Circulating Tfh cell activation, serological memory and tissue
compartmentalization shape human influenza-specific B cell immunity
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One Sentence Summary: Analysis of influenza-specific B cells during antigen exposure
and tissue compartmentalization provide new insights into human B cell memory.

Abstract

Immunization with the inactivated influenza vaccine (IIV) remains the most effective strategy
to combat seasonal influenza infections. IIV activates B cells and T follicular helper (Tth)
cells, and thus engenders antibody-secreting cells and serum antibody titres. However, the
cellular events preceding generation of protective immunity are inadequately understood. We
undertook an in-depth analysis of B cell and T cell immune responses to IIV in 35 healthy
adults. Using recombinant hemagglutinin (rHA) probes to dissect the numbers, phenotype
and isotype of influenza-specific B cells against A/California09-HIN1, A/Switzerland-H3N2
and B/Phuket, we showed that vaccination induced a three-pronged B cell response
comprising a transient CXCR5CXCR3" antibody-secreting B cell population, CD21MCD27*
memory B cells and CD21'°CD27" B cells. Activation of circulating Tth cells correlated with
the development of both CD21" and CD21™ memory B cells. However, pre-existing
antibodies could limit increases in serum antibody levels. Strikingly, IIV had no marked
effect on CD8", MAIT, yd T cells and NK cell activation. Additionally, vaccine-induced B
cells were not maintained in peripheral blood at one-year post-vaccination. Importantly, we
provide the first dissection of rHA-specific B cells across seven human tissue compartments,
showing that influenza-specific memory B cells primarily reside within secondary lymphoid
tissues and the lungs. Our study suggests that a rational design of universal vaccines needs to
consider circulating Tth cells, pre-existing serological memory and tissue
compartmentalization for effective B cell immunity, as well as to improve targeting cellular T
cell immunity.



Introduction

Influenza remains a significant public health problem, causing seasonal annual
epidemics, occasional widespread pandemics and sporadic outbreaks in animals. In humans,
two influenza A virus (IAV) strains (HIN1 and H3N2) along with one influenza B virus
(IBV), from either the Victoria and Yamagata lineage, co-circulate annually (/). Vaccination
with an inactivated influenza virus is currently the most effective way of inducing strain-
specific neutralizing antibodies directed against surface glycoproteins, hemagglutinin (HA)
and neuraminidase (NA). In the absence of antibody-mediated immunity, pre-existing
memory B-cells (2, 3) and broadly cross-reactive memory T-cells (4-6) can be recalled and
protect against influenza. Due to the antigenic drift of IAV and IBV, and antigenic shifts of
IAV, memory B-cell and T-cell populations are central for controlling antigenically-distinct
influenza strains. Thus, effective influenza vaccines need to establish long-lasting memory B-
cells and T-cells, readily recalled during infection with novel influenza viruses.

Following antigen re-exposure, memory B-cells develop into short-lived effectors
(plasmablasts and plasma cells, jointly named as antibody-secreting cells; ASCs) and rapidly
provide antibodies. Additionally, memory B-cells re-enter germinal centers, resulting in
generation of affinity-matured long-lived plasma cells (LLPCs) and memory B-cells (7, §).
This process depends on co-stimulation and cytokine production by T follicular helper (Tth)
cells (9, 10). Following IIV, a transient population of ASCs, predominantly derived from
memory B-cells, emerges in peripheral blood on day (d) 7 after vaccination and correlates
with antibody titres (2, /). Concomitantly, a population of circulating Tth (cTth;
CD4"CXCR5") cells (12) also emerges in peripheral blood on d7 post-vaccination (/3).
These c¢Tth cells exhibit a type-1 phenotype (CXCR3"CCR6"), express activation markers
(ICOS and PD-1), provide help to memory (but not naive) B-cells for development into ASCs
and correlate with ASCs and antibody responses (/3). However, the role of human c¢Tth cells
in establishing B-cell memory is not entirely understood. Recent studies described new
subsets of antigen-specific B-cells, based on the expression of CD21 and CD71, emerging
with variable dynamics following immunization (/4, /5). Additionally, influenza exposure
history and pre-existing antibodies can shape the antibody response to 11V (/6-18), although
mechanisms are ill-defined. Important questions remain with regards to the generation and

maintenance of immune memory B-cells and T-cells following I1V.



We dissected cellular events that precede the serological response to IIV and showed
that vaccination induces a robust population of cTth cells, important for subsequent
immunological events, specifically seroconversion and the emergence of three influenza-
specific (defined by rHA probes) B-cell populations: ASCs, CD21"° and CD21" memory B-
cells. We provided the data on distribution of rHA-specific B-cells across seven human
tissues and demonstrate that IIV did not affect CD8" or innate T-cells. The key findings of
our studies are that (i) the emergence of cTthl cells on d7 correlates with the magnitude of
memory B-cell response on d14; (ii) serological memory on dO limits the development of
CD21" memory B-cells; (iii) influenza-specific memory B-cells are differentially distributed
across human tissues, with memory rHA-specific B-cells being enriched in secondary
lymphoid organs and the lung. These findings have fundamental implications for the rational

design of vaccines that induce protective and long-lasting immunity against influenza viruses.

Results

Influenza vaccination induces activation of circulating Tfh cells and expansion of
CXCR3"CXCRS5 antibody-secreting cells

To dissect the cellular events preceding generation of protective immunity to IV, blood
samples were obtained from healthy adults at baseline (BL), d7, d14 and d28 after
intramuscular immunization. Our study involved 35 vaccinees over three years, with a total
sample size of 42 (Table S1). A/California/7/2009 remained constant throughout three years
of vaccination, while A/H3N2 and IBV components were updated annually to reflect
antigenically-drifted A/H3N2 strains and circulating Yamagata or Victoria IBV viruses (Fig.
1A).

The kinetics of ¢Tth cells (CD4"CXCR5") and ASCs (CD19*CD27*CD38" B-cells)
in peripheral blood were evaluated (fig. S1). After vaccination, the numbers of cTth type-1
subset (cTthl; CXCR3"CCR6") expressing ICOS and PD-1 (ICOS*PD-17cTthl) significantly
expanded (p<0.0001) on d7, before returning to baseline by d14 (Fig. 1B-C). The numbers of
cTth2 (CXCR3'CCR6") and cTthl7 (CXCR3'CCR6") cells did not increase following
vaccination (fig S2A-B). We found increased (p<0.0001) frequency of activated CD38" cells
within ICOS™PD-17cTthl set on d7 after vaccination (Fig. 1D-E). While CD38 expression
was higher on cTth2 and ¢Tfth17 than on c¢Tfhl cells at baseline (p<0.001), cTth1 cells had a
higher CD38 mean fluorescence intensity (MFI) at d7 (p<0.0001) (fig. S2C). CD38 on d7
was higher on ICOS*PD-17cTthl cells than on non-activated ICOSPD-1"-¢TFhl cells



(»=0.002) (fig. S2D). These data show that vaccination with IV specifically activates cTthl
cells.

As previously reported (2, 11), ASCs transiently appeared in blood (Fig. 1G) peaking
on d7 following vaccination (p<0.0001 compared to baseline), then declining at d14 and d28
(Fig. 1F-G). We found a transient increase in expression of CXCR3 on ASCs on d7
(p<0.001) (Fig. 1H-I), not observed on non-ASC (non-CD38"CD27") B-cells (»<0.0001)
(Fig. 1J). Additionally, while non-ASC B-cells expressed high levels of CXCRS, circulating
ASCs lacked CXCRS expression (p<0.0001) (Fig. 1K). Thus, circulating ASCs present in
blood on d7 after vaccination display unique expression patterns of chemokine receptors,
CXCR3 and CXCRS, important for trafficking of B-cells. Based on the HA inhibition assay
(HAI), IV also increased serum antibody titres (d28 compared to baseline) against A/HINI,
A/H3N2 and IBV components (Fig. 1L). These data show that IIV induces transient and

concurrent changes in circulatory B-cell and Tth compartments.

Detection of influenza-specific B-cells by recombinant hemagglutinin probes

To determine the numbers, phenotype and isotype of B-cells elicited by 11V, we
identified influenza-specific B-cells with recently developed rHA probes (/9-21), consisting
of four biotinylated trimeric rHA molecules conjugated to streptavidin-fluorochrome
complexes. To prevent non-specific binding to sialic acids, rtHA probes contained mutations
YO8F for TAV and T190G for IBV (27). We used rHA probes against three vaccine
components, A/California/07/09-HIN1 (A/Cal09-H1), A/Switzerland/9715293/2013-H3N2
(A/Swi-H3) and B/Phuket/3073/2013 (BHA; Yamagata lineage) (Fig. 2A). Using PBMC
from healthy adults, influenza probe-specific B-cells were identified within mature class-
switched CD19"CD3-CD14CD16CD10IgD" B-cells, with exclusion of cells binding free
fluorochrome-streptavidin (Fig. 2A; fig. S3).

We validated the specificity of rHA-probes for detection of influenza-specific B-cells,
using different experimental approaches (figs S4-5). Dual rHA probe staining_(two rHA-
probes of the same specificity conjugated to different fluorochromes) (22) showed that the
majority of class-switched IgD™ B-cells were double-positive (97%/90% for H1; 92%/50%
for H3; 91%/86% for B, across APC- and PE-conjugated probes; fig S4A-B), reflecting high
level of probe-specificity. Because of its higher sensitivity, our subsequent data were
generated using the H3-APC probe. However, double-positive rHA staining within
unswitched IgD*B-cells was considerably lower (17-55% depending on the probe and



fluorochrome; fig S4A-B). Thus, we excluded them from our analyses because of high-level
non-specific rHA binding.

Secondly, we blocked rHA staining with sheep anti-HA sera against each of the
probes. Blocking with cognate anti-sera specifically reduced rHA staining on class-switched
B-cells by 82-93% (fig S4C-D), further demonstrating specificity of rHA-biding to IgDB-
cells.

We also single-cell FACS-sorted CD19*1gD IgM1gG"CD27 ' tHA™ B-cells directly ex
vivo from PBMCs. BCR heavy chain sequences for rHA-H1" and rHA-B™ B-cells were
recovered using a multiplex PCR approach (23). A high proportion of BCR sequences (57%
for rtHA-H1+; 65% for rHA-B* B-cells) exhibited clonal expansions (same IGHV usage and
CDR3 homology) (fig S5A), a reliable indicator of antigenic-specificity. Furthermore,
distribution of clonal sizes showed typical distributions of clones, with 1-2 largely-expanded
clones, 10-11 medium-size clones, 16-23 small clones and a natural tail of 83-97 singletons
(fig S5B). As clonality is a function of a sequencing depth, some of the singletons would be
also HA-specific. Additionally, our data show that the rHA-specific singletons utilize the
same heavy chain segments as the largely-expanded clones (fig S5c), suggesting their
specificity. Overall, THA" probes for detection of influenza-specific IgD-B-cells were
validated using dual-probe staining, blocking with sheep anti-sera and BCR sequencing.

At steady state, the numbers of peripheral blood A/Cal09-H1" B-cells (median 40.3
cell/ml blood) were significantly higher than A/Swi-H3" (median 22.5 cells/ml blood) and
B/Phu-HA™ B-cells (median 24.2 cells/ml blood) (Fig. 2B). Influenza-specific B-cells were
grouped according to their isotype as IgG™, IgA™ and IgM" subsets (fig. S3). Although anti-
IgA staining was not included due to the limited capacity of flow cytometry, our separate
analysis showed that 100% (n=25, fig. S6) of A/Cal09-H1" IgGIgDIgM- cells, were IgA*
and hence IgGIgDIgM" were classified as IgA*. While a larger proportion of B/Phu-HA" B-
cells were IgG" (H1: median 74.2%, H3: 60.6%, B: 83.4%) (Fig 2C-D), in terms of numbers
of B-cells/ml, there were more A/Cal09-H1" IgG" B-cells (Fig 2E). Accordingly, there were
less IgA™ or IgM" B/Phu-HA "B-cells found than for the other two specificities. Analysis of
the memory CD27 and activation CD21 (complement receptor 2) markers to identify resting
memory B-cells (CD21MCD27) (fig. S3) showed that the three rtHA™ populations exhibited
similar phenotype distributions, with resting memory B-cells being the most prominent (H1:
median 50%, H3: 48%, B: 55.2%) (Fig 2H-I). A/Cal09-H1* CD21MCD27" B-cells were the
most prominent (H1: median 18.5 cells/ml, H3: 11 cells/ml, B: 12.2 cells/ml) (Fig 2J),



reflecting their greater abundance. Overall, while the IAV-H1"B-cell pool is larger in size,

the IBV-specific B-cell pool contains more IgG"B-cells.

CD21"CD27" and CD21"°CD27* influenza-specific B-cells emerge in peripheral blood
after vaccination

To determine how the rHA*B-cell pool responds to IV, we assessed numbers and phenotype
of influenza-specific B-cells following vaccination in 2015 and 2016 cohorts. While
A/Cal09-H1 was constant across both years, the H3 component was updated in 2016 with the
A/Hong Kong strain, belonging to the same clade (3C) but a different subclade (3C.2a) to the
A/Switzerland strain (3C.3a). As an A/Hong Kong rHA probe was unavailable, samples from
the 2016-cohort were stained with the heterologous A/Swi-H3 probe. For IBV, the B/Phuket
(Yam) strain was present in IIV in both years, as a sole IBV component in 2015, and together
with the B/Brisbane (Vic) in 2016 as a part of the quadrivalent formulation. B/Phuket-
specific B-cells were analysed during 2015 and 2016, while a probe for B/Brisbane was
unavailable.

Vaccination significantly increased the numbers of B-cells specific for three IV
components (Fig. 3A-B). This increase was observed on d7, peaked at d14 and was
maintained until d28. Thus, IIV increases the size of the influenza-specific B-cell pool, at
least until d28 after immunization. Additionally, a subset of B-cells specific for each of the
vaccine components transiently acquired an ASC-like phenotype (CD27MCD20") on d7 (Fig.
3C-D). Following vaccination, IgG*, IgA" and IgM" influenza-specific B-cells underwent
significant expansion (Fig. 3E). The response was mainly dominated by IgG" B-cells, with a
median of 63.7 A/Cal09-H1" cells/ml, 36.7 A/Swi-H3" cells/ml and 24.2 BHA™ cells/ml of
blood on d14, and a smaller IgA™ population (14.9 A/Cal09-H1" cells/ml, 12.5 A/Swi-H3"
cells/ml and 7.9 BHA™ cells/ml). Although minimal, significant changes were observed for
I[gMTHA" B-cells. For H3, HA-specific B-cell patterns were similar when data were
analyzed from both the 2015-cohort (using a homologous probe), and the 2016-cohort (using
a heterologous probe) together (Fig. 3B) or separately (fig. S7), reflecting the effect of back-
boosting and recall of memory B-cells. To confirm the data obtained by rHA staining, we
used polyclonal stimulation and a B-cell ELISPOT assay (fig S8). While at baseline B-cells
against A/Cal09 H1 and B/Phu were undetectable, B-cells against both strains increased at
d14 (fig S8A), similarly to measurements by FACS (fig S8B). Importantly, the number of
IgG'rHA"B-cells correlated (r=0.7, p=0.0005) with the number of IgG" spot-forming units
(SFU/million PBMC) (pooled data for HI and B from dO and d14), supporting our analysis



by rHA probes.

Further phenotyping of rHA'IgG"™ B-cells revealed that while these cells
predominantly displayed a resting memory phenotype (CD21MCD27%) at baseline, HA-
specific B-cells across all vaccine components transitioned to an activated memory
phenotype (CD21°CD27") from d7 until d28, with a noticeable peak on d14 (Fig. 3F-G). The
CD21'" B-cell population was distinct from the ASC phenotype, as the latter cells were
CD20" (fig. S9). Overall, IIV increased the numbers of CD21" and CD21" IgG" influenza-
specific B-cell pool, both of which peaked on d14 for IgG"B-cells.

Activation of cTfhl cells correlates with increased numbers of CD21"CD27" and
CD21"°CD27* HA-specific B-cells in the periphery

We found four key effector cells in the immune response to IIV: ASCs and activated cTthl
cells, transiently emerging in the circulation on d7, CD21MCD27" and CD21°CD27*
influenza-specific B-cells, peaking on d14. We further investigated how these cellular events
are interlinked and how they relate to the magnitude of the serological response. As the 2016
vaccine formulation included a new H3N2 strain and a second IBV strain, for which rHA*
probes were unavailable, the analysis focused on the 2015-cohort (n=16). For other analyses,
pooled data from the 2015- and 2016-cohort (n=42) were used.

A correlation between the number of blood ASCs/ul on d7 and the antibody response
following IIV (total fold-change on d28 over d0) (rs=0.37, p=0.013) was found (Fig. 4A). The
total fold-increase was defined as the sum of the fold-change for all the vaccine components,
as the cTthl and ASCs detected on d7 could not be attributed to a specific vaccine
component. Accordingly, individuals who seroconverted following IIV (>four-fold change in
HALI titers to at least one vaccine component) had a significantly higher ASCs/pul numbers at
d7, as compared to non-seroconverters (p=0.0381) (Fig. 4B), as in studies showing that the
serological response to vaccination was linked to the emergence of ASCs (2,24). Indeed, in
the 2014-cohort with longitudinal serum samples, the HAI titre increased as early as d7 (Fig.
4C), suggesting that the serological response observed following vaccination is derived from
this transient ASC population.

Similarly, ICOS*PD-1"cTth1 cells showed a moderate correlation with the total fold-
increase in HAI titres (r:=0.43, p=0.0042) (Fig. 4D). Notably, seroconverters had a higher
number of ICOS™PD-17cTthl cells, when compared to non-seroconverters (NS) (p=0.0328)
(Fig. 4E). Additionally, the number of ASCs on d7 showed a moderate positive correlation
with the number of ICOS*PD-1*cTfh1 cells on d7 (r=0.6307, p<0.0001) (Fig. 4F). Thus, the



emergence of activated cTFhl1 cells, circulating ASCs and the antibody response on d7 are
interlinked.

The number of ICOSPD-1"cTfhl cells on d7 also correlated with the fold-change in
both CD21MCD27* (r:=0.7353, p=0.0017) and CD21°CD27" 1gG" memory B-cells specific
for all vaccine components (r:=0.7265, p=0.002) (Fig. 4G), highlighting a central role for
cTthl cells in B-cell memory generation and seroconversion. Thus, the emergence of ¢cTthl
cells is important for the immune response to IIV as they are linked to the increase of ASCs

and CD21MCD27* and CD21°CD27* HA-specific B-cell memory in the periphery.

Pre-existing antibodies negatively correlate with the serological response and the
emergence of CD21'°CD27" influenza-specific B-cells

Individuals who seroconverted to H1 and B had lower serum titres at baseline than
those who did not respond to the vaccine (H1: p=0.0062, B: p=0.0045) (Fig. 5A), showing
that seroconversion is influenced by pre-existing serum titres, as reported (/7). This was not
observed for H3N2 (p=0.29), which differed in both 2015 and 2016. Correspondingly, pre-
existing titres to H1 and B components showed a negative correlation with the cognate fold-
increase in HAI titres (H1: rs=-0.5, p=0.0005, B: r=-0.55, p=0.0001) (Fig. 5B). This differed
for the drifted H3 component (rs=-0.29, p=0.06). When HAI titres against all vaccine
components were added, there was a significantly strong negative correlation between the
baseline HAI titres versus the fold-increase in HAI titres on d28/d0 (rs=-0.56, p=0.0001) (Fig.
50).

Conversely, the total pre-existing serum titres on dO did not impact the emergence of
total ASCs (r=0.063, p=0.69) (Fig. 5D) or ICOS'PD-1"cTthl cells (r=-0.02571, p=0.8716)
(Fig. 5E) at d7. Additionally, pre-existing serum titres had no effect on the fold-change of
memory CD21"rHA*B-cells for either of the components (H1: r=-0.16, p=0.54, B: 1=-0.12,
p=0.67, H3: 1=0.08, p=0.76) (Fig. 5F). However, pre-existing titres against B, but not H1 or
H3, negatively correlated with the fold-change of cognate CD21°rHA"B-cells (H1: rs=-0.35,
p=0.2, B: r=-0.76, p=0.0015, H3: r=-0.0045, p=0.992) (Fig. 5G). Thus, pre-existing

serological memory can limit seroconversion and the magnitude of CD21°B-cells.

Vaccination with IV does not induce CD8" and innate T-cells
To determine the effect of IIV on cellular immunity, we examined influenza-specific CD8"
T-cells, CD4" T-cells, y6 T-cells, mucosal-associated invariant T (MAIT) cells and natural

killer (NK) cells, assessed by intracellular cytokine staining (ICS) for IFNy and TNF



following an ex vivo overnight stimulation with IAV and IBV (A/Cal09 HI1NI1pdmO09,
B/Phuket) in 7 donors vaccinated in 2015 (fig. S10). The frequency and numbers of
[FNy"CD8" T-cells, yd T-cells, MAIT-cells and NK cells remained unchanged in response to
IAV and IBV, with no apparent differences between the pre- and post-vaccination time-
points (Fig. 6A-B and fig. S11). Consistent with previous studies, IFNy"CD4"T-cells
increased in response to IAV (not IBV) at d14 (median d0: 819 cells/ul blood, d14: 1129
cells/ul blood, p=0.038), although this increase was not maintained at d28. To further probe
any effects of IIV on CDS8'T-cells, we used fluorochrome-conjugated peptide/MHC-I
tetramers for IAV-derived epitopes (A2-M1sg.66, A1-NP4s.5o and B8-NP225.033) in 3 donors
(fig. S12). Consistent with the ICS, vaccination did not alter the frequencies (Fig. 6C-D) or
differentiation status (CD27/CD45RA phenotype) (Fig. 6E-F) of tetramer'CD8"T-cells.
Lastly, there were no differences in the expression of differentiation (CD27/CD45RA),
activation (HLA-DR/CD38), proliferation (Ki-67) markers (Fig. 6G) or the effector
granzyme-B on T-cells (n=14) (fig. S12). Overall, influenza-specific T-cell compartments

(with the exception of CD4"T-cells) remains unchanged following ITV.

Vaccine-induced memory B-cells are not maintained in peripheral blood

For vaccine-induced immunity to be protective, it needs to be long-lived. We assessed
the longevity of vaccine-induced influenza-specific antibodies and B-cells. Serum titres (but
not influenza-specific B-cells) for the three vaccine components were stable (within the four-
fold difference) over the one-year period (>350 days) post-vaccination (Fig. 7AB). However,
when the isotype distributions for vaccine components were analysed, a loss of vaccine-
induced IgG* and IgA™ rHA"B-cells was observed at one year (Fig. 7C-D). This loss was
pronounced and significant when IgG*CD21" and IgG"CD21" rHA*B-cells were analysed
(Fig. 7E), suggesting that the vaccine-induced influenza-specific memory B-cells are not
maintained in peripheral blood.

As eight individuals received IIV vaccination in two consecutive years, we analysed
rHAIgD B-cells within these individuals across different years. Overall, total IgDTHAB-
cell and CD21" and CD21' CD27'tHA" responses were comparable across repeated
vaccinations (Fig 7 F-G). However, when the fold-change over its respective baseline for
each year was calculated, B-cell responses peaked earlier (at d7) in the second year and the
responses were larger (fig S13). While these findings are interesting, the small number of
donors and the lack of a vaccination history precluded us from further dissecting the effects

of previous vaccination on influenza-specific B-cell responses.
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B-cells show distinct patterns of tissue compartmentalization

As the loss of vaccine-induced B-cell memory in blood could result from transition between
phenotypes, contraction of vaccine-induced B-cell pools or migration of memory B-cells into
tissues, we analysed the distribution and phenotype of total and influenza-specific B-cells
across seven human tissue compartments. Spleens, lungs and lymph nodes were obtained
from deceased organ donors, while peripheral blood, bone marrow, cord blood and tonsils
were obtained from healthy individuals. B-cells were phenotypically divided into four
populations based on the expression of CD27 and CD21. Naive B-cells were defined as
CD21MCD27, resting memory as CD21MCD27", activated memory as CD21'°CD27" and
tissue-like (atypical) memory as CD21'°°CD27-. Dual rHA probe staining confirmed the probe
specificity in tissues (spleen and lung) as the majority of rHA"IgD B-cells were double-
positive (91%/71% for H1; 93%/71% for H3; across APC/PE-conjugated probes; fig S14A-
B).

Total mature CD19°CD3CD14CD16CD10B-cells were enriched in secondary
lymphoid tissues (SLOs), with a median of ~50% lymphocytes being B-cells in the tonsils,
lymph nodes and spleen, as compared to 6.5% in adult blood, 13.7% in cord blood, 11.1% in
bone marrow and 4.8% in the lung (Fig. 8A). Naive B-cells (CD21MCD27") were found in
human tissues, alongside the other B-cell subsets (Fig. 8B). The majority of naive B-cells was
detected in cord blood (86.4%) and bone marrow (88.3%), consistent with the lack of antigen
exposure in cord blood and the development of B-cells in the bone marrow. ~75% of blood
and tonsil B-cells were unswitched, while the spleen and lymph nodes contained a higher
proportion of resting memory B-cells (48.2% and 63.3%). The human lung contained 52.4%
resting memory B-cells and 38.6% unswitched B-cells. Activated memory (CD21°CD27%)
B-cells were infrequent, consistent with the donors’ healthy status. Similar results were
obtained from isotype analysis across human tissues (Fig. 8C). IgD"M*B-cells were the
predominant subset across tissues, followed by IgD"MB-cells and then class-switched B-
cells (IgG*, IgA", IgM"). IgA"B-cells and IgMB-cells were most prevalent in the lymph
node, spleen and lung.

Influenza-specific class-switched B-cells (A/Cal09-H1*, A/Swi-H3") were readily
detected in all tissues (Fig. 8D). The frequency of rHA*B-cells ranged from 0.029% to 0.4%
of IgD'B-cells. Furthermore, while the frequency of rHA'IgD" cells within B-cells was

similar across tissues, rHAIgD" B-cells within lymphocytes were more abundant in SLOs
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(tonsils, lymph nodes, spleen) than other tissues. While in blood only 39.8% of rHAIgD B-
cells were CD27"CD21", there was an enrichment of CD27*CD21"rHA "B-cells in all tissues
(mean 80.9-98%) (Fig 8E). While IgG'rHA"B-cells were more prominent in the circulation
(mean 87.9%), this was lower in tissues (50.4-70.9%). Instead, tissues showed larger
proportions of IgM" and IgA" rHA"B-cells (Fig 8F). Overall, influenza-specific B-cell
memory is compartmentalized outside of peripheral blood.

To normalize for differences between donors due to exposure history and age, we
analyzed B-cell tissue compartmentalization in paired peripheral blood and spleen samples
(n=5, table S2). Analysis of total B-cells confirmed enrichment of CD21MCD27" memory in
the spleen compared to blood (Fig 8H) and differential distribution of different isotypes
between blood and tissues (fig. S15). Due to the low cell numbers available, we could not

confidently detect influenza-specific B-cells.

Discussion

Vaccination with inactivated influenza remains the predominant prophylactic measure against
infection. Understanding the cellular events that precede the induction of protective immunity
is pivotal in the development of better vaccines. We provide a comprehensive analysis of the
immune response to vaccination in healthy individuals. Using rHA probes to characterize
influenza-specific B-cells, we show that vaccination induces an early wave of influenza-
specific short-lived effectors (ASCs), accompanied by an increase in antibody titres, and a
second wave of CD21MCD27" and CD21°CD27'B-cells. Concomitantly, activated c¢Tfhl
cells correlated with all arms of this response. Vaccine-induced B-cells were not maintained
in peripheral blood and overall, human memory B-cells were enriched in SLOs and
peripheral tissues. Strikingly, vaccination had no impact on CD8" and innate T-cells. Our
study provides insights into the human B-cell response and recapitulates fundamental aspects
of B-cell biology from animals, translating them into humans across different tissues.
Previously, ASCs on d7 correlated with seroconversion (2, 24). Our kinetic data and
correlation analyses support this model. Consistent with studies in mice (25, 26) and tetanus
vaccination in humans (27), our findings show that the emergence of ASCs is accompanied
by a chemotactic switch, specifically the loss of CXCRS, releasing B-cells from germinal
centers and preventing their re-entry, and upregulation of CXCR3, directing them to sites of
inflammation and likely the bone marrow (28). The CD21"CD27" population represents a
resting B-cell memory population. These memory cells were detected in blood at steady state

and in tissues, with their numbers being transiently boosted by vaccination. Activated
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memory CD21'°CD27"B-cells can be distinct from ASCs, as they express high levels of
CD20. These cells were detectable at steady state in blood and tissues but emerged following
vaccination. The fate of each population remains unclear, with both CD21" and CD21% cells
persisting for at least 4 weeks, but subsiding by one year post-vaccination.

Recent reports described human antigen-specific B-cells with low CD21 expression.
A newly-described B-cell phenotype (CD38°mCD20"CD27'°CD71%), termed activated B-
cells (ABCs), peaks on d14. Based on clonal relationships, ABCs from d7 eventually develop
into memory B-cells (/4). CD21°B-cells (CD38°CD21°CD27%), which emerge on d14
following IIV, are enriched within influenza-specific B-cells, express transcriptional
programs associated with plasma cell differentiation, and are identified as recent emigrants of
germinal centers, suggesting they might be precursors of LLPCs (/5). While we did not
measure CD38 expression on rHA'B-cells, a large population of CD21°CD27'CD20"
influenza-specific B-cells was induced by vaccination and with different dynamics to the
ASCs.

Since the initial description of circulating CXCR5*CD4"T-cells as counterparts of Tth
cells in blood, their role in regulating vaccine responses is known (/2, /3). Seminal studies
showed that specialization occurs between different cTth subsets and their ability to stimulate
naive or memory B-cells to differentiate into ASCs (/2, 13). In that regard, cTth1 cells have a
prominent role in facilitating seroconversion following vaccination, which is predominantly
memory-derived (2, 11). However, the role of cTth cells during IIV is limited to the interplay
with serum antibodies. We show that activation of cTfhl cells on d7, correlates with
emergence of CD2I1MCD27" and CD21'"°CD27" influenza-specific B-cells on d14 post-
vaccination, implicating cTthl cells as key players in the establishment of influenza-specific
B-cell memory. Recently, TCR repertoire analysis of cTth cells following repeated IIV
vaccination revealed the recruitment of recurrent clones (29), providing evidence that
activated cTth cells are recalled from resting memory pools. Further understanding of the
ontogeny, repertoire, specificity and the role of these T-cells during vaccination and infection
is key to developing more effective vaccines.

Pre-existing serological memory affected the magnitude of the serological response
and individuals who did not seroconvert had higher HAI titres at baseline than
seroconverters, consistent with previous observations (/7, 30). The mechanism is unclear but
others suggested that pre-existing antibodies mask or block antigenic epitopes on HA and/or
induce the formation of immune complexes, which could aid antigen clearance, thus limiting

the B-cell response (/7, 31). We found an effect of serum titers at baseline on the magnitude
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of CD21'"° B-cells on d14, although this was only observed for IBV. How exactly pre-existing
antibodies limit the vaccine response warrants further research.

Despite the substantial effects of IIV on the B-cell and CD4"/Tth compartments, other
T-cell populations were unaffected. Specifically, IAV- and IBV-specific CD8" T-cells were
unaffected in frequency and phenotype. Whether this is due to antigen content, inadequate
inflammation or lack of cross-presentation in the absence of viral replication, is unclear.
Given the prominent role of CD8" T-cells in cross-protective immunity (4-6), even against
antigenically-shifted strains like avian HSN1(32) and H7N9 (6, 33), vaccines that establish
CDS8" T-cells are of considerable importance.

While vaccination induced robust humoral immunity, the B-cell response was not
maintained in peripheral blood over time. This likely reflects the expected contraction of B-
cells and their migration to lymphoid tissues. While we cannot infer the relative contribution
of contraction and tissue compartmentalization in the observed loss of memory B-cells from
blood, nor we know the vaccination and infection history of our donors, our data indicate that
memory B-cells are enriched in tissues compared to blood. Accordingly, vaccination in
consecutive years induced earlier and larger B-cell responses, despite disappearance of
vaccine-induced memory from blood. Similarly, robust memory responses were detected
post-vaccination following B-cell depletion by rituximab, implying the presence of memory
reservoirs in tissues (34). Although our data are derived from unrelated individuals of
variable age and exposure history, our study dissects human antigen-specific B-cells across
multiple tissues. Our data agree with reports on compartmentalization of human virus-
specific (by ELISPOTS) memory B-cells in the spleen (35) and distribution of influenza-
specific memory B-cells across tissues in mice (36). Our analysis suggests that the
assessment of long-term vaccine effectiveness in blood may be suboptimal. Notably, our
study suggests that vaccine design needs to consider the localization of memory B-cells and
the fact that vaccination route affects the B-cell response to vaccination (37).

Together, we show that activation of cTth cells, serological memory and tissue
compartmentalization are key factors in human antigen-specific B-cell responses. Our study
has implications for the design of effective vaccines against influenza viruses and highlights
avenues for further research. Specifically, determining ways to activate cTth cells and CD8"
T-cells is of utmost importance. It would be pertinent to understand whether and how the
limiting effects of pre-existing antibodies on the B-cell response can be overcome.
Differential compartmentalization of influenza-specific B-cell subsets across human tissues

and the prominent presence of memory B-cells in the lung should be considered with regards
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to the vaccination route. Further understating the fate of each B-cell population following
vaccination will be fundamental to establishing long-lasting serological and cellular immune

memory to influenza viruses.

Materials & Methods

Study design

This study dissected influenza-specific B- and T-cell responses following vaccination with
split inactivated influenza viruses and across human tissues. 35 healthy adults (>18 years)
were vaccinated over three years (2014-2016). Blood was collected prior to vaccination (d-1)
or d0) and on d7, d14 and d28 post-vaccination. Human tissues were used to understand B-

cell tissue compartmentalization.

Human blood and tissue samples

Human work was conducted according to the Declaration of Helsinki Principles and the
Australian NHMRC Code of Practice. Signed informed consent was obtained from donors or
the next of kin. The study was approved by the University of Melbourne Human Ethics
Committee (ID1443389.3, 1D1443540), Mercy Health Human Research Ethics Committee
(IDR14/25) and Australian Red Cross Blood Service (ARCBS) Ethics Committee
(ID2015#8).

Spleen, lung and lymph nodes were obtained from deceased organ donors, tonsils
from healthy individuals undergoing tonsillectomy (Mater Hospital, North Sydney, NSW,
Australia). PBMCs were isolated from buffy packs (ARCBS, West Melbourne, Australia).
Cord blood was obtained via the Mercy Women’s Hospital (Heidelberg, Australia). Bone
marrow mononuclear cells, isolated from the posterior ileac crests of healthy volunteers, were

purchased (Lonza, Basel, Switzerland).

Hemagglutination inhibition assay
RDE-treated sera or plasma samples were assessed for antibody titres against the vaccine
using standard hemagglutination-inhibition assays. HI titres are reported as the reciprocal of

the highest dilution of serum where hemagglutination was completely inhibited.
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Whole blood cell surface staining
Numbers were calculated using Trucount tubes and MultiTest (CD3-FITC/CD16+CD56-
PE/CD45-PerCP/CD19-APC) (BD Biosciences, San Jose, California, USA).

Ex-vivo live virus stimulation assay

Stimulation with live-virus was performed as described (6). At 22 hrs post-infection, cells
were harvested and stained with PANEL 2 (table S4). Cells were fixed and permeabilized,
along with intracellular antibody staining (BD Cytofix/Cytoperm kit).

PBMC phenotyping

PBMC were stained with MHC-I/peptide tetramers (A2-M1sg.¢6, A1-NPas-52, BE-NP225.233)
conjugated to streptavidin-PE or APC for 1hr at RT. Cells were stained with Panel 3 (table
S5), fixed and permeabilized,.

Recombinant HA probes and HA-specific B-cell detection
rHA probes were generated and used for staining HA-specific B-cells as described (/9-21).
PBMCs or tissue samples were stained with panels, listed in tables S6-8 at 4°C for 30mins in

0.1%FCS/PBS. Cells were fixed in 1%PFA for flow cytometry.

Statistical analysis

Significance was assessed using Wilcoxon matched-pairs signed rank test (for changes from
baseline), Friedman test (for comparisons between multiple time-points), Mann-Whitney test
was used to compare unpaired samples and a paired t-test was used to compare paired tissue
samples. Correlations were assessed using Spearman’s correlation coefficient (rs) for non-

Gaussian distributions.

Supplementary Materials

Fig S1. Gating strategy for circulating ASCs and activated cTthl cells.
Fig S2. Specific activation of cTthl cells post-1I'V.

Fig S3. Gating strategy for influenza-specific B-cells in PBMC.

Fig S4. Validation of rHA probe staining.

Fig S5. BCR analysis of single rHA"B-cells.

Fig S6. Frequency of IgA™ cells in [gG' DM THAB-cells in healthy adults.
Fig S7. Numbers of isotype-specific rHA"(H3N2\Swi) B-cells.
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Fig S8. rtHA"B-cell kinetics by ELISPOTS.
Fig S9. CD20 expression by CD21°CD27*B-cells and ASCs.

Fig. S10. Gating strategy for ex-vivo live virus ICS.

Fig. S11. Vaccination does not induce CD8" and innate T-cell responses.

Fig. S12. Gating strategy for T-cell phenotyping.

Fig S13. Fold-change in influenza-specific B-cells during repeated vaccination.

Fig S14. Validating of rHA probes in human tissues.

Fig S15. B-cell isotype distributions in paired tissue samples.

Table S1. Details of vaccination cohorts.

Table S2. Cohorts of human tissues.
Table S3. FACS panel for ASCs and cTth cells.

Table S4. FACS panel for influenza-specific T-cells after influenza virus infection.

Table S5. FACS panel for phenotyping T-cells after vaccination.
Table S6. FACS panel for influenza-specific B-cells in 2015-cohort.
Table S7. FACS panel for influenza-specific B-cells in 2016-cohort.

Table S8. FACS panel for influenza-specific B-cells in human tissues.
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Figure legends

Figure 1. Vaccination induces activation of c¢Tfh cells and transient ASCs. (A) Study
design and vaccine composition. (B) Representative FACS plots and (C) numbers of
ICOS™PD-17cTthl cells post-vaccination (n=42). (D) CD38 upregulation on activated cTfhl
cells. (E) Frequency of CD38" cells in the ICOS*PD-1*cTthl population (n=26, 2016-
cohort). (F) Representative FACS plots and (G) numbers of CD27"CD38"ASCs post-
vaccination (n=42). (H) Expression of CXCR3 and (I) frequency of CXCR3"ASCs post-
vaccination. (J-K) MFI of CXCR3 (J) and CXCRS5 (K) expression on ASCs and non-ASCs at
d7 (n=26, 2016 cohort). (L) Serological response to vaccination, measured as fold-change in
HALI titres (2014: n=7, 2015: n=16, 2016: n=26). Bars/lines indicate the median. Statistical
significance from baseline or between groups was determined using Wilcoxon matched-pairs

signed rank test (**P<0.005, ***P<0.001. ****P<(0.0001).

Figure 2. Influenza A- and B-specific B-cell pools differ in size and isotype distribution
in peripheral blood. PBMCs were stained with rHA probes from the H1, H3 and B viruses
to detect influenza-specific IgDB-cells. (A) Representative FACS plots. (B) Absolute
numbers of rHA'IgD™ B-cells/ml of blood. (C) Isotype distributions for rHA™ B-cell
populations. Representative FACS plots of IgG* versus IgM* B-cells. (D) Pie charts indicate
median frequency (n=42). (E-G) Numbers of (E) IgG'B-cells, (F) IgA"B-cells, (G) IgM*B-
cells of rHA" populations. (H-I) CD27/CD21 phenotype of rHA" populations. (H)
Representative FACS plots. (I) Isotype distributions of rHAB-cells. (J) Numbers of
CD21°CD27'B-cells/ml blood. Bars/lines indicate the median (n=42). Significance between
viruses was determined using Wilcoxon matched-pairs signed-rank test. *P<0.05, **P<0.005,

*#%P<0.001 and ****P<0.0001.

Figure 3. IIV induces CD21"CD27* and CD21"°CD27" influenza-specific B-cells. (A)
Numbers of rHA"IgD B-cells before and post-vaccination. (A) Representative FACS plots of
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rHA"B-cells post-vaccination. (B) Numbers of rHA"B-cells/ml blood for each vaccine
component. (C) Representative FACS plots and (D) frequency of CD27"CD20THAB-cells
before and post-vaccination. (E) Numbers of isotype-specific rHA"B-cells. (F)
Representative FACS plots for d0 and d14; (G) Numbers of CD21MCD27* and CD21'°CD27*
IgG'tTHA"B-cells. (E,G) Pooled data from 2015 and 2016 cohorts, n=42. Bars indicate the
median. Statistical significance for changes from baseline was determined using Wilcoxon

matched-pairs signed rank test (*P<0.05, **P<0.005, ***P<0.001, ****P<(0.0001).

Figure 4. Circulating Tfh cells correlate with a boosting of influenza-specific memory B-
cells. (A) Correlation between d7 ASCs and fold-change in serum titers post-vaccination. (B)
Numbers of ASC on d7 in seroconverters (S) (n=19) and non-seroconverters (NS) (n=7). (C)
Fold-change on d28 over baseline in HAI serum titres from pooled data, from three vaccine
components of the 2014-cohort, at different time-points. (D) Correlation between d7
ICOS™PD-17cTthl cells and fold-change in serum titers post-vaccination. (E) Numbers of
ICOS™PD-17cTthl cells on d7 in seroconverters and non-seroconverters. (F) Correlation
between d7 ASCs and ICOS™PD-17cTthl cells. (G) Correlation between fold-changes in
CD21MCD27'B-cells or CD21'°CD27'B-cells on d14 and numbers of ICOS*PD-1*cTfhl on
d7. (A, D, F) Data from 2015 and 2016 cohorts (n=42). (G) Data from 2015-cohort (n=16).
(A, D, F, G-I) Correlation was assessed using Spearman’s correlation coefficient (rs). (B, E)
Bars indicate the median. Statistical significance was determined using the Mann-Whitney

test (*P<0.05).

Figure 5. Pre-existing antibodies negatively correlate with the serological response and
the magnitude of the CD21"°B-cell response. (A) HAI titers at baseline in seroconverters
(S) and non-seroconverters (NS). Seroconversion was defined as a change in HAI titer >4.
Dotted line indicates a HAI of 40. Bars indicate the geometric mean. Statistical significance
was determined using the Mann-Whitney test (**P<0.005). (B) Correlation between HAI
titres at baseline and fold-change in serum titers post-vaccination. Correlations between total
HALI titres at baseline and (C) total fold-change in serum titers (d28/d0), (D) numbers of
ASCs or (E) ICOS'PD-1"cTfhl cells on d7. Correlation between total HAI titres at baseline
and the fold-change in (F) CD21MCD27" or (G) CD21°CD27" IgG'B-cells on dl4.

Correlation was assessed using Spearman’s correlation coefficient (rs).
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Figure 6. Vaccination fails to induce CD8" and innate T-cell responses. (A-B) I[FNy/TNF
production following stimulation with IAV-HINI or IBV-B/Phuket. (A) Representative
FACS plots of HINI1 stimulation. (B) Numbers of IFNy" cells/ml blood after IAV or IBV
stimulation (n=7, 2015 cohort). ‘No virus’ controls was subtracted. Significance for changes
between time-points was determined using the Friedman test. (C) IAV-specific CD8" T-cells
were detected by peptide/MHC-I tetramers. FACS plots are gated on CD3"cells and
percentages are based on CD8"T-cells. (D) Longitudinal tracking of % tetramer*CD8"T-cells
(n=3). Arrows indicate vaccination. (E) FACS plots of CD27/CD45RA expression on
tetramer'CD8 T-cells, (F) Longitudinal tracking of activated CD27°'CD45RAtetramer”
CD8'T-cells (n=3). (G) T-cell subsets were assessed for activation and differentiation
markers. Bars indicate the median. Data are from randomly selected donors (n=14, 2014-

2015 cohorts).

Figure 7. Vaccine-induced influenza-specific B-cells are not maintained in peripheral
blood. Responses in (A) antibody serum titers, (B) numbers of IgDTHAB-cells, (C) pie
graphs of isotype distribution of each rHA" population, (D) changes in isotype-specific
rHA"B-cells and (E) numbers of CD21" and CD21" influenza-specific B-cells at baseline,
d28 and >d350 (n=9 from 2015-cohort). Significance for changes from baseline was
determined using Wilcoxon matched-pairs signed rank test (*P<0.05, **P<0.005). (F-H)
Numbers of (F) total IgD'THAB-cells and (G) CD21" and (H) CD21"°IgG'tHA"B-cells in
individuals vaccinated in 2015 and 2016.

Figure 8. Influenza-specific B-cells show distinct patterns of tissue
compartmentalization. (A) Frequency of CDI19"CDI10B-cells across tissues. (B)
CD21/CD27 phenotype and (C) isotype of B-cells across tissues. (D) Frequency of rHA™
(H1/H3) IgDB-cells across tissues. Representative FACS plots are shown. (E) Phenotype
distribution and (F) isotype distribution of rHA"B-cells across tissues. (A and D) Bars
indicate median. (B, C, E, F) Lines indicate mean and error bars show SEM. Adult blood:
n=5, cord blood: n=5, bone marrow: n=5, tonsil: n=5, lymph node: n=3, lung: n=3, spleen:
n=7. (H) PBMCs from paired blood and spleen samples were analyzed. Frequency of each
CD21/CD27 population within total B-cells for each blood and spleen pair (n=5) is shown.

Significance was assessed using a paired t-test (*P<0.05, **P<0.005).

23



24



A Bleeding time-points:

Baseline

(BL)

Day -1/0

Day 7

Day 14 Day 28

Intramuscular vaccination

Season

A/H1N1

AH3N2 (clade)

B (lineage)

2014
2015
2016

A/California/7/2009
A/California/7/2009
A/California/7/2009

AlTexas/50/2012 (3C.1)
A/Switzerland/9715293/2013 (3C.3a)
A/Hong Kong/4801/2014 (3C.2a)

B/Massachusetts/2/2012 (Yam)

B/Phuket/3073/2013 (Yam)

B/Brisbane/60/2008 (Vic)
B/Phuket/3073/2013 (Yam)

DO D7 D14 D28 Cc
Gated on CD4*CXCR5*CXCR3*CCR6- T cells (cTfh1)
T 1.18 5.36 0.75 5.18
fa)
n- A
ICOS >
Gated on CD4*CXCR5*CXCR3*CCR6- T cells (cTfh1) E
3
=
©
R
CD38 >
ICOS* o non-ICOS*
PD-1* cTfh1 PD-1* cTfh1
G
Gated on_ CD19* B cells
T 0.11 0.30
~ ] :
N
D 1 ol Ll T
©cp3s >
Gated on_CD19* B cells I
3
=
©
*
CXCR3 >
® ASC Onon-ASC
D7 K D7 L
*kkk
25001 — KKk
8000 Fd
_ 2000 o° %3 Coc0
™ 0 s T 6000+
1500+ = =
2 009 S & 4000
S 1000 %P 2 S
(@)
5001 o° CXCRS © 20001
o
0- @® ASC oA
Y O O
\s X O non-ASC &) &)
N ¥ X
RS &

Koutsakos et al,

Fig. 1

#1COS*PD-1* cTfh1

% CD38" of

Fold change in HAI titre

*kkk

40-
°
[o]
9
e}
kS]
=
3
®
(]
|_
1007
8 °%08 °5 o
— 80 000 Og®
& o 5900
5 60 06 O %@g;’ 2o
S 604 @
T 050 ©o0 o°
E 40 oy IS} 8 ——
+ 0600 o Op O
o 20 ©°° o
Q &
€ o
Qo A > R
50- *kkk
8 401
S
e}
5 304
=
O 204
2
3 104
O-
100
3
2 801
> 60
[%]
S a0
X
@)
s 207
0 < T T T
Q¥ A NJ R
Days after vaccination
056, 2014 2015 2016
641 o
164 e}
s
44--00-00-
o
14 o
0.25l——"7"+—7—"+———
SOOI
NS N WIS
IR R R

Vaccine component



A/Cal09  A/Swi B/Phuket

A H1 H3 HA B
No 0.00 0.00 | 0.00 | 3
probe - . 2
— il 3%
rE
With 012 Ig
[0}
(5]
probe % 2

CD19
(o] D
A/Cal09 A/Swi B/Phuket
H1 H3 HA H1 H3 B

80.0

0lo |
” B gt [ IgA* I Igm*
E F G
*kkk
'A*! Kkkk
e | 25
- 1507 . - 3 20
S 125 8 s 10
o o o kel +. 0
+ 0 [¢] t. 0 < 8
L5 1000 © ° % o
SE 75 + E s °
(3)2 50 92 2% 4
23 Q
o O &} P
m 254 m [aa]
0 0
| H1 H3 B

B cD21hicD27*
[ cD21hicD27-
[ cbp21° cD27t
[ cD21ecD27-

-

100
80
60
40
20

rHA+ IgD
B cells/ml of blood

Koutsakos et al, Fig. 2



A

0.1

MR AR gy ARXR

Days after vaccination

Koutsakos et al, Fig. 3

Baseline D14 D28 A/Cal09  A/Swi  B/Phuket
A:| 0.081 0.36 0.76 H1 H3 HA
] *kkk *m *m
er‘** | } * %k k Y ' *kk*k
3 ] 0.048 0.071 '810000-. Kk Kk *kKhk *kKhk
| S
e ‘5 10004
H3 rHA-APC €
2 g0
[0}
o
E’ f: 104
</ 0.063 0.91 0.83 T
I *
T e
B rHA-BV421 —>
. D
Baseline D7 D14 D28
“
T
T k]
= Q
] <
o Q °
S 0.00 los6 loss 0.00 &
O roeer e e
CD27 > .
> AP o AP
Days after vaccination
E IgG* IgA* IgM* F rHA* IgG* G CD21hCD27+* CD21leCD27*
el . e
* * .
1000, B Py Baseline D14 10004 2
= o @ 8 o
I « O o P
o 100 @ -
=} oo% 1
© 10 0o
O ° ¢ ? pel
< ] O § aj
s§go8 ©
ol
> AR v AR v AR
B °
Q %k kK K kkk * 8
Q0 Tdkkk *kkk [ k% B
— 1000 ; ; 5
% c o I | —
= 9B 10 L 23 £
O © i ° i o0 o8 (%)
8 gif88 co97 o 2
£ @ & > K § 38
o o m
E % o 5 o % o %8 } % § o +
= es] i <
* o)~ T
v A > ad —
** *kk *kkk
faaldl *kkk
Baseline D14 10004 F— 10009
™
I
=
()
< S
o
O

Days after vaccination



cTfh1 on day 7

CD21nCD27+ 1gG*

B c
* [0] 32.
2567 r=0.3723 B 507 — E=
1284 p=00127 © © = I 161
Qe S 401 (o) T
g B c < 8
2S£ 8 301 ° =N
L= 37 3 % 02
SR 5 ° 22 4
ST S 204 5]
ASRP=R = o S
= o ]
44 8 101 O o 2
* ap@- L
2 r T ! * 0 -
0.1 1 10 100 = & > N> P
#ASConday7 —
Days after vaccination
E *
2567 r_=0.4323 40- —_ F 1003 r=0.6307
128{ p=0.0042 O © 5 o ~
L ey E < 30 >
ol + o o & 105
S = 324 ~ 8 c
T 167 £s201 o° Q
=T + 5 () O 4
P 8 95 ) 9]
= 8 % 104 o <
N =8 e *
2 r ] 0.1 T : "
0.1 1 10 100 0 5 &' 0.1 10 100
#1COS*PD-1+ #1COS*PD-1+

cTfh1 on day 7

CD21CD27+ I1gG*

H1&H3 &B H1&H3 &B
@ 1003 07353 10009 r =0.7265
<< p=0.0017 p=0.002
I -~
= 1004
R ° IS
ST ] 9
c6 10: o o 10
<2 ©
28 © "
S o
1 T J n 0.1 T T 1
0.1 1 10 100 0.1 1 10 100

#1COS+*PD-1+ cTth1 on day 7

Koutsakos et al, Fig. 4



HAI Titre

A H1 B H3 B
b o H1N1 B H3N2
1024+ % l_o|o o 3?7 1281 128
512 g o o & 16 r.=-0.496 64 O r=05541 6e{ ©
256+ BT B p=0.001 3210 O  p=0.0001 9 0o o©
18] © - oo @ ao = 164 oo 16 O 1,=-0.2879
64l 0O oD ico wmicom o0 T 4 elo o o e{ o o p=0.0644
----------- E0-i+0-0-++0 O T OO £ 2 o 0o 40 6 0 0 ©
321 o — o0 @ aw a4 g 71 ° o 90000 ©
164 o 1 24 O O OO OO0 1 O O O O O
g{ ©0 ao o : o S 057 11 o 0c0O0O0 05 o
) - ' ' . . . L o s5+——T—T——T— 0.54+————————1 025
S NSS NS S NS ® e ) R b@\&v > 20 A 0&@60\&& © RS (o.@\&
Baseline HAI titers Baseline HAI titers Baseline HAI titers
C D E
256 100 100 r=-0.02571
128 °© o ~ o
g r,=-0.5574 > o o & + I~ oP=0.8716 ©
- O 64 ® © o 00 T® o ° 5o
22 - 10 o Ow a3 1w 00 o
2 32 c 002 00 0 o P o9
< G 8B %0 ¢ 6 00 o0
5T e} (&) S © O~ 8po
- £ 8 ()] 1 O£ 1 ©
= < r=00631 == 0 o ©
4 o % ** Op=06914 ¥ ©
24 T T T T T 1 0.1 0.1
> O > D
LI N P o LA PR r&&‘b LI P\ \&‘* r@u‘b
Baseline HAI titers Baseline HAI titers Baseline HAI titers
F .
A/Cal09 B/Phuket A/Swi
" 1 HA H3
N
QT 103 103 100+
.i_J & o o r,=-0.0825
S < 0 © s ©° ©° 4 p=0.7605 o
Ia) o § @ le) 8 8 o 104
o2 14 o o 1 o o e o 9
* 3 O 0o O o °o g o ©
Sm o 14 o 8
3 r=-0.1624 r=-0.1159 3
5 % p=0.5454 p=0.669
N S S ot ot
8 16 32 64 1282565121024 8 16 32 64 1282565121024 8 16 32 64 128 256
N
~ 1007 1000+ 1007
G N A g o o o
o> le) o) °
g 1004 o o °
- 1040 o Q O [¢]
N5 8 o © o 8
a , ° 5 5 1040 ) 104 ©
(@] % le) [¢] [¢]
#+ 8 14 o 8
S o r=03509 14 rs=-0.7575 o 0
-+ p=0.1988 p=0.0015 © rs=-0.0045
< p=0.992
BT o1 ——T 0.1+—T—T—T—TTT1 1 —————T—
o+ 32 64 128 256 512 1024 8 16 32 64 1282565121024 8 16 32 64 128 256
Baseline HAI titers Baseline HAI titers Baseline HAI titers

Koutsakos et al, Fig. 5



No virus Baseline

Day 7 Day 14 Day 28 B Influenza A Influenza B
A 0.00 0.04 0.02 0.02 0.05 A4 4
cDs* o == 2
T cells : - '
0 .o .o .ol 1 1
0,01 | | & 009 1™ o05|1 % o007 | W] 0 0 0
4 * 4 o——o—o
0.00 0.03 0.03 0.02 0.04 —— 3
cp4* M S
T cells : 8 1
Py — T S 1
_@ 0.01 042 _g’ o] 2 0 0
° 5
0.02 0.01 0.01 0.03 001 ES 5 2
MAIT A e B = =
= 6——o—o o——6——9°——o
T cells 82| 2 2
+ 1 1
077 Z> ol 0
[T 6 6
0.01 0.09 0.10 0.20 013] =
** 5] o0 o O o——s
e li=aa=anl ==
3 3
T cells 5 5
1 1
0l I r—
0.03 0.08 0.06 0.05 0.09 6 6
NK ) === ] ==
cells 3 3
L 2 2
o 1 1
=k 7 5,51 0 0
IFN L S 4
\ Days after vaccination
) D 1 2014 2015
Baseline Day 7 Day 14 Day 28 v v
T 0.17 0.14 0.24 020 %, G\S\S—e
v 2 o FV4(AI-NP,, ., &
5 2 E o S\e/e\e BB-NP225243;2
i g, 0.1
g kS é B FV12 (A2-M1gg )
E R E?i;g:ﬂ N - FV9 (A2-M1g )
CD8 cortAv+—v—+ir—
> AN @y AR
Tetramer* %100
Total CD8"* Savida  Davzs | s Wﬁ
i a a .~ 80
T cells Baseline Day 7 y y s
o 92.75 90.00 94.83 92.45 % 60
=) = = = a
g O 40
~
N & 20
a o)
o
O < O T T T T
CD45RA > > A >R
Days after vaccination
yo T cells CD4* T cells
CD27+ CD38+ CD45RA+ GrzB+ HLA-DR+ Ki67 CD27+ CD38+ CD45RA+ GrzB+ HLA-DR+ Ki67
100080 1 ] 1@8@@1 : 100%"’0Q§ 1 1 : :
sog- g 10°o8 sofc 888
L L ORI TNY I
o L 0770 8855 © 8o
wooo° | 0948 " B
000 5] ; ; O o ; o© ; ; ;
20 °¥| i ‘ 20 %Ooooioooo
o 1 1 1 1 0 * * * * :
Q7 MR v AR v AR v AR v AR v AdD QMWD MR v WD v AR v AR v AndeD

MAIT cells

CD27+

[N
o
o

CD38+  CD45RA+ GrzB+ HLA-DR+ Kie7

!

o

80

% phenotype of T cell subset

NS
o o

A

Days after vaccination

0 1 1 1 1 i
QMR AR Qv AR AN v AN Qv

Koutsakos et al, Fig. 6

100

80:

60

40

20

0 1 1 1 ‘ i
QWD & AR @ WD v AR v WD v Wb

CD27+

CD38+ CD45RA+

CD8* T cells

GrzB+ HLA-DR+ Ki67




A B C D
" IgG* IgA*
2560- 150 ; * 40-
26601 Baseline D28 >D350 s —
640 301
A/Cal09 3204 100 100
HA1 160 20
80
50
401 % 10]
20
10— 0 0 T T T 0 T T T
he) * *k
—i— P *
2560 8 400 250 L
1280 Q 300]_ i\ 300 ~
Q640 k] ggg-- 1807 Yo 40
AlSwi E 320 E \;
H3  Z ool > 150- 100- 301
T 0 g 1001 20
B 50
40 M 50 101
20 A
10— =) 0- 0 T T T o T T T
+ *k *k *%
< (R 450 401
2560 I 5004 A a00l A
B/Phuket 1280 - 150
HA 640 Ao 150 / \) / \ 301
320
e 1004 1004 204
80
40 50 50 104
20
0 ol oGt B A B Igwr LT Y o=
Q¥ R 4§$ Q¥ <ﬁp 4§9 Q <9$ Jgp Y <¢p 4§9
Days after vaccination Days after vaccination
E Total rHA" IgD G CcD27* cD21" CD27* cD21°
E hi + Io +
cb21ncb27* Cb21°Ch27 1styear  2nd year 1styear  2nd year 1styear  2nd year

A/Cal09

200
150:
80T

601
A/Swi
404
201

04

IgG* rHA* B cells/ml of blood

2501

200
** 1001

B/Phuket 8
HA

60
404

201

[

.
100 —
80
60
H1 40
20
0
-

—

/g\ o
\

I

N
& P

PN
I e
304
204
104
0 Y T
.
100 R
90
30
20
10:
0
*% *%
——
150 ]
100
40
20
0
g > N}
& P

Days after vaccination

Koutsakos et al, Fig. 7

10007

1004

o
S
S =

1004

o
L

10003

rHA* IgD- B cells/ml of blood

1004

104
1

# 1gG* rHA* B cells/ml of blood

10003

1004

10007

100+

AN O AN

Days after vaccination




0 807
9
>
[&]
2 601 o
o
E
=40
(@]
%)
8 201 o o°
m (o] ]
R

0.5
)
o4 o
m
O 0.34
o ° o
G 0.2 o o
+ o
<

o
I 0.1 o, 0
= |ND
S &
<>‘b 0{\0@ &
?9 Q {9
<P 2

1004

% of B cells

04

Il cp21hicp27t @ CD21° CD27*
[ cb21hicD27- [ cD21le cD27-

2 1001
8
m 801
E% 604
N
< 40
0\2 201
NI%_
O PN O L
Q7\00<2>\00 &S éob\/ %Q\Q;@
oébb\\}\QQ &
‘?‘Q)o %)
H
Adult
Peripheral
Blood

0.082

cb21——>»

g6 —>

H3 —>

CD27—>

Koutsakos et al, Fig. 8

IgA—>

Tonsils

Lung

Spleen

Lymph
Node

Bone
marrow

100
2 804
[0)
[&]
m 60
S 404
2
20
O_
N gv* Il IgA* [l IgD*M*
] Igb* [ 1gG*
Fg 1001
8
m 804
S 60
;
£ 40
S 20
S ND
0_
S S N & b?’ oq &
\0 \0 \‘ o \
6‘2\3@@ «é\é \/%
o ?*Q)o ~\6\
Peripheral
Blood Analyze
total B cells
.’ Spleen
cb21hicb27- cb21hicp27*
807 ** | 807 —*
o 60 » 604
o) D
[&] [&]
m 40 k m 40
Y Y
@] (o]
= 20 % X 20
O bl T O T
Qo O Q
Q)\00 %Q\Q’Q Q)\OO %Q\QG
CD21'°CcD27- cD21°CD27*
80 251 —*
2 60 O/o 2] /
8 8 151
@ 404 i}
o %5 10-
X 50l X :7
20 ° 571 ‘::::=
0 . . 0 . .
o> Q O Q
Q)\00 %Q\QQ Q)\OO %Q\Q‘Q



Materials & Methods

Study design

This study aimed to dissect the influenza-specific B and T cell responses following
vaccination with split inactivated influenza viruses and across human tissues. To that end, 35
healthy adults (>18 years old) were vaccinated over three years (2014-2016) with the
trivalent influenza vaccine (TIV) (2014, n=7 and 2015, n=16) or the 2016 quadrivalent
influenza vaccine (QIV) (2016, n=26), with selected individuals participating in consecutive
years (table S1). Peripheral blood samples were collected in heparinized tubes prior to
vaccination (day -1 or 0) and on days 7, 14 and 28 following vaccination. For individuals
participating in both 2015 and 2016 years, the 2016 baseline sample was used as the 1-year
time-point (>350 days). Influenza-specific B cells were identified using recombinant
hemagglutinin probes and flow cytometry. ASCs and serum antibody titres were assessed in
all three cohorts. Circulating Tth and influenza-specific B cells were assessed in the 2015 and
2016 cohorts. Cellular immunity was assessed in selected donors from the 2014 and 2015
cohort. One donor in the 2016 cohort reported feeling unwell with symptoms of unrelated
sickness and those samples were excluded from analysis. In cases where less than the total
number of donors were analysed, donors were randomly selected for analysis. No other

blinding or randomization protocols were applied and no outliers were excluded.

Human blood and tissue samples
Human experimental work was conducted according to the Declaration of Helsinki Principles
and according to the Australian National Health and Medical Research Council Code of
Practice. Signed informed consent was obtained from all blood and tissue donors prior to the
study. Tissues from deceased organ donors were obtained following written informed consent
from the next of kin. The study was approved by the University of Melbourne Human Ethics
Committee (ID 1443389.3 and 1443540), the Mercy Health Human Research Ethics
Committee (ID R14/25) and the Australian Red Cross Blood Service (ARCBS) Ethics
Committee (ID 2015#8).

Spleen, lung and lymph node samples were obtained from deceased organ donors.
Spleen and lymph node samples were obtained via DonateLife Victoria (table S2). Lung
samples were obtained via the Alfred Hospital’s Lung Tissue Biobank. Tonsils were obtained

from healthy individuals undergoing tonsillectomy (Mater Hospital, North Sydney, NSW,



Australia). PBMCs were isolated from buffy packs obtained from the ARCBS (West
Melbourne, Australia). Umbilical cord blood was obtained via the Mercy Women’s Hospital
(Heidelberg, Australia). Bone marrow mononuclear cells, isolated from the posterior ileac

crests of healthy volunteers, were commercially purchased (Lonza, Basel, Switzerland).

Processing of peripheral blood and human tissues

PBMC were isolated by Ficoll-Paque (GE Healthcare, Uppsala, Sweden) density-gradient
centrifugation and cryopreserved. Mononuclear cells were isolated and cryopreserved from
spleen, lymph nodes and lungs by mechanical dissociation, followed by enzymatic digestion
with 1mg/ml of Type III Collagenase (Worthington Biochemical Corporation, Lakewood,
New Jersey, US) in RPMI for 1 hour at 37°C. Cells were forced through a 70um strainer and
red blood cells were lysed using a lysis solution containing 0.168M ammonium chloride,
0.0lmM EDTA and 12mM sodium bicarbonate in ddH,O. Tonsil mononuclear cells were
further isolated by density-gradient centrifugation after lysing the red blood cells. HLA class
I molecular typing was performed by the Victorian Transplantation and Immunogenetics
Service (ARCBS, West Melbourne, Victoria, Australia) using the Luminex platform and
microsphere technology (One Lambda, Canoga Park, CA, USA), with LABType SSO HLA
typing kits (One Lambda).

Viruses

Influenza A (A/California/7/2009 HIN1pdmO09) and B (B/Phuket/3073/2013) viruses were
grown in 10-day old embryonated chicken eggs at 33°C for 72 hours. Allantoic fluid was
harvested and titrated using standard plaque assays in MDCK cells.

Hemagglutination inhibition assay

RDE-treated sera or plasma samples were assessed for antibody titres against the vaccine
components using standard hemagglutination inhibition assays with 1% turkey red blood
cells (HIN1 and IBV) or 1% guinea pig red blood cells in the presence of oseltamivir
(H3N2). Briefly, following serial dilutions in PBS (1:10 to 1:1280), samples were incubated
with the relevant influenza viruses. HI titres are reported as the reciprocal of the highest

dilution of serum where hemagglutination was completely inhibited.



Whole blood cell surface staining

Absolute cell numbers were calculated using BD Trucount tubes and BD MultiTest (CD3
FITC/CD16+CD56 PE/CD45 PerCP/CD19 APC) according to manufacturer’s instructions
(BD Biosciences, San Jose, California, USA). Fresh whole blood (200ul) was stained with
PANEL 1 (table S3) for 20 mins at room temperature (RT) in the dark. Samples were then
lysed with BD FACS Lysing solution, washed and fixed with 1% PFA. All samples for flow
cytometry were acquired using an LSR Fortessa (BD Biosciences). All flow cytometry data

were analysed using FlowJo 10.

Ex-vivo live virus stimulation assay

Stimulation with live virus was performed as described (8). Briefly, 1.5x10° PBMC were
thawed, washed twice in serum-free media and then infected with influenza A or B (A/Cal09
HIN1pdm09, B/Phuket) for 1 hr at 37°C at a multiplicity of infection (MOI) of 4. Following
the 1 hr inoculation, cells were washed once in RPMI+10% fetal calf serum and incubated at
37°C for 3 hrs. Brefeldin A (BD GolgiPlugTM) was then added and cells were incubated for
another 18 hrs. After a total of 22 hrs post-infection, cells were harvested and stained with
PANEL 2 (table S4). Cells were fixed and then permeabilized, along with intracellular
antibody staining, using the BD Cytofix/Cytoperm kit according to manufacturer’s

instructions.

Phenotyping of PBMC

PBMC were thawed and washed twice in serum-free media then stained with MHC-I/peptide
tetramers (A2-M1sg6 or A1-NP44_s, and B8-NP2,5.233) conjugated to either streptavidin-PE or
APC for 1 hr at RT in the dark. Cells were then stained with Panel 3 (table S5), fixed then

permeabilized, as above.

Recombinant HA probes and HA-specific B cell detection

Recombinant (r) HA probes were generated and used for staining HA-specific B cells as
described (25-27). tHA probes contained mutations (Y98F for influenza A and T190G for
influenza B), which prevent binding to sialic acids, thereby reducing non-specific binding, as
previously described (27). Thawed PBMCs were stained with PANEL 4a (2014 and 2015
samples) and PANEL4b (2016 samples) (tables S6 and S7), while human tissue samples were
stained with PANEL 4c (table S8). Staining with rHA probes was performed at the same time



as cell surface staining at 4°C for 30 mins in 0.1% FCS/PBS. Cells were then fixed in 1%
PFA for flow cytometry.

Validation of rHA-specific B cell probes.

Dual rHA probe staining was performed with two rHA-probes of the same specificity, but
conjugated to different fluorochromes (PE and APC). Blocking of rHA staining with sheep
anti-HA sera (kindly provided by the Seqirus vaccine facility) was performed by using sheep
anti-sera from animals immunized with either A/Singapore/GP1908/2015 (IVR-180),
H3N2: A/Hong Kong/4801/2014-like or B/Wisconsin/1/2010-like antigens to block cognate
rHA probe binding. tHA probes (H1/Cal09-PE, H3/Swi-APC, B/PHU-BV421) were mixed
and incubated with H1, H3 or B anti-sera or PBS for 30 mins at room temperature. PBMCs
were then stained with pre-incubated rHA probes, as described above.

BCR sequencing of rHA-specific B cells were performed by single-cell FACS-sorting
of CD19" IgD™ IgM™ IgG" CD27" rHA" B cells directly ex vivo from PBMC samples. The
BCR sequences were recovered using a multiplex PCR approach (29).

B cell ELIPOTS were set up using PBMCs from day 0 or day 14 vaccinees. PBMCs
were cultured in the presence of sCD40L (10pg/ml) (Enzo), IL-21 (50ng/ml) (eBioscience)
and CpG (ODN 2006-GS5, 5ug/ml) (InvivoGen) for 5 days and then assayed by ELISPOT for
14 hours on plates coated with cognate inactivated virus preparations and stained with a goat
anti-human IgG detection antibody conjugated on alkaline phosphatase (Jackson

Immunoresearch).

Statistical analysis

All statistical analyses were performed using Prism (GraphPad, source). Significance was
assessed using Wilcoxon matched-pairs signed rank test (for changes from baseline),
Friedman test (for comparisons between multiple time-points), the Mann-Whitney test was
used to compare unpaired samples and a paired t-test was used to compare paired tissue
samples as indicated in figure legends. P values lower than 0.05 were considered statistically
significant with *p<0.05,**p<0.005, ***p<0.001 and ****p<0.0001. Correlations were

assessed using Spearman’s correlation coefficient (rs) for non-Gaussian distributions.
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(CD38"CD27") were identified within B cells. Tfh cells were identified within CD4" T cells
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Fig S2. Specific activation of cTfhl cells post-IIV. (A-B) Absolute numbers of activated
(ICOS'PD-1") cTfh2 (A) and cTth17 (B) cells following vaccination (n=42, 2015 and 2016
cohorts). (C-D) CD38 expression was measured on different cTth subsets. (C) CD38
expression on ICOS'PD-1" cells of the three cTth subsets at baseline (BL) and on day 7. (D)
Expression of CD38 on ICOS'PD-1" and non-ICOS PD-1" (ICOSPD-1"") ¢Tthl cells on
day 7. cTthl: CXCR3'CCR6’, cTfh2: CXCR3'CCR6', ¢Tth17: CXCR3'CCR6". Bars indicate
the median, error bars indicate 95% confidence intervals, n=26 from the 2016 cohort.
Statistical significance determined using Wilcoxon matched-pairs signed rank test

(*P<0.05,**P<0.005, ***P<0.001. ****P<0.0001).
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antisera against each of the probes for 30mins at RT prior to staining PBMCs. (C)
Representative FACS plots from one donors for the HI probe are shown. (D) % of staining
remaiing after blooking (relative to PBS treatment) is shown for each probe. Median with

95% confidence intervals are shown (n=4-5).
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segment representing a different lineage. Green segments represent single clones. (B) Clonal
distributions of H1" and B" sorted cells. (C) IGHV gene usage for HI" and B" cells. IGHV
segments are color-coded. Pie-chart segment represent distinct clones as defined by CDR3

sequence homology. Pooled data from 3 donors.
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Fig S8. rHA"B-cell kinetics by ELISPOTS. B cell responses were measured by IgG

ELISPOT against inactivated purified influenza virus after 5 days of polyclonal stimulation.

Samples from day 0 and day 14 after vaccination were used (n=5) and assessed against

H1/Cal09 and B/Phu antigens. (A) Representative wells are shown from one donor. BSA was

used as a negative control. (B) Kinetics of influenza specific B cells measured by ELISPOT
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(pooled data for both H1 and B). (C) Correlation of numbers of influenza-specific B cells as

measured by ELISPOT or FACS. Correlation was assessed by Spearman’s correlation

coefficient. Dotted line denoted the detection limit of our ELISPOT (1/400 000 PBMC).

Negative wells were counted as the limits of detection.
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Fig. S10. Gating strategy for ex-vivo live virus ICS. Lymphocytes and monocytes were
identified within single and live cells. Monocytes were assessed for IAV or IBV NP
expression to assess infection rate. NK cells were identified as CD56" and T cells as CD3"
within CD19/CD14  lymphocytes. Y8 T cells were identified as y5-TCR" within T cells.
MAIT cells were identified as TCRVa7.2"CD161" within non- y8 T cells. CD4" and CD8" T
cells were identified within non-MAIT cells. Influenza-specific/reactive lymphocytes were

identified based on expression of IFNy and TNF within each subset.
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CDA45RA.
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Fig S13. Fold-change in influenza-specific B-cells during repeated vaccination. (A-B)

The B cell response of individuals vaccinated in both 2015 and 2016 was analysed by

calculating the fold change at each time-point over the respective day 0. Fold change in (A)

total IgD" rHA" B cells and (B) CD21" and CD21" IgG" rHA" B cells are shown in the first

and the second year after vaccination. Fold change was not calculated when day 0

measurement was 0.
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single tHA" B cells. (A) Representative FACS plots are shown for HI and H3 B cells in
spleen and lung. (B) Percent of double positive rHA B cells within total single positive rHA"
B cells (eg. APC'PE'/APC" * 100) (spleen n=5, lung n=1). (C) Frequency of rHA" IgD" cells
within B cells. (D) Frequency of rHA" IgD™ B cells within lymphocytes.



Peripheral
Blood

—— Analyze total B cells

.\’ Spleen

B IgG+ IgA+ IgM+ IgD+ IgD+M+
500 —* 157 —* 151 1007 —* 301
2 N 2 10 2 10 = o O\O 220
8 301 8 8 8 601 O\O 8
m m m m m \'
G 207 G ] S 40 ©
CEZ I ,[. . ’ .
104 ./. 204
C %; C T C 9/? O'_I_I_ 0'_8_!_
> Q Q > Q S Q Q
9 (2) (o) () (&) () o) () (o) ()
Q}O %Q\QJ @\0 %Q\Q @\O %Q\Q @\O %Q\Q) @\0 %Q\Q
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Study

Code Sex | Age* HLA-A HLA-B 2014 | 2105 | 2016
FV1 F 27 01:01, 26:01 08:01, 44:02 x v x
FVv2 M 30 01:01, 11:01 35:01, 52:01 v x v
FV3 F 46 02:01, 03:02 18:01, 35:08 x x v
FVv4 F 25 1:01:01 8:01 v v x
FV5 F 30 26:01, 33:03 40:02, 52:01 v v x
FV6 F 28 ND ND x v v
FV7 M 27 11:01, 26:01 14:01, 27:05 x v v
FV8 F 31 02:07, 11:01 15:02, 57:01 v v v
FV9 F 25 02:01, 02:03 38:02, 40:01 v v v
FV10 M 29 11:01 40:01:00 x x v
FV11 F 50 ND ND x v v
FV12 F 31 02:01, 11:01 40:01, 44:02 v x x
v | F | | Som | se PR
FV14 M 34 ND ND x v x
FV15 F 36 03:01, 31:01 07:02, 40:01 x v v
FV16 F 41 ND ND x v v
FV17 M 23 ND ND x v x
FV18 M 24 33:03, 68:01 35:01, 58:01 x x v
FV19 F 32 02:01, 11:01 40:01, 44:02 v x x
FVv20 M 27 11:01 38:02, 55:12 x v v
FVv21 M 31 02:01, 33:03 07:02, 27:02 x v v
FVv22 F 31 01:01, 03:01 7:02 x v x
FV23 F 47 ND ND x v v
FVv24 F 25 ND ND x x v
FV25 M 55 ND ND x x v
FV26 F 48 ND ND x x v
Fv27 F 22 ND ND x x v
FVv28 F 52 ND ND x x v
FV29 F 22 ND ND x x v
FV30 F 22 ND ND x x v
FV31 F 46 ND ND x x v
FV32 F 36 ND ND x x v
FV33 F 25 ND ND x x v
FV34 F 22 ND ND x x v
FV35 F 29 ND ND x x v

Table S1. Details of vaccination cohorts.




Tissue Donor Code Gender Age Status Casue of Death Sampling year
BP1 F 3 Healthy N/A 2016
BP2 M 68 Healthy N/A 2016
Peripheral Bloood BP3 F 50 Healthy N/A 2016
BP4 F 46 Healthy N/A 2016
BP5 F 57 Healthy N/A 2016
CB1 Unknown 0 Healthy N/A 2016
CB2 Unknown 0 Healthy N/A 2016
Cord Blood CB3 Unknown 0 Healthy N/A 2016
CB4 Unknown 0 Healthy N/A 2016
CB5 Unknown 0 Healthy N/A 2016
BM1 M 33 Healthy N/A 2015
BM2 M 45 Healthy N/A 2009
Bone Marrow BM3 F 35 Healthy N/A 2009
BM4 M 34 Healthy N/A 2009
BM5 M 43 Healthy N/A 2009
TNS1 M 30 Healthy N/A 2014
TNS2 M 38 Healthy N/A 2014
Tonsil TNS3 M 24 Healthy N/A 2014
TNS4 F 3 Healthy N/A 2014
TNS5 F 16 Healthy N/A 2014
SP1 M 65 Deceased Cerebral infarction 2016
SP2 M 61 Deceased Intracranial haemorrhage 2016
SP3 M 69 Deceased Intracranial haemorrhage 2016
SP4 M 49 Deceased Traumatic brain injury (fall) 2016
Spleen Traumatic brain injury
SP5 F 28 Deceased (MVA) 2016
SP6 F 57 Deceased Intracranial haemorrhage 2016
SP7 M 57 Deceased Intracranial haemorrhage 2016
mLN1 F 28 Deceased Trauma’Ell\cjl\t/)'rAa)ln injury 2016
Lymph Node mLN2 F 38 Deceased Intracranial haemorrhage 2016
pLN1 M 53 Deceased Tra”ma?f/l\%'" injury 2016
LNG1 M 61 Deceased N/A 2016
Lung LNG2 M 41 Deceased N/A 2015
LNG4 M 50 Deceased N/A 2015
Paired tissue samples
Donor Age Status Casue of Death Sampling year
PS1 18 Deceased N/A 2009
PS2 45 Deceased N/A 2014
PS3 36 Deceased N/A 2014
PS4 71 Deceased N/A 2014
PS5 70 Deceased N/A 2014

N/A=Not applicable

MVA=motor vehicle accident

Table S2. Cohorts of human tissues.




PANEL 1 (Whole blood B/Tth)

Antibody | Clone | Fluorochrome Dilution | Vendor

CD8 OKT8 | FITC 1:25 eBioscience
CD45 2D1 PerCP-Cy5.5 1:50 BD

CXCR3 1C6 APC 1:25 BD Pharmingen
CD27 0323 AF700 1:50 eBioscience
CDh4 RPAT4 | APC-H7 1:100 BD

CXCRS RF8B2 | BV421 1:50 BD Horizon
CD19 HIB19 | BV570 1:200 Biolegend
CD24 MLS BV605 1:100 BD Horizon
CCR6 11A9 BV650 1:100 BD Horizon
CD20 2H7 BV711 1:200 BD Horizon
CD38 HIT2 BV786 1:400 BD Horizon
ICOS DX29 PE 1:10 BD Pharmingen
CD3 UCHT!1 | PECF594 1:400 BD

PD1 EHI12.1 | PE-Cy7 1:100 BD Pharmingen

Table S3. FACS panel for ASCs and cTth cells.




PANEL 2 (Virus ICS)

Antibody Clone Fluorochrome | Dilution | Vendor

FLUA NP (intracellular) | 1331 FITC 1:200 GeneTex

FLUB NP (intracellular) | H89B FITC 1:200 ThermoFisher
CD8 SK1 PerCP-Cy5.5 1:50 BD

TNF (intracellular) 6401.1111 | APC 1:100 BD

CD19 SJ25C1 APC-H7 1:100 BD Pharmingen
CD14 MOP9 APC-H7 1:100 BD Pharmingen
IFNYy (intracellular) B27 V450 1:100 BD Horizon
Live Dead N/A AQUA 1:500 ThermoFisher
CDl16l1 HP-3G10 BV605 1:50 Biolegend

CDh4 SK3 BV650 1:200 BD Biosciences
CD56 NCAMI16.2 | BV786 1:100 BD Horizon
TCR-Va7.2 3C10 PE 1:400 icyt

CD3 UCHTI1 PECF594 1:200 BD

TCRyd 11F2 PE-Cy7 1:50 BD

Table S4. FACS panel for influenza-specific T-cells after influenza virus infection.




Panel 3 (T cell phenotype)

Antibody Clone Fluorochrome | Dilution | Vendor

Ki-67 (intracellular) | MOPC-21 | FITC 1:10 BD Pharmingen
CDS8 SK1 PerCP-Cy5.5 1:50 BD

TCR-Va7.2 3C10 APC 1:50 icyt

Granzyme B .
(intracellular) GBIl11 AF700 1:50 BD Pharmingen
CD45RA HI100 APC-H7 1:50 BD Pharmingen
HLA-DR L243 V450 1:200 BD

Live Dead N/A AQUA 1:500 ThermoFisher
CD19 HIB19 BV570 1:200 Biolegend
CDh14 ME2 BV570 1:200 Biolegend
CDl16l1 HP-3G10 | BV605 1:50 Biolegend

CDh4 SK3 BV650 1:200 BD Biosciences
CD38 HIT2 BV786 1:400 BD Horizon
Tetarmer N/A PE 1:200 N/A

CD3 UCHTI1 PECF5%4 1:200 BD

TCRyd 11F2 PE-Cy7 1:50 BD

Table S5. FACS panel for phenotyping T-cells after vaccination.




Panel 4a (HA B cells 2015)

Antibody | Clone Fluorochrome Dilution | Vendor
Free SA N/A BB515 1:600 BD Horizon
H3 rHA N/A APC N/A N/A

CD20 2H7 AF700 1:150 BD

BPHU N/A BVv421 N/A N/A

Live Dead | N/A AQUA 1:500 ThermoFisher
CD3 OKT3 BV510 1:600 Biolegend
CD8 RPA-T8 | BV510 1:1500 Biolegend
CD10 HI10a BV510 1:750 Biolegend
CDh14 MSE2 BV510 1:300 Biolegend
CDl16 3G8 BV510 1:500 Biolegend
CD27 0323 BV605 1:150 Biolegend
IgG G18-145 | BV786 1:75 BD

H1 rHA N/A PE N/A N/A

CD19 J3-119 ECD 1:150 Beckman
IgDh 1A6-2 PE-Cy7 1:500 BD

IgM G20-127 | BUV395 1:150 BD

CD21 B-ly4 BUV737 1:300 BD

Table S6. FACS panel for influenza-specific B-cells in 2015-cohort.




Panel 4b (HA B cells 2016)

Antibody | Clone Fluorochrome Dilution | Vendor
Free SA N/A BV510 1:600 BD Horizon
H3 rHA N/A APC N/A N/A

CD20 2H7 AF700 1:150 BD

BPHU N/A BV421 N/A N/A

Live Dead | N/A AQUA 1:500 ThermoFisher
CD3 OKT3 BV510 1:600 Biolegend
CD8 RPA-T8 [ BVS510 1:1500 Biolegend
CD10 HI10a BV510 1:750 Biolegend
CD14 MSE2 BV510 1:300 Biolegend
CDl16 3G8 BV510 1:500 Biolegend
CD27 0323 BV605 1:150 Biolegend
IgG G18-145 [ BV786 1:75 BD

H1 rHA N/A PE N/A N/A

CD19 J3-119 ECD 1:150 Beckman
IgDh 1A6-2 PE-Cy7 1:500 BD

IgM G20-127 | BUV395 1:150 BD

CD21 B-ly4 BUV737 1:300 BD

Table S7. FACS panel for influenza-specific B-cells in 2016-cohort.




Panel 4c (HA Tissue B cells)

Antibody | Clone Fluorochrome [ Dilution | Vendor

Free SA N/A BV510 1:600 BD Horizon
H3 rHA N/A APC N/A N/A

CD20 2H7 AF700 1:150 BD

IgA IS11-8E10 | VioBlue 1:150 Miltenyi Biotec
Live Dead | N/A AQUA 1:500 ThermoFisher
CD3 OKT3 BV510 1:600 Biolegend
CD8 RPA-T8 BV510 1:1500 Biolegend
CD10 HI10a BV510 1:750 Biolegend
CD14 MSE2 BV510 1:300 Biolegend
CDl16 3G8 BV510 1:500 Biolegend
CD27 0323 BV605 1:150 Biolegend
IgG G18-145 BV786 1:75 BD

H1 rHA N/A PE N/A N/A

CD19 J3-119 ECD 1:150 Beckman
IgDh 1A6-2 PE-Cy7 1:500 BD

IgM G20-127 BUV395 1:150 BD

CD21 B-ly4 BUV737 1:300 BD

Table S8. FACS panel for influenza-specific B-cells in human tissues.




