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SUMMARY

T follicular helper (Tfh) cells are a CD4"* T cell subset
critical for long-lived humoral immunity. We hypoth-
esized that integrins play a decisive role in Tfh cell
biology. Here we show that Tfh cells expressed a
highly active form of leukocyte function-associated
antigen-1 (LFA-1) that was required for their survival
within the germinal center niche. In addition, LFA-1
promoted expression of Bcl-6, a transcriptional
repressor critical for Tth cell differentiation, and
inhibition of LFA-1 abolished Tfh cell generation
and prevented protective humoral immunity to intes-
tinal helminth infection. Furthermore, we demon-
strated that expression of Talin-1, an adaptor protein
that regulates LFA-1 affinity, dictated Tth versus Th2
effector cell differentiation. Collectively, our results
define unique functions for LFA-1 in the Tfth cell
effector program and suggest that integrin activity
is important in lineage decision-making events in
the adaptive immune system.

INTRODUCTION

T follicular helper (Tfh) cells are a distinct effector subset of the
CD4" T cell lineage that uniquely serve to promote long-lived
humoral immune responses (Crotty, 2011). In contrast to other
T effector (Teff) cells that egress from the secondary lymphoid
organs (SLOs) following activation by dendritic cells, Tth cells
occupy a specialized niche within the SLOs by migrating deep
into the B cell follicle. Within this niche, cognate interactions
with antigen-presenting B cells drives the germinal center (GC)
reaction and this response must be maintained to generate affin-
ity matured memory B cells and plasma cells (Liu et al., 2015;
Shulman et al., 2014). Although the Tfh effector program is
critical for antibody-mediated protection against extracellular
pathogens, uncontrolled Tth cell responses can lead to immuno-
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pathology and autoimmune disease (Tangye et al., 2013). Thus it
is essential to understand the regulatory mechanisms involved in
Tfh cell differentiation as well as maintenance to promote health
and prevent disease.

The transcription factor B cell ymphoma (Bcl)-6 is indispens-
able for Tth cell differentiation and represses key signaling path-
ways that drive alternative CD4" effector cell fates (Hatzi et al.,
2015; Johnston et al., 2009; Nurieva et al., 2009; Yu et al.,
2009). In contrast to other effector subsets in which cytokine
signaling drives expression of lineage-specific transcription fac-
tors required for their differentiation, specific cytokines that
selectively polarize Tfh cells have not been identified. By contrast,
proteins associated with co-stimulation or intercellular adhesion
such as CD28 and ICOS promote the initiation and persistence
of Tth cells (Choi et al., 2011; Linterman et al., 2014; Linterman
etal., 2009). However, whether CD28 and ICOS signaling directly
regulate Bcl-6 expression is not clear. In addition, SLAM family
members are critical for sustained T-B cell interactions and GC
formation, but are not required for initiation of Tfh cell differentia-
tion (Cannons et al., 2010; Qi et al., 2008). Thus, factors that pro-
mote Tth cell lineage specification remain to be determined.

Integrins are heterodimeric receptors expressed by leuko-
cytes and play essential roles in leukocyte migration, tissue
retention and immunological synapse formation (Evans et al.,
2009). One member of the integrin family, leukocyte function-
associated antigen (LFA)-1, is composed of the aL and 2 sub-
units and has been shown to be a potent intercellular adhesion
and co-stimulatory molecule for T cell activation in vitro (Dubey
et al., 1995; Dustin and Springer, 1989). These findings have
been substantiated by in vivo studies in which deficiency in either
subunit compromises T cell priming and is associated with
decreased antigen-specific antibody production in humans
and mice (Fischer et al., 1986; Kandula and Abraham, 2004; Mor-
rison et al., 2015; Peters et al., 2012). Importantly, LFA-1 activity
is not only regulated by its expression but also by its conforma-
tion on the cell surface. Indeed, conversion to an open conforma-
tion by T cell receptor (TCR) or chemokine-mediated signaling
increases the binding affinity for various LFA-1 ligands of
the intercellular adhesion molecule (ICAM) family (Hogg et al.,
2011). However, the in vivo role of integrin activity in CD4"
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T cell lineage commitment, in general, and Tth cell biology spe-
cifically, has not been examined. Given the unique differentiation
requirements of Tth cells, we hypothesized that integrins play an
important role in elaborating the Tth effector cell program. Here
we demonstrate that Tth cells expressed a highly active form of
LFA-1 that promoted maintenance of this effector subset within
the GC niche. In addition, we found that LFA-1 activation
enhanced CD4* T cell expression of Bcl-6 in the context of
TCR triggering. Inhibition of LFA-1 signaling compromised Tfh
cell differentiation and prevented the generation of protective
humoral immunity to intestinal helminth infection. Finally, we
showed that deletion of Talin-1, an adaptor protein critical for
generating the high-affinity conformation of LFA-1, selectively
compromised Bcl-6 expression and Tth cell development during
infection. Our results reveal previously undefined functions for
the integrin LFA-1 in controlling the initiation and persistence
of Tfh cells and suggests an important target for controlling
T-dependent humoral immune responses.

RESULTS

Tfh Cells Exhibit Elevated Expression of the

Integrin LFA-1

We have previously shown that Tfh cells are the dominant
producer of interleukin-4 (IL-4) and IL-21 following infection
with the intestinal helminth Heligmosomoides polygyrus (Hp),
(King et al., 2010; King and Mohrs, 2009). To assess the integrin
profile expressed by Tfh cells compared to Teff cells, we used
IL-4 dual reporter (4get/KN2) mice (King and Mohrs, 2009). As
we have previously shown, GFP*huCD2~ T cells represented
CXCR5 PD-1" Teff cells that are enriched for the Th2 cell tran-
scription factor Gata3, whereas GFP*huCD2* T cells were
CXCR5*PD-1* Tfh cells expressing high amounts of Bcl-6
(King and Mohrs, 2009) (Figure 1A). Because integrins are a fam-
ily of proteins composed of various combinations of 10 distinct o
and B subunits (Barczyk et al., 2010), we examined the expres-
sion of these integrin subunits by naive and effector CD4*
T cell populations from the mesenteric lymph nodes (mLN) of
Hp-infected mice. Our analysis revealed that GFP*huCD2~ Teff
cells expressed a wide array of integrins including 1, B2, and
B3 family members. By contrast, GFP*huCD2* Tfh cells ex-
pressed a very limited repertoire that was similar to naive
GFP™ T cells with the exception of elevated expression of both
oL and B2 that together form the integrin LFA-1 (Figures 1B
and 1C).

Many of the mechanisms underlying Tfh cell differentiation and
function are conserved between mice and humans (Tangye
et al., 2013). Therefore, we questioned whether a similar pattern
of LFA-1 expression observed in our animal studies also applied

to human Tfh cells. Previous studies indicate that tonsillar
CD45RACXCR5" CD4* T cells have phenotypic and functio-
nal properties indicative of Tfh cells in comparison to
CD45RA"CXCR5'"° effector and CD45RA* naive T cells (Ma
et al., 2009). Therefore, CD4* T cells were isolated from human
tonsils and segregated into distinct subsets based on CD45RA
and CXCR5 expression (Figure 1D). Whereas CD45RA* naive
T cells expressed low amounts of LFA-1 subunits, both oL and
2 integrin expression correlated with increasing CXCR5 expres-
sion with the highest amounts being present on the surface of
CD45RA~CXCR5" Tth cells (Figures 1E and 1F). Thus, uniquely
high expression of LFA-1 by Tfh cells is conserved across mouse
and human species.

LFA-1 Promotes the Survival of Tfh Cells within the GC
Niche

Tth cell persistence drives the GC reaction and is critical for effi-
cient selection of protective antibody clones (Baumjohann et al.,
2013; Fahey et al., 2011). Thus, we questioned whether this
pathway plays a role in maintaining the Tfh cell pool during an
ongoing GC reaction. Both flow cytometry and confocal micro-
scopy showed that acute blockade of either oL and 2 subunits
of LFA-1 at the peak of the GC response resulted in a significant
loss of mLN and GC Ttfh cells 24 hr after treatment (Figures 2A
and 2B). Loss of Tfh cells was not due to direct antibody-medi-
ated cytotoxicity because in vitro incubation of mLN cells from
Hp-infected mice with anti-aL had no impact on the frequency
or number of CXCR5*huCD2* T cells or their expression of active
caspase-3, an indication of apoptosis (Figures S1A and S1B).
These results were coupled with a small, but significant decrease
in the number of GC B cells within this time period (Figure 2C).
However, we also observed a small but significant loss of GFP*
huCD2™ Teff cells (Figure 2A). As LFA-1 delays lymphocyte
egress from the lymph nodes (Reichardt et al., 2013), we exam-
ined whether the decrease in mLN Teff and Tth cells following
acute LFA-1 blockade could be due to increased egress. We first
measured CD69 expression which promotes T cell retention
within lymph nodes (Shiow et al., 2006). Although CD69 expres-
sion did not change in the remaining Tfh cell population after
acute LFA-1 blockade, decreased CD69 expression was
observed in Teff cells following antibody treatment (Figure 2D).
This result suggested that loss of LFA-1 engagement might pro-
mote egress of Teff, but not Tfh, cell subsets. To further test this
possibility, we performed a series of studies in which Hp-in-
fected 4get/KN2 mice were treated with anti-oL antibody in
combination with FTY720, a sphingosine-1-phosphate receptor
(S1P1) agonist that inhibits T cell exit from the lymph nodes (Mat-
loubian et al., 2004). Although additional administration of
FTY720 restored and even increased the number of Teff cells,

Figure 1. Mouse and Human Tfh Cells Highly Express the Integrin LFA-1

(A-C) 4get/KN2 mice were infected with 200 L3 Hp larvae and harvested 2 weeks post infection. (A) Flow cytometric analysis of GFP and huCD2 expression by
CD4" cells (left panels). CXCR5 and PD-1 (middle panels) and Bcl-6 and Gata3 (right panels) expression by CD4*GFP*huCD2~ or CD4*GFP*huCD2* T cell
populations. Numbers within each representative dot plot indicate the frequency of each subset within the CD4"B220~ (left panel) or CD4*GFP*huCD2~ and
CD4*GFP*huCD2* (middle and right panels) T cells. (B and C) Integrin subunit expression (MFI) profile of subsets described in (A). Data shown are representative

of at least two independent experiments with four mice per group.

(D) Gating strategy of human tonsillar CD45RA*CXCR5'®" CD4*, CD45RA"CXCR5°Y CD4* and CD45RA"CXCR5" CD4" cell subsets.
(E) Representative histograms of the oL and B2 integrin subunit expression of T cell subsets outlined in (D). Gray histograms indicates isotype controls. (F) MFI of the
oL and B2 integrin subunits from the populations indicated. Dots indicate individual donors. ***p < 0.001, **p < 0.01 and *p < 0.05. Error bars, SD; ns, not significant.
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Figure 2. LFA-1 Maintains Tfh Cells within the GC Niche by Limiting Apoptosis

(A-D) 4get/KN2 mice were infected with Hp and administered anti-aL, anti-p2, or Rat IgG blocking antibodies i.p. at 2 weeks post-infection. mLNs were harvested
24 hr after antibody treatment and assessed by flow cytometry or confocal microscopy. (A) The number of GFP*huCD2~, GFP*huCD2*, and CXCR5"PD-1*
CD4*B220~ mLN cells. (B) Immunofluorescent images of mLN sections stained with GL7 (green), huCD2 (red), and CD35 (blue). (C) The number of B220*
GL7*1gD™ mLN cells 24 hr after anti-aL treatment. (D) Representative histograms of CD69 expression of the GFP*huCD2~ and GFP*huCD2* CD4* mLN cell
populations from rat IgG (unshaded histogram) or anti-aL (shaded histogram) treated 4get/KN2 mice 24 hr after treatment. Inset numbers represent MFI.

(E) The number of GFP~CD62L*, GFP*huCD2~, and GFP"huCD2* CD4* mLN cells from infected 4get/KN2 mice 24 hr after treatment with FTY720, anti-aL, or
both. Rat IgG was used as a control.

(F) Total cell counts of GFP*huCD2* CD4* mLN cells at the indicated time points post-administration of «L antibody to 2 week Hp-infected 4get/KN2 mice.
(G) Expression of STp7 mRNA in GFP*huCD2~ and GFP*huCD2* mLN CD4* T cell populations sorted from 2 week Hp infected 4get/KN2 mice relative to the
GFP"huCD2™ population.

(H) Representative contour plots gated on CD4*B220~ cells from the mesenteric lymph node and mesenteric efferent lymphoid vessels of 2 week Hp infected
4get/KN2 mice. Numbers represent frequency of the gated subset from the total CD4* population.

(legend continued on next page)
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the number of Tfh cells remained significantly decreased
(Figure 2E).

To further dissect the mechanism by which LFA-1 signaling
maintains the Tfh cell population, we determined the kinetics of
Tfh cell depletion after aL blockade. As shown in Figure 2F, Tfh
cell numbers began to decrease as early as 4 hr after anti-alL
treatment and were maximally depleted by 12 hr. Although inhib-
iting S1P-dependent lymph node egress during LFA-1 blockade
did not restore Tfh cell numbers, Tfth cells expressed low
amounts of STp7 compared to naive or Teff cells (Figure 2G).
Thus, it remained possible that these cells were exiting the drain-
ing mLN in an S1P-independent manner. To directly test this
possibility, we cannulated the efferent lymph vessels draining
the mLN and collected lymph fluid after LFA-1 blockade. Under
control conditions, egressing GFP*huCD2™ T cells were readily
detectable. In contrast, very few huCD2* Tfh cells could be
observed at any time point examined after anti-aL treatment
(Figures 2H and 2I). Thus, LFA-1 maintains the Tfh cell compart-
ment independent of leukocyte egress from reactive lymph
nodes.

LFA-1 signaling has been previously shown to promote the
survival of CD4* T cells (Winter et al., 2001). Consistent with hu-
man studies (Ma et al., 2009), Tth cells showed increased
expression of Fas, a dominant pro-apoptotic pathway in T lym-
phocytes (Krueger et al., 2003), compared to Teff cells following
Hp infection (Figure 2J). To test whether LFA-1 is important in Tfh
cell survival, we assessed active caspase-3 expression at 8 hr
post-LFA-1 blockade, a time point in which Tfh cells were
decreasing from the mLNs (Figure 2F). Consistently, there was
a significant increase in the frequency of active caspase-3*
Tfh cells after 8 hr of LFA-1 blockade, whereas the frequency
of caspase-3* Teff cells did not change (Figures 2K and S1C
and S1D). Thus, LFA-1 acts as pro-survival signal maintaining
the Tth cell population within the GC niche.

LFA-1 Is Required for Tfh Cell Differentiation and
Protective Humoral Immunity

We next questioned whether LFA-1 activation may also impact
Tfh cell differentiation during infection. Peyer’s patches (pp),
which constitutively harbor a robust population of Tfth and GC
B cells due to persistent stimulation by microbiota-derived anti-
gens, were first compared in WT and aL-deficient mice (Kubinak
et al., 2015). Compared to WT controls, pp from olL-deficient
mice had significantly fewer CXCR5*Bcl-6" Tth cells (Figure 3A).
To examine the loss of LFA-1 activity in an acute manner, we
infected 4get/KN2 mice with Hp and administered a blocking
antibody against oL at the time of infection and every other
day thereafter. At 7 days post-infection, LFA-1 blockade resulted
in a significant decrease in the frequency and number of Tfh cells

compared to control-treated mice (Figures 3B and 3C). Although
GFP*huCD2" effector cells were generated, their numbers were
similarly decreased (Figure 3B). Within the Treg cell population,
a small population of Foxp3*CXCR5*PD-1" T follicular regulato-
ry (Tfr) cells could be detected that was similarly decreased after
LFA-1 blockade (Figure 3D and S2A) (Chung et al., 2011; Linter-
man et al., 2011; Wollenberg et al., 2011). In addition, exclusion
of Foxp3* T cells from our analysis confirmed the selective loss
of Tth cells following LFA-1 blockade (Figure S2B).

The generation of both GC B cells and protective antibodies
requires Tfh-derived signals (Crotty, 2011). Consistent with a
loss of Tfh cell differentiation during LFA-1 blockade, the fre-
quency and number of B220*GL7*IgD~ GC B cells was signifi-
cantly decreased compared to control-treated mice (Figure 3E).
As parasite-specific immunoglobulin G1 (IgG1) is critical for
protective immunity against Hp (Pritchard et al., 1983), we as-
sessed the production of antibodies reactive against Hp larvae
excretory-secretory (HES) antigens (Hewitson et al., 2011).
Under these conditions, generation of both total and HES-spe-
cific IgG1 required LFA-1 (Figures 3F and 3G). We next tested
whether LFA-1 blockade during primary infection would
compromise protection upon reinfection. Indeed, mice treated
with anti-LFA-1 during primary infection carried a significantly
higher worm burden after reinfection (Figure 3H). Therefore,
LFA-1 signaling during the primary immune response is
indispensable for Tth cell differentiation and the generation of
protective humoral immunity to intestinal parasitic infection.

Tfh Cell Differentiation following Immunization

Requires LFA-1

Because we found that LFA-1 mediates Tfh cell differentiation
following Hp infection, we next evaluated another model of im-
mune challenge in which entry and egress to the site of immune
priming is independent of LFA-1 (Nolte et al., 2002). Parenteral
sheep red blood cell (SRBC) immunization induces a Tfh cell-
dependent GC response in the spleen 7 to 9 days post-challenge
(Yu et al., 2009). Consistent with our Hp infection studies, LFA-1
blockade resulted in a substantial decrease in the frequency and
number of Tfh cells at day 9 post-immunization (Figure 4A-4C).
By contrast, there was an increase in the number of Teff cells
(Figure 4C). Additionally, there was a complete inhibition of a
GC reaction in anti-aL treated mice (Figure 4D). To determine
whether the effect of LFA-1 blockade on Tth cell differentiation
was T cell-intrinsic, we purified CD4" T cells from WT or alL-defi-
cient mice and transferred them into TCR-B-deficient mice prior
to SRBC immunization. In this setting, Tfh cell differentiation and
GC B cell formation, but not Teff cell generation, were compro-
mised in the absence of T cell expression of LFA-1 (Figures 4E
and 4F). Thus, LFA-1 is required for the differentiation of Tth cells

() Frequency of huCD2* cells from the total GFP*CD4* cell population from the mesenteric efferent lymph at various time points following oL integrin blockade of

2 week Hp-infected 4get/KN2 mice.

(J) Fas expression (MFI) by Tth (CD4*B220~CD62L CD44*CXCR5*huCD2*) and non-Tth effector cells (CD4*B220~CD62L CD44*CXCR5 huCD2") from the

mLNs of 4get/KN2 mice 8 hr post aL blockade.

(K) Frequency of active caspase-3* Tfh (CD4*B220~CD62L CD44*CXCR5*huCD2* or CD4*B220~CD62L CD44*CXCR5*PD-1") and non-Tfh effector cells
(CD4*B220 CD62L CD44*CXCR5 huCD2~ or CD4*B220 CD62L CD44*CXCR5 PD17) from the mLNs of 4get/KN2 mice 8 hr post «L blockade. Dots in

graphs represent individual mice.

(A)-(J) are representative of at least two independent experiments and (K) shows representative data compiled from four independent experiments. ***p < 0.001,

**p < 0.01, and *p < 0.05. Error bars, SD ns, not significant. See also Figure S1.
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across multiple settings of immune challenge and occurs in a
CD4* T cell-intrinsic manner.

LFA-1 Is Required for Early Tfh and Th2 Cell
Differentiation following Hp Infection

Our initial assessment of the Tth cell response was performed at
the time of the peak GC response. However, prior studies have
shown a defect in early IL-2 and IFN-y production from CD4*
T cells lacking the B2 integrin subunit of LFA-1 (Kandula and
Abraham, 2004). Therefore, we questioned whether early events
in T cell differentiation prior to GC formation were also dictated
by LFA-1 signals. For these studies, we returned to Hp infection
of 4get/KN2 mice where both Th2 and Tfh cell expansion can be
observed. A kinetic analysis indicated that day 5 post-infection
was the earliest time point in which an increase in GFP and
huCD2 as well as lineage-specific transcription factor expres-
sion was detectable in CD44*CD4* T cells (Figures 5A and
S3A-S3F). Of note, this time point preceded GC development,
allowing us to separate the impact of LFA-1 on T cell differentia-
tion from T-GC B cell dynamics (Figures 5B and S3C). Consistent
with a prior study examining IL-2 production as a readout for
early T cell activation following immunization (Kandula and
Abraham, 2004), we similarly found that LFA-1 blockade abro-
gated the generation of IL-2 producing CD44"GFP* Teff cells
at day 5 post-infection (Figure 5C). In addition, development of
both IL-4 producing Tfh cells and Gata3* Th2 cells was abro-
gated in animals treated with anti-oL antibodies from the onset
of infection (Figures 5D-5F). To confirm that LFA-1 impinges
on DC-dependent T cell priming, we repeated these experiments
in 4get/KN2/uMT mice lacking mature B cells. The absence of
B cells compromised the total number of GFP*huCD2* and
CXCR5*Bcl-6* Tfh cells without affecting the number of
Gata3" Th2 cells generated during infection. However, LFA-1
blockade further decreased both early Tth and Th2 cell differen-
tiation (Figures 5G-5I). Collectively, these results indicate that
whereas acute LFA-1 blockade at the peak of the Tth cell
response plays a selective role in Tth cell maintenance, LFA-1
plays a broader role in early B cell-independent Tfh and Th2 dif-
ferentiation events during infection.

Tfh Cells Express a Highly Active Form of LFA-1

TCR and/or chemokine receptor stimulation triggers conforma-
tional changes to LFA-1, referred to as inside-out signaling,
that increase affinity for ligands such as ICAM-1 (Evans et al.,
2009). Because both Teff and Tth cells expressed high amounts
of LFA-1 subunits, we tested whether LFA-1 affinity was
enhanced in Tfh cells compared to other CD4* T cell subsets.

To this end, mLN cells were isolated from Hp-infected 4get/
KN2 mice and incubated with soluble ICAM1-Fc. Tth cells bound
significantly more ICAM-1 compared to both GFP™ naive T cells
and GFP*huCD2™~ T cells in a dose-dependent fashion. This
interaction was specific as the addition of anti-«L blocking anti-
bodies neutralized ICAM-1 binding (Figure 6A). Given the ability
of TCR signaling to induce inside-out activation of LFA-1, we
questioned whether TCR signal strength might be regulating
ICAM-1 binding. However, expression of Nur77, an early
response gene induced by TCR signaling, did not differ between
GFP*huCD2~ and GFP*huCD2* T cells (Figure 6B). Similar re-
sults were obtained when examining TCR-B downregulation
and CD5 expression as additional indicators of TCR signal
strength (Lee et al., 1997; Mandl et al., 2013) (Figure 6B). How-
ever, a previous study demonstrated that low affinity LFA1-
ICAM1 interactions stimulates activation of Zap70, a kinase
also downstream of TCR signals, leading to a high-affinity
conformation of LFA-1 (Evans et al., 2011). Consistent with this
work, we found significantly greater Zap70 phosphorylation in
Bcl-6* Tth cells compared to Teff and naive T cells (Figure 6C).
These results suggest that TCR signal strength alone does not
explain the increased LFA-1 affinity in Tfh cells, but that these
pathways might synergize in a Zap70-dependent manner to
enhance LFA-1 affinity and promote Tfh cell differentiation and
maintenance.

Talin-1 Dependent LFA-1 Activation Enhances Bcl-6
Production by CD4* T Cells

The importance of LFA-1 in early T cell activation events led us to
perform a series of in vitro studies to determine whether T cell
activation in the presence of LFA-1 stimulation was sufficient
to induce Bcl-6 expression. To this end, naive T cells were
stimulated with anti-CD3 in the presence of the LFA-1 ligand,
ICAM-1, and Bcl6 mRNA expression was examined over time.
Bcl6 transcription increased early and transiently regardless of
stimulating conditions (Figure 6D). At later time points, however,
stimulation with anti-CD3 and ICAM-1 lead to a greater reduction
of Bcl6 mRNA compared to anti-CD3 and anti-CD28 stimulation,
consistent with the self-regulating capacity of Bcl-6 protein
(Hatzi et al., 2015). As Bcl-6-mediated antagonism of Blimp-1
is required for Tth cell differentiation (Johnston et al., 2009), we
measured Prdm1 mRNA (the gene encoding Blimp-1) in parallel.
As shown in Figure 6E, Prdm1 mRNA expression increased
slightly upon anti-CD3 and anti-CD28 stimulation early, but
was not sustained. By contrast, ICAM-1 co-stimulation rapidly
inhibited Prdm1 transcription over time in comparison to CD28
costimulation (Figure 6E). These transcription profiles suggested

Figure 3. LFA-1 Is Required for Tfh Cell Differentiation and Protective Humoral Immunity
(A) Frequency and number of CXCR5"Bcl-6* CD4* cells from the Peyer’s patches of uninfected WT and «L-deficient mice. Representative contour plots are gated

on CD4*B220™ T cells.

(B-E) 4get/KN2 mice were administered 100 pg of anti-aL antibody or rat IgG i.p. from days 0-7 post-Hp infection. mLN cells were analyzed at day 7 post-
infection. (B and C) Representative contour plots and cell counts of (B) GFP"huCD2~, GFP*huCD2*, and (C) CXCR5"Bcl-6* mLN cells gated on the CD4"B220~

population. (D) Total mLN CD4*Foxp3*CXCR5*PD-1* cell counts.

(E) Representative contour plots, frequencies and cell counts of GL7*IgD™ mLN cells gated on B220"CD4~ mLN cells.

(F and G) Total and HES-specific serum IgG1 from Hp-infected 4get/KN2 mice treated with rat IgG or anti-oL antibody from days 0-14 post infection.

(H) Hp-infected 4get/KN2 mice were treated as in (F) and at 4 weeks post-infection, mice were cured and challenged 2 weeks later with 200 L3 Hp larvae. 14 days
post-secondary infection, mice were sacrificed and worm burden in the small intestine was determined.

(A-G) Representative data compiled from two or three independent experiments. (H) Representative data from two independent experiments. Dots in graph
represent individual mice. ***p < 0.001, **p < 0.01, and *p < 0.05. Error bars, SD; ns, not significant. See also Figure S2.

Immunity 45, 831-846, October 18, 2016 837

CellPress




Cell’ress

838

Unimmunized

SRBC + 1gG

SRBC + anti-aL

10°

10t

TIeT T ™Y

cDaq4——"

Unimmunized

SRBC + IgG

I T T e

>

Unimmunized SRBC + IgG SRBC + anti-aL
105t 1054 1054

[ 4 0.2 4.1 0.2

107 10* 10*4
103- '03-
~ E
o o] 03

o a8 w0t 10 o 0 1wt 100

>

WT T cells + SRBC LFA-17-T cells + SRBC

CD4*CD44*CXCR5BCL-6

CD4*CD44*CXCR5BCL-6Foxp3-

C non-Tfh effector cells
5x106m
*kk . .
c 4x10°w [T Y hd
) *kk ° N [}
2 3x1004 2. L4
@- o_0 °
L 2x10fm] —— ®
[0}
© 1x10°= °
C L] L] L]
unimm. SRBC SRBC
+1gG  + anti-aL
CD4*CD44*CXCR5*BCL-6*Foxp3-
sx105m Tth cells
g 4x1054 *kk ° .o *kk
%. 3x%105 ¢ Y
2 2x10°4 o*
8 s
1%105+
DH—
0= T T
unimm. SRBC SRBC
+1gG  + anti-aL
B220*BCL-6*GL7* GC cells
2.0%10%m
*kk . *kk
C 6 °
8 1.5%10°= PY -
ket ()
% 1.0%106 °
E
5.0%1054
°
-—
0 T
unimm. SRBC SRBC
+1gG + anti-aL

CD4*CD44*CXCR5"BCL-6*

104 05 Foxp3- non-Tfh cells Foxp3- Tth cells
4_ 4_ 59 o 1107 nS - 25x106 : d
10 1043 E 8x106 0e® . g 2.0x106 ®e
& oxt06 @ 151106
0 0 10°5 ? e ° @ =
o4 g 4x106 .o. —.:-.l- g 1.0x108
Q- 03
408 0 10° 10t 108 a0 0 10 w0t 10° WT LFA-1-* WT LFA-1"
Bcl-6 > Tecells Tcells Tcells Tcells
+SRBC +SRBC +SRBC +SRBC
WT T cells + SRBC LFA-17T cells + SRBC
CE 05 106 B220*BCL-6*GL7* GC cells
10*2 : 34 104 0.8 c
E 0 3x105+ &
10° . 10%4 - °
E 1 2 21064 s
- o)
{ © 1x1064 U 4
5 0 : 03 (X ]
o 0 T TL
Bt T s g s WT Tcells LFA-17T cells
Bcl-6 » +SRBC +SRBC

Immunity 45, 831-846, October 18, 2016

(legend on next page)



that ICAM-1 co-stimulation might result in greater Bcl-6 protein
expression. Indeed, naive T cells stimulated with anti-CD3 and
ICAM-1 enhanced Bcl-6 protein expression in comparison to
anti-CD3 alone or anti-CD3 and anti-CD28 stimulation (Figure 6F)
and this occurred in an LFA-1-dependent manner (Figure S4A).
The addition of ICOS staining revealed that LFA-1 stimulation
led to a greater frequency of Bcl-6*1ICOS* T cells compared to
other groups (Figure 6G). Although somewhat variable, expres-
sion of the classical Tth cell markers CXCR5 or PD-1 did not
differ between CD28 or LFA-1 stimulated cells (Figure 6H).
Notably, ICAM-1 stimulation alone was not sufficient to
upregulate Bcl-6, indicating that the activity of LFA-1 is linked
to TCR-dependent activation (Figures S4B and S4C). Thus,
T cell stimulation in the context of LFA-1 activation enhances
Bcl-6 expression.

Given the selective expression of a highly active form of LFA-1
by Tfh cells compared to Teff cells, we questioned whether
directly modulating integrin affinity might impact Bcl-6 expres-
sion. To this end, we took advantage of mice expressing
conditional alleles for the gene encoding Talin-1 (Tin7"™, a cyto-
plasmic scaffolding protein required for the change of LFA-1 to
its high-affinity conformation (Petrich et al., 2007). These mice
were crossed to animals expressing a tamoxifen-inducible cre
recombinase under control of the ubiquitously expressed
Rosa26 locus (hereafter referred to as ert2-cre*Tin1™™). Oral
tamoxifen treatment of ert2-cre* Tin1™" mice resulted in efficient
deletion of Talin-1 in CD4" cells in the spleen by 7 days post-
treatment (Figures 61 and S4D). Naive T cells from the spleens
of tamoxifen or vehicle-treated ert2-cre* Tin1"" mice were
cultured in the presence of anti-CD3 and ICAM-1 and Bcl-6
expression was assessed 72 hr later. Consistently, control
T cells increased Bcl-6 expression upon anti-CD3 and ICAM-1
stimulation (Figure 6J). However, Talin-1-deficient T cells failed
to express Bcl-6 under the same conditions. By contrast, loss
of Talin-1 did not compromise the ability of T cells to upregulate
the Th2 transcription factor Gata3 despite a slight decrease in
the proliferation of Talin-1 deficient T cells (Figures 6K and
S4E). These results indicate that LFA-1 stimulation in the context
of TCR signaling specifically enhances Bcl-6 expression in a
Talin-1 dependent manner.

Talin-1 Dependent Integrin Activation Is Selectively
Required for Tfh Cell Differentiation during Helminth
Infection

To determine whether our in vitro results translated to Th cell
differentiation in vivo, purified CD4* T cells were isolated from
peripheral lymph nodes of ert2-cre* Tin1"™ or ert2-cre* Tin1"*
controls and transferred into TCRB-deficient mice. Recipient

mice were administered tamoxifen and 1 week later infected
with Hp. Consistent with our anti-oL blockade data, Tfh cell
differentiation was significantly reduced in ert2-cre* Tin7"®
mice compared to ert2-cre* TIn1"* controls (Figures 7A and
7B). However, Talin-1 was not required for the induction of other
CD4* effector subsets including Gata3* Th2 cells (Figures 7C
and 7D; Figure S5F). Notably, Talin-1 deletion in CD4" T cells
also compromised the humoral response as determined by a
significant decrease in the number of GC B cells, as well as total
and parasite-specific 1gG1 titers (Figures 7E-7G). Collectively,
these data indicate the Talin-1 dependent integrin activation is
an important determinant in selectively promoting Tth cell differ-
entiation compared to other Teff cells during Hp infection.

DISCUSSION

By examining T-dependent humoral immune responses in the
context of both intestinal parasite infection and parenteral immu-
nization, we have detailed the impact that integrins, particularly
LFA-1, have on Tfh cell differentiation and maintenance within
the lymph node microenvironment. Although CD4* T cell differ-
entiation is a multi-factorial process strongly influenced by the
presence of polarizing cytokines in conjunction with TCR
engagement, our data reinforce and provide new insight into
the importance of co-stimulatory molecules as an integral deter-
minant of T cell differentiation. Furthermore, our findings indicate
that integrin activity, not only expression per se, influences line-
age commitment during intestinal parasitic infection.

Our results build on prior studies showing that CD4* T cells
from mice with dysfunctional LFA-1 signaling have a compro-
mised ability to promote antigen-specific antibody responses
(Semmrich et al., 2005). Using Hp infection, which induces a
robust Tfh and Th2 cell response, we demonstrate that LFA-1
plays a critical role in both Tfh and Th2 cell differentiation during
the early stages of T cell differentiation while, at later stages of
the humoral immune response, it was required for Tfh cell sur-
vival. One explanation for the latter result is the unique localiza-
tion of Tfh cells within the GC. The constant integration of signals
by Tfh cells resulting from persistent antigen stimulation and
intercellular adhesion are essential to ensure proper localization
and help for GC B cell selection and differentiation. Indeed,
MHCII-restricted engagement with B cells is required to maintain
T cell expression of the master regulator of Tth cell differentia-
tion, Bcl-6 (Goenka et al., 2011). Another component unique to
the GC is the presence of follicular dendritic cells (FDCs), a
mesenchymal-derived stromal population important for antigen
retention in the light zone of the germinal center. Previous work
in humans and mice has indicated a combined role for both

Figure 4. Tfh Cell Differentiation following Immunization Requires LFA-1 in a Cell-Intrinsic Manner

(A-D) C57/BL6 mice were immunized with 2 x 10° SRBCs i.p. and treated with anti-aL antibody or rat IgG every other day until harvest at day 9 post-immu-
nization. (A) Representative contour plots of CD4*B220~ splenocytes gating on the Foxp3~CD44™ population. (B) Contour plots from the CD44*Foxp3~ gate
shown in (A). (C) Cell counts of CD4*CD44"Bcl-6"CXCR5~Foxp3~ non-Tth effector subset (top graph) and the CD4*CD44"Bcl-6*CXCR5*Foxp3 ™~ Tth cell subset
(bottom graph) based on the gating in (B). (D) Representative contour plots and cell counts of GL7*Bcl-6* splenocytes gated from B220* cells.

(E and F) 2 x 10° purified CD4* T cells from either naive C57/BL6 or ltgal/~ mice were transferred into TCRp-deficient mice. 24 hr later, recipient mice were
immunized with 2 x 10° SRBCs i.p. and spleens were harvested 9 days post-immunization. Representative contour plots and cell counts are shown of the (E)
CD4*CD44"Bcl-6"*CXCR5 Foxp3~ Tfh or CD4*CD44"Bcl-6"CXCR5 Foxp3~ non-Tfh and (F) B220*GL7*Bcl-6* GC B cells. The numbers in each contour plot
represent cell frequency. All the data shown are pooled from two independent experiments with 3-7 mice per group per experiment. Dots in graph represent

individual mice. ***p < 0.001, *p < 0.01, and *p < 0.05. ns, not significant.
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LFA-1 and VLA-4 integrins in regulating B cell conjugate forma-
tion with FDCs to promote GC B cell survival (Koopman et al.,
1991; Wang et al., 2014). In contrast, we find that LFA-1 alone
plays a nonredundant role in maintaining Tfh cells. Future studies
should determine the critical LFA-1 ligands expressed by both
hematopoietic and non-hematopoietic cells that regulate Tfth
cell function.

Many groups have investigated the role of cytokines as critical
determinants of Tfh cell differentiation in a manner similar to
other T cell lineages. Although specific cytokines have been
clearly shown to promote Tth cell differentiation in vitro and
in vivo (Eto et al., 2011; Ma et al., 2009; Schmitt et al., 2014),
the importance of pathways other than those related to cytokine
signaling might be particularly relevant when considering mech-
anisms underlying Tfh cell differentiation. To be sure, the cyto-
kine repertoire is context-dependent, whereas diverse types of
immune challenges give rise to T-dependent humoral immune
responses suggesting that polarizing cytokines cannot be the
only determinants of Tth cell differentiation. Indeed, co-stimula-
tory molecules also play distinct roles that influence Tfh cell
differentiation including CD28, ICOS, and SLAM family members
(Bachmann et al., 1997; Linterman et al., 2014; Qi et al., 2008;
Xu et al., 2013).

During early T cell priming, we determined that neutralization
of LFA-1 at the T cell priming stage compromises early
DC-dependent differentiation events required for Th2 and Tfh
lineage commitment following intestinal parasitic infection.
Although we found that LFA-1 was critical for Tth cell differenti-
ation across different types of immune challenge, the importance
of LFA-1 in early T cell activation events might depend on the
setting of antigen encounter. Indeed, we observed a limited
role for LFA-1 in non-Tfh effector cell generation in the spleen
of systemically immunized animals. Understanding how tissue-
specific signals can modulate T cell responsiveness to integrins
is an exciting area of future investigation.

Integrins change conformation via inside-out TCR signaling
and enhance TCR signal strength via increased adherence to an-
tigen-presenting DCs or B cells. Thus, a TCR signal of sufficient
strength would drive an efficient increase in LFA-1 affinity leading
to a feed-forward mechanism amplifying T-APC interactions and
Tfh cell differentiation. Indeed, persistent and/or repeated inter-
action with antigen-presenting cells is required for maintenance
of Bcl-6 expression and commitment to the Tth cell lineage (Dee-
nick et al., 2010). In support of this model, TCR-triggered binding
of LFA-1 to ICAM-1 led to enhanced expression of Bcl-6 in vitro
compared to CD28-mediated costimulation. However, deletion
of Talin-1, a cytosolic protein recruited to the B2 integrin subunit
following inside-out activation and required for acquisition of
the high-affinity conformation of LFA-1, compromised Bcl-6

expression in vitro and Tfh cell differentiation in vivo, but did
not impact the activation of T cells and their ability to commit
to other Teff lineages such as Gata3* Th2 cells (Kinashi, 2012).
As Talin-1 is additionally required for the high-affinity conforma-
tion of B1 and B3 integrins (Petrich et al., 2007), we cannot
exclude the possibility that loss of activity in these integrins
contribute to the phenotype observed in our in vivo experiments.
However, B1 and B3 are not highly expressed by Tth cells during
Hp infection. Thus our data reveal a previously unknown role for
Talin-1 and integrin activation in influencing T helper cell differen-
tiation and lineage commitment.

In conclusion, this work provides new insight into the role of
integrins in regulating CD4" T cell differentiation and humoral
immune responses. Given the conserved expression profile
between mouse and human Tth cells, LFA-1 might be a relevant
target for modulating human T-dependent humoral immune
responses in scenarios where this cell type plays an important
role (Tangye et al., 2013). Although developing reagents that
promote LFA-1 activity and its associated signaling pathways
might be beneficial for vaccine development, inhibition of
integrin signaling might also be useful to limit Tfh cell-dependent
antibody production in the context of antibody-mediated
autoimmune disorders or transplant rejection.

EXPERIMENTAL PROCEDURES

Mice

4get/KN2, Terb™'~, ert2-cre™ Tin1"", ert2-cre* Tin1"*, and Itgal~'~ (aL-defi-
cient, LFA-1/") mice on a C57BL/6 background were bred and housed under
specific-pathogen-free conditions. Mice were used at 6-16 weeks of age,
and all experiments were approved by the McGill University Animal Care
Committee.

Flow Cytometry

Murine single cell suspensions of mLN, spleen, and pp were processed as
described (Meli and King, 2015). Data were acquired with a FACS Canto Il or
LSR Fortessa (BD Biosciences) and analyzed using FlowJo software.

Human Tonsil Samples

Human tonsils were obtained from routine tonsillectomy at the Mater Hospital
(North Sydney, NSW, Australia). Mononuclear cells were isolated from human
tonsils and labeled as previously described (Ma et al., 2009). Anti-aL (clone
HI111, Affymetrix) and anti-B2 antibodies (clone L130, BD) were used for integ-
rin expression analysis. Data were acquired on an LSR-II flow cytometer and
analyzed using FlowJo (Treestar, Ashland, OR). Institutional Human Research
Ethics Committees approved all studies.

Hp Infection and Antibody Treatment

Mice were infected by gavage with 200 L3 Hp larvae and harvested at the indi-
cated time points. For protection experiments, adult Hp were eliminated
4 weeks post infection with two doses of 100 mg/kg pyrantel pamoate and
subsequently challenged with 200 larvae. In some experiments, mice were

Figure 5. LFA-1 Is Required for Early Tfh and Th2 Cell Differentiation following Hp Infection

4get/KN2 mice were infected with 200 L3 Hp larvae and mLNs were harvested at various time points post infection. (A) CD4*GFP*huCD2~, CD4*GFP*huCD2",
and (B) B220*IgD~ GL7* mLN cell counts at the time points indicated post infection.

(C-1) 4get/KN2 or 4get/KN2 uMT '~ mice were administered 100 pg of anti-aL antibody or rat IgG i.p. from days 0-5 post-Hp infection and mLN cells were
analyzed at day 5 post-infection. mLNs from uninfected 4get/KN2 were included as controls. Representative contour plots and total cell counts of (C) GFP*IL-2*
cells, (D) GFP*huCD2, and GFP*huCD2*, (E) CXCR5*Bcl-6* subsets from the CD44"CD4*Foxp3~B220~ population and (F) CD44*Gata3* T cell subset. The

numbers in each contour plot represent cell frequency.

(G-I) Total cell counts of the indicated T cell subsets from 5 day Hp-infected 4get/KN2 or 4get/KN2/uMT mice treated as above. Representative data compiled
from two or three independent experiments with 3-5 mice per group. Dots in graph represent individual mice. **p < 0.001, **p < 0.01. ns, not significant.
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Figure 6. Talin-1 Dependent LFA-1 Activation Enhances Bcl-6 Production by CD4* T cells

(A-C) 4get/KN2 mice were infected with 200 L3 Hp larvae and mLNs were harvested at 2 weeks post-Hp infection. (A) mLN cells were incubated in the presence of
varying concentrations of ICAM-1-Fc + anti-aL blocking antibody. ICAM-1 binding by the indicated T cell subsets was quantified by detection of bound ICAM-1-
Fc by anti-human Fc-PE using flow cytometry. The x axis indicates the concentration of ICAM-Fc (ug/ml). Asterisks represent p values between GFP*huCD2~
and GFP"huCD2* populations. (B) Representative histograms of Nur77, TCRR, and CD5 expression by the indicated CD4™ T cell populations. (C) Quantification of
ZAP-70 activation (pZAP70) of the indicated CD4" cell subsets using phosflow cytometry.

(D and E) Expression of (D) Bcl6 and (E) Prdm1 mRNA from purified CD62L*CD44'°Y CD4* T cells stimulated with anti-CD3 and anti-CD28 or anti-CD3 and ICAM-1
for various times measured by real-time RT-PCR. Data are shown relative to unstimulated CD62L*CD44'°" CD4* T cells and normalized to Hprt.

(F-H) Purified CD62L*CD44"" CD4* T cells from WT mice were cultured for 72 hr with various combinations of plate-bound anti-CD3, anti-CD28, and/or
recombinant ICAM-1 and assessed by flow cytometry for the indicated markers. In (F), open histograms indicate Bcl-6 expression and shaded histograms
represent isotype control staining. Numbers shown in (G) and (H) indicate frequency of Bcl-6*ICOS* or CXCR5*PD-1" cells.

(1) Immunoblot of Talin-1 (225 and 190 kDa) and Lamin B1 (67 kDa) from total protein extracted from purified CD62L*CD44'°" CD4* T cells from cre*Tin1"" mice
7 days post-tamoxifen or vehicle treatment.

(J and K) CD62L*CD44"°" CD4* T cells purified from ert2-cre*Tin1"" mice 7 days post-tamoxifen or vehicle treatment were cultured for 72 hr with various
combinations of plate bound anti-CD3 and/or recombinant ICAM-1. Histograms show Bcl-6 (J) or Gata3 (K) expression under the indicated conditions. All data
shown are representative of two or three independent experiments. **p < 0.001 and *p < 0.05.
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Figure 7. Talin-1 Is Selectively Required for Tfh Cell Differentiation during Hp Infection
(A-G) 2 x 10° purified CD4* T cells from either naive ert2-cre*Tin1"" or ert2-cre*TIn1"* mice were transferred to TCRp-deficient mice. Recipient mice were
administered tamoxifen and 7 days later infected with Hp. The data shown are from 2 weeks after Hp infection. (A) Representative contour plots of

(legend continued on next page)
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administered anti-al (M17/4), anti-B2 (GAME-46), rat IgG (100 ng), or FTY720
(20 pg, Cayman Chemical) i.p. at various time points post-Hp infection or
SRBC immunization.

SRBC Immunization

10% packed sheep red blood cells (Cedarlane Technologies) were washed
and resuspended in PBS and 2 x 10° SRBCs were injected into the perito-
neum of adult mice.

Confocal Microscopy

mLNs were harvested from 2 week infected 4get/KN2 mice and processed as
previously described (King and Mohrs, 2009). Images were taken using an
Olympus FV1000 confocal microscope and analyzed using Imaged software.

Cell Culture

Naive CD62L*CD4* T cells from the peripheral lymph nodes or splenocytes
from C57BL/6 or ert2-cre*Tin1"" mice were processed into single cell suspen-
sions and stimulated as described.

Immunoblotting

Total lymphocytes or cell-sorted naive CD4* T cell lysates (15 ug) were
resolved by 5% SDS-PAGE and transferred to nitrocellulose (BioRad). Mem-
branes were probed with primary antibodies against Talin-1 (Sigma-Aldrich)
or Lamin B1 (Santa Cruz) overnight at 4°C. Signals were detected using a
horseradish peroxidase-labeled anti-mouse IgG (BioRad) and enhanced
chemiluminescence (ECL; PerkinElmer) on HyBlot CL fiim (Harvard
Apparatus).

ELISAs

Total serum IgG1 was measured using anti-mouse IgG1 antibody pairs as
previously described (King et al., 2010). HES protein was prepared as previ-
ously described (Valanparambil et al., 2014). To detect HES-specific 1gG1,
we coated 96-well flat-bottom plates with 1 pg/ml of HES protein and
incubated at 4°C overnight. Serum samples were subsequently added
and antibodies were detected using rat anti-mouse 1gG1-Biotin (SB77E) and
Streptavidin-HRP (Southern Biotech).

qPCR

mRNA was extracted using TRIzol (Sigma) and cDNA samples were prepared
as previously described (King and Mohrs, 2009). Quantitative real-time
RT-PCR was performed using sybr green detection (Bcl6, Prdm1, and Hprt)
or tagman probes (S7p7 and Gapdh) using the Biorad CFX96™ Real-Time
System or Applied Biosystems Tagman 7500 Fast System and software.
Fold expression was calculated using the AA°T method and Gapdh or Hprt
as reference genes.
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