores for the BTMs based
on the distribution of member genes of each module in the ranked list.
See S/ Methods for details and additional references (23-25).
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