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SUMMARY

T follicular helper (Tfh) cells provide critical help to B cells during the germinal center
(GC) reaction to facilitate generation of protective humoral immunity. Accessing the
human lymph node (LN) to study the commitment of CD4 T cells to GC Tfh cell differ-
entiation during in vivo vaccine responses is difficult. We used ultrasound guided
fine needle biopsy to monitor recall responses in axillary LNs to seasonal influenza
vaccination in healthy volunteers. Specific expansion of GC cell subsets occurred
exclusively within draining LNs five days postvaccination. Draining LN GC Tfh and
precursor-Tth cells express higher levels of CD38, ICOS, and Ki67, indicating they
were significantly more activated, motile, and proliferating, compared to contralat-
eral LN cells. These observations provide insight into the early expansion phase of
the human Tfh lineage within LNs during a vaccine induced memory response and
highlights early LN immune responses may not be reflected in the periphery.

INTRODUCTION

Adaptive immunity is mediated by the coordinate action of multiple components, for the generation of
memory B cells, antibodies (Abs), memory CD8+, and CD4+ T lymphocytes (Krammer et al., 2018). The pro-
duction of neutralizing Abs by plasma cells is dependent on B cells undergoing affinity maturation as part of
the germinal center (GC) reaction within secondary lymphoid tissues (Inoue et al., 2018; Shinnakasu and
Kurosaki, 2017). Within GCs, T follicular helper (Tfh) cells are defined as CXCR5hh pp-1hish Belghoh mem-
ory CD4+ T cells (Yu et al., 2009; Perreau et al., 2013; Fazilleau et al., 2009). Tth cells provide critical help to
GC B cells during somatic hypermutation and affinity maturation to produce high affinity, class-switched
antibodies and to develop immunological memory (Crotty, 2014; Vinuesa et al., 2005; Fazilleau et al.,
2007). However, the inaccessible anatomical location of Tth cells, within the GC of lymphoid tissue, poses
a considerable barrier to studying their role in human immune responses in real time. This location is partic-
ularly challenging to the longitudinal study of Tth cells in the context of vaccination, a goal thatis even more
pertinent following the outbreak of SARS-CoV-2.

Numerous studies of mouse lymphoid tissue via serial sacrifice and harvesting of lymphoid tissues have
yielded substantial and important information (Harker et al., 2011; Poovassery and Moore, 2006). Various
animal models have allowed careful inspection of the architecture of lymph nodes (Rezende et al.,, 2019,
Schudel et al., 2019), illuminating the importance of cell positioning and the micro-circulation within lymph
nodes in the generation of effective immune responses (Miller et al., 2002; Lopez et al., 2020; Pizzagalli
et al., 2019; Suan et al., 2015; Moran et al., 2018). One informative murine study demonstrated that Tth
cell recall responses peak at day 5 postvaccination, 2 days before the peak of the GC B cell population
(Suan et al., 2015). Another study reported expansion of hemagglutinin (HA)-specific GC B cells as early
as four days postvaccination, but saw no expansion of the Tth cell population (Kil et al., 2019). However,
such studies are challenging in humans as serial harvesting of whole lymph nodes has high potential for
morbidity. In an effort to overcome this limitation, many studies have sought to utilize more easily acces-
sible alternatives, such as postoperative tonsils or spleens for cross sectional studies, whereas longitudinal
studies have often used a phenotypically similar surrogate cell known as circulating-Tth (c-Tfh) that can be
detected in peripheral blood (Ma and Phan, 2017).
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The identification of c-Tfh, within the peripheral blood, has proven to be useful as an easily accessible
biomarker for immune responses (Bentebibel et al., 2013; Locci et al., 2013). Multiple studies have since
demonstrated the emergence of a transient population of PD-1+ICOS + ¢-Tth cells following vaccination
with inactivated influenza virus (Bentebibel et al., 2013; Herati et al., 2014, 2017; Koutsakos et al., 2018).
Levels of c-Tth cells peak at day 7 and correlate with Ab serum titers as well as antigen-specific B cell and
antibody secreting cell (ASCs) numbers (Koutsakos et al., 2018; Herati et al., 2014, 2017). ¢c-Tth cells have
also been shown to correlate with increased antibody avidity, suggesting these cells may be involved in
the generation of more effective immune responses (Bentebibel et al., 2016). Inactivated influenza virus-
induced c-Tth cells were phenotypically similar to their GC counterparts, expressing various activation
markers including PD-1, CD38, ICOS, and Kié7 (Pilkinton et al., 2017; Herati et al., 2014, 2017). The
most convincing studies thus far have demonstrated a relationship between c-Tth and GC Tth through
immunophenotyping, T cell receptor repertoire analysis, and single cell transcriptomics (Brenna et al,,
2020; Hill et al., 2019). Taken together, these results suggest that c-Tth are a potential surrogate for
GC Tth and immune responses in the LN. However, lack of longitudinal studies assessing correlation
of parallel tissues and peripheral blood means a definitive relationship between these cell groups is
yet to be established.

Our group has pioneered the utilization of fine needle biopsies (FNBs) in macaques and human inguinal
LNs to investigate Tth and GC B cells during SIV and HIV infection, respectively (Hey-Nguyen et al.,
2017; Xu et al., 2013a; Zaunders et al., 2017). These studies allowed detailed analysis of GC expansion in
these infections, compared to lymph nodes in uninfected individuals, and complemented other studies
of progressive infection of Tth in the context of SIV and HIV infection (Xu et al., 2017; Zaunders et al.,
2017), which suggested that infection of Tth could occur at an early activated stage of Pre-Tth cell
development.

Subsequent studies have also adopted the FNB technique to study immune responses to vaccination in
macaques (Havenar-Daughton et al., 2016) and GC B cell responses to vaccination in humans to influ-
enza (Turner et al., 2020) and SARS-CoV-2 (Turner et al., 2021). This study used FNB sampling, at base-
line and day 5 postvaccination, to understand the earliest changes in the T cell compartment, focusing
on the commitment of memory CD4 T cells to the GC Tth cell lineage in response to seasonal tetra-
valent influenza vaccination in axillary LNs of healthy individuals with previous exposure to influenza an-
tigens. Further, we investigated differences between draining and contralateral LNs, with an aim to
more clearly define the nature of the draining LN response. Finally, this study aimed to determine if
the identification of influenza specific CD4+ T cells in peripheral blood was reflective of GC responses
five days postvaccination within the draining LN, to better understand the bifurcation between imme-
diate GC Tfh cells and generation of effector/memory antigen-specific CD4 T cells for peripheral
surveillance.

RESULTS

Longitudinal LN FNB are reliable and well-tolerated

LN FNB was successfully performed on 26 healthy individuals, with evidence of previous exposure to the HA
protein of influenza (mean [SD] HAI titer: 44 [32]), without any serious adverse events. Some participants
reported mild, transient local discomfort lasting hours or mild bruising lasting 2-3 days. A total of 93 bi-
opsies were performed. Participant information is summarized in Table S1. The median age of participants
was 35 years and 52% of participants were male. Axillary LN sizes sampled in this study ranged from 2.6mm
to 11.6mm (median: 5.2mm) in length.

Seven biopsies collected from 3 participants were used for assay optimization and were therefore excluded
from further data analysis. One participant did not continue with the study past baseline because of
COVID-19 induced shut down of non-essential radiological services.

Among the remaining 22 healthy volunteers, 84 biopsies were attempted and 71 were successful, as as-
sessed by total lymphocyte count and absence of blood contamination. Of the 13 biopsies deemed unsuc-
cessful, one was because of the inability to locate a suitable node via ultrasound for sampling and 12 were
attempted but no cells were recovered. As a result of unsuccessful draining and contralateral baseline LN
biopsies in two participants, a total of 4 postvaccination biopsies were not attempted.
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Quality control of LN FNB

LN FNB viability after culture with no antigen at 44 h post collection is shown in Figure S1. This is represen-
tative of 16 LN FNB samples where the median viability of cells was 99.25% (range = 95.6%-100%). Blood
contamination of FNB samples may skew results and is associated with the use of aspiration and increased
frequency of sampling (Murali et al., 2010). Quality control of LN FNBs is of particular importance for inter-
rogation of cell subsets of bone fide LN Tth cells, as distinct from ¢-Tth, and rare cells in LNs, including pDCs
and T regulatory cells. To assess if substantial blood contamination existed in our longitudinal FNB sam-
ples, the frequency of CD3-CD56+ CD16 + natural killer (NK) cells, CD45 + neutrophils and
CD3+CD14 + monocytes from peripheral blood (PB) (Figure S2A) was compared to FNB samples (Fig-
ure S2B), revealing very low levels of these cell types in the LN FNB samples (Figure S2B). NK cell, neutro-
phil, and monocyte to lymphocyte ratios in LN and PB samples are shown in Figures S2C-S2E.

Lymphocyte cell number was used as the primary indicator of the success and yield from LN FNB samples.
Total lymphocyte cell number ranged from 6.8 x 10°to 12.2 x 10%in the LN FNB samples (median = 1.1x
10%) and 4.9 x 10°to 20.3 x 10° from the émLs of the peripheral blood collected (median = 11.2x 10°; Fig-
ure S2F). T lymphocyte subset frequencies and medians for LN and PB samples are discussed in supple-
mentary data and presented in Figure S2G. Overall, these results are consistent with LN composition re-
ported in the literature and confirm that there is little blood contamination within the longitudinal LN
FNB samples (Xu et al., 2013a; Hey-Nguyen et al., 2017).

Expansion of absolute Tfh cell numbers postvaccination in draining LNs

The FNB technique provides reliable detection of a distinct population of Tth cells without excision of the
lymph node, therefore enabling investigation of vaccine-induced immune responses. Germinal Center
(GC) Tfh cells were identified as CD3+CD4+CD45RA-CD25'°VCD127-PD-1"M9"CXCR5"9" (Figure 1A; red
box). Precursor Tfh cells (Pre-Tfh), were identified as CD3+CD4+CD45RA-CD25'°%CD127-PD-1medium-
CXCR5™ed™ (Figure 1A; purple box).

At baseline, the absolute number of Tth cells in LN FNB samples ranged from 30 to 30,536 cells, with a me-
dian cell number of 2,443. Five days post influenza vaccination (day 5), absolute number of Tth cells in LN
FNBs ranged from 333 to 85,127 cells, with a median cell number of 4,864. There was no difference in Tth
cells as a proportion of CD4+ T cells between timepoints, presumably because of the expansion of the
whole LN following vaccination. However, the absolute number of Tth cells in the draining lymph node
was significantly higher at day 5 postvaccination when compared to baseline (Figure 2A). There was no sig-
nificant difference in Tth cell number between timepoints in the contralateral LN. Further, at day 5 the num-
ber of Tth cells was significantly higher in draining LNs than in contralateral LNs (Figure 2B).

The Pre-Tth cell population was of particular interest in this study because of their role in the development
of Tfh and their potential contribution to the memory CD4+ T cell population (Trub et al., 2017). At baseline,
the absolute number of Pre-Tth cells in LN FNB samples ranged from 252 to 616,420 cells, with a median cell
number of 13,152. Five days post influenza vaccination, absolute number of Pre-Tth cells in LN FNBs ranged
from 2,131 to 241,053 cells, with a median cell number of 20,784. Interestingly, we saw no difference in ab-
solute number of Pre-Tth cells between baseline and day 5 in either draining or contralateral LNs (Fig-
ure 2C). Further, there was no difference in absolute number of Pre-Tfh cells between draining and contra-
lateral LNs at day 5 postvaccination (Figure 2D).

Expression of the Tth lineage transcription factor, Bclé, was measured to identify the presence of a tran-
scriptional relationship between Pre-Tth and GC Tfh cells (reviewed in [Suh, 2015]). The proportion of
GC Tth cells expressing Bclé in draining LNs was significantly higher than the proportion of their circulating
counterparts c-Tfh in PB expressing this transcription factor (Figure 2E). Interestingly, there was no signif-
icant difference between the frequency of Bclé6+ Pre-Tth and Bclé+ Tfh cells at baseline or day 5 (Figure 2E),
which suggests Pre-Tth cells were following the Tth differentiation pathway.

Because of the interdependent relationship of GC Tth and GC B cells, we investigated expansion of the GC
B cell population. Here, GC B cells were identified as CD3-CD20+ CD38"9MBcl6+ (Figure 1B; red box). At
baseline, absolute number of GC B cells ranged from 64 to 43,300 cells, with a median cell number of 5,286.
Postvaccination (day 5), the absolute number of GC B cells ranged from 117 to 232,615 cells, with a median
cell number of 6,957. The difference in absolute GC B cells between baseline and day 5 was not significant
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Figure 1. GCTfh cell, Pre-Tfh cell, and GC B cell gating strategy

(A) Lymphocytes were identified using SSC versus FSC. The gated lymphocyte population was then plotted on CD20
versus CD3 to identify CD3+CD20- T cells. CD3+ T cells were then further plotted for CD4 expression to identify
CD3+CD4+ T cells. CD45RA was then used to identify the CD3+CD4+CD45RA-memory T cells. Memory CD4+ T cells
were plotted for CD25 and CD127 expression to exclude the CD25"9" CD127- T regulatory cells from further analysis.
Finally, CD25'°CD4+CD45RA- T cells were then plotted for PD-1 versus CXCRS to identify the PD-1"9"CXCR5+ GC Tth
cells (red box). From this plot, precursor Tfh cells (Pre-Tfh) were also identified as PD-1 medium CXCR5 Medium cg|s (purple
box).

(B) Lymphocytes were identified using SSC versus FSC. The gated lymphocyte population was then plotted on CD20
versus CD3 to identify CD20+ CD3- B cells. CD20 + B cells were then plotted on CD38 versus Bclé expression to identify
the CD38"9"Bcl6+CD20 + B cells (red box). See also Figures S1 and S2.

in draining or contralateral LNs (Figure 2F). However, interestingly, the absolute number of GC B cells was
significantly higher in draining LNs compared to contralateral LNs at day 5 (Figure 2G). Collectively, these
results suggest that a booster vaccination induces specific expansion of GC Tth in the draining LN and high-
lights the presence of a larger GC B cell population in draining LNs post vaccination.

Postvaccination activation of GC Tfh and Pre-Tfh cells in draining LNs

We next studied activation of GC Tth and Pre-Tth in draining LN, using the activation markers CD38 and ICOS,
which have been linked to Tth cell differentiation and the GC reaction (reviewed in [Wikenheiser and Stumhofer,
2016)). Initial analysis of the proportion of cells expressing CD38 revealed no significant difference between base-
line and day 5 postvaccination in CD38+ GC Tth as a proportion of CD4+ T cells and a significant decrease in
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Figure 2. Absolute number of lymph node resident subsets

(A) Absolute numbers of GC Tth cells were significantly higher at day 5 when compared to baseline in draining LNs. There
was no difference in GC Tfh cell number in contralateral LNs.

(B) GC Tth cell numbers at day 5 postvaccination were significantly higher in draining LNs than in contralateral LNs.

(C) There was no significant difference in absolute number of Pre-Tth cells between baseline and day 5 in either draining or
contralateral LNs.

(D) No significant difference between Pre-Tfh cell numbers in draining LNs compared to contralateral LNs
postvaccination.

(E) Frequency of Bclé6+ Tth were significantly higher than frequency of Bclé+ c-Tth from PB. There was no significant
difference between frequency of Bclé+ Tth and Bclé+ Pre-Tfh subsets. (F) No difference in absolute number of GC B cells
between baseline and day 5 in either draining or contralateral LNs.
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Figure 2. Continued

(G) Absolute number of GC B cells were significantly higher in draining LNs compared to contralateral LNs at day 5. *, p
<0.05; **, p <0.01; ***, p <0.001; **** p <0.0001 (Wilcoxon signed rank [A-C, E, F] and Friedman'’s test followed by Dunn'’s
multiple comparisons post-tests [D], median and IQR [E]).

CD38+ Pre-Tth cells as a proportion of CD4+ T cells in both draining and contralateral LNs postvaccination (Fig-
ure S3A). Further, there was no significant difference between baseline and postvaccination in proportion of
ICOS+ GC Tth or ICOS+ Pre-Tth in draining or contralateral LNs (Figure S3B).

However, the CD38 expression on GC Tth, measured by Median Fluorescence Intensity (MFI) was signifi-
cantly higher in draining LNs compared to contralateral LNs at day 5 postvaccination, with no difference
seen at baseline (Figure 3A). The median difference in Tth CD38 MFI between draining and contralateral
LN was 481.5 at baseline and was 3797.5 at day 5. There was a statistically significant greater difference
in CD38 MFI between draining and contralateral nodes at day 5 than at baseline (median of differences =
3260, p = 0.0005).

Within the Pre-Tth population, CD38 MFI was also significantly higher in draining LNs compared to contra-
lateral LNs at day 5 (Figure 3B). In addition, the difference in CD38 MFI between draining and contralateral
LN was greater at day 5 than at baseline (median difference at baseline = 39; median difference at day 5 =
331; median of differences = 256.5) but these differences were not statistically significant (p = 0.077).

There was no difference in ICOS MFI before vaccination, between draining and contralateral LNs for both
Tth (Figure 3C) and Pre-Tth cells (Figure 3D). However, at day 5 postvaccination, ICOS MF| was significantly
higher in draining LNs compared to contralateral LNs on both Tfh cells (Figure 3C) and Pre-Tth cells
(Figure 3D).

The differences in ICOS MF| between draining and contralateral nodes were statistically significantly higher
postvaccination compared to baseline in Tth cells (median difference at baseline = 13.5; median difference
at day 5 = 1487; median of differences = 1329, p = 0.0085). The difference in LN ICOS MFI on Pre-Tth cells
was also significantly higher at day 5 (median difference at baseline = —24.7; median difference at day 5 =
897; median of differences = 657, p = 0.0031).

The process of identification of CD38+ ICOS+ GC Tth cells is represented in Figure 3E. At day 5in the drain-
ing LN, the frequencies of both CD38+ ICOS+ GC Tth and Pre-Tth cells were significantly higher than base-
line (Figure 3F). Importantly, in contrast, there was no difference in the frequency of either population in
contralateral LNs between baseline and day 5 (Figure 3F). Furthermore, the frequency of activated and
proliferating Tth and Pre-Tth cells measured by CD38 + Kié7+ co-expression, was significantly higher at
day 5 compared to baseline in draining LNs exclusively (Figure 3G).

Overall, the qualitative changes of Tth populations postvaccination in the draining LN only, support our hy-
pothesis that frequency of Tth cells, and frequency of the CD38+ ICOS+ GC Tth population by extension, is
not detected because of the overall expansion of the cellularity of the LN in response to antigen stimula-
tion. These results further demonstrate that the very early immune response to vaccination is restricted to
the draining LN.

GC B cells, GC Tfh cells, and CD38 + ICOS + Tfh cells in draining LNs postvaccination

The interdependent relationship between GC Tth and GC B cells is a crucial factor in the generation of
effective immune responses. We found a strong, significant correlation between GC Tth cell and GC B
cellnumberin draining LNs (Figure 4A), but not in the contralateral LNs at day 5 postvaccination (Figure 4B).
Similarly, we observed a significant positive correlation between the number of CD38+ ICOS+ Tth cells/
FNB and the number of GC B cells/FNB from draining (Figure 4C), but not contralateral LNs at day 5 post-
vaccination (Figure 4D). These results further support the early immune response to vaccination occurring
exclusively in the draining LNs.

Successful detection of lymph node resident subsets

T follicular regulatory (Tfr) cells have been implicated in regulating the LN response to vaccination (re-
viewed in [Huang et al., 2020]). Tfr cells can be divided into three distinct groups based on their expression
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Figure 3. Activation of GC Tfh and Pre-Tfh cells in Draining LNs

(A) No significant difference in MFI of CD38 between draining and contralateral LNs in GC Tfh cells at baseline.
Postvaccination, CD38MFI was significantly higher in draining LN GC Tth cells than in contralateral LN GC Tth cells.

(B) At baseline, no significant difference in MFI of ICOS was observed between draining and contralateral LNs in Pre-Tth
cells. Postvaccination, CD38 MF| was significantly higher in Pre-Ttfh cells from draining LNs compared to contralateral LNs.
(C) No significant difference in MFI of ICOS between draining and contralateral LNs in GC Tth cells at baseline. At day 5
postvaccination, there was a significant difference in CD38 MFI between draining and contralateral LNs on GC Tth cells.
(D) No significant difference in MFI of ICOS between draining and contralateral LNs in Pre-Tfh cells. At day 5
postvaccination, there was a significant difference in ICOS MFI between draining and contralateral LNs on Pre-Tth cells.
(E) Representative flow cytometry plot of CD38+ ICOS+ gating from GC Tth cell identification.

(F) Frequency of CD38+ ICOS+ GC Tfh and CD38+ ICOS+ Pre-Tfh were significantly higher at day 5 postvaccination
compared to baseline in draining LNs. No significant difference was observed between baseline and day 5 frequencies of
CD38+ ICOS+ GC Tth and CD38+ ICOS+ Pre-Tth in contralateral LNs.
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Figure 3. Continued

(G) Frequency of CD38+ Ki67+ GC Tfh and CD38+ Ki67+ Pre-Tth cells were significantly higher at day 5 compared to
baseline in draining LNs. No significant difference between baseline and day 5 CD38+ Ki67+ GC Tfh frequencies and
CD38 + Ki67+ Pre-Tth frequencies was observed in contralateral LNs. *, p <0.05; **, p <0.01; ***, p <0.001; ****, p <0.0001
(Wilcoxon signed rank). See also Figure S3.

of surface proteins PD-1, CXCR5, ICOS, and transcription factor Bclé6. LN FNB can successfully identify GC
Tfr (CD3+CD4+CD45RA-CD25"9"CD127-PD-1"9"CXCR5+Bcl6+ICOS+), Follicular Tfr  (CD3+CD4+-
CD45RA-CD25"9"CD127-PD-1me4™ CXCR5+Bcl6+ICOS+), and T cell zone Tfr (CD3+CD4+CD45RA-
CD25"9hCD127-PD-1'"""CXCR5+Bcl6-ICOS-). Identification of these Tfr subsets is shown in Figure S4. Pre-
vious studies have typically utilized a circulating counterpart, termed c-Tfr, which has been reported to in-
crease in healthy individuals following influenza vaccination (Fonseca et al., 2017; Dhaeze et al., 2015).

Identification and quantification of plasmacytoid dendritic cells (pDCs) in LN FNBs was achieved consis-
tently (Figure 5A). This is consistent with the previous description of upregulation of CCR7 expression by
activated pDC (Seth et al., 2011), their migration to the LN and their role in T cell activation during the im-
mune response (Cella et al., 2000). There was no significant difference in absolute number of pDCs between
baseline and day 5 in draining or contralateral LNs (Figure 5B). Draining LNs had significantly higher abso-
lute numbers of pDCs at day 5 compared to the contralateral LNs (Figure 5C). Further a positive correlation
between absolute number of pDCs and absolute number of GC Tth cells was observed in draining (Fig-
ure 5D), but not contralateral LNs postvaccination (Figure 5E). These results demonstrate the FNB tech-
nique is able to detect rare subsets implicated in effective immune responses, which are restricted to drain-
ing LNs.

Identification of circulating-Tfh cells (c-Tfh) in peripheral blood

In addition to investigating LN resident populations, we analyzed the c-Tth cell population in PB with the
aim of assessing the use of c-Tth as a surrogate for GC Tth. In this study, the phenotypic definition of c-Tth
cellsin peripheral blood was the same for LN-derived Tth cells, using the following surface proteins; CD3+-
CD4+CDA45RA-CD25'°“CD127-PD-1MS"CXCR5+ T cells. There was no significant difference in frequency of
c-Tth cells between the two timepoints we considered (Figure S5A). At baseline, positive correlations be-
tween frequency of c-Tth cells and frequency of GC Tth cells from both the draining LN (Figure 6A) and the
contralateral LN (Figure S5B) were observed. Although a significant positive correlation between c-Tth and
contralateral LN GC Tth was upheld at day 5 postvaccination (Figure S5C), there was no significant corre-
lation between c-Tth and GC Tth cells in draining LNs (Figure 6B). A significant positive correlation between
c-Tth and Pre-Tth cells from draining LNs was observed at baseline and day 5 postvaccination (Figures 6C
and 6D).

As the major surrogate for GC Tth cell activity, c-Tth cells would be expected to represent an activated
memory subset within peripheral blood. To investigate this, we examined an activated population hypoth-
esized to egress from LNs post vaccination, CD38+ ICOS+ c-Tth (Herati et al., 2017). However, we observed
no significant difference in the frequency of CD38+ ICOS+ c-Tth cells between baseline and day 5 postvac-
cination (Figure S5D). Further, no correlation was observed between frequency of CD38+ ICOS+ c-Tth cells
and CD38+ ICOS+ GC Tfh cells from draining LNs was observed at baseline (Figure 6E) or day 5 (Figure 6F)
or with CD38+ ICOS+ GC Tth cells from contralateral LNs at baseline or day 5 (Figures S5E and S5F). Simi-
larly, there was no correlation between the frequency of CD38+ ICOS+ c-Tth and CD38+ ICOS+ Pre-Tth
from draining LN (Figure 6G). However, a moderate positive correlation was observed between these
two subsets at day 5 postvaccination (Figure 6H). These data highlight the potential limitations of using
c-Tfth cells as a surrogate marker and the need to directly assess immune responses in tissues where
they are staged.

Expansion of influenza-specific CD4+ T cells in peripheral blood five days postvaccination

Antigen specificity is an important parameter of protective vaccine evaluation as it influences the function-
ality of the T cell response including, perhaps crucially, the Tth cell response (Sant et al., 2018, Dipiazza
et al., 2016). Influenza-specific responses postvaccination were measured using the OX40 T cell assay (Za-
unders et al., 2009). When the frequencies of CD25+ CD134+ T cells were compared between baseline and
day 5, no difference was observed in the positive control SEB stimulation cultures (Figure 7A). However,
frequency of influenza-specific CD4+ T cells were significantly increased in peripheral blood by day 5
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Figure 4. Correlation of absolute GC B cell number with GC Tfh cell number and CD38+ICOS+GC Tfh cell number in draining LNs at day 5

(A) Significant positive correlation between absolute number of GC B cells and GC Tth cells in draining LNs at day 5.
(B) Relationship between GC Tth cells and GC B cells in contralateral LNs at day 5.

(C) Significant positive correlation between absolute number of GC B cells and CD38+ ICOS+ GC Tth cells in draining LNs at day 5.
(D) Relationship between CD38+ ICOS+ GC Tth cells and GC B cells in contralateral LNs at day 5. All correlations were calculated using a Spearman’s

correlation.

when stimulated with influenza A peptides (Figure 7B) or influenza A viral lysate (Figure 7C). No correlation
was observed between frequency of influenza-specific CD25 + CD134 + T cells in the periphery and the
frequency of Tth cells from draining LNs at baseline (Figure 7D) or day 5 (Figure 7E). In this study, we
saw no significant difference in peripheral antigen specific c-Tth between baseline and day 5 (Figure 7F).
We also observed no significant difference in antigen specific Treg cells between baseline and day 5 (Fig-
ure 7G). Although antigen-specific T cell responses were detectable as early as 5 days postvaccination, the
lack of correlation with GC Tth cells from LNs suggests day 5 is too early to detect the peak immune
response in the periphery.

DISCUSSION

The difficulty of accessing human secondary lymphoid tissues, the site of generation and coordination of
adaptive humoral immune responses, has limited the direct interrogation of human immune responses.
This study sought to examine the early changes in cellular profiles relative to a prevaccination timepoint,
in particular GC Tfh cells, within the draining LNs of previously immunized healthy human volunteers
receiving seasonal influenza vaccination. We show an expansion in the absolute number of GC Tth cells
postvaccination which is restricted to the draining LNs. Although no significant difference in GC B cell
numbers was observed between baseline and day 5, the number of GC B cells at day 5 in draining LNs
was significantly greater than in contralateral LNs. Although initially an unexpected result, the contempo-
raneous contralateral LN controls for systemic changes that could affect the host that may not be recog-
nized or predicted. In addition, vaccination has a systemic effect on the host, as well as the draining LN
in particular. Using baseline as the only control would rely solely on the host in a prevaccination state,

iScience 25, 103656, January 21, 2022 9



¢? CellPress

OPEN ACCESS

5 ] Lymphooytes 7 Neutrophils
10° 3 VTP Monocytes .16
3 037

Basophil Plasmacytoid
0

v

CD123-PE

SSC-A "~ HLA-DR-FITC
Day 5
B C
30000 1 20000+ _

150001
20000

10000~
10000

O Baseline
O Day 5

50004

Number of Plasmacytoid Dendritic
cells/FNB

Draining LN Contralateral LN

Number of Plasmacytoid Dendritic cells/FNB

T it
Draining LN Contralateral LN

lv]
m

Draining LN Contralateral LN

20000 1 = 0.7303
p=0.0023

200007 1 = 0.0681
p=0.8201

15000 o 15000

10000~ o 100004

LN FNB sample

a
.. o
=] a
o= 8 . .
100 1000 10000 100000

Number of GC Tth cells/ LN FNB sample Number of GC Tth cells/ LN FNB sample

5000~ oo fu] m 5000

T T 1
100 1000 10000 100000

Number of Plasmacytoid Dendritic cells/
LN FNB sample
Number of Plasmacytoid Dendritic cells/

Figure 5. Plasmacytoid Dendritic cells expand in draining LNs

(A) Representative flow cytometry plot of pDC gating. SSC-A versus CD45 was used to identify CD45+ Lymphocytes,
followed by CD123 versus HLA-DR to identify CD123+HLA-DR+ pDCs.

(B) No significant difference in absolute number of pDCs between baseline and day 5 was observed in draining or
contralateral LNs.

(C) Absolute number of pDCs were significantly higher in draining LNs compared to contralateral LNs at day 5
postvaccination, *, p <0.05 (Wilcoxon signed rank).

(D) Significant positive correlation between absolute number of pDCs and GC Tth cells in draining LNs at day 5. (E)
Relationship between CD38+ ICOS+ Tfh cells and GC B cells in contralateral LNs at day 5. All correlations were calculated
using a Spearman'’s correlation. Yellow = draining LNs; Blue = contralateral LNs. See also Figure S4.

whereas the contemporaneous LN at day 5 is an internal control to the host that accounts for any unfore-
seen or unrealized biases introduced by the vaccination. The expanded GC Tth population in the draining
LNs is significantly more activated and potentially motile, as determined by expression levels of CD38 and
ICOS, measured by MFI. Perhaps the most unexpected implication this work will have on future studies is
the unique method of quantification of GC Tth cell populations using absolute cell number, revealing key
biological insights into the early changes in cellular profiles of the GC postvaccination that were previously
unable to be detected (Kil et al., 2019).

CD38 is widely accepted as a marker of activation in T cells and is upregulated in the early stages of the
immune response (Piedra-Quintero et al., 2020; Zaunders et al., 2005, 2006). CD38, a surface glycoprotein
and cyclic ADP ribose hydrolase, is thought to facilitate costimulatory interactions between activated B
cells and helper T cells (Manjarrez-Orduno et al., 2007), and therefore was of particular interest in this study.
Importantly, GC Tfh activation, as measured by CD38 surface expression, was significantly higher at day 5
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Figure 6. Relationship between c-Tth in peripheral blood and GC Tfh cells
(A) Significant positive correlation between frequency of c-Tth cells and frequency of GC Tfh cells in draining LNs at

baseline.

(B) No correlation between frequency of c-Tth cells and frequency of GC Tth cells in draining LNs at day 5.
(C) Significant positive correlation between frequency of c-Tth cells and frequency of Pre-Tth cells in draining LNs at

baseline.

D) Significant positive correlation between frequency of c¢-Tth cells and frequency of Pre-Tfh cells in draining LNs at day 5.
E) Relationship between CD38+ ICOS + c¢-Tfth and CD3+ ICOS+ GC Tth from draining LNs at baseline.

G) Relationship between CD38+ ICOS + c-Tfh and CD38+ ICOS+ Pre-Tfh from draining LNs at baseline.

(

(E)

(F) Relationship between CD38+ ICOS + c-Tth and CD38+ ICOS+ GC Tfh from draining LNs at day 5.
(

(

H) Significant moderate correlation between frequency of CD38+ ICOS+ c-Tth and CD38+ICOS+ Pre-Tth from draining
LNs at day 5. All correlations were calculated using a Spearman’s correlation. Yellow = draining LNs; Blue = contralateral

LNs; circles = baseline; squares = day 5. See also Figure S5.
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Figure 7. Frequency of antigen-specific CD4 T cells and their relationship to GC Tfh cells

(A) No significant difference in the frequency of SEB antigen specific CD4 T cells.

(B) Frequency of influenza antigen specific CD4 T cells was significantly higher than baseline at day 5 postvaccination
when stimulated with Influenza A peptides.

(C) Frequency of influenza antigen specific CD4 T cells was significantly higher at day 5 postvaccination in cultures
stimulated with Influenza A viral lysate.

(D) No correlation between influenza antigen specific CD4 T cells from peripheral whole blood and GC Tth cells from
draining LNs at baseline.

(E) No correlation between influenza antigen specific CD4 T cells from peripheral whole blood and GC Tth cells from
draining LNs at day 5.

(F) No significant difference in the frequency of influenza antigen specific CXCR5+ c-Tfh between baseline and day 5
postvaccination.

(G) No significant difference in the frequency of influenza antigen specific CD39+ Treg between baseline and day 5
postvaccination. ns, non-significant; *p <0.05; **p <0.01. Comparisons between baseline and day 5 cell frequencies were
calculated using a Wilcoxon signed rank. Correlations between cell frequencies were assessed using a Spearman’s
correlation. Yellow = draining LNs; circles = baseline; squares = day 5.

postvaccination in the draining LN compared to baseline, demonstrating that early after boosting vaccina-
tion, lymphocyte activation occurs exclusively in the draining LNs.

Pre-Tth and Tth cell motility within the LN is dependent on cytoskeletal remodeling induced by ICOS medi-
ated PI3K activation (Gigoux et al., 2009; Kang et al., 2013). Once inside the GC, ICOS expression is known
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to be a key inducer of Tth cell differentiation and essential for their interactions with GC B cells during the
GC reaction (Leavenworth et al., 2015; Choi et al., 2011; Mcadam et al., 2001; Akiba et al., 2005). We found
that draining LN GC Tfh and Pre-Tfh cells had significantly higher ICOS expression at day 5 compared to
baseline, and also compared to the same cells from contralateral LNs. Increased expression of ICOS on Pre-
Tth cells suggests this population is highly motile and potentially represents a distinct subset in the early
stages of differentiation into GC Tfh cells. Taken together, these results are the first to demonstrate selec-
tive expansion and activation of draining LN GC Tth cells and Pre-Tth cells that suggests the GC reaction
occurs as early as 5 days postvaccination in humans. The observation that the immune response to vacci-
nation is restricted to the draining LN was further supported by the correlation of GC B cell number with GC
Tth cell number in only draining LNs.

This study demonstrates that expansion of CD38+ ICOS+ GC Tfh cells and CD38+ ICOS+ Pre-Tth cells oc-
curs in human draining LNs within days of vaccination. Further, the data shows for the first time in humans,
increases in CD38 + Kié7+ GC Tth cells and CD38+ Ki67+ Pre-Tth cells occur exclusively in the draining LNs,
suggesting active proliferation of these crucial immune cells postvaccination. Although there was no
expansion in absolute number of Pre-Tth cells postvaccination, this population expresses Tth transcription
factor Bclé and contained a significantly expanded subpopulation of highly activated, proliferating cells.
These results could suggest that these highly activated Pre-Tth cells are migrating to the GC and differen-
tiating into GC Tfh cells to ultimately contribute to the expansion of the GC Tth cell population
postvaccination.

Previous work has suggested that CD38+ ICOS + Tth cells egress from the LN and enter the circulation as c-
Tth seven days postvaccination, which include a population of antigen-specific cells (Herati et al., 2017). Itis
also possible that these CD38+ ICOS+ GC Tth expand within the draining LNs and give rise to antigen-spe-
cific cells that can enter the periphery forming a memory population. However, as we observed no relation-
ship between CD38+ ICOS+ GC Tth and CD38+ ICOS+ c-Tth five days postvaccination, it is likely that day 5
may be too early to detect GC Tth that have entered the periphery and further studies are underway.
Although there has been much discussion about the role of vaccination site in immune responses (Cook
et al., 2006; Mark et al., 1999), these results present the first snapshot that early Tth cell activation and
GC B cell responses to vaccination within the LN system are localized to LNs draining the site of vaccina-
tion. Correlation of GC B cells with ICOS+ CD38+ GC Tth cells from draining LNs further supports this
spatial restriction of the immune response. Importantly, these results demonstrate both quantitative and
qualitative changes in crucial immune cell subsets postvaccination.

The presence of a circulating Tfh-like population found in peripheral blood is now widely accepted in the
literature and the extensive study of this intriguing population has highlighted the necessity of a surrogate
population for bona fide GC Tth cells. Indeed, sampling of human thoracic duct has identified CXCR5M9"
PD-1"8h Tfh cells that shared phenotypic and transcriptional similarities with GC Tfh cells and may be in-
termediate between Tth cells in blood and secondary lymphoid tissues (Vella et al., 2019). Previous studies
have demonstrated expansion of c-Tth cells seven days post vaccination (Koutsakos et al., 2018), including
an antigen-specific ¢-Tth population in response to influenza vaccination (Herati et al., 2017, Heit et al.,
2017), COVID-19 infection (Juno et al., 2020), and HIV infection (Niess| et al., 2020; Claireaux et al.,
2018). However, we saw no increase in frequency of c-Tth cells or of the CD38+ ICOS+ subset of c-Tth cells
at day 5 postvaccination. Although previous studies have established a clonal and transcriptional relation-
ship between Tth cells from secondary lymphoid organs and c-Tth in peripheral blood (Heit et al., 2017; Hill
etal., 2019; Brenna et al., 2020), here we observed no relationship between draining LN GC Tth cells and c-
Tth at day 5 postvaccination. Another possible origin of the c-Tth population and the highly activated
CD38+ ICOS+ subsets is the CD38+ ICOS+ Pre-Tth population as suggested by the moderately positive
correlation between these two populations. It is possible that the highly activated GC Tth population re-
mains within the LN, and the Pre-Tth cell population gives rise to both early GC Tth and c-Tth upon activa-
tion; however, further investigation is required. Therefore, this study illustrates that critical changes in
cellular profiles and interactions in early responses to vaccination occur exclusively within the draining
LNs, posing the following question: are c-Tth cells the most appropriate surrogate marker for GC Tth cells
in studying early immune responses to vaccination?

We saw a significant increase in antigen-specific CD4+ T cells in peripheral blood, an accepted marker of
immune responses to vaccination (Zaunders et al., 2009; Cook et al., 2020). However, the frequency of this

¢? CellPress

OPEN ACCESS

iScience 25, 103656, January 21, 2022 13




¢? CellPress

OPEN ACCESS

antigen-specific CD4 T+ cell population did not correlate with the frequency of LN GC Tth cells in draining,
or contralateral, LNs at day 5. Within the antigen-specific CD4+ T cell population, we identified a subpop-
ulation of antigen-specific c-Tth cells but saw no significant difference in their frequency postvaccination.
Although antigen-specific CD4+ T cells are expanded and antigen-specific c-Tth are detectable 5 days
postvaccination, the lack of relationship between these circulating subsets and draining LN GC Tth cells,
supports the conclusion that 5 days postvaccination is too early to observe the potential entry of a subset
of Tth into the circulation. It is possible the expansion of antigen-specific cells in the periphery could occur
in sequential waves. Firstly, the expansion of antigen-specific CD4+ T cells detectable at day 5 postvacci-
nation, followed by a later expansion of antigen-specific c-Tth cells possibly detectable at a later time point.
This potential difference in circulatory patterns could be indicative of different circulation, phenotypes, and
roles for these two subpopulations and warrants further investigation.

The ability to access human lymphoid tissue comes with a number of both ethical and practical obstacles.
Even with the use of ultrasound guided LN FNBs, radiologists must identify a safely accessible LN within the
axillary region where nodes are typically small, located relatively deep in the tissues and may be difficult to
approach because of the vasculature or the brachial plexus. Once accessed the needle must successfully
pierce the LN capsule to sample the inner cortex. The sampling of the cortex, determined by the detection
of appropriate subsets of lymph node resident lymphocytes, and the absence of blood contamination,
identified as the absence of NK cell, neutrophil and monocyte cell populations, were our primary indicators
of success. Lymph node composition, measured by lymphocyte subset frequencies, was consistent with
previous sacrifice studies and was a further indicator of success (Xu et al., 2013a). Despite a large spread
in total lymphocyte yields, from 6.8 x 10°to 12.2 x 10° cells, lymphocyte numbers were sufficient for down-
stream analysis.

Although LN FNBs are an established technique for detection of neoplastic cells in clinical settings, our
ability to identify multiple normal cellular populations; including pDCs, GC Tfr, Follicular Tfr, T cell zone
Tfr, GC B cells, and GC Tfh cells and their precursors, Pre-Tfth cells, as well as monitoring qualitative
changes in the activation state of these subsets following an in vivo stimulus, extends previous findings con-
firming that FNBs can be uniquely adopted in the research setting to probe, identify, and analyze critical
immune cells within secondary lymphoid tissues in longitudinal studies (Hey-Nguyen et al., 2017; Turner
etal., 2020; Havenar-Daughton et al., 2020). This expansion of our previous work on inguinal nodes, to lon-
gitudinal sampling of axillary nodes postvaccination in the absence of blood contamination, high sampling
success rate, and lack of significant adverse complications or infections, solidifies this technique as a safe,
reproducible, and viable solution to the physiological and ethical obstacles faced by researchers when
studying immune responses in vivo in humans.

This study demonstrates FNBs can access lymph node resident cells, such as pDCs which are of particular
interest as they traffic to secondary lymphoid tissues in response to inflammation where they can activate
T cells and, in the context of HIV, contribute to chronicity and formation of the viral reservoir through dys-
regulated activation and IFN type-1 production (Cella et al., 2000; Swiecki and Colonna, 2015). Here, we
demonstrate that the FNB technique is able to detect rare cell populations such as pDCs, which could
be of significant interest in future studies. The FNB technique is particularly applicable to studies investi-
gating the susceptibility of Tth and Pre-Tth cells to HIV infection and their likely role in formation and main-
tenance of the HIV viral reservoir (Xu et al., 2017; Zaunders et al., 2017; Banga et al., 2016).

Limitations of the study

Despite the use of sophisticated radiological techniques to enumerate follicular responses in LN, this study
does have limitations. As previously discussed, the small size of axillary LNs and their close proximity to a
number of vessels and the brachial plexus presents a significant obstacle to even an expert radiographer
skilled in the technique. Despite preexisting expertise derived from accessing pathologically involved no-
des, a training effect was observed in the ability to successfully access the axillary nodes in healthy volun-
teers. Although a LN may be successfully sampled, we are unable to determine the exact location within the
LN of the sampling or how many passes of the needle into the lymph node were successful. However, we
have previously shown that the proportions of cell populations obtained by FNB are representative of the
populations within the LN in both health and disease (Xu et al., 2013a). This study was also restricted by
samples without matching pairs (either baseline matched with day 5 or draining matched with contralat-
eral), which were excluded from analysis. A second limitation was the number of cells we obtained.
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Although enough cells were recovered for sufficient phenotypic analysis, further work is required to allow
reproducible functional studies to be performed on these samples with low cell number and the highly acti-
vated state of the cells of interest with their propensity to apoptosis once removed from their microenvi-
ronment. A further limitation of this work is the lack of extended sampling timepoints which would provide
interesting and valuable data about the longitudinal profile of the humoral immune response, both within
the LN and in the periphery, and the expansion of the ¢c-Tfh cell population and their relationship to the GC
response.

Nevertheless, these results are, to our knowledge, the first to quantify the selective activation and prolifer-
ative capacity of GC Tth cells and other critical immune cell subsets postvaccination in human draining axil-
lary LNs. Through sequential sampling, we show that draining LN GC Tth and Pre-Tth cells become enabled
for migration and upregulate receptors critical for Tth cell differentiation that also facilitate cellular inter-
actions essential during GC reactions. Contrary to previous studies (Kil et al., 2019), expansion of the GC
Tth cell population was detected by quantifying absolute cell number rather than using the standard mea-
surement of the frequency of the population, providing key biological insight into the LN. These consistent
results provide significant justification and opportunities for further interrogation of LN Tfh cells and their
potential to form antigen specific populations in both LNs and ¢-Tth populations to optimize immune re-
sponses to vaccination.
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IDENTIFIER

Antibodies

CD3-PERCP-Cy5.5
CD56-APC

HLA-DR-FITC
CD20-APC-Cy7
CD123-PE

CD38-PE-Cy7
CD69-APC
CD8-APC-Cy7
CD16-Bv421
CD14-BV500
CD4-BV605

CD8-BV711
CD19-BV786
PD-1(CD279)-BV421
ICOS(CD278)-BV711
CD127-BV786
CD25-BB515
CD45-AlexaFlour700
Bcl6-AlexaFlouré47
CD45RA-AlexaFlour700
CD25-PE-Cy5
PD-1(CD279)-AlexaFlour647
Ki67-FITC
CXCR5(CD185)-PE/Dazzle594
CD134(OX40)-BV421
CD39-PE-Cy7
CCR5(CD195)-PE
CCR5(CD195)-PE-Vio770

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Pharmingen
BD Pharmingen
BD Pharmingen
BD Pharmingen
BD Pharmingen
BD Pharmingen
Invitrogen

Invitrogen

Invitrogen

Miltenyi Biotec

Miltenyi Biotec

Cat# 340949; RRID:AB_400190
Cat# 341025; RRID:AB_400558
Cat# 347363; RRID:AB_400291

Cat# 335794; RRID:AB_399972
Cat# 340545; RRID:AB_400052
Cat# 335790; RRID:AB_399969
Cat# 340560; RRID:AB_400523
Cat# 348793; RRID:AB_400383
Cat# 562874; RRID:AB_2716865
Cat# 561391; RRID:AB_10611856
Cat# 562658; RRID:AB_2744420
Cat# 563677; RRID:AB_2744463
Cat# 563325; RRID:AB_2744314
Cat# 562516; RRID:AB_11153482
Cat# 563833; RRID:AB_2738440
Cat# 563324; RRID:AB_2738138
Cat# 564467; RRID:AB_2744340
Cat# 560566; RRID:AB_1645452
Cat# 561525; RRID:AB_10898007
Cat# 560673; RRID:AB_1727496
Cat# 555433; RRID:AB_395827
Cat# 560838; RRID:AB_2033988
Cat# 359604; RRID:AB_2562387
Cat# 356928; RRID:AB_2563689
Cat# 350014; RRID:AB_2564184
Cat# 25-0399-42; RRID:AB_1582280
Cat# 130-117-356; RRID:AB_2733783
Cat# 130-106-225; RRID:AB_2655917

Biological samples

Human volunteers

TRESAX study

Approval Number HREC/17/SVH/20

Chemicals, peptides, and recombinant proteins

Human FoxP3 Buffer Set
Optilyse® C
FACS Lyse Solution

BD Pharmingen

Beckman Coulter

Becton Dickinson

Cat# 560098; RRID:AB_2869302
Cat# A11894

Cat# 349202; RRID:AB_2868862

Software and algorithms

FlowJo version 10.7.1

Prism version 8.4.2

Becton, Dickinson and Company, 2021

GraphPad

https://www.flowjo.com/

https://www.graphpad.com/scientific-software/prism/
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, C. Mee Ling Munier (cmunier@kirby.unsw.edu.au).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request. This paper does not report
original code. Any additional information required to reanalyse the data reported in this paper is available
from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study participants

Participants were healthy volunteers with previous history of influenza or influenza vaccination recruited at a
single clinical site in Sydney, Australia. Baseline HAI titre confirmed previous exposure; mean = 44, IQR =
70, SD = 32. They were aged 18 years or older and had no prior history of immunodeficiency, immunosup-
pression or adverse reactions to vaccination. Prior to commencing the study, all participants provided
informed written consent. This study was approved by St Vincent's Hospital Sydney Human Research Ethics
Committee (HREC/17/SVH/20). Recruitment of participants occurred from 2018 to 2020 and participants
received the annual tetra valent influenza vaccine appropriate to their year of recruitment. Details of the
annual vaccines used in this study can be found in Table and the demographics of the participants are
described in Table S1. Bilateral axillary LN biopsies were conducted at baseline, prior to vaccination,
and at day 5 post vaccination.

Table. Annual influenza vaccination details

Antigen Volume/ Total volume Propagation Route of
Vaccine Manufacturer composition antigen  of vaccine mechanism injection
2018 season Influvac® Mylan 1. A/Michigan/45/2015 (H1N1)pdm09-like 15 pg/viral 0.5 mL Fertilized hens’ Intramuscular
Tetra (Influenza virus strain (A/Singapore/GP1908/2015, IVR-180) strain eggs from healthy
haemagglutinin) 2. A/Singapore/INFIMH-16-0019/2016 chickens

(H3N2)-like strain (A/Singapore/INFIMH-16-
0019/2016, NIB-104)

3. B/Phuket/3073/2013-like strain (B/Phuket/
3073/2013, wild type)

4. B/Brisbane/60/2008-like strain (B/Brisbane/
60/2008, wild type)

2019 season Influvac® Mylan 1. A/Michigan/45/2015 (H1N1)pdm09-like 15 pg/viral 0.5 mL Fertilized hens’ Intramuscular
Tetra (Influenza virus strain (A/Singapore/GP1908/2015, IVR-180) strain eggs from healthy
haemagglutinin) 2. A/Switzerland/8060/2017 (H3N2)-like strain chickens

(A/Brisbane/1/2018, NYMC BX-69A)

3. B/Colorado/06/2017-like strain (B/Victoria/
2/87 lineage) (B/Maryland/15/2016, NYMC
BX-69A)

4. B/Phuket/3073/2013-like strain (B/
Yamagata/16/88 lineage) (B/Phuket/3073/
2013, wild type)

(Continued on next page)
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Table. Continued

Antigen Volume/ Total volume Propagation Route of
Vaccine Manufacturer composition antigen  of vaccine mechanism injection
2020 season Influvac® Mylan 1. A/Brisbane/02/2018 (H1N1)pdm09-like 15 pg/viral 0.5 mL Fertilized hens’ Intramuscular
Tetra (Influenza virus strain strain eggs from healthy
haemagglutinin) 2. A/South Australia/34/2019 (H3N2)-like strain chickens

3. B/Washington/02/2019-like strain (B/
Victoria lineage)
4. B/Phuket/3073/2013-like strain (B/
Yamagata lineage)

See also Figure S1.

Lymph node fine needle biopsies

Human axillary LN FNBs were performed by a qualified, experienced radiologist and ultrasonographer at
the Medical Imaging Department, St Vincent's Hospital, Sydney. Prior to influenza vaccination (baseline)
and five days post vaccination (day 5), participants underwent bilateral FNB of axillary LNs and provided
peripheral blood samples. After ultrasound identification of suitable bilateral axillary LNs local anaesthetic
was administered and followed by four separate passes of a 25-gauge needle into each LN for cell collec-
tion. Cells were collected via capillary action; no aspiration was applied. Following each needle pass, the
collected cells were transferred into a 15 mL tube (Falcon™, Becton Dickinson [BD], NJ, USA) containing
culture media (Roswell Park memorial institute [RPMI-1640; Gibco®, Life Technologies, CA, USA] that was
supplemented with 10% heat-inactivated 0.2 pm syringe-filtered fetal calf serum [FCS; Gibco®, Life Tech-
nologies]). Media from the tube was then drawn into the syringe and expelled to wash the needle of any
residual cells. Each of the LN FNBs (left and right) was transferred to a separate 15 mL tube.

METHOD DETAILS
Flow cytometry

Immunophenotyping was performed on peripheral blood collected into 6mL sodium-heparin (Na-Hep)
tubes (BD Biosciences, CA, USA) and FNB samples using the following conjugated antibodies: CD3-
PERCP-Cy5.5 (clone SK7 [Leu-4]), CD56-APC (clone NCAM16.2), HLA-DR-FITC (clone L243), CD20-APC-
Cy7 (clone L27), CD123-PE (clone 9F5), CD38-PE-Cy7 (clone HB7), CD69-APC (clone L78), CD8-APC-Cy7
(clone SK1) (BD); CD16-BV421 (clone 3G8), CD14-BV500 (clone M5E2), CD4-BV605 (clone RPPA-T4),
CD8-BV711 (clone RPA-T8), CD19-BV786 (clone SJ25C1), PD-1(CD279)-BV421 (clone EH12.1),
ICOS(CD278)-BV711 (clone DX29), CD127-BV786 (clone HIL-7R-M21), CD25-BB515 (clone 2A3) (BD Biosci-
ences); CD45-AlexaFlour700 (clone HI30), Bclé6-AlexaFlour647 (clone K112-91), CD45RA-AlexaFlour700
(clone HI100), CD25-PE-Cy5 (clone M-A251), PD-1(CD279)-AlexaFlour647 (clone EH12.1), Ki67-FITC (clone
B56) (BD Pharmingen); CXCR5(CD185)-PE/Dazzle594 (clone J252D4), CD134(OX40)-BV421 (clone Ber-
ACT35) (BioLegend); CD39-PE-Cy7 (clone eBioA1) (Invitrogen); CCR5(CD195)-PE (clone REA245),
CCR5(CD195)-PE-Vio770 (clone TM) (Miltenyi Biotec).

Antibodies used for immunophenotyping and enumeration of LN FNB and peripheral blood samples
were titrated to stain <100uL of cell suspension. Cell suspensions were incubated with surface antibodies
for 15 min at room temperature (RT) in the dark. To lyse red blood cells, 200pL of OptiLyse® C (Beckman
Coulter) was added to the TruCount™ (BD Biosciences, CA, USA) tubes used for enumeration and 2mL of
FACS Lyse Solution (Becton Dickinson) was added to all remaining tubes and were incubated for 10 min
at RT in the dark. TruCount™ tubes were fixed with 0.5-1mL of 0.5% paraformaldehyde (PFA). Cells
treated with FACS Lyse were washed with 2 mL of Dulbecco’s phosphate-buffered saline supplemented
with 0.5% bovine serum albumin (Sigma-Aldrich) and 0.1% sodium azide (Sigma-Aldrich) (PBA) by centri-
fugation at 335 x g for 7 min at 25°C. After the supernatant was discarded, cell pellets were resuspended
in residual volume, and the remaining tubes were stained for intracellular or intranuclear proteins. The
Human FoxP3 Buffer Set (BD Pharmingen™) was used for intracellular and intranuclear staining following
surface antibody staining. Buffer A and Buffer C from the kit were made according to the manufacturer’s
instructions. Cell suspensions were washed with 2 mL of PBA at 400 x g for 7 min at 25°C, followed by
incubation with intracellular or intranuclear antibodies of interest for 30 min at RT in the dark. 2 mL of
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PBA was added to each tube for centrifugation at 400 x g for 7 min at 25°C. The supernatant was dis-
carded, cells were resuspended in 150 plL of 0.5% PFA prior to analysis. All samples were run on a BD
LSRIl or BD Fortessa-X20 flow cytometer. FCS files were analysed using BD FlowJo version 10.7.1.

Functional assays

Antigen-specific CD4+ T cells were detected as previously described (Zaunders et al., 2009), identified by
the expression of CD3, CD4, CD25 and CD134, following 44-h incubation with or without antigen. NaHep-
anticoagulated peripheral blood was diluted with equal volume of Iscoves Modified Dulbecco’s Medium
(IMDM,; Gibco, Life Technologies). 250uL of diluted blood was dispensed into a 48-well flat bottom tissue
culture plate and incubated without antigen, polyclonal superantigen staphylococcal enterotoxin B (SEB;
Sigma Aldrich), the combination of five influenza-A virus peptides (Miltenyi Biotec; described in Table) or
Influenza A Viral Lysate (Zaunders et al., 2009) (Commonwealth Serum Laboratories). At the end of the 44-h
incubation, 100ul of diluted blood was stained for cell surface proteins, as previously described (Zaunders
et al., 2009; Xu et al., 2013b). Briefly, 100uL of diluted blood was incubated with surface antibodies for
15 min at RT in the dark. Red blood cells were lysed with 2mL of FACS Lyse Solution incubated for
10 min at RT in the dark. Cells were washed with 2mL of PBA by centrifugation at 335 x g for 7 min at
25°C. After the supernatant was discarded, cell pellets were resuspended in residual volume and fixed
with 250puL of 0.5% PBA. A positive result in experimental antigen cultures was defined as greater than
20 cells that were CD25 + CD134+ and twice the background of the same population of the culture without
antigen.

iScience

Table. Functional T cell assay stimulants

Catalog Stock Final
Culture Antigen Supplier number concentration concentration
No stimulation N/A N/A N/A N/A N/A
Staphylococcal (SEB) Sigma-Aldrich S4881 Tmg/mL Tug/mL;
enterotoxin 0.25pg/250 pl culture
B (SEB)
Influenza A H1N1 PepTivator Influenza A Miltenyi Biotec 130-099-803 30nmol/mL 50pg/mL;
peptide pool (H1N1) Haemaglutinin (HA) 12.51g/250 pl culture
PepTivator Influenza A Miltenyi Biotec 130-099-806 30nmol/mL 50pg/mL;
(H1N1) Neuraminidase (NA) 12.5pg/250 pl culture
PepTivator Influenza A Miltenyi Biotec 130-097-285 30nmol/mL 50png/mL;
(H1N1) Matrix Protein 1 (MP1) 12.519/250pL culture
PepTivator Influenza A Miltenyi Biotec 130-099-812 30nmol/mL 50pg/mL;
(H1N1) Matrix Protein 2 (MP2) 12.519/250 pl culture
PepTivator Influenza A Miltenyi Biotec 130-097-278 30nmol/mL 50pg/mL;

(HTN1) Nucleoprotein (NP)

Quality control of LN FNB

Evaluation of viability of LN FNB samples can be seenin Figure S1. Samples were collected and cultured for
44 h post FNB procedure with no antigen and then viability of cells was assessed. FNB LN samples were
stained with Live/Dead Aqua (BV510; Thermo Fischer), CD3 PERCP-Cy5.5 and CD4 BV605. Viability was
100% at 44 h post collection. Figure S1 is representative of 8 experiments using cells from both draining
and contralateral LNs (n = 16). The median viability of these cells was 99.25% (range = 95.6%-100%).

NK cell, neutrophil and monocyte to lymphocyte ratio in LN and PB samples were used to determine pres-
ence of blood contamination (Figures S2A and S2B). The ratio of NK cells to lymphocytes was significantly
higher in PB than in the FNB samples at both baseline and day 5 (Figure S2C). Similarly, a significant differ-
ence between PB and FNB samples was observed for neutrophil/lymphocyte (Figure S2D) and monocyte/
lymphocyte (Figure S2E) ratios at both timepoints.
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Lymphocyte subsets are present in different proportions in lymphoid tissue and peripheral blood due to
the specialised functions of each compartment. Lymphocytes were defined as CD45+ cells, CD4+ T cells
were defined as CD45+CD3+CD4+, CD8+ T cells were defined as CD45+CD3+CD8+ and B cells were
defined as CD45+CD20+ cells. CD4+ T cells were the most common cell type detected in the lympho-
cyte compartments of both LN and PB ( Figure S2G). CD4+ T cell frequencies were significantly higher in
LN samples (draining LN median = 58.4%; contralateral LN median = 65.6%) than in PB (median =
50.9%,; Figure S2G). CD8+ T cells made up the smallest proportion of lymphocytes in LN samples (drain-
ing LN median = 7.39%; contralateral LN median = 6.51%) and was significantly lower than in PB (me-
dian = 21.7%; Figure S2QG). Finally, proportions of CD20+ B cells were significantly higher in LN samples
(draining LN median = 19%; contralateral LN median = 16.7%) compared to PB (median = 11.7%;
Figure S2G).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics

For comparisons between responses at baseline and day 5 in draining and contralateral lymph nodes, Wil-
coxon signed rank test was used to assess differences between sample pairs. Due to the paired nature of
the data, day 5 samples were only included in this analysis if they had a baseline result available. For com-
parisons across three or more subsets (eg. draining, contralateral and peripheral blood samples), we first
performed Friedman’s test, testing for overall differences between the three or more subsets, and where
this was statistically significant, we performed pairwise comparisons using Dunn’s multiple comparison
adjustment for p-values. Correlations between subsets were assessed using Spearman’s non-parametric
correlation coefficient. All statistical analyses were performed using Prism v8.4.2, and statistical significance
was set at a two-sided p <0.05. Statistical details of the analyses can also be found in the figure legends.
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