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Elucidating the immune mechanism by which seasonal
influenza vaccines induce a protective immune response is of
great importance to gain insights into the design of next-
generation vaccines conferring more effective and long-lasting
immune protection. Recent studies have established that T
follicular helper (Tfh) cells play a major role for the generation of
antibody response following influenza vaccination. Yet, the
evidence is gained largely through the analysis of blood
samples, and our knowledge on the role of Tth cells in influenza
vaccination is still largely limited to the generation of antigen-
specific plasmablasts. Recently, influenza vaccination was
shown to induce the expansion of two types of memory B cells
in addition to plasmablasts. It is plausible that activated Tth
cells that remain in the lymph nodes after vaccination, a cell
population missed in the analysis of blood samples, might also
contribute to the diversification of memory B cell repertoire.
However, current evidence shows no increase of somatic
hypermutation of the expanded memory B cell clones,
suggesting that this mechanism is not efficiently active in
current influenza vaccines.
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Introduction

Influenza continues to be a major global health problem
with 3-5 million severe cases and up to 500000 deaths
globally every year [1,2]. Vaccination is considered to
provide protection by generating or boosting influenza-
specific antibodies (Abs). However, effectiveness of influ-
enza vaccines has been poor, for example as low as 10% in
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2013-2014 and 7% for 2014-2015 for the H3N2 [3].
Furthermore, the Ab response induced by current sea-
sonal vaccines containing inactivated viral components is
generally short-lived and does not provide long-lasting
immunity. Therefore, it is of great importance to eluci-
date the immune mechanism by which current seasonal
vaccines induce immune protection and to define the
strategies to achieve more effective and long-lasting
immune protection by next-generation vaccines. Recent
evidence convincingly shows that T' follicular helper
(Tth) cells play a fundamental role in Ab response fol-
lowing seasonal influenza vaccinations. Importantly,
these studies have started revealing the cause of limita-
tions in the effectiveness of current influenza vaccines.
Yet, our knowledge regarding the role of Tth cells in
influenza vaccination is mainly gained from the analysis of
blood samples at baseline and post-vaccination and lim-
ited to their contribution to Ab-producing plasmablasts.
Recent studies revealed that Influenza vaccines expand at
least two types of memory B cells in addition to plasma-
blasts. It is possible that activated Tth cells that remain in
the lymph nodes after vaccination might also contribute
to the expansion of these memory B cell subsets. In this
review, | will first summarize the recent findings on the
analysis of circulating Tfh1 cell (¢ Tfh1) cells activated by
influenza vaccines and on their role for the generation of
plasmablasts. Then I will describe the recently charac-
terized two memory B cell subsets expanded by influenza
vaccination and discuss how T'th cells might contribute to
the diversification of memory B cell repertoire.

Tfh cells and extrafollicular helper cells

Tth cells are essential for the selection of high-affinity B
cell clones undergoing somatic hypermutation (SHM) in
GCs (reviewed in Refs. [4-6]). Within the light zone of
germinal centers (GCs), B cells recognize and retrieve
antigen displayed on follicular dendritic cells [7]. GC B
cells processed the antigen and present the peptide-
MHC class IT complex on the cell surface, the density
of which correlates with the affinity of the B cell receptor.
Tth cells in GCs contribute to the selection of high-
affinity B cells by providing a preferential help to B cells
displaying a high density of peptide-MHC class II com-
plex. The selected high-affinity B cell clones eventually
differentiate into either long-lived plasma cells that pro-
duce high-affinity Abs for many years. The contribution
of Tth cells to the differentiation of the selected GC B
cells into plasma cells at post-GC period remains unclear.
Extrafollicular helper cells, another Tfh-lineage CD4" T
cell subset, induce the differentiation of extrafollicular
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plasma cells outside B cell follicles [4-6]. Extrafollicular
helper cells share the phenotype, gene profiles, and the
functions with GC Tfh cells, and the extrafollicular
mechanism mainly contributes to the early generation
of specific antibodies after primary antigen challenge.

Tfh cell response after influenza vaccination
Part 1: What is visible: cTfh1 cells for plasmablast
generation

Part 1-1: Activation of cTfh1 cells

"T'th cell precursors as well as mature Tth cells in GCs can
exit lymphoid organs into blood circulation. These emi-
grant 'T'fh cells are present in human blood as CXCR5"
CD4" CD45RO* memory T cells (termed circulating
Tth: c'Tth cells) [8,9]. Although a fraction eventually
becomes memory Tth cells, some of which are remark-
ably long-lived including those induced by smallpox
vaccination [10], ¢'Tth cells do not express Bcl-6 unlike
"T'th cells in lymphoid organs. Thus, Bcl-6 is not required
for the maintenance of memory c'Tth cells.

Human cTth cells are composed of distinct subsets with
unique phenotype and functions [8,9]. Among those, a
subset expressing the chemokine receptor CXCR3, called
cTthl cells [9], express the transcription factor T-bet and
produce IFN-y. Multiple lines of recent evidence show
that ¢'T'th1 cells play a central role for the generation of Ab
responses after influenza vaccinations, likely before they
exit from lymphoid organs. Vaccination with trivalent
inactivated influenza vaccines, including ones adjuvanted
with MF59, induces a transient increase of the activated
cTthl cells expressing Ki-67, PD-1, CD38, and ICOS in
blood [11°°,12-14,15°°,16°%,17]. The emergence of the
activated c'T'fhl cells peaks at day 7 post vaccination,
and importantly, an increase of this population at day
7 positively correlated with an increase of Ab titers at day
28 [12,16°°,17,18]. Antigen-specificity of the activated
cTfhl cells at day 7 has been extensively examined by
using multiple methods including the CD154 assay, the
activation-induced marker assay, specific MHC class 11
tetramers, and TCR B chain sequencing [11°%,12,15°°].
These studies concluded that activated ¢'T'th1 cells were
highly enriched with cells specific for influenza antigens.

The induction of the activated c'Tth1 cells post-vaccina-
tion was found hampered in an immunocompromised
host such as the elderly [18] and HIV™ subjects [19],
but partially rescued by increased vaccine dose [17].
Furthermore, the cTfhl cells activated by vaccination
in the elderly displayed impairment in the helper capacity
to induce B cells to produce Igs, and there was no
correlation between the increase of the activated ¢'T'thl
cells at day 7 and the increase of Ab titers at day 28 [18].
These observations show that intact ¢'T'fh1 cell activation
and function is required to induce an optimal Ab
response.

Part 1-2: The role of cTfh1 cells for Ab production

The activated cTfhl cells at day 7 post-vaccination
express multiple cytokines including IL-2, 1L.-10, IL-
21, and IFN-y [12]. While Bcl-6 expression remains
minimal, the activated cTthl cells express T-bet
[12,15°°]. Importantly, the activated c'T'fhl cells effi-
ciently induce memory B cells loaded with influenza
antigens to produce influenza-specific IgG n vitro by
producing I1.-21 and IL.-10 [11°%,12]. However, the acti-
vated ¢Tthl cells lack the capacity to provide help to
naive B cells likely due to insufficient I1.-21 production
[12]. Previous studies show that resting ¢'T'thl cells in
healthy subjects are poor to provide help to memory B
cells and null to naive B cells iz vizro [9,13,20]. Thus, the
capacity of cTfhl cells to promote Ab response is very
limited as compared to other ¢'T'th subsets, and cTthl
cells can provide help to memory B cells but not naive B
cells only when activated. This likely explains why the
current influenza vaccines poorly induce Ab response in
infants who have not developed influenza-specific mem-
ory B cells.

How and where do the activated ¢'Tth1 cells provide help
to memory B cells? Because of frequent vaccinations and
occasional natural infections, healthy adults display a
broad repertoire of memory B cells that cross-recognize
HA of various influenza strains at different affinities [21].
The success of influenza vaccination is likely dependent
on the expansion of memory B cells with high affinity
BCRs to HA and on their differentiation into plasma-
blasts. Analysis of polyclonal serum Ab avidity with a real-
time kinetics assay by surface plasmon resonance showed
that the avidity of HA-specific Abs increases within 7 days
post-vaccination but no further afterward [11°°]. Rapid
kinetics in the increase of Ab avidity suggests that the
major Ab response likely occurs at the T:B border but not
within GCs after influenza vaccination. Importantly, the
increase of the activated ¢'T'thl cells strongly correlated
with the increase in the avidity of Abs at day 7 [11°°].
Thus, perhaps similar for the selection of high-affinity
clones in GCs [7], high-affinity B cell clones have an
advantage over low-affinity clones in retrieving and pre-
senting antigens to T cells at the T:B border, and the
activated c¢'T'fhl cells preferentially interact with high-
affinity clones and induce their expansion and differenti-
ation (Figure 1). The same kinetics in the emergence of
activated cT'fhl cells and plasmablasts in blood [12,13]
further suggest their interactions at the same sites in
lymphoid organs.

Part 1-3: Generation of memory cTfh1 cells

The frequency of the activated cTthl cells rapidly
declines after day 7 in blood [12,16°°]. Nonetheless, when
assessed by the CD154 assay, influenza-specific ¢Tth
cells were still detectable even at day 60 post-vaccination,
suggesting that a fraction of the activated c¢'T'fth1l cells
remained as resting memory cells [11°°]. Consistently, a
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Roles of Tfh cells in humoral response after influenza vaccination.

Healthy subjects display a broad range of pre-existing memory B cells recognizing influenza antigens with different affinities (indicated by different
colors). Influenza-specific Tfh1 cells become activated and expanded within 7 days post-vaccination. Current evidence suggests that cTfh1 cells
are mainly involved in the selection of high-affinity B cells and their differentiation toward plasmablasts. High-affinity B cells likely have an
advantage over low-affinity cells to retrieve and present antigens to Tfh1 cells, and a prolonged interaction between high-affinity memory B cells
and Tfh1 cells might promote B cell differentiation toward plasmablasts. These interactions likely occur at the T:B border, but not within GCs, and
both the activated Tfh1 cells and plasmablasts exit the lymph nodes at day 7 post-vaccination. By contrast, where and how influenza vaccination
induces the expansion and/or generation of influenza-specific CD27*CD21'° B cells and CD27*CD21" classical memory cells, and how Tfh cells
contribute to their generation remain unclear. Regarding the contribution of Tfh cells, two models can be considered. In model 1, memory B cells
with lower affinities may briefly interact with the activated Tfh1 cells before Tth1 cells exit from the lymph nodes. This short interaction might be
sufficient for expansion of CD27+*CD21" classical memory B cells and differentiation toward CD27*CD21'° B cells. In models 2, memory B cells
with lower affinities may primarily interact with a Tfh subset that remains in the lymph nodes for an extended period (indicated as Tfhx). Tfhx cells
might be a part of the activated Tfh1 cells or different Tfh subsets. The Tfhx cells might be involved in the formation of GCs and contribute to the
generation of CD27*CD21'° B cells. In either model, the current evidence suggests that the diversification of memory B cell repertoire through this
mechanism by the current influenza vaccine is suboptimal. While this illustration shows the development of GCs at day > 14 days, the magnitude
of GC response seems low. PB: plasmablast.

recent study further demonstrated by performing TCR B
chain sequencing that the same clones became a part of
the activated c'T'thl cells at day 7 post-vaccination after
every vaccination in healthy adults who received succes-
sive annual vaccinations. Furthermore, these clones were
found to be present mainly within the resting
ICOS CD38™ cTth cell population at 1-year post-vacci-
nation [15°°]. Thus, influenza-specific memory T'th cells
remain in the blood for at least 1 year at a resting state and
can be recalled after successive vaccinations. Whether the
resting influenza-specific memory Tth cells are induced
originally by influenza infection or by the vaccinations
remains unknown. Given the central role of ¢’ Tthl cells
for the generation of Ab response after influenza vaccina-
tion, it will be of great significance to define the immune
mechanisms associated with the generation and the main-
tenance of influenza-specific memory c'Tthl cells.

Part 2: What is invisible: Tfh cells in the generation of
humoral memory

Part 2-1: Two influenza-specific memory B cells emerging
after vaccination

Recent studies demonstrated that influenza vaccination
induces not only influenza-specific plasmablasts but also
expands at least two types of influenza-specific memory B
cells [16°%,22°°,23°°]. Whereas CD20°CD38™CD27*
plasmablasts emerge in blood at day 7 and disappear from
blood afterward [24], two HA-specific CD20"CD38"
memory B cell subsets, CD27*CD21™ classical memory
cellsand CD27*CD21' cells, emerge at day 7, peak at day
14-28, and remain high in blood circulation for at least 60—
90 days [16°%,22°°,23°°]. Unlike plasmablasts, both HA-
specific memory B cell subsets expanded after vaccina-
tion do not produce Abs unless re-activated iz vitro, for
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example, by TLRO ligand CpG, soluble CD40, and IL.-21
[16°°,22°%,23°°].

HA-specific CD27*CD21" cells B cells induced by influ-
enza vaccination were found to display distinct features
from HA-specific CD27*CD21™ classical memory cells
[22°°]. CD27*CD21" B cells diminish the expression of
receptors including CXCR4, CXCR5, CCR7, and L-
selectin, which are associated with trafficking into GCs
and lymphoid organs. HA-specific CD27*CD21" B cells
express more T-bet than HA-specific CD27*CD21" clas-
sical memory B cells. Given that T-bet functionally
antagonizes Bcl-6 [25], a transcription factor required
for GC B cell differentiation, high T-bet expression
seems to provide another layer of mechanisms to seques-
ter CD27'CD21" B cells from GCs. By contrast,
CD27*CD21'" B cells express higher levels of molecules
associated with plasma cell differentiation, including
PRDMI (encoding Blimp-1), XBPI, BCMA, and
IL6R. In accordance with these observations, Lau ez a/.
proposed that CD27*CD21" B cells are precursors of
long-lived plasma cells [22°°].

The frequency of HA-specific CD27*CD21'" B cells and
CD27*CD21" classical memory cells in blood gradually
decreases with time and goes back to the baseline post 1-
year  vaccination [16°°]. Indeed, HA-specific
CD27*CD21" B cells express higher FAS than
CD27°CD21" classical memory cells and thus are likely
more prone to apoptosis [22°°]. Alternatively, Koutsakos
et al. proposed that these memory B cells might distribute
to other organs such as spleen and lung because HA-
specific memory B cells were found in these organs in
deceased organ donors [16°°]. Although HA-specific
memory B cells present in organs were mainly
CD27°CD21" classical memory B cells, these cells
may contain cells derived from CD27°CD21" B cells.

Part 2-2: Clonal relationship between plasmablasts and the
two memory B cell subsets

To gain insights into the origin and the clonal overlap of
the B cell subsets expanded by influenza vaccination, two
studies analyzed /GH gene rearrangements of the B cells.
To this end, Lau & al. sorted CD20°CD38"CD27*
plasmablasts at day 7 and CD27*CD21" B cells and
CD27*CD21" classical memory cells at day 14 [22°°].
Ellebedy er al. sorted HA-specific plasmablasts at day
7 and HA-specific CD20" B cells at day 14, a population
likely a mixture of CD27°CD21" B cells and
CD27*CD21" classical memory cells [23°°]. Both studies
showed some clonal overlap (~20-30%) between plasma-
blasts and the two memory B cell subsets [22°°,23°°],
indicating that a B cell clone can generate both plasma-
blasts and other B cell subsets. However, plasmablasts
and memory B cells were found to be composed of largely
distinct clones [22°°,23°°]. The clones found in day 7 HA-
specific plasmablasts and day 14 HA-specific CD20" B

cells were present at baseline within IgD-memory B cell
population [23°°], indicating that both populations were
derived from memory B cells. Strikingly, no substantial
differences were found in the frequency of IGHV SMH
among day 7 plasmablasts and day 14 CD27*CD21™
memory and CD27*CD21" memory B cell subsets
[22°°]. Furthermore, no increase of SMH was observed
within HA-specific CD20" B cells after influenza vacci-
nation [23°°]. This does not appear simply due to an
extensive SMH of HA-specific memory B cells before
vaccination, as even clones with less SMHs did not
increase the mutations.

Part 2-3: Roles of Tfh cells in the expansion of memory B cell
repertoire?

How do CD27*CD21' B cells and CD27*CD21" classical
memory cells get expanded after influenza vaccination?
Although it is largely considered that memory B cell acti-
vation requires T cell help [26], the nature of T cells
associated with the expansion of antigen-specific memory
B cells is unknown. Interestingly, Koutsakos ez a/. reported
that there was a positive correlation between the increase of
theactivated ¢'T'th1 cells day 7 and the increase of HA-IgG*
CD27*CD21" B cells and CD27*CD21"™ classical memory
cells at day 14 [16°°]. Thus, it is possible that ¢'T'th1 cells
also contribute to the expansion of these B cell clones
(Model 1 in Figure 1). The difference in the kinetics
between plasmablast and the two memory B cells could
be explained by the difference in the requirement of CD4*
T cell help. A recent study in mice demonstrated that a
prolonged interaction with Tth cells inhibit the differenti-
ation of B cells toward GC B cells but rather promote their
differentiation into plasmablasts [27]. There is also evi-
dence that memory B cells with high affinity for the antigen
show a propensity to differentiate into plasmablasts,
whereas low-affinity B cell clones become either memory
B cells or GC B cells [26]. Thus, in influenza vaccination, it
is possible that difference in the quality and the duration of
helper signals provided by ¢'Tth1 cells determines the fate
of memory B cell clones. Memory B cells with high-affinity
BCR may undergo prolonged interactions with influenza-
specific ¢ T'th1 cells, and differentiate into plasmablasts. By
contrast, memory B cells with low-affinity BCR may receive
only suboptimal amounts of help from ¢'T'th1 cells, expand
after c'T'fh1 cells exit from lymph nodes, and emigrate into
blood circulation.

In contrast, it is possible that a fraction of influenza-
specific Tth cells remain in the lymph nodes for an
extended period and contribute to the expansion of
memory B cell clones (Model 2 in Figure 1). This might
be a fraction of the activated c'Tthl cells. Alternatively,
this might be mediated by a different Tfh subset (for
example lymph-resident memory Tth cells [28-30])
whose activity correlates with the activity of ¢'T'thl cells
after influenza vaccination. An interesting observation is
that CD27*CD21" B cells expanded post-vaccination
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displayed a unique pattern of SHM distinct from plasma-
blasts and CD27*CD21M classical memory B cells [22°°].
Thus, current influenza vaccination seems capable of
increasing clonal diversity at some extent of influenza-
specific memory B cell repertoire by inducing
CD27*CD21" B cells. Accordingly, Lau e a/. proposed
that CD27*CD21" B cells are derived from ongoing GC
response. Nonetheless, current evidence shows that the
influenza vaccine does not induce massive GC response.
A paired analysis of the biopsied draining LN samples
between baseline and 14 days post-vaccination showed no
difference in healthy subjects and a decrease in HIV*
subjects of the frequency of GC Tth cells [31], although
the sample number was low (4 healthy and 6 HIV®
subjects). Furthermore, as described earlier, the vaccina-
tion did not increase of SMH rate in HA-specific memory
B cells after vaccination [23°°], and there was no differ-
ence in the frequency of SHM between plasmablasts and
CD27*CD21'" B cells [22°°]. Thus, the precise location
and the molecular requirement for the generation of
CD27*CD21" B cells remain unclear. As HA-specific
memory B cells in blood seem to contain heterogenous
subsets differently expressing CD21 and CD27 [16°°], it
is possible that a unique SHM pattern of CD27*CD21'° B
cells at day 14 post-vaccination might be derived from the
difference in the progenitors. Collectively, the mecha-
nism to diversify memory B cell pool seems suboptimal in
the current influenza vaccines.

Conclusions

Current evidence shows the significance of ¢’ Tth1 cells for
Ab response in seasonal influenza vaccines. What is well
established is that ¢'Tth1 cells interact with influenza-
specific memory B cells and promote their differentiation
into plasmablasts. However, this mechanism requires the
presence of influenza-specific memory T cells and B cells
and explains at least partly why the effectiveness of
current influenza vaccines is limited. This mechanism
does not operate in subjects naive to influenza viruses for
example in infants. Impaired function and activity in
memory T and B cells in an immunocompromised host
and elderly also causes suboptimal Ab response. Further-
more, current evidence suggests that T'th cell response
induced by influenza vaccination seems far from optimal
to increase the diversity of memory B cells. It will be
important to define how Tfh cells contribute to the
expansion of CD27°CD21" B cells and CD27*CD21™
classical memory cells, and how we can optimize the Tth
cell response to induce a potent Ab response and to
diversify memory B cell repertoires.
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