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Talin plays a critical role in the maintenance of the regulatory T
cell pool

Jane E. Klann’, Kelly A. Remedios”, Stephanie H. Kim®, Patrick J. Metz", Justine Lopez",
Lauren A. Mack®, Ye Zheng™, Mark H. Ginsberg”, Brian G. Petrich¥, and John T. Chang"

*Department of Medicine, University of California San Diego, La Jolla, CA 92093, USA

TNomis Foundation Laboratories for Inmunobiology and Microbial Pathogenesis, Salk Institute for
Biological Studies, La Jolla, CA 92037, USA

*Department of Pediatrics, Aflac Cancer and Blood Disorders Center, Emory University School of
Medicine, Atlanta, GA 30322, USA

Abstract

Talin, a cytoskeletal protein essential in mediating integrin activation, has been previously shown
to be involved in the regulation of T cell proliferation and function. Here we describe a role for
talin in maintaining the homeostasis and survival of the regulatory T (Treg) cell pool. T cell-
specific deletion of talin in 7/717fl Ca4°™ mice resulted in spontaneous lymphocyte activation,
primarily due to numerical and functional deficiencies of Treg cells in the periphery. Peripheral
talin-deficient Treg cells were unable to maintain high expression of IL-2Ra., resulting in impaired
IL-2 signaling and ultimately leading to increased apoptosis through downregulation of pro-
survival proteins Bcl-2 and Mcl-1. The requirement for talin in maintaining high IL-2Ra
expression by Treg cells was due, in part, to integrin LFA-1-mediated interactions between Treg
cells and dendritic cells. Collectively, our data suggest a critical role for talin in Treg cell-mediated
maintenance of immune homeostasis.

Introduction

Talin is a cytoskeletal regulatory protein that plays essential roles in diverse cellular
processes. The protein facilitates the final stages of integrin activation and has been shown to
activate p1, B2, and B3 integrins (1). Talin consists of a 190kD C-terminal flexible rod and a
47kD N-terminal globular head domain containing four sub-domains (FO, F1, F2 and F3)
(1-3). The F3 sub-domain of talin, which contains a phosphotyrosine-binding (PTB)
domain, binds directly to a high-affinity binding site in the p-integrin cytoplasmic tail. This
interaction causes a conformational change in the integrin, shifting it from the low to the
high affinity state. In addition to activating integrins, talin links integrins to the actin
cytoskeleton and recruits essential signaling molecules such as phosphatidylinositol
phosphate kinase (4) and TIAML to focal adhesions (5).
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Germline deletion of talin results in embryonic lethality (5), but conditional knockout
studies have revealed a role for talin in multiple immune cell types. Talin is required for
fibrin clot retraction by platelets (6) and B cell homing to lymph nodes (7). In T cells, talin
was one of the first proteins shown to be recruited to the immunological synapse (IS) (8),
which forms between T lymphocytes and antigen-presenting cells (APCs) and facilitates T
cell activation. The recruitment of talin to the IS has led to the hypothesis that talin may play
arole in regulating this process. Studies with Jurkat T cells have demonstrated that talin is
required for clustering and affinity regulation of the integrin LFA-1 (aLB2) in order to
facilitate contact between T cells and APCs (9, 10). Prior studies in mice with a T cell-
specific deletion of talin revealed a role for the protein in the maintenance of T cell-APC
contacts, contact-mediated T cell proliferation, and polarization of stable F-actin to the IS.
Unexpectedly, these studies also showed that T cells isolated from the lymph nodes of these
mice exhibited a phenotype consistent with prior activation, despite having reduced contact
time with APCs and no defect in TCR signaling (11). Although these mice were also
observed to have a reduced frequency of regulatory T (Treg) cells in the lymph nodes (11), it
remains unknown whether talin is intrinsically required in naive T cells to prevent aberrant
activation or if talin plays a specific role in Treg cells in order to maintain immune
homeostasis.

Treg cells, a subset of CD4* T lymphocytes defined by expression of the transcription factor
Foxp3, are indispensable for the maintenance of peripheral tolerance. Foxp3 deficiency in
mice (12, 13) or humans (14, 15) leads to systemic inflammation and multi-organ
autoimmunity. Deficiency in Treg cell numbers or suppressive function has been linked to
various immune-mediated conditions such as inflammatory bowel disease, type 1 diabetes,
rheumatoid arthritis, systemic lupus erythematosis, and multiple sclerosis (16, 17). Treg cells
are also characterized by high expression of IL-2Ra (CD25) (18). IL-2 signaling is known
to reinforce the expression of Foxp3 (19, 20), and expression of Foxp3, in turn, directly
upregulates the expression of IL-2Ra. (21). Thus, IL-2 signaling plays a central role in the
development, proliferation and homeostasis of Treg cells (22-25).

Recent evidence has revealed that Treg cells exhibit phenotypic and functional
heterogeneity. Treg cells can be categorized as central (cTreg) and effector Treg (eTreg) cells
based on phenotypic markers (CD62LNCD4410 and CD62L!°CD44M), respectively, as well
as localization and homeostatic requirements (26). cTreg cells express high levels of the
chemokine receptor CCR7, enabling them to recirculate through lymphoid tissues. These
cells are quiescent and relatively long-lived due to high expression of the anti-apoptotic
proteins Bcl-2 and Mcl-1. In addition, cTreg cells are believed to be more highly dependent
on IL-2 signaling and correspondingly express high levels of IL-2Ra. (26). By contrast,
eTreg cells are highly proliferative, localize mainly to non-lymphoid tissues, such as the
liver and lung, and are short-lived and highly apoptotic (26, 27). Compared to cTreg cells,
eTreg cells are also responsive to I1L-2, but depend more highly on ICOS signaling for the
maintenance of homeostasis and correspondingly express higher levels of ICOS (26). eTreg
cells are also characterized by high expression of GITR and CD103, which facilitate
trafficking to tissues (28). Most Treg cells exiting the thymus are characterized as cTreg
cells, as they express high levels of CCR7 and CD62L. The subsequent differentiation of
cTreg cells into eTreg cells has been shown to occur in the periphery and requires TCR
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signals (29, 30) and the expression of the transcription factors IRF4 and Blimp-1 (31). These
subsets are functionally distinct, as cTreg cells have been proposed to prevent aberrant T cell
priming in the lymphoid organs, while eTreg cells are thought to control effector T cell
responses at the non-lymphoid tissue sites (26). Thus, optimal differentiation and
maintenance of both subsets is required for the preservation of immune homeostasis.

To explore the role of talin in maintaining immune homeostasis, we analyzed 7/n1%fl cg4Cre
mice with a T cell-specific deletion of talin. We found that talin-deficient CD4* and CD8* T
cells exhibited spontaneous activation, which was not due to defects in T cell development
or aberrant expression of co-stimulatory or inhibitory molecules by naive peripheral T cells.
Instead, 77711 Ca4C™e mice exhibited a substantial deficiency in both the number and
function of Treg cells. Although the numerical deficiency was primarily due to a loss of
cTregs, we found that talin was required for the homeostasis of both cTreg and eTreg cells.
Strikingly, talin-deficient Treg cells were unable to maintain high expression of IL-2Ra.,
which led to increased apoptosis of these cells by limiting the expression of pro-survival
proteins Bcl-2 and Mcl-1. The requirement for talin in maintaining high IL-2Ra expression
by Treg cells was due, in part, to LFA-1-mediated interactions between Treg cells and
dendritic cells (DCs). Together, these findings suggest that talin plays a critical role in
regulating Treg cell function, homeostasis and survival.

Materials and Methods

Mice

All animal work was approved by the Institutional Animal Care and Use Committee of the
University of California, San Diego. All mice were housed in specific pathogen-free
conditions prior to use. Cad4“™ mice were purchased from Jackson Laboratories, and 7/n1V/l
and Foxp3°FP mice have been described previously (6, 32-34). For administration of 1L-2/
IL-2mAb complexes, 2ug of recombinant murine IL-2 (Biolegend) was combined with 10ug
IL-2 monoclonal antibody JES6-1 (Bio X Cell), diluted to a volume of 200uL in PBS and
incubated for 30 minutes at 37°C before intraperitoneal (i.p.) injection, as previously
described (35, 36). To block LFA-1 signaling, mice were treated with 100ug anti-CD11a
(M17/4) (Bio X Cell), 100ug anti-CD18 (M18/2) (Bio X Cell) and 200ug anti-ICAM-1
(YNZ1/1.7.4) or isotype control in PBS via i.p. injection twice weekly for three weeks.

Antibodies and flow cytometry

The following antibodies were purchased from Biolegend or eBioscience: CD4 (RM4-5),
CD8 (53-6.7), Foxp3 (FJK-16s), CD44 (1M7), CD62L (MEL-14), IFNy (XMGL1.2), TNFa
(MP6-XT22), IL-2 (JES6-5H4), IL-17A (TC11-18H10.1), IL-2Ra (PC61), CTLA4
(UC10-4B9), CD39 (24DMS1), CD73 (TY/11.8), GITR (DTA-1), OX40 (0X-86), PD1
(J43), CD28 (37.51), IRF4 (IRF4.3E4), Bcl-2 (BCL/10C4), ICOS (15F9), Annexin V and
fixable viability dye. Anti-human Ki67 (B56) was purchased from BD Biosciences. Anti-
GFP rabbit 1gG was purchased from Life Technologies. For intracellular detection of
cytokines, splenocytes were stimulated ex vivo with PMA (Sigma) and ionomycin (Sigma)
in the presence of Brefeldin A (Sigma) for 3 hours at 37°C; cells were fixed in 4%
paraformaldehyde (Electron Microscopy Services) and permeabilized with the Foxp3
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Transcription Factor Fixation/Permeabilization kit (eBioscience) prior to staining. To assess
pSTATS levels directly ex vivo, cells were fixed in Lyse/Fix buffer (BD) for 20 minutes at
room temperature. Cells were then resuspended in 90% methanol and incubated for 30
minutes on ice. After washing, cells were resuspended in Perm/Wash buffer (BD) and
surface and intracellular antigens were stained, including pSTAT5 (pY694; BD). To assess
pSTATS levels in vitro, bulk splenocytes were stimulated with OU/mL, 0.1U/mL, 1U/mL or
10U/mL of IL-2 (Peprotech) at 37°C for 30 min and the same staining protocol was used. To
measure apoptosis, cells were stained with Mito Flow (Cell Technology) according to the
manufacturer’s instructions. All samples were analyzed on an Accuri C6, FACS Canto, or
LSR FortessaX-20 (BD Biosciences).

Treg cell suppression assays

CD4*CD25™ T conventional (Tconv) cells were isolated from spleens and lymph nodes of
wild-type mice by magnetic separation using the CD4* T cell negative isolation kit (Miltenyi
Biotec); a biotin-conjugated anti-CD25 (PC61, Biolegend) antibody was included to deplete
Treg cells. CD4*GFP* Treg cells were sorted with a FACS Aria 2 (BD Biosciences).
Antigen-presenting cells were isolated from spleens of wild-type mice and depleted of CD3*
T cells using CD3 microbeads (Miltenyi Biotec). Tconv cells were labeled with CFSE as
previously described (37). CSFE-labeled Tconv cells were co-cultured with antigen
presenting cells (1:3 ratio) and Treg cells (32:1, 16:1, 8:1, 4:1, 2:1 and 1:1 ratios) in the
presence of 250 ng/mL soluble anti-CD3 (2C11) for 72 hours at 37°C. Percentage
suppression was calculated as: [(divided Tconv cells without Treg cells) — (divided Tconv
cells with Treg cells for a given experimental condition)]/(divided Tconv cells without Treg
cells) * 100.

Generation of bone marrow chimeras

Bone marrow cells were depleted of CD3* cells using CD3 microbeads (Miltenyi Biotec).
Lethally irradiated (1000 rads) RAG1-deficient mice were injected intravenously with bone
marrow cells from 771Vl Cd4CTe mice alone or in combination with bone marrow cells
from wild-type or Foxp3-deficient mice. Spleens and thymi from recipient mice were
harvested for analysis 8-10 weeks after reconstitution.

Adoptive Transfer Experiments

Total CD4* T cells were isolated from spleens of 7/n17/Ca4€e mice by magnetic
separation using the CD4* T cell negative isolation kit (Miltenyi Biotec) and 3x106 cells
were injected into CD45.1* wild-type recipients. Spleens were harvested from recipient
mice 4 days after transfer.

Quantitative real-time PCR

Total RNA was isolated from cells with TRIzol (Life Technologies) according to
manufacturer’s protocol and was converted to cDNA using an iScript Advanced cDNA
synthesis Kit (Bio-Rad) according to manufacturer’s protocol. 100ng cDNA was combined
with 250nM forward and reverse primers for the indicated genes and SsoAdvanced
Universal SYBR Green Supermix (Bio-Rad). Samples were run on a CFX96 Touch Real-
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Time PCR Detection System (Bio-Rad). Samples were normalized based on expression of
Rpl13areference gene. Relative gene expression was determined based on three biological
replicates and figures show one representative experiment. The following primer sequences
were utilized: Rp/1325' GGGCAGGTTCTGGTATTGGAT, Rpl13a
3'GGCTCGGAAATGGTAGGGG, /105’ ATCGATTTCTCCCCTGTGAA, //10
3'TGTCAAATTCATTCATGGCCT, //2ra5’ CTCCCATGACAAATCGAGAAAGC, //2ra
3'TCTCTTGGTGCATAGACTGTGT, Casp75 CGGAATGGGACGGACAAAGAT, Casp7
3'CTTTCCCGTAAATCAGGTCCTC, Mcl15 TAACAAACTGGGGCAGGATT, Mcl1
3'GTCCCGTTTCGTCCTTACAA, Bcl25' TCGCAGAGATGTCCAGTCAG, Bcl?
3’CCTGAAGAGTTCCTCCACCA.

Statistical analysis

An unpaired Student’s t-test (two-tailed) was used for statistical evaluation of the data
between two groups, using a statistical software package (Graph Pad Prism). P values are
denoted in figures as; * P<0.05, **P<0.01, *** P<0.005.

Results

Spontaneous lymphocyte activation in mice with a T cell-specific deletion of talin

To investigate the role of talin in maintaining peripheral tolerance, we generated mice with a
T cell-specific deletion of talinl by crossing floxed talinl mice with Ca4°"™ mice

(TInIVf Ca4Cme) in which talin was deleted at the CD4*CD8* double-positive stage during
thymic development. Compared to control 7/n2Vfl mice, 7/n1V/f Ca4°™ mice were born at
expected frequencies, developed normally with no overt signs of pathology and appeared
healthy (Fig. 1A). Examination of thymi from control and 7/n.1%/fl Cg4CTe mice revealed
similar frequencies and numbers of CD4 and CD8 double-positive and single-positive
thymocytes (Fig. 1B, 1C), suggesting that thymic T cell development after the double-
positive stage was not affected in the absence of talin. Analysis of splenic T cells isolated
from TInIV Ca4°™ and control mice showed that although there were changes in the
proportion of talin-deficient CD4* and CD8* T cells (Fig. 1D), no significant differences in
total cell numbers were observed (Fig. 1E).

Further examination of the CD4* and CD8* T cell compartments revealed that talin-
deficient lymphocytes in the spleen displayed an activated, antigen-experienced
(CD44"cD62L1) phenotype (Fig. 1F, 1G). Consistent with this activated phenotype, CD4*
T cells isolated from 7/n1ffl Ca4°re mice displayed an increased proliferative capacity, as
evidenced by high Ki67 expression (Fig. 1H), and were capable of producing high levels of
inflammatory cytokines. In particular, talin-deficient CD4* T cells produced high levels of
TNFa and IL-17A compared to control cells (Fig. 11). Taken together, these data show that
talin is required to maintain quiescence and prevent activation of naive T lymphocytes.

Spontaneous lymphocyte activation is controlled by factors extrinsic to naive T cells

We next sought to determine the mechanisms by which deletion of talin causes aberrant T
cell activation. To investigate whether T cell activation occurred during development, we
examined the activation status of developing thymic T cells from 7/n17Vfl Cd4°™ and control
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mice. Thymic CD4"* or CD8* single-positive T cells did not display an activated phenotype
based on CD44 expression (Fig. 2A), suggesting that the aberrant T lymphocyte activation
we observed in the periphery did not occur during T cell development.

We next hypothesized that the absence of talin might lead to increased expression of co-
stimulatory receptors, or conversely, decreased expression of inhibitory receptors on naive T
cells, thereby influencing their activation threshold in the periphery. Examination of co-
stimulatory (CD28, OX40, ICOS) and inhibitory receptors (PD1 and CTLA-4), however,
revealed comparable expression by naive (CD44°) talin-deficient and control CD4* and
CDS8™ T cells (Fig. 2B). Thus, factors intrinsic to naive T cells did not appear to be
responsible for the systemic T cell activation observed in 7771 Ca4Cre mice.

To determine if extrinsic factors were contributing to spontaneous activation of naive T
lymphocytes in 7/n1Vfl Ca4Cre mice, FACS-sorted naive (CD44!°CD62LM) wild-type or
talin-deficient T cells were labeled with the fluorescent division dye CFSE and adoptively
transferred into congenic wild-type or 77711l Ca4°Te recipients. Neither donor wild-type
nor talin-deficient T cells proliferated when adoptively transferred into wild-type recipients.
By contrast, both wild-type and talin-deficient T cells underwent proliferation when
transferred into 77711 Ca4CTe recipients (Fig. 2C). In summary, these results suggest that
the systemic lymphocyte activation observed in 7/717fl Ca4C™ mice resulted from factors
extrinsic to naive T cells.

Talin is required to maintain the number and function of Treg cells in the periphery

Because Treg cells are essential for controlling aberrant T cell activation, we hypothesized
that a quantitative or qualitative deficiency in Treg cells might underlie the spontaneous
lymphocyte activation exhibited by 77727/l Cg4Ce mice. To test this hypothesis, we
generated 7/n1flCa4C™ mice expressing a GFP reporter for Foxp3 by crossing

Tin1M Ca4re mice with Foxp3 GFP reporter mice (33). We observed significant reductions
in the frequencies and absolute numbers of Treg cells in the spleens of

Tin1" Ca4Cre Foxp3SFP mice (Fig 3A, 3B), consistent with the previously published
observation that lymph nodes from these mice harbor reduced frequencies of Foxp3* Treg
cells (11). In addition, talin-deficient Treg cells expressed significantly less Foxp3 on a per
cell basis (Fig. 3C).

We next assessed whether expression of talin was required for Treg cell function. Using an
in vitro suppression assay, we observed that Treg cells lacking talin were functionally
deficient on a per cell basis (Fig. 3D). Multiple mechanisms of suppression and
corresponding markers have been identified in Treg cells, including production of adenosine
by CD39 and CD73; expression of the TNF family member GITR,; capture of IL-2 through
high expression of the high affinity IL-2 receptor chain; downregulation or blocking of co-
stimulatory molecules, CD80 and CD86, on APCs through constitutive expression of
CTLA-4; and production of anti-inflammatory cytokines IL-10 and TGF-B1 (23, 38).
Examination of suppressive molecules revealed that talin-deficient Treg cells exhibited
reduced expression of IL-2Ra, CD39, GITR and CTLA-4, but not CD73 (Fig. 3E). Analysis
of anti-inflammatory cytokines at the mRNA level in talin-deficient Treg cells revealed no
significant defect in the production of TGFB-1, but a significant reduction in I1L-10
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production (Fig. 3F). Taken together, these data suggest that the activated phenotype of T
cells in 7/n1Vfl Ca4£e mice may be attributable to both the reduced suppressive capacity as
well as reduced size of the Treg cell pool.

We next investigated whether the numerical deficiency of peripheral Treg cells in
TIn1™"fCg4Cre mice may be due to a defect thymic development. However, we observed
similar frequencies and numbers of Treg cells in the thymi of control and

TIn1"M Ca4Cre Foxp3SFP mice (Fig. 3G, 3H) as well as comparable Foxp3 expression on a
per cell basis (Fig. 31). In addition, talin-deficient Treg cells in the thymus did not display
defects in the expression of Treg cell suppressive molecules, indicating that talin may be
dispensable during Treg cell development (Fig. 3J). Overall, these data suggest that talin
may play a specific role in maintaining peripheral Treg cell homeostasis and survival.

Spontaneous lymphocyte activation in TIn1flCcd4Cre mice is Treg cell-dependent

The numerical and functional deficiencies we observed in talin-deficient Treg cells led us to
hypothesize that talin may be specifically required for Treg cells to prevent spontaneous
lymphocyte activation. To test this possibility, we generated a series of bone marrow
chimeras in which lethally irradiated RAG1-deficient mice were reconstituted with bone
marrow cells from 7/n1Vf Cd4CTe mice alone or in combination with bone marrow cells
from wild-type or Foxp3-deficient mice (Supplemental Fig. 1). Reconstitution with

TinIVf Cd4C™ bone marrow cells alone (Ca4€"8) or in combination with Foxp3-deficient
bone marrow cells (Ca4<"¢:Foxp3null) yielded mice exhibiting systemic CD4* T cell
activation that recapitulated the phenotype of 7/n2f/fl Ca4°™ mice (Fig. 4A). In contrast,
reconstitution with 777271l Ca4re bone marrow cells along with wild-type bone marrow
cells (Ca4“re:WT) was sufficient to prevent systemic T cell activation, as the percentage of
activated CD4*CD44NMCD62L'° cells in mixed bone marrow chimeras was similar to that in
bone marrow chimeras reconstituted with wild-type bone marrow (WT:WT) or wild-type
bone marrow in combination with Foxp3-deficient bone marrow (WT:Foxp3null) (Fig. 4A).
Further analysis revealed that talin-deficient Treg cells isolated from Ca4¢"¢ chimeras were
present at significantly lower frequencies and absolute numbers and expressed significantly
less Foxp3 on a per cell basis compared to wild-type Treg cells isolated from WT:WT
chimeras. Moreover, talin-deficient Treg cells isolated from mixed Cd4°¢:WT chimeras
were also numerically deficient and exhibited a significant reduction in Foxp3 expression
compared to wild-type Treg cells isolated from the same mixed chimera (Fig. 4B-D),
suggesting that the spontaneous lymphocyte activation in 7/72Vfl Cd4CTe mice is Treg cell-
dependent.

Additional analysis revealed that talin-deficient Treg cells isolated from Cd4¢"®WT and
Ca4“"¢ bone marrow chimeras exhibited decreased expression of CD39, GITR and CTLA4
compared to wild-type Treg cells, consistent with the phenotype of Treg cells isolated from
TIn1™Cg4C"e mice (Fig. 4E). By contrast, there was no significant difference in the
expression of IL-2Ra between wild-type Treg cells and talin-deficient Treg cells isolated
from WT:WT, Ca4°&:WT, Cd4°", and Ca4¢-Foxp3null bone marrow chimeras (Fig. 4E,
Supplemental Fig. 2). However, this finding did not appear to result from a rescue of talin-
deficient Treg cells through exposure to a wild-type environment; instead, it may be a
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peculiarity of the bone marrow chimera system, as IL-2Ra expression by wild-type Treg
cells from WT:WT bone marrow chimeras was significantly reduced (Fig. 4E, Supplemental
Fig. 2) relative to that by wild-type Treg cells from control 7/n1" mice (Figure 3E,
Supplemental Fig. 2). To test this possibility, we adoptively transferred talin-deficient Treg
cells into congenically marked wild-type recipients and analyzed them four days after
transfer. Analysis of talin-deficient Treg cells failed to demonstrate a significant increase in
the expression of IL-2Ra, Foxp3 or any of the Treg cell suppressive molecules we examined
(Fig. 4F-1), suggesting that neither the presence of wild-type Treg nor non-Treg T cells can
rescue the number, phenotype or function of talin-deficient Treg cells. Taken together, these
data indicate that the spontaneous lymphocyte activation observed in 7/n1/fl Ca4CTe mice is
primarily due to intrinsic defects in the Treg cell compartment.

Talin is required for the homeostasis of cTreg and eTreg cells

We next investigated the mechanisms accounting for the observed numerical deficiency of
talin-deficient Treg cells. We initially hypothesized that talin-deficient Treg cells might have
an impaired proliferative capacity. However, splenic Treg cells from

Tin1" Ca4Cre Foxp3SFP mice exhibited increased proliferation based on Ki67 expression
(Fig. 5A). We next investigated whether talin-deficient Treg cells were more apoptotic than
their wild-type counterparts. We assessed the expression of the pro-survival proteins Bcl-2
and Mcl-1 (39-41) and found that talin-deficient Treg cells expressed significantly lower
MRNA levels of both molecules (Fig. 5B). Correspondingly, talin-deficient Treg cells
expressed higher mRNA levels of the apoptosis executioner protein Caspase 7 (Casp7) (Fig.
5B), indicating that signals that promote survival may be impaired in the absence of talin.

We next investigated whether the dysregulation in the balance of pro- and anti-apopotic
signals observed in the total Treg cell pool affected both eTreg and cTreg subsets. Although
we observed an increase in the frequency of CD62L1°CD44M eTreg cells and a
corresponding decrease in the frequency CD62LNCDA44!° cTreg cells (Fig. 5C), only the
absolute number of cTreg cells was significantly altered (Fig. 5D), suggesting that talin may
be more critical in the maintenance of the cTreg cell population. Nonetheless, both talin-
deficient cTreg and eTreg cells were more highly apoptotic then their control counterparts,
based on analysis using Mito Flow, a dye that measures mitochondrial membrane potential
(Fig. 5E). Additionally, both talin-deficient eTreg and cTreg cells exhibited reduced
expression of Foxp3 and IL-2Ra on a per cell basis (Fig. 5F-H), indicating that talin is
required for the homeostasis of both Treg cell subsets. Lastly, characterization of molecules
highly expressed by eTreg revealed reduced expression of GITR and ICQOS, but not CD103
or IRF4, by talin-deficient eTreg cells (Fig. 51, 5J). Further characterization of molecules
highly expressed on cTreg cells revealed reduced expression of Bcl-2 by talin-deficient
cTreg cells (Fig. 5K, 5L). Taken together, these findings indicate that although cTreg cells
appear to be more dependent on talin for survival than eTreg cells, talin is nonetheless
required for the function and homeostasis of both Treg cell subsets.

Talin mediates IL-2 responsiveness in Treg cells in a p2-integrin-dependent manner

IL-2 signaling is essential for the homeostasis and survival of Treg cells (42) and has been
shown to be a positive regulator of Foxp3, Mcl-1 and Bcl-2 expression in Treg cells (19, 20,
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39). Moreover, IL-2 signaling directly upregulates expression of IL-2Ra (42). Having
observed decreased cell surface expression of IL-2Ra (Fig. 3E, Fig. 5G, 5H) and mRNA
expression of Mcl-1 and Bcl2 (Fig. 5B) in talin-deficient Treg cells, we hypothesized that
IL-2 signaling in Treg cells might be impaired in the absence of talin.

Transcript levels of //2rawere significantly lower in talin-deficient Treg cells compared to
control cells (Fig. 6A), suggesting that IL-2 signaling is impaired as a consequence of talin
deficiency. We therefore examined STATS5 phosphorylation, which occurs directly
downstream of the IL-2R (42). When assessed directly ex vivo, talin-deficient Treg cells
exhibited significantly lower levels of phosphorylated (p)STAT5 (Fig. 6B). Moreover, lower
levels of pSTAT5 were observed even in IL-2Ra talin-deficient Treg cells compared to
their control IL-2Ra counterparts. Both IL-2Ra !° talin-deficient and IL-2Ra.!® control
Treg cells (Fig. 6B) exhibited low levels of pSTAT5. We next investigated whether the
inability of talin-deficient Treg cells to phosphorylate STAT5 could be rescued with high
levels of IL-2 in vitroand in vivo with IL-2/IL-2 monoclonal antibody (mAb) complexes,
which have been shown to target IL-2 specifically to Treg cells to induce a rapid expansion
of the Treg cell pool (35, 36). Addition of exogenous IL-2 /n vitrowas capable of increasing
STATS5 phosphorylation in talin-deficient IL-2Ra. Treg cells to levels observed in wild-type
cells (Fig. 6C). However, neither wild-type nor talin-deficient IL-2Ra.!® Treg cells were
capable of increasing STATS5 phosphorylation in response to exogenous IL-2 in vitro (Fig.
6C). Similarly, /n vivotargeting of IL-2 to talin-deficient Treg cells with IL-2/1L-2 mAb
complexes resulted in an increased frequency and absolute number of Foxp3™* talin-deficient
Treg cells, along with increased Foxp3 expression on a per cell basis (Fig. 6D-F). Lastly,
treatment with 1L-2/1L-2 mAb complexes restored or increased the expression of suppressive
molecules IL-2Ra, CD39, GITR and CTLA-4 in talin-deficient Treg cells to wild-type
levels (Fig. 6G). Because only IL-2Ra, but not IL-2Ra°, talin-deficient Treg cells were
capable of phosphorylating STATS5 in response to exogenous IL-2 /n vitro (Fig. 6C),
administration of 1L-2/1L-2 mAb complexes may have acted selectively on IL-2RaM talin-
deficient Treg cells to expand the numbers of these cells. Taken together, these data show
that talin plays a critical role in the maintenance of high levels of IL-2Ra by Treg cells.

We hypothesized that talin may influence the maintenance of high levels of IL-2Ra
expression by virtue of its effects on integrin activation, as talin has been shown to control
activation of p1, B2 and B3 integrins (1). We focused on the integrin LFA-1 (aLp2, CD11a/
CD18) because its deficiency has been shown to result in defects in Treg cell numbers and
suppressive capacity (43-45). We administered isotype or blocking anti-LFA-1 and anti-
ICAM-1 mAbs to Foxp3 GFP reporter mice for three weeks. LFA-1/ICAM-1 blockade led
to a significantly decreased frequency of Treg cells in the spleen (Fig. 7A) without changing
the absolute number of Treg cells (Fig. 7B), presumably due to altered T cell trafficking to
the lymph nodes. However, Treg cells isolated from LFA-1/ICAM-1 mAb-treated mice
exhibited a reduction in Foxp3 expression on a per cell basis (Fig. 7C). Additionally, LFA-1/
ICAM-1 blockade resulted in a decreased frequency of Treg cells expressing high levels of
IL-2Ra (Fig 7D), as well as a reduction in the expression of IL-2Ra on a per cell basis (Fig.
7E). These findings suggested the possibility that integrin-dependent interactions between
Treg cells and DCs might be critical in maintaining high expression of IL-2Ra.. To test this
possibility, we used a reductionist /7 vitro system in which sorted, wild-type Foxp3 GFP*
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Treg cells were incubated with or without purified CD11c¢* DCs. Incubation of Treg cells
alone in serum-free media for 18 hours led to a reduction in the surface expression of
IL-2Ra (Fig. 7F). By contrast, incubation of Treg cells with DCs was sufficient to maintain
high IL-2Ra expression, which could be abrogated in the presence of blocking anti-LFA-1
and anti-ICAM-1 mAbs (Fig. 7F). Taken together, these data suggest that talin, by virtue of
its role in facilitating integrin activation, may be required to maintain high levels of IL-2Ra
that are critical for the homeostasis and survival of Treg cells.

Discussion

Maintenance of the Treg cell pool is essential for preventing autoimmunity. Here we show
that talin deficiency in T cells resulted in spontaneous lymphocyte activation, primarily due
to numerical and functional deficiencies in Treg cells. Strikingly, a reduced proportion of
talin-deficient Treg cells were able to maintain high expression of IL-Ra in the periphery;
moreover, talin-deficient IL-2Ra cells exhibited reduced STATS phosphorylation when
assessed directly ex vivo compared to their control counterparts. High IL-2Ra expression
was dependent on LFA-1-mediated Treg cell interactions with DCs and impaired IL-2Ra
expression by IL-2Ra '° talin-deficient Treg cells could not be rescued, even with the
addition of exogenous IL-2. Thus, our data suggest that talin, by virtue of its role in
mediating integrin activation, is required for the maintenance of high IL-2Ra expression in
peripheral Treg cells, thereby playing a critical role in their function, homeostasis and
survival.

IL-2 signaling is a well-known mediator of Treg cell homeostasis and survival. IL-2 is
produced primarily by activated CD4* T cells in secondary lymphoid organs and can be
consumed by cells expressing the high-affinity IL-2R. IL-2Rp (CD122) and the common y
chain (CD132), which comprise the IL-2R, and IL-2Ra. (46). The association of IL-2Ra
with the IL-2R increases the affinity of the receptor by 10- to 100-fold and Treg cells
express constitutively high levels of IL-2Ra (25). IL-2 signaling reinforces the expression
of Foxp3 and IL-2Ra. in Treg cells and regulates the balance between apoptosis and
proliferation (24, 39). Treg cells receiving IL-2 signal upregulate the survival factors Bcl-2
and Mcl-1; conversely, in the absence of I1L-2, Treg cells upregulate apoptotic factors such as
Bim, Bak and Bax (24). In the thymus, talin-deficient Treg cells expressed levels of Foxp3
and IL-2Ra comparable to that of wild-type Treg cells. In the periphery, however, talin-
deficient Treg cells failed to maintain high levels of IL-2Ra and consequently exhibited
impaired STAT5 phosphorylation and IL-2 signaling, resulting in reduced Foxp3 expression.
Impaired IL-2 signaling also led to reduced Bcl-2 and Mcl-1 expression and a two-fold
reduction in total peripheral Treg cell numbers in 7/72™Cg4¢e mice. Taken together, our
data suggest that talin is required for maintenance of Treg cell numbers owing to its role in
IL-2 signaling and its downstream effects on the expression of Foxp3 and regulators that
control balance between apoptosis and survival.

IL-2 signaling is known to be specifically required for the homeostasis and survival of
quiescent, long-lived cTreg cells, which consequently express high levels of IL-2Ra.
Conversely, highly proliferative and apoptotic eTreg cells rely on ICOS signaling to regulate
their survival (25). Our data suggest that talin influences the function of both eTreg and
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cTreg cell subsets, although it may be more critical in the maintenance of the cTreg cell
pool. Deletion of talin from T lymphocytes resulted in a loss of splenic cTreg cells, likely
due to their inability to maintain high surface expression of IL-2Ra., thereby reducing the
amount of IL-2 signal these cells can receive, impairing the expression of Bcl-2 and
ultimately leading to increased cell death. By contrast, the absolute number of eTreg cells
was not reduced in the absence of talin, perhaps because eTreg cell survival does not depend
on IL-2 signaling (25). Furthermore, the observation of normal numbers of eTreg cells
suggests that talin may be dispensable for the conversion of cTreg cells into eTreg cells.
However, talin-deficient eTreg cells were not able to maintain wild-type expression levels of
Foxp3, ICOS or GITR, which may influence the apoptotic rates and suppressive function of
these cells and raises the possibility that expression of IL-2Ra may be required to maintain
the expression of these molecules by eTreg cells. Thus, our data suggest that talin is required
for various aspects of the homeostasis and function of the cTreg and eTreg cell pools.

Our data also suggest a requirement for integrin signaling, particularly through the integrin
LFA-1, in the maintenance of high IL-2Ra expression by Treg cells. LFA-1 has been
previously shown to be required for Treg cell clustering around DCs, which positions Treg
cells to receive 1L-2 signals by rare IL-2-expressing effector T cells that have been activated
by self-antigen (47). In addition, these close intercellular interactions enable Treg cells to
physically block interactions between APCs and effector T cells, facilitating the binding of
CTLA-4 on Treg cells to CD80 or CD86 expressed by APCs (48). Recent evidence also
suggests that the adhesion of Treg cells to DCs alters the cytoskeleton of the APCs,
preventing them from activating naive conventional T cells (49, 50) The importance of
LFA-1 is further highlighted in observations from /tgh2/~ (CD187/~) mice, which lack
expression of B2 integrins. These mice develop autoimmune dermatitis, even when housed
in germfree environments (49, 51). Moreover, /tgh2™'~ mice harbor lower frequencies of
Treg cells in the spleen and mesenteric lymph nodes and p2-deficient Treg cells display a
reduced suppressive capacity both 7n vitroand in vivo (43). Lastly, B2 integrin-deficient Treg
cells exhibit reduced expression of IL-2Ra. (43), which mirrors the deficiencies we observed
in talin-deficient Treg cells. Our finding that LFA-1/ICAM-1 interactions /n vivo are
required for high expression of IL-2Ra and Foxp3 by Treg cells provides a possible
explanation for these prior observations in /tgh2™~ mice.

Because talin is known to be essential for the regulation of integrin activation, our studies
suggest an essential role for integrin activation in maintaining high expression of IL-2Ra by
Treg cells in the periphery and thereby influencing Treg cell homeostasis and survival. These
findings are particularly intriguing in light of prior evidence linking defective Treg cell
function and polymorphisms in IL-2Ra with a variety of human immune-mediated
disorders, including systemic lupus erythematosis, rheumatoid arthritis, type 1 diabetes, and
inflammatory bowel disease (52-56). Targeting the 1L-2 pathway with low dose IL-2 or
IL-2/IL-2 mAbs has been proposed as one approach to enhance Treg cell numbers and
suppressive function (25). Our findings raise the possibility that therapies targeting integrins
in Treg cells may help to reinforce high expression of IL-2Ra., thereby potentially enhancing
their numbers and suppressive capacity.
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Figure 1. Spontaneous lymphocyte activation in mice with a T cell-specific deletion in talin
(A) Weights of 8-week old 7772l (WT) and 7/n1ffl Ca4°re (KO) mice (n=3). Percentages

(B) and absolute number (C) of thymic CD4* and CD8* T cells isolated from WT and KO
mice (n=3). Percentages (D) and absolute number (E) of CD4* and CD8* T cells isolated
from WT or KO spleens (n=6). Expression of CD44 and CD62L in splenic CD4* (F) and
CD8* (G) T cells from WT and KO mice (n=6). (H) Expression of Ki67 by CD4" and CD8*
T cells (n=9). (1) IFN7y, TNFa, IL-2 and IL-17A expression by splenic CD4* (left) and
CD8™ (right) T cells from WT and KO mice after /7 vitro stimulation with PMA and
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ionomycin; displayed cells gated on CD4*CD44N or CD8*CD44Mi events (n=9). Data are
representative of at least 3 independent experiments. *, P < 0.05; **, P <0.01; ***, P<0.001.
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Figure 2. Spontaneous lymphocyte activation is controlled by factors extrinsic to naive T cells
(A) Expression of CD44 by single-positive (SP) CD4* and CD8* thymocytes from 7/n1f/fl

or TInIVfl Ca4Cre mice (n=3). (B) Expression of the indicated co-stimulatory (CD28, 0X40,
or ICOS) or inhibitory molecules (PD1 or CTLA4) by naive cells from 7/n2f (black line)
and 7/n1Vfl ca4re (gray histogram) mice compared to isotype control (dotted line);
displayed cells were gated on CD4*Foxp3~CD44!° or CD8*CD44/° cells (n=3). (C)
Adoptive transfer of CFSE-labeled CD45.2 7/n1Mfl or 7in1fl Ca4°re FACS-sorted naive
(CD44'°CD62L) T cells into CD45.1.2 7inM or 7in1f CasCre recipients, followed by
flow cytometric analysis of splenocytes from recipient mice 5 days later; displayed cells

J Immunol. Author manuscript; available in PMC 2018 June 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Klann et al.

were gated on CD4* or CD8* events. Data are representative of at least 2 independent
experiments.
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Figure 3. Talin deficiency leads to a reduction in Treg numbers and suppressive function
Frequency (A) and absolute number (B) of Foxp3* Treg cells isolated from the spleens of

TInIA Foxp3GFP or Tin1M Ca4Cre Foxp3GFP mice; displayed cells were gated on CD4*
events (n=12). (C) Foxp3 expression on a per cell basis (mean fluorescence intensity, MFI)
from Foxp3*CD4" splenic Treg cells (n=5). (D) Suppression by sorted Treg cells from
TInIVA Foxp3GFP or TiniV Ca4Cre Foxp3GFP mice at decreasing Tconv:Treg cell ratios,
measured at 72 hours. (E) Expression of suppressive molecules IL-2Ra, CD39, CD73,
GITR and CTLA4 on splenic Treg cells; displayed cells were gated on CD4*Foxp3* cells
(n=5). (F) Quantitative real-time PCR of //I0and Tgfb1 transcript expression by GFP* Treg
cells isolated from 7/n1V7Foxp3GFF or TiniV Ca4CeFoxp35FF mice. Cytokine mMRNA
expression was normalized to the abundance of Rp/13transcript and expressed relative to
transcript abundance of control Treg cells, set to one (n=3). Percentage (G) and absolute
number (H) of Foxp3-expressing thymic SP CD4* T cells from 7/n1Vf Foxp3GFF or
TInIM Casre Foxp3SFF mice (n=3). (1) Foxp3 expression on a per cell basis (MFI) from
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Foxp3*CD4* thymic Treg cells (n=3). (J) Expression of suppressive molecules IL-2Ra,
CD39, CD73, GITR and CTLA4 on thymic Treg cells; displayed cells were gated on
CD4*Foxp3™ cells (n=3). Data shown are mean + SEM and are representative of at least 2
independent experiments. *, P < 0.05; **, P <0.01.
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Figure 4. Spontaneous lymphocyte activation in TIn1flcdaCre mice is Treg cell-dependent
(A-E) Lethally irradiated RAG1-deficient mice were reconstituted with bone marrow cells

from a CD45.2 wild-type donor in combination with cells from a CD45.1 wild-type donor
(“WT:WT”, n=4), wild-type (CD45.2) bone marrow cells in combination with Foxp3-
deficient (CD45.1) bone marrow cells (“WT:Foxp3null”, n=3), bone marrow cells from
Tin1Vfl g4 mice (CD45.2) alone (“Ca4€e”, n=5), bone marrow cells from

TIn1M Ca4Cre mice (CD45.2) in combination with wild-type (CD45.1) bone marrow cells
(“Ca4£e:WT”, n=14), and bone marrow cells from 7/l a4 mice (CD45.2) in
combination with Foxp3-deficient deficient (CD45.1) bone marrow cells (“ Ca4C"e:Foxp3-
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null”, n=5). Mice were analyzed by flow cytometry 8-10 weeks after reconstitution. (A)
Activation status of splenic CD4* T cells based on CD62L and CD44 expression; displayed
cells were gated on CD4*CD45.1* events in WT:WT, WT:Foxp3null, Cd4 C"e:WT and Ca4
Cre:Foxp3null bone marrow chimeric mice and on CD4*CD45.2* events in Ca4“’ bone
marrow chimeras. (B) Percentage of splenic CD4™* cells expressing Foxp3*; displayed cells
were gated on CD47CD45.2" cells to identity talin-deficient Treg cells in Ca4“’¢ and Cd4
Cre:WT bone marrow chimeras and on CD4*CD45.1* cells in WT:WT and Cd4 Ce:WT
chimeras to identity wild-type Treg cells. (C) Absolute numbers of talin-deficient splenic
CD4*CD45.2* Foxp3* Treg cells in Ca4“’¢ and Cd4“"¢:WT bone marrow chimeras and wild-
type CD4*CD45.1* Foxp3* cells in WT:WT and Cd4 “&:WT chimeras. (D) Foxp3
expression on a per cell basis (MFI) from talin-deficient (CD45.2%) or wild-type (CD45.1%)
CD4*Foxp3* splenic Treg cells from WT:WT, Cd4“"¢ and Ca4 C"¢:WT bone marrow
chimeras. (E) Expression of suppressive molecules IL-2Ra, CD39, CD73, GITR and
CTLAA4 by splenic talin-deficient (CD45.2%) or wild-type (CD45.17) CD4*Foxp3™* splenic
Treg cells from WT:WT, Cd4°¢ and Cd4 “©WT bone marrow chimeras. (F) Experimental
approach for the adoptive transfer of CD4*CD45.2* T cells isolated from

TIn1"ACa4Cre Foxp3°FF mice into CD45.1* wild-type recipients. Expression (G) and MFI
(H) of Foxp3 in talin-deficient CD4*CD45.2* Treg cells isolated from the spleens of
recipient mice. (1) Expression of IL-2Ra, CD39, CD73, GITR and CTLA4 by
CD4*"CD45.2*GFP* Treg cells isolated from the spleen of recipient mice. Data shown are
mean + SEM and are representative of at least 2 independent experiments. *, P < 0.05; **, P
<0.01; ***, P<0.001.
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Figure 5. Talin is required for the homeostasis of cTreg and eTreg cells
(A) Ki67 expression in splenic Treg cells; displayed cells were gated on CD4*Foxp3™ cells

(n=5). (B) Quantitative real-time PCR of Bc/2, Mcl1and Casp7 mRNA expression by sorted
GFP* Treg cells isolated from 7/ fFoxp3GFF or T Ca4CeFoxp35FF mice. mRNA
expression was normalized to the abundance of Rp/13transcript and expressed relative to
transcript abundance of control Treg cells, set to one (n=3). Frequency (C) and absolute
number (D) of eTreg cells (CD62L'°CD44M) and cTreg cells (CD62NCD44!°) isolated from
Tin1V T Foxp3GFF or Tin1 Ca4CreFoxp35FP mice (n=6). (E) Frequency of live
CD4*Foxp3™* eTreg and cTreg cells assessed by Mito Flow staining for mitochondrial
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membrane potential (n=3). (F) Foxp3 expression on a per cell basis (MFI) in eTreg and
cTreg cells (n=6). IL-2Ra expression by cTreg (G) and eTreg (H) cells (n=6). Frequencies
of cells expressing GITR, ICOS, CD103, and IRF4 (I) and per cell expression (MFI) of
these molecules (J) in eTreg cells isolated from 7/n1VFoxp3GFF or

TinIM Ca4CreFoxp3SFF mice (n=6). Frequencies of cells expressing Bcl-2 (K) and per cell
expression (MFI) of Bcl-2 (L) in cTreg cells isolated from 7/n1V#Foxp3SFF or

TinIVM ca4CreFoxp35FF mice (n=6). Data shown are mean + SEM and are representative of
at least 3 independent experiments. *, P < 0.05; **, P <0.01; ***, P<0.001
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Figure 6. Talin-deficient Treg cells exhibit increased apoptosis due to dysregulated IL-2 signaling
(A) Quantitative real-time PCR of //2ratranscript expression by GFP* Treg cells isolated

from TinIVFoxp3GFF or TV Ca4CreFoxp3GFF mice. mRNA expression was
normalized to the abundance of Rp/Z3transcript and expressed relative to transcript
abundance of control Treg cells, set to one (n=3). (B) £x vivo pSTATS expression
represented as histograms (left panel) and MFI (right panel) by total, IL-2RaM, or IL-2Ra!®
Treg cells isolated from 7/n1VFoxp35FF or TIn1V Ca4CreFoxp3°F mice (n=3). (C) MFI
of pSTATS5 expression after /n vitro IL-2 stimulation (0.1, 1, or 10 U) in Treg cells isolated
from 71V Foxp3GFF (black line) or T/nIVfl Ca4CreFoxp3GFF mice (gray histogram)
compared to isotype control (dotted line); displayed cells were gated on CD4*Foxp3™ cells
(n=3). Frequency (D), Foxp3 MFI (E) and absolute number (F) of Foxp3* Treg cells derived
from TIn1™"fFoxp3GFP and Tin1™fCd4CeFoxp3GFF mice given isotype or IL-2/IL-2 mAbs
complexes (n=3). (G) Expression of suppressive molecules IL-2Ra, CD39, CD73, GITR
and CTLA4 by Foxp3* Treg cells derived from 777177 Foxp35FF and
TIn1™"flCa4CreFoxp3GFF mice given isotype- or IL-2/IL-2 mAbs complexes; displayed cells
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were gated on CD4*Foxp3* cells (n=3). Data shown are mean + SEM and are representative
of at least 3 independent experiments. *, P < 0.05; **, P <0.01; ***, P<.001.
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Figure 7. Talin-mediated control of IL-2Ra expression on Treg cells is LFA-1-dependent
Frequency (A), absolute number (B) and MFI (C) of CD4*Foxp3™* cells isolated from mice

treated with isotype or LFA-1/ICAM-1 mAbs for 3 weeks (n=5). Frequency (D) and MFI
(E) of CD4*Foxp3™ cells with high IL-2Ra expression isolated from mice treated with
isotype or LFA-1/ICAM-1 mAbs for 3 weeks (n=5). (F) Frequency of cells with high
IL-2Ra expression by sorted CD4*Foxp3™ cells directly ex vivo (‘baseline’) or cultured for
18 hours in serum-free media alone (‘media’), with purified CD11c* DCs and isotype
control mAb (‘DC + isotype’), or with purified CD11c* DCs and blocking LFA-1 and
ICAM-1 mAbs (‘DC + block”) (n=3). Data shown are mean + SEM and are representative of

at least 2 independent experiments. **, P <0.01; ***, P<.001.
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