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One Sentence Summary: B cell responses that bound to future HIN1 and influenza B virus

strains, but not H3N2 strains, were elicited in adults by the 1994 influenza vaccine.

ABSTRACT

Vaccination is the best way to combat annual influenza epidemics, yet the breadth of vaccine-
induced humoral immunity towards decades of future differentially evolving influenza A (IAV)
and B (IBV) viruses is unclear. Using historic 1994 influenza vaccination cohorts of young and
older adults, we defined antibody responses elicited by 1994 vaccination against future
influenza strains spanning three decades of differentially evolving IAV and IBV strains. The
quality of antibody responses and vaccine-induced and cross-reactive B cell memory responses
were also investigated. Vaccination increased antibody titers against all 1994 vaccine
components in younger and older adults. Antibodies that bind to future HINI1 strains were also
detected across younger and older adults, including non-neutralizing hemagglutinin (HA) stem
antibody responses. Prominent boosting against earlier B/Yamagata/16/1988 and future
Yamagata-lineage strains were also observed, but antibody responses towards future rapidly
evolving H3N2 strains were minimal. Systems serology revealed divergent antibody signatures
between younger and older adults against future antigens. However, post-vaccination responses
were of high-quality in both age groups. 1994 vaccination-induced cross-reactive HA-specific
memory B cells bound to vaccine and future H1 and IBV strains, but exhibited minimal
responses against H3. Group 1 cross-reactive H1/HS5 stalk-specific responses also contributed
to the overall H1 future response, whereas cross-reactive H3/H7 stalk-specific B cells were not
detected. Our study provides insights into the breadth of vaccine-induced humoral immunity
towards future influenza viruses over 30 years of influenza virus evolution, including newly
emerging pandemic strains, and highlights the unmet need to optimize future vaccines

strategies, especially for H3N2.



INTRODUCTION
Over the past 30 years, seasonal inactivated influenza vaccines (IIV) continue to be the most
effective strategy to prevent influenza virus infection. The trivalent IIV covers two influenza
A virus (IAV) strains (HIN1 and H3N2) and one influenza B virus (IBV) strain (Victoria or
Yamagata lineage). IIVs, traditionally being egg-based vaccines, have since progressed to
include quadrivalent vaccines including both IBV lineages, cell-based vaccines for people aged
> 6 months, high dose vaccines for > 60 years, and adjuvanted vaccines for > 65 years. People
aged > 65 years respond poorly to IIV (/, 2) and are more susceptible to influenza illness
requiring hospitalization and death, accounting for 50-70% and 70-85% of cases, respectively
(3). Adjuvanted vaccines are recommended for older adults in preference to the standard dose
since they can boost more potent B cell responses in this older population (4, 5). Due to the
rapid evolution of H3N2, the H3N2 vaccine strain is often mismatched with the circulating
strains (6). Therefore, vaccine efficacy against H3N2 strains is lowest compared with the
slower evolving HIN1 and IBV strains (6, 7), with older adults being most affected (2, 8).
Antibody responses are typically measured serologically using a surrogate
hemagglutinin (HA) inhibition (HAI) assay or microneutralization assay detecting HA-specific
antibodies. B cell responses include generation of plasmablasts and HA-specific memory B
cells, which positively correlate with increases in HAI antibody titers following IIV
vaccination (9). Studies demonstrated that pre-existing immunity (i.e. prior exposures to
influenza virus infections or vaccinations) and age-related effects can impact the magnitude
and cross-reactive potential of the antibody and B cell response to seasonal influenza
vaccination (8, 10-14). However, the breadth of vaccine-induced humoral immunity towards
decades of future influenza A and B viruses in both adults and older adults is less defined.
Using historic 1994 influenza vaccination cohorts of younger and older adults, our goal
was to define pre-vaccination antibody reactivity, and antibody responses elicited by 1994
influenza vaccination against future influenza virus strains spanning three decades of
differentially evolving influenza subtypes (HIN1, H3N2 and IBV), including newly emerging
pandemic strains. We also aimed to investigate the quality of antibody responses by defining
antibody isotype, subclass, and effector function, as well as vaccine-boosted and cross-reactive
B cell memory responses using contemporary methods such as systems serology and

fluorescently-labelled recombinant HA-probes.

RESULTS
1994 I1V study cohort included younger and older adults



Our 1994 IV cohort included 89 younger adults and 68 older adults vaccinated in April 1994
with the trivalent II'V Fluvax (Fig. 1A). The vaccine was derived from HIN1 A/Texas/36/1991,
H3N2 A/Beijing/32/1992, and IBV Yamagata B/Panama/45/1990 reference strains. Blood
samples were collected at baseline and approximately 28 days (d) following vaccination for
plasma and peripheral blood mononuclear cells (PBMCs), then cryopreserved for 30 years.
Subsets of samples were selected for HAI landscape, systems serology, and memory B cell
responses. The full cohort had young adults at a median age of 19 years (range 18-53) and 46%
female, whereas older adults had a median age of 69 years (range 60-75) and were 49% female
(Fig. 1, B and C). Young adults were predominantly born in the 1970s (85% of young cohort)
when IBV diverged into Yamagata and Victoria lineages (Fig. 1D). Older adults were mainly
born in the 1920s (88% of older cohort) and were exposed to HIN1 from the 1918-1919 HINI1
prototypical pandemic virus until the late 1960s, when H2N2 emerged. One 75-year-old female
was born during the 1918-1919 HIN1 pandemic, which spread globally and killed > 40 million
people (/5). The 1918 HIN1 pandemic virus was antigenically similar to the most recent 2009

HINT1 influenza pandemic virus that our cohort was not exposed to (6).

Antibody responses towards the 1994 IIV are increased in both young and older adults
after vaccination

To evaluate antibody responses towards the 1994 vaccine strains, HAI assays were performed
on a subset of 28 young adults and 28 older adults. A HAI antibody titer of 40 has been found
to represent 50% protection (/7). Young and older adults had increased HAI antibody titers
following vaccination to all three strains (P < 0.01) (Fig. 1E). However, older adults had 1.7-
2.6-fold higher baseline HAI titers across all vaccine strains (P < 0.05), and 3.0-3.1-fold higher
d28 titers for H3N2 and IBV strains (P < 0.01), compared with younger adults. We found no
significant differences in seroconversion rates between older adults and younger adults across
all strains (Fig. 1F), where seroconversion describes a > 4-fold increase in antibody titers from
baseline levels. To determine the presence of HA stem-specific antibody responses, enzyme-
linked immunosorbent assays (ELISAs) were performed using H1 and H3 stem antigens (Fig.
1G). We found increases in H1 stem antibodies in older adults (P < 0.0001) following 1994 11V
vaccination, with older adults already having high baseline levels of H1 stem antibodies (P <
0.0001), as well as following ITV (P < 0.0001). H3 stem responses were also increased in older

adults (P = 0.0095), but not for younger adults.



Vaccine-induced antibody responses were generated against future HIN1 and IBV
influenza virus strains

Previous studies have investigated how influenza vaccine antibody responses could back-boost
previously circulating strains for H3N2 (/3). In our study, we assessed future-boosting on the
same subset of individuals (28 young and 28 older adults), measuring the 1994 vaccine-induced
and boosted antibody responses towards future HIN1, H3N2, B/Yam and B/Vic influenza
viruses included in the influenza vaccine over the past 3 decades (table S1), including the
A/California/7/2009 HIN1 pandemic strain (Fig. 2A).

We observed modest increases in HAI titers towards 3 future HINI strains
(A/Beijing/262/1995, A/Solomon Islands/3/2006 and A/California/7/2009) in both younger
and older adults following IV (Fig. 2, B and C). Seroconversion to these three future HIN1
strains ranged between 17.9-28.6% for younger adults and 14.3-28.6% for older adults (fig.
S1). Antibody responses towards A/New Caledonia/20/1999 and A/Michigan/45/2015 were
also observed for older adults, with A/Michigan/45/2015 being closely related to the 2009
pandemic strain (Fig. 2A). Compared with younger adults, older adults had higher baseline
antibody titers towards A/New Caledonia/20/1999, pandemic A/California/7/2009 and
pandemic-like A/Michigan/45/2015 strains (P < 0.01) which increased following IIV (P <
0.05) (Fig. 2C), suggesting more cross-reactive antibody responses to future strains including
pandemic-like strains in older adults, although seroconversion rates for these strains were
similar between the two age groups (fig. S1). Three older individuals (aged 69, 71, and 75)
were seropositive for A/California/7/2009 and one 70-year-old was seropositive for
A/Michigan/45/2015 at baseline (HAI = 40-80) (Fig. 2B), potentially having been exposed to
the earlier 1918 pandemic strain, but only the eldest participant seroconverted against the
pandemic strain following IIV. Although none of the younger adults were seropositive for
A/California/7/2009 or A/Michigan/45/2015 at baseline (HAI < 40), three individuals did
respond to either strain following IIV. In contrast, antibody responses towards future H3N2
strains were minimal (Fig. 2D), reflecting rapid evolution of H3N2. Only vaccine-directed
responses against the earlier A/Port Chalmers/1/1973 strain were observed in older adults (Fig.
2E). Seroconversion to future H3N2 strains was also very low, ranging between 0.0-10.7% for
younger adults and 3.6-14.3% for older adults (fig. S1).

Antibody responses were boosted against the earlier B/Yamagata/16/1988 and future
B/Florida/4/2006 and B/Massachusetts/2/2012 Yamagata-lineage strains in both younger and
older adults following vaccination (Fig. 2, F and G), with older adults having higher baseline
and d28 antibody levels compared with younger adults (P < 0.001). Older adults also had



higher proportions of seroconverters towards B/Yamagata/16/1988 and B/Florida/4/2006 (43%
and 64.7%, respectively) compared with younger adults (28.6% and 17.9%, respectively; P <
0.05) (fig. SI). Older adults also showed responses to future Yamagata-lineage
B/Wisconsin/1/2010 as well as to previously circulating B/Victoria/02/1987 which was not
evident for younger adults. Instead, boosting in younger adults was towards the future Victoria-
lineage B/Malaysia/2506/2004 (Fig. 2G), with 21.4% seroconversion compared with 3.6% in
older adults (fig. S1). Individuals who responded strongly to the B/Panama/45/1990 vaccine
strain, especially younger adults, could respond to multiple future IBV strains from both
lineages.

To support our HAI antibody findings towards future strains, we further performed
microneutralization assay to quantify virus neutralizing antibodies for the vaccine strain and
future strains for HIN1 and IBV. Microneutralization assays for the H3N2 vaccine and future
strain were not performed, as we did not observe future boosting of H3N2 strains. We found
an increase in neutralizing antibodies against vaccine strains A/Texas/36/1991 and
B/Panama/45/1990 in young (P <0.0001 A/Texas and B/Panama) and older adults (P = 0.0002
A/Texas, P <0.0001 B/Panama) following vaccination, corroborating with the HAI responses
(Fig. 1E and 3A). IIV also boosted neutralizing antibodies against future HINI
(A/California/7/2009) in young adults (P = 0.0089), and against future IBV strain
(B/Brisbane/60/2008) in both age groups (P = 0.0002 young adults, P = 0.0078 older adults)
(Fig. 3A). Geometric mean titer (GMT) antibody landscapes within young and older adults
showed how little boosting occurred against future H3N2 strains in comparison to more
prominent future boosting against multiple future HIN1 and IBV strains following vaccination
(Fig. 3B), further highlighting the need to improve vaccine strategies for H3N2, especially for

older adults at risk of life-threatening influenza.

Divergent antibody response signatures were observed between younger and older adults
The multidimensional systems serology approach can comprehensively define antibody
responses including their isotype, subclass, and effector function to a range of different
antigens. We developed a multiplex antigen array that included 14 influenza antigens (8 HA,
3 neuraminidase (NA) and 3 nucleoprotein (NP) proteins) from the 1994 vaccine strains and
future virus strains (fig. S2 and table S2) to characterize vaccine-induced and cross-reactive
antibody responses. These experiments assessed plasma from 35 younger and 38 older adults,
with 28 participants per age group overlapping with the HAI antibody landscape cohort. Each

of the 14 influenza antigens were assessed for the presence of 12 different antibody responses



including total IgG, IgM isotypes, Ig subclasses (IgG1, IgG2, IgG3, IgG4, IgA1) and Fc gamma
receptors (Feylla-H131, FcyRIla-R131, FeyRIIb, FeyRIlla-V158 and Fcyllla-F158, data file
S1), making up a total of 168 features. Antibody binding to Fc receptors on immune cells can
lead to antibody-dependent cellular phagocytosis (FcyRlla, i.e. CD32a) and antibody-
dependent cell-mediated cytotoxicity (Fcyllla, i.e. CD16) of target cells.

Changes in antibody expression levels as median fluorescence intensity (MFI) to each
influenza antigen were summarized by volcano plots (Fig. 4, A to D, fig. S3, A to D) to compare
antigen-antibody feature responses between timepoints for each age group and between age
groups for 1) all antigens (Fig. 4, A to D), i1) 1994 vaccine antigens (H1-HA A/Texas/36/1991
and H3-HA A/Beijing/32/1992) (fig. S3, A and C), or iii) post-1994 antigens in the analyses
(fig. S3, B and D, table S2). When comparing differences between baseline versus d28 post-
vaccination, most responses increased post-vaccination for both age groups (P < 0.05), with
only a few IgM responses enriched at baseline (Fig. 4, A and B, fig. S3, A and B). Spider plot
analyses also showed higher median MFI values for some responses in younger and older
adults at d28 compared with baseline (P < 0.05; data file S1), which overlapped for H1 and
IBV antigens (fig. S4). Analyses of features between age groups at either timepoints revealed
dominant skewing of responses towards older adults (Fig. 4, C and D), particularly at baseline
and against future antigens, whereas minimal enrichment of features was observed in older
adults when only the 1994 vaccine antigens were analyzed (Fig. 4, C and D, and fig. S3, C and
D).

To further probe the qualitative differences between age groups observed at baseline,
LASSO (least absolute shrinkage and selection operator) regression and Principal Component
Analysis (PCA) were performed on the baseline dataset including age as a feature variable. For
the 1994 vaccine antigens analysis, pre-vaccination baseline antibody responses revealed two
distinct clusters between younger and older adults (Fig. 4E), which separated diagonally across
PC2 based on selection of 6 out of 73 features (Fig. 4F). Older adults had stronger baseline Fc-
receptor and IgA1 responses to the vaccine antigens, indicating a more mature baseline immune
profile prior to vaccination, whereas younger adults exhibited IgM responses characteristic of
naive antibody responses. Baseline responses against future antigens were selected from 10 out
of 145 variable features revealing clear clustering of age groups diagonally across PC2 (Fig. 4,
G and H), which was similar to their baseline responses against vaccine antigens. This future
antigen analysis suggested a more divergent cross-reactive signature in older adults which
featured mature IgA1 responses, whereas younger adults featured naive IgM responses prior

to vaccination (Fig. 4, G and H). These divergent pre-vaccination signatures between younger



and older adults were also reflected in our all antigen analysis including all 168 variable
features plus age (fig. S5, A and B). Analyses between timepoints (baseline versus d28) showed
partial clustering across PC1 for both age groups, with almost all features associated with post-
vaccination responses (fig. S5, C to F), supporting our volcano plot analyses. Taken together,
our systems serology data revealed qualitative differences occurring prior to vaccination
between younger and older adults in response to vaccine antigens and future antigens, with

older adults exhibiting more mature immune responses.

1994 11V vaccination elicited cross-reactive memory B cells that bound future H1 and
IBV HA-probes

To define influenza-specific B cell memory responses, fluorescently-labeled recombinant HA-
probes were custom generated for H1, H3, and IBV HAs from the 1994 vaccine strains (fig.
S6). To detect cross-reactive responses against future strains, HA-probes representing two
future vaccine strains for each subtype were included (fig. S7, A to C and table S3). These were
H1-HA-probes from A/Brisbane/59/07 (2009 IIV) and A/Victoria/2570/2019 (HIN1)pdm09-
like (2021-2022 1IV), H3-HA-probes from A/Perth/16/2009 (2010-2012 IIV) and
A/Switzerland/9715292/2013 (2015 11V), and IBV-HA-probes from B/Brisbane/60/2008
(2010-2012, 2016-2017 1IV) and B/Phuket/3073/2013 (2015, 2018-2025 I1IV).

Despite 30 years of cryopreservation, viability of these historic PBMC samples was
high, averaging 89-92% for both groups (Fig. 5A). For the 1994 vaccine strains, H1-HA Texas®
memory B cells increased 5.4-fold in young adults following vaccination (P <0.0001) and 1.9-
fold higher in older adults (P = 0.0033) (Fig. 5, B and C). Vaccine-driven Texas" frequencies
were higher in younger adults compared with older adults (P = 0.0395). H3-HA Beijing*
memory B cells responses were very low in frequency (<0.1%) and did not significantly
increase for either group. Although we did observe vaccination-induced responses in a subset
of individuals, where 19 out of 39 younger adults (49%) and 17 out of 39 older adults (44%)
had increased H3-Beijing” memory B cell responses (average 2.6-fold and 2.1-fold increases,
respectively) (fig. S7D). IBV-HA Panama®™ memory B cells responses increased in both
younger and older adults following vaccination (3.8-fold and 2.3-fold, respectively; P <
0.0001) with older adults having higher baseline frequencies compared with younger adults (P
<0.001).

To detect cross-reactive H1-specific memory B cell responses, HI-HA probes were
initially split into two panels of Texas'Bris/07" and Texas"Vic/19" (Fig. 5D). Further
optimization of H3-HA and IBV-HA probes allowed us to include 3 probes in a single staining



panel (fig. S8 and table S3). Although at lower frequencies, we observed increased responses
in Hl-cross-reactive Texas Bris/07° memory B cells in both younger and older adults
following vaccination (P = 0.0010 and P = 0.0290, respectively), but not for the Texas"Vic/19*
memory B cell response (Fig. 5E). Patterns were reflected in total Bris/07" and Vic/19*
memory B cell responses (fig. S8, A and B). Given H3-HA Beijing" memory B cell responses
were <0.1%, we did not detect any cross-reactive H3-specific B cells. Rather, single-positive
H3-Perth® memory B cells were detected in both groups at baseline but did not in general
increase following vaccination (fig. S8, C and D). However, we observed increased responses
in H3-Switz" memory B cells in younger adults (P = 0.0011, 3.1-fold), although very low
frequencies were detected (<0.1%) (fig. S8, C and D).

Cross-reactive IBV-HA-specific memory B cells responses towards the Yamagata
lineage strains were also observed, with increases in Panama*Phuket” memory B cells in both
young (10.9-fold) and older adults (2.9-fold) following vaccination (Fig. 5, F and G). This was
reflected in the total Phuket” memory B cell response (fig. S8, E and F). IBV Bris" memory B
cells from the Victoria lineage were detected in both age groups but did not increase following
vaccination (fig. S8, E and F) or cross-react with the Yamagata probes.

To assess the presence of cross-reactive stalk-specific memory B cell responses, dual
staining with group 1 (H1 and H5) and group 2 (H3 and H7) HA-specific probes was performed
on a subset of younger and older adults (Fig. 5SH and fig. S9). H5-specific memory B cell
responses increased following vaccination in younger adults (P = 0.0156), but not for older
adults (Fig. 5I). H7-specific memory B cell responses were also detected but did not increase
following vaccination in both age groups. Group 1 H1/HS5 cross-reactive B cells were detected
at lower cell events but showed increases in older adults (P = 0.0195), whereas group 2 H3/H7
cross-reactive B cells were not detected (Fig. 5J).

Phenotype (CD21 and CD27 expression) and isotype composition of total B cells did
not change following vaccination, with the exception of young adults who had a small decrease
in CD21-CD27" B cells (Fig. 6A). At baseline and d28, younger adults had more IgD*IgM!°¥
B cells (P < 0.05) and less IgM* B cells (P < 0.01) compared with older adults (Fig. 6B). In
contrast, for HA-specific B cells, we observed prototypical increases in the proportion of the
activated memory CD21°CD27" population for H1-Texas® and IBV-Panama® following
vaccination, which coincided with a reduction in the resting memory CD21°CD27" population
(Fig. 6C). Cross-reactive HI and IBV responses also showed similar activation patterns
following vaccination, significant for the Panama*Phuket” memory B cell response from older

adults (P < 0.01) (Fig. 6D) and single probe analyses for H1-Bris/07", H1-Vic/19* and IBV-



Phuket™ memory B cells (P < 0.05) (fig. S8G). Single-positive H3-Switz" memory B cells,
although at very low frequencies, also showed increased activation phenotype in both age
groups (P <0.01) (fig. S8G). In terms of isotype, HA-specific B cells were predominantly IgG*
for H1 and IBV responses, and IgA*/IgE" for H3 responses, profiles of which did not change
following vaccination (Fig. 6, E and F, and fig. S§H). Phenotypes and isotypes of H5- and H7-
specific memory B cells were also unchanged following vaccination (Fig. 6, G and H.
Similarly, patterns were unchanged for cross-reactive H1/HS stalk-specific memory B cells,

which were mainly of IgG" isotype (Fig. 6, I and J).

Broad antibody and B cell responses were generated following 1994 IIV vaccination

We generated correlation matrices of HAI titers, microneutralization titers, systems serology
data, and virus-specific memory B cell responses across vaccine strains A/Texas/36/1991,
A/Beijing/32/1992, and B/Panama/45/1990 responses following IIV across young and older
adults. For responses against HIN1 A/Texas/36/1991, we observed positive correlations
between HALI, isotype, and Fc binding, as well as virus-neutralizing antibody responses, across
both young and older adults, suggesting high quality HIN1 antibody responses across age (Fig.
7A). Although older adults had fewer positive correlations between isotype and Fc binding. In
younger adults, antigen-specific memory B cells positively correlated with bulk IgA and IgM
antibody responses, as well as IgG-specific memory B cell responses.

Antibody responses against vaccine strain H3N2 A/Beijing/32/1990 in younger adults
positively correlated with Fc binding, consistent with our observation on HIN1 responses.
IgG2 in young adults negatively correlated with total IgG, IgG1 responses, and Fc binding
(Fig. 7B). We did not observe any correlations between antibody and B cell responses towards
H3N2 vaccine strain in younger and older adults. However, we detected positive correlation
between HALI titers, neutralizing antibody titers, and B/Panama-specific CD27'CD21" B cell
responses towards vaccine strain IBV B/Panama/45/1990 in young adults, but only found
positive correlations between virus neutralizing antibody titers and HAI antibody responses in

older adults (Fig. 7C).

DISCUSSION
In our study, we aimed to define pre-existing antibody and memory B cell responses elicited
by influenza vaccination against future influenza virus strains. We analyzed historic influenza

vaccination cohorts of young and older adults from 1994 and assessed future immune responses
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spanning three decades of differentially evolving influenza subtypes encompassing HINI,
H3N2, and IBV. Our main findings showed that, following vaccination, antibody responses
increased against all three 1994 vaccine strains in young and older adults; that high-quality
vaccine-induced antibody responses were achieved in both age groups, but divergent signatures
existed against future antigens; and that antibody responses and cross-reactive memory B cell
responses increased against future HIN1 and IBV strains, including the presence of group 1
cross-reactive H1/H5-specific B cell responses, but were less evident for the future H3 and
group 2 H7N9 strains.

Our multiplex data provide a sensitive approach to measure the quality of antibody
responses against the vaccine and future antigens. We and others have previously shown that
multiplex serology (when appropriately validated) robustly correlates with antibody titers
quantified via ELISAs and other serological assays for multiple pathogens including influenza
virus (19, 20), HIV (21), and SARS-CoV-2 (22, 23). Our data suggested that clustering was
more impacted by Ig subtype and Fc effector function, and less so by the antigen sub-strain.
Prior to vaccination, older adults had features of IgAl and FcyRII antibody responses,
representing more mature responses, whereas younger adults had features of naive IgM
responses. Post-vaccination, however, there were minimal differences in antibody responses
against all antigens between younger and older adults, representing high quality vaccine-
specific responses in both age groups.

Our antibody landscape data revealed modest increases in responses to multiple H1 and
IBV future strains in both young and older adults following 1994 vaccination. Four older
participants who were born in the late 1910s and early 1920s may have been infected as a child
with the 1918 HIN1 pandemic strain, which closely resembles the 2009 pandemic strain. These
were the only participants seropositive for A/California/7/2009 or A/Michigan/45/2015 at
baseline (HAI of 40 and above) with the eldest (75 years old) having a boosted
A/California/7/2009 response; in contrast, none of the younger adults were seropositive for
these future strains at baseline. Vaccination did, however, generate antibody responses against
either A/California/7/2009 or A/Michigan/45/2015 in three younger adults above the positivity
threshold, which coincided with high antibody responses towards the vaccine A/Texas/36/1991
strain. In addition, although we observed that both age groups generated neutralizing antibody
responses against the vaccine A/Texas/36/1991 strain, only young adults had neutralizing
antibodies against future A/California/7/2009. This suggests that in some young individuals,

vaccination can elicit neutralizing cross-reactive antibody responses between the vaccine

11



subtype strain and future strains whereas older adults had less ability to neutralize future H1
strains. These results corroborate previous vaccination studies demonstrating that influenza
vaccination can induce broadly cross-reactive neutralizing antibodies against both current and
historical subtypes (24, 235).

We provide evidence of cross-reactive antibody responses between the two IBV
lineages in both young and older adults who were potentially exposed to either lineage before
the 1980s, as well as cross-reactive neutralizing antibodies against the vaccine strain and
against future Victoria-lineage. In our 1994 vaccine study, our younger adults, born mainly in
the early 1970s, had less exposure to IBV than our older adults, born in the 1920s, who
experienced IBV strains since the 1940s. Recent investigations by Edler et al. (14) revealed
that birth cohorts between 1980s to late 1990s, when Yamagata strains predominated, exhibited
the highest antibody titers against future Yamagata-lineage strains, which were two-fold higher
than antibody levels against future Victoria-lineage strains. In contrast, earlier birth cohorts
(1940-1980) demonstrated cross-reactivity to future Victoria-lineage strains, corroborating our
findings (/4). In addition, our correlation matrix analysis showed that HAI antibody responses
correlated with neutralizing antibody responses against vaccine HIN1 and IBV strains across
both age groups, indicating the overall increase in antibody level, neutralizing capability, and
Fc binding ability.

Supporting the antibody landscape data, both age groups showed prominent increases
in vaccine-probe”’ cross-reactive memory B cell responses against HIN1 A/Brisbane/59/2007
and B/Phuket/3073/2013, and in some individuals, increased cross-reactive responses against
the A/Victoria/2570/2019 (HIN1)pdmO9-like strain were observed. Although antibody
responses against A/Brisbane/59/2007 were below the seropositivity threshold for both age
groups, the presence of HIN1-Texas Brisbane™ memory B cells revealed that vaccination can
also generate cross-reactive memory B cell responses targeting non-neutralizing epitopes.
Additionally, the presence of H1 stem antibodies supports our findings of non-neutralizing
stalk responses in the cross-reactive H1 Texas*/Brisbane™ memory B cell responses. In our
1994 cohorts, we could only detect cross-reactive Yamagata-lineage Panama"Phuket” memory
B cell responses or single-positive Victoria-lineage Brisbane” memory B cells, including in the
young participants who had antibody responses to both lineages. In contrast, we have
previously shown that cohorts sampled during the mid-2010s have highly cross-reactive
antibody and memory B cell responses to both lineages (26). The presence and boosting of
group 1 H1/HS5-cross-reactive stalk-specific memory B cell responses were observed in our

cohort, potentially contributing to the cross-reactive H1-specific B cell response. However, we
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did not detect any group 2 cross-reactive-H3/H7-specific B cells, supporting the lower levels
of H3 stem antibodies observed in our cohort. Our findings thus provide evidence for boosting
and generation of vaccine-specific and cross-reactive memory B cell responses, particularly
for H1 and IBV future strains. The change in activation phenotype, but not isotype following
vaccination, represents a prototypical response in agreement to our previous study comparing
influenza-specific memory B cell responses following influenza virus infection versus
vaccination (/8). Cross-reactive stalk-specific H1 responses were also boosted following
vaccination, although not for H3, which may explain why H3 responses were minimal towards
future virus strains compared with H1 responses.

Although we observed vaccination-induced HAI antibody responses to the H3
A/Beijing/32/1992 vaccine strain, we did not consistently observe increases in the HA Beijing”
memory B cell response, with increased responses only observed in a subset of individuals.
We acknowledge that different recombinant HA-probes can vary in their ability to identify HA-
specific B cell populations. Therefore, the H3-Beijing probe was variable in detecting all the
memory B cells responses, as the frequencies of HA Beijing” memory B cells were very low
(most below 0.05%) compared with the other vaccine probes.

Seasonal vaccination, even within this historical cohort, appears primarily driven by
recall of immune memory established via previous influenza infection or immunization. This
was particularly evident in our observed recall of highly cross-reactive antibody and B cell
responses, which are primarily localized within the HA stem region of high conservation (27).
Previous studies have established that cross-reactive stem-directed humoral immunity is
widespread in human populations (28, 29), particularly for epitopes shared within Group 1
influenza A viruses (i.e., HINI, H5NI) (30). Such immunity is readily recalled upon
subsequent exposure to both seasonal vaccines (37) and vaccines against pandemic influenzas
(32-34). However, it should be considered that the memory recall responses observed in our
study may not remain at sufficient levels to provide protection thirty years later, as the cross-
reactive responses were measured during the peak of circulating antibodies and B cells in 1994.

Immunization also facilitates recall of responses to cross-reactive epitopes in the HA
head domain, including within epitopes capable of mediating broad HAI activity (35, 36).
However, the degree of cross-reactive conservation is generally less than epitopes in the stem
and highly influenced by antigenic drift within circulating viruses. We found less evidence of
recall of H3N2-specific responses, in line with previous reports (37), likely related to the
increased phylogenetic and antigenic diversity within this subtype relative to HIN1 or IBV.

Future studies might utilize modern structural techniques like electron microscopy polyclonal
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epitope mapping (38) to better define antigenic sites enabling broad neutralizing activity
against unencountered viruses. Furthermore, the study of influenza immunity in adults is
necessarily complicated by the ubiquitous pre-existing immunity established by past infection
and immunization. Although the recall of immune memory predominates in the response to
seasonal influenza vaccines, this can in turn dampen primary responses to vaccine antigens
leading to potential reductions in serological titers, a phenomenon often termed "original
antigenic sin" (OAS). The complicated interplay of prior immunity and influenza is discussed
in more detail elsewhere (39).

There were limitations to our study. The multiplex bead array assay had no
commercially available proteins to measure systems serology responses to the 1994
IBV/Panama vaccine antigens. We acknowledge that different recombinant HA-probes can
vary in their ability to identify HA-specific B cell populations, which is another limitation.
Additionally, the microneutralization assay does not accurately measure HA stalk antibodies
as a correlate of immune protection compared with plaque-reduction assays and should be
interpreted with caution.

Thus, using our historic 1994 vaccinated cohort, we provide evidence for boosting of
vaccine-specific and cross-reactive memory B cell responses, particularly for H1 and IBV
future strains. Conversely, we showed reduced H3N2 responses against future influenza strains
spanning three decades. Considering the recent influenza epidemic outbreak of suspected
H3N2 in Japan (6,013 cases since 10" October 2025) (40), there is an unmet need for improved
preventative measures and vaccination strategies to better protect vulnerable populations from

life-threatening illness, especially towards H3N2.

MATERIALS AND METHODS

Study design

The 1994 cohort was established as part of a Phase IV study to evaluate immune responses to
the 1994 11V (FLUVAX, CSL Limited, Melbourne Australia) during April 1994, in a younger
adult cohort aged less than 60 years (n = 89, 18-53 years) and an older adult cohort aged 60
years and above (n = 68, 60-75 years). Although current recommendations for influenza
vaccinations for older adults are cut-off at 65 years and above, the median age of the older
cohort was 69 years and so the majority of this group was 65+ years, reflective of an older adult
cohort. The exclusion criteria included individuals who were vaccinated against influenza since

June 1993. Only prior vaccination history was collected for the younger adults. Blood was

14



collected at day O prior to vaccination and between days 24-32 post-vaccination. Plasma was
stored at -20°C or below for serological assays. PBMCs were cryopreserved at -196°C for
cellular assays. All participants provided written informed consent. Study was approved by the
Royal Melbourne Institute of Technology Ethics Committee (#40/93 and #41/93) and the
University of Melbourne Human Research Ethics Committee (#13344 and #31236).

The objective of this study was to use samples from the 1994 cohort to define pre-
vaccination antibody reactivity as well as antibody and B cell responses elicited by 1994
influenza vaccination against future influenza virus strains. Samples were selected for each
experiment based on sample availability to have the most overlap of the same individuals
within different experiments for correlative analyses. A sample size of at least 28 per group
was sufficient to detect a large effect size between two groups (o = 0.05 and a power of 0.8).
For PBMC experiments, samples were used once with one vial available. Assays using plasma

were performed once, except in duplicate as technical replicates for multiplex assays.

Antibody landscapes

Viruses for HAI assays were obtained from WHO Collaborating Centre for Reference and
Research on Influenza and CSL Seqirus Ltd. A list of viruses is detailed in table SI.
Phylogenetic trees were constructed using Neighbor-Joining tree build method, with Jukes-
Cantor genetic distance model, by Geneious Prime software 2025.0.3. HAI antibody
landscapes against the vaccine strain and other influenza strains from table S1 were measured
at the WHO Collaborating Centre for Reference and Research on Influenza. Plasma samples
were treated with receptor destroying enzyme (Denka Seiken) to remove non-specific
inhibitors of agglutination then adsorbed with a mixture of guinea pig and turkey red blood
cells to remove non-specific agglutination. Serial two-fold dilutions of plasma from 1:10 to
1:10240 were incubated with virus at 4 HA units/25 pl for 30 minutes followed by addition of
1% red blood cells from either guinea pigs for H3N2 viruses or turkeys for HIN1 and IBV
viruses. Assays were performed in 96-well U-bottom or V-bottom plates for guinea pig and
turkey red blood cells, respectively, and incubated for 30 minutes and 90 minutes, respectively.
Antibody titers were read as the highest dilution with complete inhibition of agglutination using
an automated plate reader (CypherOne, InDevR). When calculating geometric mean titers
(GMTs) for pre and post-vaccination titers in younger and older adult groups, a maximum-
likelihood approach to account for nondetectable titers (e.g. <10) was used as described (417),

and implemented using the “gmt” function from the titertools R package (42).
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Expression of recombinant influenza HA proteins

Recombinant HA and HA stem proteins used in ELISAs were produced as previously
described (26, 33, 43, 44). For influenza A, DNA encoding the HA ectodomains for HINI
(A/Texas/36/1991, A/Brisbane/59/2007, A/Victoria/2570/2019), H3N2 (A/Beijing/32/1992,
A/Beijing/32/1992, A/Perth/16/2009, A/Switzerland/9715292/2013), H5N6 (A/Fujian-
Sanyuan/21099/2017) and H7N9 (A/Shanghai/01/2013) were synthesized (GeneArt/Thermo
Fisher) and cloned into mammalian expression vectors upstream from a T4 “foldon"
trimerization domain, Avitag biotinylation site and N-terminal polyhistidine tag. All influenza
A HA proteins were engineered with a Y to F mutation within the receptor-binding site
(position 95-98 depending on the strain) which abolishes binding to cell-surface sialic acids
(33). DNA encoding stabilized stem proteins for influenza A HI1 (derived from
A/California/04/2009) (44) and H3 (derived from A/Finland/486/2004) (43) were similarly
cloned onto expression vectors with the same N-terminal Foldon-Avitag-HIS. For influenza B
(B/Panama/45/1990, B/Brisbane/60/2008, B/Phuket/3073/2013), DNA encoding unmodified
HA ectodomains were similarly cloned. All HA and HA stem proteins were expressed by
transient transfection of Expi293 cells (#A14527, Life Technologies, Thermo Fisher
Scientific), purified by polyhistidine-tag affinity and size exclusion chromatography and stored
at -80°C. For use as flow cytometric probes, HA proteins were biotinylated using a BirA site
directed kit (Avidity) and prior to use labeled via the sequential addition of streptavidin
conjugated to PE (Thermo Fisher #S866), allophycocyanin (APC, Thermo Fisher #S868),
BV711 (BD #563262) or brilliant violet (BV) 421 (BD #563259).

Stem Antibody ELISA

Antibody binding to HA stem proteins derived from HIN1 A/California/04/2009 and H3N2
A/Finland/486/2004 was tested by ELISA as previously described (45), where antigenicity of
the stabilized influenza HA stem proteins was established using panels of stem-specific
monoclonal antibodies. Briefly, 96-well ImmunoSorp plates (Thermo Fisher Scientific) were
coated overnight at 4°C with 2 pg/ml recombinant HA stem, before blocking with 1% fetal calf
serum in phosphate-buffered saline (PBS). Plasma was serially diluted 4-fold (1:30 to
1:491520) before addition and incubated for 2 hours at room temperature, prior to detection
with 1:20,000 dilution of HRP-conjugated rabbit anti-human IgG (Dako) for 1 hour at room

temperature. Plates were washed and developed using tetramethylbenzidine (TMB) substrate
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(Invitrogen), stopped with 0.12M sulfuric acid, and read at 450 nm on a Fluostar Omega (BMG
Labtech). Endpoint titers were calculated using a fitted curve (4 parameter log regression) and a cut-off

of 2x background absorbance using GraphPad Prism v10 software.

Microneutralization assays

Microneutralization (MN) assays were conducted according to WHO protocols (46, 47) using
MDCK cells (#CCL-34, ATCC), and plasma treated as per the HAI assay protocol above.
Assays were performed in 96-well flat-bottom tissue culture plates. Plasma samples were
serially diluted two-fold (1:10 to 1:10240) in DMEM (Gibco) supplemented with 1% bovine
serum albumin (Sigma-Aldrich), 25 mM HEPES (Gibco), 100 U/ml penicillin-streptomycin
solution (Gibco), and 2 pg/ml TPCK-treated trypsin (Worthington Biochemical), then
incubated with 200 TCIDs0/50 ul virus at 37°C/5% CO». After one hour, 1.5x10%/100 ul MDCK
cells were added to virus-plasma mixtures before plates were incubated for 18-20 hours at
37°C/5% COz. The following day, cell monolayers were washed with 0.05% Tween 20 (Sigma
Aldrich) in PBS and fixed with 80% acetone. The amount of infection was evaluated through
an ELISA readout. Presence of virus was detected using murine monoclonal antibodies kindly
gifted by CSL Seqirus Ltd. Anti-type A and B nucleoprotein antibodies (diluted 1:1,000 and
1:10,000, respectively) were added at 100 pl per well and incubated for 1 hour, followed by
100 pl HRP-conjugated goat anti-mouse IgG antibody (Invitrogen; 1:1000) for 1 hour. Plates
were washed then developed by addition of 100 ul KPL TMB Peroxidase Substrate (Seracare)
and reaction was stopped by addition of 100 ul 1M HCI. Absorbance was measured at 450 nm
using the FLUOStar Omega microplate reader (BMG Labtech). The midpoint OD value
between wells containing virus only and wells containing cells only was used as a cutoff for
neutralization activity. Test wells with an ODa4so below or equal to the cutoff were considered
positive for neutralization activity. The virus neutralization antibody 50% titer was defined as

the reciprocal of the highest dilution that yielded positive neutralization activity.

Multiplex bead array assay

A customized influenza 16-plex bead array was generated including his-tagged influenza
proteins (HA, NA, NP) coupled to magnetic carboxylated beads (table S2). Successful coupling
of antigens was confirmed by his-tag antibody staining, as previously described (48). SIV
gp120- and Tetanus-coupled beads were included as negative and positive control antigens,
respectively. Validation of the multiplex bead array included strong correlation (fig. S2A) and

confirmation that there were no differences in median fluorescence intensity (MFI) values
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between single-plex and multiplex arrays (fig. S2B). The optimal plasma dilution was validated
by strong correlation of EDso responses, defined by half-maximal effective dilution, with MFIs
of the chosen single dilution and selected for suitability across detectors and antigens (fig. S2,
C and D), as previously described (23, 49). Plasma samples were diluted 1:200 in PBS before
incubating 1:1 (final dilution 1:400) with antigen-coupled beads. The optimal plasma dilution
was validated by correlation of EDso responses with responses at the chosen single dilution and
selected for suitability across detectors and antigens (fig. S1). The following day, samples were
incubated with soluble FcyR dimers or mouse anti-human detector antibodies that were either
phycoerythrin (PE)-conjugated or biotinylated, followed by incubation with streptavidin-
PE for biotinylated detection reagents (table S4), before reading on an Intelliflex Luminex
instrument system (Luminex), as described (48). Samples were run in duplicate as technical

replicates.

HA-specific B cell responses

Vaccine-boosted and cross-reactive memory B cell responses were measured by flow
cytometry (fig. S8 and S9) using a panel of in-house fluorescently labeled recombinant HA-
probes comprising the 1994 IIV strain and two future strains for H1, H3, and IBV groups.
PBMC samples were split across the three groups (n = 18-30 per group). PBMCs were thawed
in warm RPMI media (Thermo Fisher), stained with HA probes in PBS (60 ng per probe per
test, except for B/Panama/45/1990 which used 12 ng per test) and antibody panels as described
in table S3 and table S5 for 30 mins on ice, then fixed with 1% paraformaldehyde diluted in
MACS buffer (PBS with 0.5% (w/v) bovine serum albumin and 2mM EDTA, pHS8.0) and
acquired immediately on a LSR Fortessa (BD Biosciences), as previously described (9, 18).
For HINI, samples were split into two staining panels of A/Texas/36/1991 and
A/Brisbane/59/2007 recombinant HA-probes, and A/Texas/36/1991 and
A/Victoria/2570/2019 (H1N1)pdm09-like recombinant HA-probes (young n = 19, older n =
18). For H3 and IBV panels (n = 0 per age group), all three probes were included in one staining
panel. A subset of PBMCs (n = 10 per age group, including 8-9 new participants) were also
stained for group 1 (H1/HS5) and group 2 (H3/H7) comparisons using HIN1 A/Texas/36/1991
versus HSN6 A/Fujian-Sanyuan/21099/2017 and H3N2 A/Beijing/32/1992 versus H7N9
A/Shanghai/01/2013 (table S3). For all experiments, PBMCs were stained between 1.0 and
5.5x10° cells per panel.

Statistical analysis
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GraphPad Prism v10 software was used to determine significance (P < 0.05) of nonparametric
datasets (two-tailed) for Mann-Whitney U-test (unpaired) and Wilcoxon sign-rank test (paired)
for comparisons between two groups, and Tukey’s multiple comparison test to compare row
means between more than two groups. Median and interquartile range (IQR) or mean and
standard deviation (SD) were also constructed by GraphPad Prism. To estimate optimal
dilutions to run multiplex assays, EDso was calculated using four parameter dose-response
curves with GraphPad Prism v10 software. For multiplex data, differences (z score group A -
z score group B) between each feature from pre- to post-vaccination were determined by
Wilcoxon matched-pairs signed rank test, and between age cohorts by Mann-Whitney U test,
using the rstatix package (v0.7.2). The Holm correction for multiple comparisons was made;
unadjusted -logio P values are plotted, with the horizontal threshold line plotted at an adjusted
(-logio) P value of 0.05. For validation of multiplex bead assays, Pearsons correlations were
conducted between single and multiplex arrays. Volcano plots were plotted in R version 4.4.1
using the EnhancedVolcano package (v1.22.0). MFI values were right shifted by 1, then logio
transformed using the formula logio(MFI + 1), and z score scaled for each analysis comparison.
To transform the multiplex data for spiderplots (fig. S4), the median of each cohorts’ antigen-
specific detector MFI response was divided by the 98" percentile MFI value for each antigen-
specific detector (98" percentile was chosen to minimize the impact of outliers). For
multivariate analysis, data (y) was log-transformed (y = logio(x + 1)) before being normalized
by mean centering and variance scaling of each feature. LASSO regression and PCA were
performed and visualized using MATLAB (MathWorks), as previously described (23,
50). Frequency of selected samples was considered as the criteria of variable
importance. Resampling of data were performed via 10-fold cross-validation and repeated
1,000 times (48). Figures were graphed using Prism (GraphPad). For correlation plots in Fig.
7, HAI and microneutralization titers were log, transformed, and systems serology MFI values
were logio transformed as described for the multiplex bead array assay. Spearman’s rank
correlation was calculated using the R package psych (2.4.12), with P-values adjusted for false
discovery rate (FDR). Only correlations with FDR < 0.05 were plotted using corrplot (version
0.95). All individual level data for » < 20 are presented in data file S2.
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Figures legends

Fig. 1. 1994 IIV induces vaccine responses. (A) 1994 IIV cohort sampling timepoints and
numbers for each assay. (B and C) Distribution of participants by sex (B) and age (C). (D)
Exposure history of past and future circulating influenza virus strains. (E) HAI antibody titers
towards 1994 11V strains in subset of young and older adults from HAI landscape cohort. (F)
Fold change in HAI responses from the HAI landscape cohort (d28/BL), where seroconversion
is defined as 4 or more-fold change. For (C), (E) and (F), median and IQR are shown. Statistical
significance was determined by Wilcoxon test for timepoint comparisons within an age group
or Mann-Whitney for comparisons between younger and older adults. (G) Endpoint titers of
HA stem-specific antibody responses to H1 and H3. Bar indicates mean for d28 timepoint. *P
<0.05, **P <0.01, ***P <0.001, ****P <(0.0001. (A to D) Data are from n = 89 young and
n = 68 older adults. (E to G) Data are from n = 28 young and n = 28 older adults.

Fig. 2. 1994 IIV induces antibody titers against future HIN1 and IBV strains. (A)
Phylogenetic tree of selected IAV and IBV reference strains. Red indicates 1994 IV strains,
black represent those selected for HAI testing on selected cohorts of n = 28 young and n = 28
older adults. (B to G) HALI titers were determined for HIN1 (B and C), H3N2 (D and E), and
IBV (F and G). Heatmaps of HAI antibody responses are shown for each individual against
HINT1 (B), H3N2 (D), and IBV (F) strains. Asterisks alongside age of younger adults indicate
previously vaccinated with influenza vaccine. Vaccination history for older adults was not
collected. Representative HAI antibody graphs of HIN1 (C), H3N2 (E), and IBV (G) strains.
Median and IQR are shown. Statistical significance was determined by Wilcoxon test for
timepoint comparisons within an age group or by Mann-Whitney for comparisons between
adults and older adults. *P < 0.05, **P <0.01, ***P <0.001, ****P < (0.0001. (B-G) Data are
from n = 28 young and n = 28 older adults.

Fig. 3. Vaccine-induced neutralizing antibodies were observed for HIN1 and IBV strains.
(A) Microneutralization assay showing neutralizing antibodies against vaccine strains
(A/Texas/36/1991 and B/Panama/45/1990) and future strains (A/California/7/2009 and
B/Brisbane/60/2008). Median and IQR are shown. Statistical significance was determined by
Wilcoxon test for timepoint comparisons within an age group. **P < 0.01, ***P < 0.001,
*axxP <0.0001. (B) GMT landscapes split by age group and virus subtype. In each plot, the

dashed gray line and open points show pre-vaccination GMTs for each isolate tested, whereas
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the solid black line and solid points show post-vaccination GMTs. Areas shaded red show an
increase in GMT from pre-post-vaccination, beige shows a decrease, and gray shows the level
of background reactivity found in both pre- and post-vaccination samples. Dashed vertical
black lines mark the vaccine strain for each subtype. Viruses are ordered by date of isolation
on x-axis, giving an approximate genetic/antigenic progression. Viruses in bold indicate

vaccine strain. (A and B) Data are from n = 28 young and n = 28 older adults.

Fig. 4. Multidimensional systems serology reveals antibody responses to vaccine and
future viral strains. (A to D) Volcano plots of antigen-antibody features between timepoints
for younger (A) and older (B) adults and between young and older adults at (C) baseline and
(D) d28. Z-score differences in logio(MFI+1) for each variable from baseline to d28 post-
vaccination were determined by Wilcoxon matched-pairs signed rank test, and between age
cohorts by Mann-Whitney U test. P values were adjusted by Holm correction for multiple
comparisons; unadjusted -logio P values are plotted, with the horizontal threshold line plotted
at an adjusted (-logio) P value of 0.05. (E and F) PCA plots of feature selected data from the
dataset including 1994 vaccine antigens plus age as variable features comparing scores (E) and
features (F) of antibody responses for young and older adults at baseline. 1994 vaccine antigens
included H1-HA A/Texas/36/1991 and H3-HA A/Beijing/32/1992. (G and H) PCA plots of
feature selected data from the dataset including post 1994 vaccine antigens plus age as variable
features comparing scores (G) and features (H) of antibody responses for young and older

adults at baseline. (A to H) Data are from n = 35 young and n = 35 older adults.

Fig. 5. 1994 I1V-boosted cross-reactive influenza-specific B cell memory responses. (A)
Viability of 30-year cryopreserved PBMC samples. (B) Representative HA-probe staining for
1994 11V strain-specific memory B cells. (C) Frequency of 1994 IIV strain-specific IgD" B
cells at baseline and d28 post-vaccination in younger adults (nain1 = 27, nu3n2 = 39 and ng =
30) and older adults (nain1 = 26, nu3ne = 39 and ng = 30). (D and E) Representative staining
(D) and frequency (E) of cross-reactive H1-specific B cell responses (7young = 19, #older = 18).
(F and G) Representative staining (F) and frequency (G) of cross-reactive B/Yamagata-
specific B cell responses (7young = 30, no1der = 30). (H to J) Representative staining (H) and
frequency of HS5-specific, H7-specific (I) and cross-reactive H1/HS5-specific (J) B cell
responses (Myoung = 10, no1der = 10). Medians and IQRs are shown for all quantification. Open
circles depict <5 events. n are displayed in the figure. Statistical significance was determined

by Wilcoxon test for timepoint comparisons within an age group or by Mann-Whitney for
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comparisons between adults and older adults. *P<0.05, **P<0.01, ***P<0.001,

*akxPp<0.0001.

Fig. 6. 1994 IIV-strain specific and cross-reactive memory B cell responses are activated
following IIV. (A and B) Phenotypic (A) and isotypic (B) gating of total CD19" B cells and
HA* IgD" B cells (7young = 56, nolder = 55). Graphs show the proportion of each phenotype and
isotype among total B cells. (C to J) Phenotype (C, D, G, and I) and isotype (E, F, H, and J)
distribution of 1994 11V strain-specific memory B cells (C and E), cross-reactive H1 and IBV
memory B cells (D and F), H5- and H7-specific memory B cells (G and H), and H1/H5 cross-
reactive memory B cells (I and J). Only 5 events or more were analyzed for HA" IgD™ B cells.
Samples with less than 5 events were intentionally excluded for more accurate analyses of
phenotype and isotype data. n are displayed in the figure. Mean and SD are shown. Statistical
significance was determined by ANOVA with Tukey’s multiple comparisons test. *P<0.05,
**P<0.01, ***P<0.001, ****P<0.0001.

Fig. 7. Correlations observed between HAI antibody titers, microneutralizing antibody
titers, systems serology data, and B cell responses across young and older adults post 1994
IIV. (A to C) Correlation matrices showing Spearman correlation of HAI titers (n = 28 young
and n = 28 older adults), microneutralization (MN) titers (n =27 young and n = 28 older adults),
isotype and Fc binding (n = 35 young and n = 35 older adults), and frequency of post-
vaccination HA-specific B cell responses against vaccine strains A/Texas/36/1991 (n = 56
young and n = 52 older adults) (A), A/Beijing/32/1992 (n = 59 young and n = 48 older adults)
(B), and B/Panama/45/1990 (n = 45 young and n = 40 older adults) (C). HAI and
microneutralization titers were log: transformed, and systems serology MFI values were
logio transformed. Spearman’s rank correlation with P-values adjusted for false discovery rate

(FDR) < 0.05 are shown.
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