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e Human and mouse effector Treg cells express functional
TGF-B-activating integrin av38

e Treg cell integrin avB8-mediated TGF-B activation is not
needed for T cell homeostasis

e Integrin avB8 expression by Treg cells suppresses active
inflammation

e Pathway could be targeted to promote Treg-cell-mediated
suppression of inflammation
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SUMMARY

Regulatory T (Treg) cells play a pivotal role in sup-
pressing self-harmful T cell responses, but how
Treg cells mediate suppression to maintain immune
homeostasis and limit responses during inflamma-
tion is unclear. Here we show that effector Treg cells
express high amounts of the integrin av38, which en-
ables them to activate latent transforming growth
factor-p (TGF-B). Treg-cell-specific deletion of integ-
rin «vB8 did not result in a spontaneous inflamma-
tory phenotype, suggesting that this pathway is not
important in Treg-cell-mediated maintenance of
immune homeostasis. However, Treg cells lacking
expression of integrin av38 were unable to suppress
pathogenic T cell responses during active inflamma-
tion. Thus, our results identify a mechanism by which
Treg cells suppress exuberant immune responses,
highlighting a key role for effector Treg-cell-mediated
activation of latent TGF-f in suppression of self-
harmful T cell responses during active inflammation.

INTRODUCTION

Regulatory T (Treg) cells, a subset of CD4™ T cells expressing the
transcription factor Foxp3, are crucial in regulating self-harmful
T cell responses. Treg cells can develop in the thymus (so-called
thymic Treg cells [tTreg cells]) or be induced in the periphery via
upregulation of Foxp3 (pTreg cells) (Rudensky, 2011). Mutations
in Foxp3 cause severe T-cell-mediated multi-organ inflammation
in both mice and humans, highlighting a critical role for Treg cells
in maintaining T cell homeostasis. Additionally, the transfer of
Treg cells into mouse models of inflammatory disease actively
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suppresses harmful T cells to prevent inflammation (Maloy and
Powrie, 2011). There are current clinical trials using Treg cells
that attempt to dampen T cell responses in several human in-
flammatory disorders (Tang and Bluestone, 2013). Thus, it is
paramount that the mechanisms by which Treg cells control im-
munity be determined, to identify pathways that can be targeted
to promote Treg cell function.

A crucial molecule that controls many aspects of Treg cell
biology is the cytokine transforming growth factor- (TGF-f).
TGF-B plays a fundamental role in the development of Treg cells,
both in the induction pTreg cells (Chen et al., 2003) and in the
development of tTreg cells (Konkel et al., 2014; Liu et al,
2008). In addition to roles in Treg cell development, TGF-f plays
a fundamental role in the functional ability of Treg cells to sup-
press T cell responses. Although initial in vitro assays of Treg-
cell-mediated suppression both supported and contradicted a
functional role for TGF-B (Dieckmann et al., 2001; Jonuleit
et al., 2001; Marie et al., 2005; Nakamura et al., 2001; Oida
et al., 2006; Takahashi et al., 1998; Thornton and Shevach,
1998), there is now clear evidence that TGF-B plays a key role
in mediating Treg cell suppressive function in vivo. Thus,
T cells with a reduced capacity to respond to TGF- cannot be
suppressed by Treg cells in mouse models of colitis (Fahlén
et al.,, 2005; Liu et al., 2003) and experimental autoimmune
encephalomyelitis (Zhang et al., 2006), and production of TGF-
B1 by Treg cells is required for their suppression of colitic
T cells in vivo (Nakamura et al., 2004; Pesu et al., 2008). Although
some studies have suggested that TGF-B1-deficient Treg cells
are still capable of suppressing T-cell-mediated colitis (Fahlén
et al., 2005; Kullberg et al., 2005), this suppression is completely
abolished by an anti-TGF-B-blocking antibody (Fahlén et al.,
2005), again highlighting the crucial role of TGF-B in Treg-cell-
mediated suppression in vivo. However, although TGF-B plays
a crucial, non-redundant role in suppression of T cells by Treg
cells in vivo, how TGF-B is regulated to mediate Treg cell sup-
pressive function is poorly understood.
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TGF-B is always produced as an inactive precursor, which
must be activated in order to bind its receptor and produce bio-
logical function (Worthington et al., 2011a). The tgfb gene en-
codes latency-associated peptide (LAP) upstream of the active
TGF-B moiety, which is cleaved from the active cytokine but re-
mains non-covalently attached in a conformation that prevents
TGF-B from engaging its receptor. Known activators of TGF-
include a variety of proteases and cell surface molecules
that somehow alter the latent complex so that active TGF-$
can engage its receptor (Worthington et al., 2011a). Activation
of the latent complex is therefore essential for regulation of
TGF-B function, yet how TGF-§ activation is regulated to control
Treg cell suppressive function is completely unknown. Addition-
ally, whether TGF-f plays an important role in Treg-cell-medi-
ated suppression in all situations or whether this pathway is
important in only certain immunological settings is a crucial but
unanswered question.

Here we show that Foxp3™* Treg cells are specialized activa-
tors of TGF-p via expression of the integrin avf38 and that expres-
sion of the integrin is upregulated on activated/effector (e)Treg
cells, indicating a potential role in Treg-cell-mediated modulation
of active inflammation. Indeed, although lack of expression of
integrin avp8 on Treg cells does not result in a break in Treg-
cell-mediated tolerance at rest, Treg cells lacking expression
of the integrin are completely unable to suppress T-cell-medi-
ated inflammation in vivo. These results therefore identify a
mechanism by which activated/eTreg cells specifically control
inflammatory T cells, highlighting a key role for Treg-cell-medi-
ated activation of latent TGF-B in suppression of self-harmful
T cell responses.

RESULTS

Treg Cell Expression of the TGF-3-Activating Integrin
avpB8 Is Vital for Suppressing T Cell Expansion

Despite the importance of TGF-B in mediating suppression of
T cells by Foxp3* Treg cells in vivo, the mechanisms by which
this suppression occurs are unknown. Because TGF-f is
expressed as a latent complex, we hypothesized that Treg
cells could be specialized to activate TGF-f in order to increase
local concentrations of the cytokine to mediate suppression.
To test this hypothesis, we co-cultured naive CD4" T cells
(CD45RB"Foxp3™), effector/memory CD4* T cells (CD45RB"
Foxp3™), and Treg cells (CD45RB'°Foxp3*) with cells expressing
a luciferase reporter for active TGF- (Abe et al., 1994). Interest-
ingly, Foxp3* Treg cells showed an enhanced ability to activate
latent TGF-B compared with both naive and effector/memory
T cells (Figure 1A). To determine mechanisms by which Foxp3*
Treg cells are specialized to activate TGF-B, we examined Treg
cells for molecules that could potentially activate the latent cyto-
kine. We focused on the potential role of integrin av8, which we
have previously shown to be expressed by tolerogenic dendritic
cells, enabling them to activate TGF-, a pathway that is crucial
in controlling immune homeostasis and responses to infec-
tion (Travis et al., 2007; Worthington et al., 2011b, 2013). We
analyzed expression of the integrin B8 subunit (which pairs
only with integrin av) at the RNA level, because there are no cur-
rent antibodies available that recognize murine integrin 8. We
found that Foxp3* Treg cells expressed ~100-fold higher levels
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of integrin B8 MRNA than naive and effector memory CD4*
T cells (Figure 1B). Expression of integrin av (which pairs with
the additional subunits B1, B3, B5, and B6) was similar in all
T cell subsets (Figure S1A). Using Treg cells isolated from mice
expressing a conditional allele of integrin B8 (/tgb8) combined
with Cd4-Cre (herein called ltgb8 KO Treg cells) (Travis et al.,
2007), we found that such cells no longer displayed the height-
ened activation of latent TGF-3 compared to control Treg cells
(Figure 1C). These results suggest that Treg cells activate
enhanced levels of TGF-p versus other T cell subsets via expres-
sion of integrin avf8.

We next tested the suppressive capacity of Itgh8 KO Treg cells
via a model of CD4* T cell expansion in vivo, where naive T cells
expand within a few days of transfer into a lymphopenic Rag2 '~
mouse (Workman et al., 2011). Both control and Treg cells lack-
ing expression of integrin B8 were isolated to similar purities
(>94% Foxp3™*) before transfer (Figures S1B and S1C). We found
that /tgb8 KO Treg cells showed a complete failure to suppress
T cell expansion compared to the reduction seen with control
Treg cells (Figure 1D). This lack of suppression was not due to
any alterations in Treg cell establishment or loss of Foxp3
expression, as shown by the fact that equivalent percentages
and Foxp3 expression was found in both transferred control
and ltgb8 KO Treg cells (Figure 1E). In the presence of control
Treg cells, we observed a specific increase in phosphorylation
of Smad 2/3 (pSmad2/3) in CD4* T cells (Figure 1F), which
is the initial signaling event triggered by engagement of TGF-§
with its receptor (Worthington et al., 2011a). CD4* T cell
pSmad?2/3 levels were lower in the presence of ltgh8 KO Treg
cells, indicating that T cells were not seeing as much active
TGF-B in the presence of integrin B8-deficient Treg cells (Fig-
ure 1F). There was no difference in the amount of pSmad2/3
between the control and ltgb8 KO Treg cells, indicating that
the difference in TGF-B signaling was specific to transferred
T cells and not Treg cells at this time point (Figure 1F). Taken
together, these data indicate that Foxp3* Treg cells preferentially
activate TGF-B via expression of integrin avp8 and that this
mechanism is essential for the ability of Treg cells to suppress
CD4* T cell expansion in vivo.

Foxp3* Treg Cell Expression of Integrin «vp8 Is Not
Required to Maintain T Cell Homeostasis

We have previously demonstrated that mice lacking integrin
avB8 on all T cells demonstrate no immune pathology at rest
(Travis et al., 2007). To directly test the role of this pathway in
Treg-cell-mediated control of T cell homeostasis, we crossed
mice expressing a conditional allele of integrin B8 with mice ex-
pressing foxp3Y C™® (jtgb8 flox/flox [fl/fl] x foxp3YTF-C mice,
herein called Itgb8"foxp3YF"-C mice) to specifically delete
the integrin on Foxp3* Treg cells (Rubtsov et al., 2008). Despite
Treg-cell-expressed integrin avp8 being essential for suppres-
sion of T cell expansion (Figure 1D), we found that /tgh8"™
foxp3YFPCr® mice developed no spontaneous inflammatory
phenotype. Thus, such mice display similar T cell development
(Figure 2A) and T cell numbers in spleen and intestinal tissue (Fig-
ure 2B) when compared to control mice. There were also similar
Treg cell quantities in these compartments, although a slight
increase in the splenic Treg cell population was observed (Fig-
ure 2C), consistent with a previous report that mice lacking
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Figure 1. Foxp3* Treg Cells Express the
TGF-B-Activating Integrin B8, which Is
Essential for Suppression of T Cell Expan-

c @ Control Treg cells
O Itgb8 KO Treg cells

A M Naive B
O Effector/memory

® Foxp3* Treg cells g —kEE sion In Vivo
% 140 *kk — 300, * (A) TGF-B activation by naivke (CD4§RB"iFoxp3’),
=150 ok 5 120 = Y effector/nllemory+(CD45RB Foxp3™), anld Treg
g — X 100 5 (CD45RB"Foxp3*) CD4* T cell subsets isolated
2 Jxx o 2 2001 from the spleen of foxp3°F" mice, detected by co-
~ 100 () 2‘ 80 [y L] culture with an active TGF-p reporter cell line. Data
E -— g 60 6 (] (n = 4) are from two independent experiments.
o : 8 40 - e (o] (B) RNA from naive, effector/memory, and Treg
: = N.S () 1001 cell CD4" T cell subsets was isolated from the
> 50 .N_S| _qz’ 20) 2 E [ 7 _@_ spleen of foxp3° ¥ mice and analyzed for integrin
"6' | E 0" - &’ ® 8 expression by qPCR, with levels normalized to
< [m] &’ :‘é’ § E‘ & % 0._,_0_ the housekeeping gene Hprt and presented rela-
0 h_ S 98 g g L tive to naive T cells. Data (n = 2-5) are from five
E £ F:’” independent experiments.

(C) TGF-B activation by control (itgb8""Cre™) or
Itgh8 KO (Itgb8"Cd4-Cre*) splenic Treg cells
(CD4*CD45RB°CD25"), detected by co-culture
with an active TGF-B reporter cell line as in (A). Data
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TGF-B signaling specifically on Foxp3™ Treg cells show slightly
elevated Treg cell numbers (Gutcher et al., 2011). Similar T cell
activation and cytokine profiles were observed in intestinal tis-
sue, with a slightly increased T cell activation and CD4" IFN-y
production observed in the splenic T cell population (Figures
2D and 2E). However, this slight increase in splenic T cell activa-
tion did not appear biologically significant; mice appeared
healthy up until at least 12 months of age and showed no signs
of colitis (Figure 2F) or immune pathology in organs examined
(Figure 2G). These results indicate that TGF-B activation by
Treg-cell-expressed integrin avp8 is not required for Treg-cell-
mediated control of T cell tolerance at rest.

® CD45.1* naive T cells + Control Treg cells
O CD45.1* naive T cells + Itgh8 KO Treg cells

7 days post transfer. Data (n = 5) are from three
independent experiments.
Error bars represent SEM. See also Figure S1.

Integrin avp8 Is Preferentially
Expressed on Activated Foxp3*
Treg Cells
Given that integrin avB8 expression by
Treg cells appeared essential for suppres-
sion of T cell expansion but redundant for
Treg-cell-mediated maintenance of T cell
homeostasis, we hypothesized that acti-
vation of latent TGF-B by Treg-cell-ex-
pressed integrin avf8 might play a role
during inflammatory responses when both CD4* T cells and
Treg cells are activated. We first examined expression of integrin
8 on resting versus activated Treg cell subsets. We found that,
whereas activation of naive CD4* T cells did not alter expression
of the integrin, activation of Treg cells with anti-CD3 and anti-
CD28 antibodies increased expression of integrin B8 (Figure 3A),
with integrin av expression remaining unaltered (Figure S2A).
Furthermore, activated Treg cells had increased capacity to acti-
vate TGF-B, which was completely dependent on the expression
of integrin avp8 by activated Treg cells (Figure 3B). We next
determined whether integrin avf8 was preferentially expressed
on activated Treg cell subsets in vivo. Indeed, we found highly
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Figure 2. Mice Lacking Foxp3* Treg Cell
Expression of Integrin 38 Display Normal T
Cell Homeostasis

Control mice (itgb8"") and mice lacking expres-
sion of integrin B8 on Treg cells (itgb8™"
foxp3Y ™) aged 6-12 months old, were exam-
ined for potential disruption of T cell homeostasis
and inflammation.

(A) Representative flow cytometry plots of
thymic T cell populations analyzed via CD4/CD8
expression.

(B) Spleen, mesenteric LN (mLN), and large intes-
tinal lamina propria (LILP) were examined for T cell
cellularity.

(C) Spleen, mLN, LILP, and thymus were examined
for percent Foxp3* Treg cells.

(D and E) Percent CD4* and CD8* effector/mem-
ory T cell subsets (CD44"CD62") (D) and percent
intracellular IFN-y and IL-17 expression by CD4*
T cells (E) was examined by flow cytometry.

(F) Colitic score and representative images of
Itgb8™" and Itgb8"foxp3Y - mice colon.

(G) Representative histological sections of organs
from Itgb8™" and Itgb8"foxp3Y ™ mice.

Data represent n = 4-5.
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Figure 3. The TGF-B-Activating Integrin avB8 Is Preferentially
Expressed on Effector Treg Cells

(A) RNA from non-activated or anti-CD3 and anti-CD28 antibody-activated
naive (CD45RB"Foxp3~) or Treg (CD45RB'°Foxp3*) CD4" T cell subsets iso-
lated from the spleen of foxp3°F mice and analyzed for integrin 8 expression
by gPCR. Integrin B8 levels were normalized to the housekeeping gene Hprt
and presented relative to levels in naive T cells. Data (n = 4-8) are from three
independent experiments.

(B) TGF-B activation by unstimulated or anti-CD3 and anti-28 antibody-acti-
vated splenic control (itgb8™Cre~) or Itgh8 KO (Itgb8""Cd4-Cre*) Treg cells
(CD4*CD45RB°CD25M), detected by co-culture with an active TGF- reporter
cell line. Data (n = 4-8) are from four independent experiments.

(C) Integrin p8 levels were assessed by qPCR via RNA isolated from KLRG 1™ or
KLRG1~ Treg cells (CD45RB°Foxp3*, isolated from foxp3%F mice) and
values normalized to Hprt and displayed relative to naive CD4™ T cells in (A).
Data (n = 4-8) are from three independent experiments.

(D) TGF-B activation levels from KLRG1* or KLRG1~ Treg cell subsets
(CD4*CD45RB"°CD25MKLRG1*~ cells) either control or /tgh8 KO, assessed
by co-culture with a TGF-B reporter cell line as described in (B). Data (n = 4-5)
are from three independent experiments.

Error bars represent SEM. See also Figure S2.

elevated expression of integrin B8 mRNA by KLRG1* Treg cells
(Figure 3C), which are a subset of Treg cells proposed to repre-
sent a terminally differentiated activated/eTreg cell state (Feuerer
et al., 2010). The integrin av was also highly expressed on this
KLRG1* eTreg cell population (Figure S2B). Similar to in vitro
activated Treg cells, KLRG1" Treg cells showed significantly
elevated ability to activate latent TGF-B versus KLRG1™ Treg
cells, which was completely dependent on the expression of in-
tegrin avp8 (Figure 3D). Taken together, these data demonstrate
that integrin avf8 is expressed primarily on activated Treg cells,
especially on terminally differentiated eTreg cells.

Integrin av38 Expression Is Essential for Treg Cell
Suppressive Function during Inflammation

Given the elevated expression of integrin avp8 on eTreg versus
non-eTreg cells, we hypothesized that integrin avB8 expression

might play an essential role in preventing immunopathology dur-
ing ongoing inflammation. To address this possibility, we utilized
the T cell transfer model of colitis, which acts as an in vivo
model for Treg cell suppression of inflammatory T cells (Powrie
et al., 1994). In this model, Rag2~~ mice receive naive (CD4*
CD45RB"CD257) T cells, resulting in a wasting disease after
6-8 weeks, which can be reversed by transfer of Treg cells (Ma-
loy et al., 2005).

Given that KLRG1" Treg cells express significantly elevated
levels of functional integrin avp8 (Figures 3C and 3D), we initially
tested whether KLRG1* Treg cell numbers are altered during
inflammation. To this end, we examined Treg cell populations
during homeostasis compared to Treg cells at 6 weeks after
transfer into colitic mice. We found that, compared to Treg cells
at rest, the percentage of KLRG1* eTreg cells in the transferred
population was significantly increased in splenic, mLN, and in-
testinal tissues (Figure 4A) and that these KLRG1" Treg cells ex-
pressed high levels of integrin B8 mRNA (Figure 4B). Thus, these
data indicate that exposure to an inflammatory environment
causes an expansion of the KLRG1" eTreg cell subset express-
ing high amounts of integrin 8.

To directly test the functional role for integrin av38 expression
by Treg cells in their ability to suppress inflammatory T cell
responses, we tested the suppressive ability of Treg cells lacking
expression of integrin B8 in the transfer colitis model. When Treg
cells were transferred at a time when inflammation was not yet
present (i.e., at the same time as naive T cells), both control
and ltgb8 KO Treg cells completely suppressed weight loss
and the development of colitis (Figures S3A-S3D), in agreement
with recent findings (Edwards et al., 2014) and the findings that
integrin B8 expression on Treg cells does not play a function
in preventing inflammation during homeostasis (Figure 2).
However, when Treg cells were transferred 2 weeks after naive
CD4* T cell transfer into an inflammatory environment, ltgh8
KO Treg cells completely failed to rescue disease, with weight
loss and histological scores being indistinguishable from mice
not receiving Treg cells (Figures 4C and 4D). This lack of sup-
pression was in contrast to control Treg cells, which completely
suppressed weight loss and inflammation (Figures 4C, 4D, S3E,
and S3F).

Previous work has demonstrated that Treg cells suppress
both the innate and adaptive arms of the immune response dur-
ing T-cell-induced colitis (Maloy et al., 2003). However, when
transferred 2 weeks after initial naive T cells, /tgh8 KO Treg cells
demonstrated no suppressive ability against either the innate or
adaptive immune response, with mice receiving ltgb8 KO Treg
cells showing equivalent numbers of tissue inflammatory mono-
cytes/macrophages (CD11b*Gr1™™), neutrophils (CD11b*Gr1™)
(Figure 4E; Griseri et al., 2012), and both IFN-y* and IL-17"
CD4* T cells (Figure 4F), as seen in the absence of Treg cells.
Indeed, Itghb8 KO Treg cells failed to reduce the total levels of
the inflammatory cytokines IFN-y and IL-17 produced by cells
of the large intestinal lamina propria (Figure 4G).

Next, we determined the function of integrin avp8 expression
by Treg cells in a non-lymphopenic model of colonic inflamma-
tion, via feeding of control (itgh8""foxp3YFF-Cre) and Itghs™™
foxp3YFP-Cre mice with a low dose of dextran sodium sulfate
(DSS). Mice lacking Treg cell integrin B8 expression showed
exacerbated colitis compared to control mice expressing
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Foxp3-YFP-Cre, showing enhanced weight loss (Figure 5A),
increased CD4* T cell numbers (Figure 5B), and enhanced pa-
thology (Figure 5C), suggesting an important functional role for
integrin avPB8 expression on Treg cells in controlling intestinal
inflammation. Finally, to test whether the suppressive function
of integrin avp8 expression on Treg cells was specific for sup-
pression of inflammation in the intestine, we induced delayed-
type hypersensitivity (DTH) in the ears of mice (Lahl et al,
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Figure 5. Absence of Integrin 8 on Treg
Cells Exacerbates Intestinal and Peripheral
Inflammatory T Cell Responses in Lympho-
cyte-Replete Mice

(A-C) Control (Itgb8"™foxp3Y™"-C®) and Itgb8
Treg cell KO (Itgb8"foxp3YFF-C®) mice received
1% DSS in drinking water for 9 days.

(A) Percentage of initial weight from time of treat-
ment. Error bars represent SEM.

(B and C) Percentage CD4™ T cell populations from
the LILP (B) and H&E staining of colon samples (C)
at day 9 post-treatment. Data (n = 5) are repre-
sentative of two independent experiments.

(D-F) Control mice (itgh8™ or itgh8" ™ foxp3YFP-Cre)
and mice lacking /tgb8 expression in Treg cells
(Itgb8"foxp3Y™P-C™) were immunized with oval-
bumin/CFA followed by subcutaneous challenge
with PBS in the left ear pinna and ovalbumin in the
right.

(D and E) Mean ear thickness (D) and H&E staining
of ears (E) 48 hr after challenge.

(F) Intracellular IFN-y expression in CD4* and
CD8" T cells from ear draining lymph node. Total
cell number and representative flow cytometry
plots of data are displayed. Data (n = 6-7) are from
two independent experiments.

2007). Itgb8"foxp3Y™°" mice showed
exacerbated inflammation compared to
controls (both [tgb8™" [Cre-negative]
and ltgb8"Vfoxp3Y - control mice),
with enhanced ear thickness (Figure 5D)
and inflammation (Figure 5E) and
enhanced numbers of CD4* and CD8*
T cells producing IFN-y (Figure 5F).
Thus, taken together, these results show
that, despite the ability of Treg cells lack-
ing expression of integrin avp8 to main-
tain T cell homeostasis and prevent initial
development of inflammation in vivo,
expression of this integrin is required for
the capacity of Treg cells to suppress
effector T cells during inflammation.

Lack of Integrin av38 Expression
Does Not Alter the Homing,
Maintenance, or Stability of Treg
Cells

The defect in suppression of active
inflammation by ltgh8 KO Treg cells
raised the possibility that lack of integrin
avP8 expression altered either Treg cell

survival, stability, or homing to tissues during homeostasis
and/or inflammation. To address this possibility, we first
analyzed female mice that were heterozygous for foxp3YF-Cre,
Because of the location of foxp3 on the X chromosome and its
random inactivation in females, such mice that are homozygous
for the integrin B8 floxed allele are a natural chimera for ltgb8-ex-
pressing and KO Treg cells. We found equivalent ratios of Cre™
(Foxp3*YFP™) and Cre* (Foxp3*YFP™*) Treg cells in all locations
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tested (spleen, mLN, LILP) between mice that were flox/flox for
the Itgb8 conditional allele (WT/KO chimera) or WT for the
Itgb8 allele (WT/WT chimera) (Figure 6A). Additionally, /tgb8-ex-
pressing and ltgb8 KO Treg cells expressed equivalent amounts
of arange of Treg-cell-associated markers (Table S1). Together,
these data indicate that lack of integrin 8 on Treg cells does not
alter the development, maintenance, homing, or stability of Treg
cells during homeostasis.

Next, to test whether there was any defect when transferred to
an inflammatory environment, we performed transfer colitis ex-
periments, analyzing control or ltgh8 KO Treg cells transferred
to colitic Rag2™'~ mice that had received naive CD4* T cells
2 weeks earlier. At 6 weeks after transfer, equivalent percent-
ages of both control and /ltgb8 KO Treg cells were observed in
the intestine of recipient mice (Figures 6B and 6C), strongly sug-
gesting that integrin avf38 expression by Treg cells is not required
for either their migration or maintenance in the intestine during
inflammation. We also observed equivalent levels of Foxp3*
Treg cells arising from the transferred naive T cell population
(i.e., induction of pTreg cells) (Figures 6B and 6C), which has pre-
viously been shown to rely on TGF-B (Chen et al., 2003), indi-
cating that Treg cell expression of integrin avf8 is not involved
in the generation of pTreg cells during inflammation. Further-
more, equivalent percentage of Foxp3 expression in control
and /tgb8 KO Treg cells was observed after transfer (Figure 6D),
and these cells expressed equivalent quantities of Foxp3 (Fig-
ure 6E), indicating that TGF-B activation mediated by integrin
avB8 on Treg cells is not required for the stability of Foxp3
expression. Indeed, Treg cells lacking expression of integrin
avp8 did not upregulate expression of the pro-inflammatory
cytokines IFN-y and IL-17 upon transfer (Figures 6F and 6G)
and did not cause any pathology when transferred alone to
mice (Figures S4A-S4E). Also, despite their failure to rescue dis-
ease, ltgh8 KO Treg cells had a similar capacity to become
KLRG1* eTreg cells, with equivalent expression of both KLRG1
and the additional Treg cell activation marker CD103 compared
to control Treg cells (Figures S4F-S4G).

Treg cells lacking expression of integrin B8 could not rescue
colitis, which meant that control and /tgh8 KO Treg cells were
subjected to different intestinal environments. To determine
whether any defects in Treg cell maintenance, stability, or homing
were apparent in cells present in the same inflammatory context,
we co-transferred a 50:50 mix of B8-expressing (ltgh8"W/T/WT
foxp3YFP-Cre= or 1tgh8"WTWTfoxp3YF-C®*) and integrin p8-defi-
cient (Iitgb8"foxp3Y " -Cre*) Treg cells into colitic mice. 2 weeks
later (a time when mice still had intestinal inflammation), the ratio
of ltgb8-expressing and /tgb8-deficient Treg cells was identical
to that observed when a 50:50 mix of /tgh8"W/TWTfoxp3YFP-Cre=
and ltgb8"V"WTfoxp3YFP-Cre* Treg cells were transferred (Fig-
ure S4H). These data strongly indicate that lack of integrin p8
does not affect Treg cell maintenance, stability, or homing in
an inflammatory context. Additionally, expression of a range of
Treg-cell-associated functional markers showed equivalent
expression in both ltgh8-expressing and ltgh8-deficient Treg
cells isolated after co-transfer into colitic mice (Table S2). Finally,
when natural chimera mice (female /tgb8™" mice heterozygous
for foxp3Y"P°®) were subjected to either DSS colitis or DTH
models, there were no differences in ltgb8-expressing (YFP™)
and [tgb8-deficient (YFP") Treg cell ratios compared to equiva-
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lent populations in chimeras where all Treg cells expressed integ-
rin B8 (Figures S4l and S4J). Taken together, these data further
suggest that lack of functional suppression by Treg cells lacking
expression of integrin B8 is not due to defective homing, migra-
tion, stability, or activation of these cells.

Lack of Treg-Cell-Expressed Integrin av38 Dampens
TGF-B Signaling in Colitic T Cells and Treg Cells

Because data suggest that TGF- signalling is required in T cells
to permit Treg-cell-mediated suppression in vivo and because
activated/eTreg cells activate high levels of TGF-§ via integrin
avP8, we next tested whether colitic T cells showed enhanced
TGF-B signalling in the presence of Treg cells in an integrin
avB8-dependent manner. We found that the transfer of control
Treg cells to mice resulted in an increase in pSmad2/3 in trans-
ferred CD4" colitic T cells but that this increase in the TGF-B
signaling pathway was almost completely absent in the pres-
ence of ltgh8 KO Treg cells (Figures 6H and 6l). Additionally,
there was a difference between the transferred control and
Itgb8 KO Treg cells themselves, with reduced levels of
pSmad2/3 observed in the ltgh8 KO Treg cell populations at
this time point (Figures 6H and 6l). When T cells and Treg cells
were co-transferred together into mice (a situation where /tgb8
KO Treg cells completely prevented colitis [Figures S3A-S3D]),
pSmad?2/3 in transferred T cells was equivalent in the presence
of both control or Itgh8 KO Treg cells 6 weeks after transfer (Fig-
ure S4K), indicating that during Treg-cell-mediated prevention of
colitis, TGF-B signaling in T cells does not require integrin 8
expression on Treg cells. Thus, taken together, our results sug-
gest that expression of integrin avp8 is required for Treg-cell-
mediated suppression of inflammation via activation of TGF-j,
which triggers TGF-B signaling in both colitic CD4* T cells and
Foxp3* Treg cells.

Integrin avB8 Is Preferentially Expressed on Human
eTreg Cell Populations

Finally, we addressed whether the expression of integrin avp8
seen on mouse Treg cells was mirrored by human Treg cells.
We found that, similar to results in mice, Foxp3* Treg cells
from human blood preferentially expressed integrin 8 mRNA
compared to naive or effector/memory CD4* T cells (Figure 7A).
Total human Foxp3* Treg cells also expressed enhanced
amounts of the integrin av subunit (Figure S5A).

We next sought to determine whether expression of integrin
avp8 was enriched on eTreg cells in humans, similar to our obser-
vations in mice (Figure 2). To this end, we isolated Treg cells from
the following populations from healthy human blood: the fraction
(Fr.) Il population (CD45RA~ and CD25") expressing the highest
amounts of Foxp3, activation, and suppressive capacity (Miyara
etal., 2009), the Fr. | population (CD45RA*CD25™Foxp3'°), which
are suppressive and can convertto eTreg cells, and the Fr. lll pop-
ulation (CD45RA~CD25™Foxp3'°) which have been reported to
produce IL-17 while retaining their suppressive ability (Afzali
et al., 2013). All of these Treg cell subsets express the integrin
av subunit (Figure S5B). However, comparable to our data in
mice showing highest expression of integrin 8 mRNA on acti-
vated/eTreg cells, we found that the human Fr. Il effector Treg
cell population expresses the highest amounts of integrin g8 (Fig-
ure 7B). The intermediately suppressive Fr. Il Treg cell population
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Figure 7. Human Effector Treg Cells Express Integrin 8

(A) RNA was isolated from human peripheral blood naive T cells (CD4*
CD127*CD45RA*CD25"), effector/memory (CD4"CD127*CD45RACD25"),
and Treg cells (CD4*CD127 CD25™) and integrin B8 expression measured by
qPCR. p8 mRNA were normalized to the housekeeping gene B2M and pre-
sented relative to naive T cell levels (naive, n = 8; effector/memory, n = 7; Treg
cell, n=4).

(B) Fr. | CD45RA*CD25** (Foxp3™) “resting,” Fr. Il CD45RA~CD25*** (Fox-
p3™) “activated,” and Fr. Il CD45RA~CD25%* (Foxp3™) Treg cell subsets were
sorted and integrin B8 expression measured (Fr. I, n = 3; Fr. Il, n = 4; Fr. Il
n=4).

Error bars represent SEM. See also Figure S5.
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also expresses integrin B8, albeit at lower levels than the more
suppressive Fr. Il population, whereas the resting Fr. | Treg cell
population does not express detectable levels of integrin B8 (Fig-
ure 7B). Taken together, these data suggest that, similar to obser-
vations in mice, human eTreg cell populations express integrin
avPB8 and this expression directly correlates with their ability to
suppress T cell responses (Miyara et al., 2009).

DISCUSSION

Despite strong evidence indicating that TGF-B plays a non-
redundant role in Treg-cell-mediated suppression of T cells
in vivo, the mechanisms by which TGF-p is regulated during
Treg-cell-mediated suppression are completely unknown. We
now demonstrate that Treg cells are specialized to activate latent
TGF-B due to expression of the TGF-B-activating integrin avf38,
with activated/eTreg cells showing highly upregulated expres-
sion of the integrin in both mice and humans. Although expres-
sion of integrin avB8 on Treg cells is not required to maintain
T cell tolerance or prevent T-cell-mediated inflammation, it is
essential to suppress T cell responses during ongoing inflamma-
tion. These results therefore identify a novel mechanism by
which activated Treg cells specifically control inflammatory
T cells, highlighting a key role for Treg-cell-mediated activation
of latent TGF-B in suppression of harmful T cell responses.

Exactly how integrin avp8 mediates activation of TGF-B by
Treg cells is not clear. Integrin avp8 binds to an RGD motif pre-
sent in LAP, and activation of TGF- by integrin avB8 has been
proposed to involve the membrane metalloprotease MMP14 in
airway cells (Mu et al., 2002), which cleaves LAP to release active
TGF-B. However, we find no evidence for increased expression
of MMP14 in either naive Treg cells or eTreg cell subsets
compared to naive T cells (data not shown), and therefore the
role for MMP14 in promoting enhanced integrin avp8-mediated
TGF-B activation in Treg cells is unclear. Additionally, whether in-
tegrin avp8 expression in a T cell is sufficient to convey a regula-
tory phenotype is unknown, although it is likely that additional
factors synergize with the integrin $8-TGF-p pathway to mediate
Treg cell suppression during inflammation.

Lack of integrin avp8 expression on Treg cells completely
abrogated their ability to suppress T cell responses during
inflammation, so it was important to determine the mechanism
by which Treg cell expression of integrin a.vp8 controlled inflam-
matory T cells. Treg cells can convert naive T cells into pTreg
cells (Andersson et al., 2008; Edwards et al., 2013). Therefore,
one possibility for the failure of ltgb8 KO Treg cells to suppress
inflammation was a failure to convert colitic T cells into pTreg
cells, thus lacking so-called “infectious tolerance.” Similarly,
lack of integrin avfB8-mediated TGF- activation could lead to
reduced stability of Treg cells, given that TGF-f plays an impor-
tant role in maintenance of Foxp3 expression (Marie et al., 2005)
and the ability of Treg cells that lose Foxp3 expression to
become pro-inflammatory “ex-Treg cells” during inflammation
(Komatsu et al., 2014; Zhou et al., 2009). However, we observed
equivalent percentages of pTreg cells induced in the transferred
T cell population in colitis models, and also equivalent percent-
ages of transferred control and /ltghb8 KO Treg cells expressing
similar levels of Foxp3, strongly indicating that induction of pTreg
cells and stability of transferred Treg cells is not dependent on



expression of integrin avB8. These findings fit with previous ob-
servations in vitro, which suggest that infectious tolerance is in-
dependent of the actions of av integrins (Andersson et al., 2008).
Additionally, transfer of ltgh8 KO Treg cells to Rag2~'~ mice
alone did not result in inflammation, and expression of key addi-
tional suppressive markers of Foxp3* Treg cells appeared equiv-
alent between control and ltgh8 KO Treg cells, indicating that
lack of integrin avB8 expression by Treg cells does not result in
conversion of these cells to a pathogenic phenotype. Instead,
we observed that, whereas transfer of control Treg cells into
mice receiving naive T cells 2 weeks earlier resulted in induction
of TGF- signaling (phosphorylation of Smad2/3) in colitic T cells,
such induction was severely diminished when Treg cells lacked
expression of integrin avf8. One potential caveat to this obser-
vation is that inflammation present when ltgb8 KO Treg cells
do not rescue colitis might affect pSmad?2/3 signaling. However,
we also show that T cells sense less TGF-f in the presence of
Itgb8 KO versus control Treg cells in settings early after co-trans-
fer of T cells and Treg cells, when no inflammation is present.
We also observed a significant decrease in TGF-f signaling in
Treg cells lacking integrin av8, suggesting that Treg cell activa-
tion of latent TGF-f can act in an autocrine fashion during inflam-
mation, in addition to acting in a paracrine manner to suppress
CD4* T cells. However, Treg cells incapable of responding to
TGF-B signaling via the expression of a dominant-negative
TGF-B receptor type Il (Fahlén et al., 2005), depletion of TGF-B
receptor Il (Sledzinska et al., 2013), or deficiency in the down-
stream TGF-B signaling molecule Smad3 (Kullberg et al., 2005)
are still able to suppress T-cell-mediated colitis, in contrast to
the inability of T cells that cannot sense TGF-f3 to be suppressed
by Treg cells (Fahlén et al., 2005). Thus, taken together with
previous studies, our data support a model in which TGF-,
activated by integrin avp8 expressed by Treg cells, acts in a
paracrine fashion upon CD4* T cells to suppress inflammation.
An important outstanding question is which cells produce the
functionally important TGF-p that is activated by Treg-cell-
expressed integrin avB8? Controversy still exists as to whether
TGF-B production by Treg cells is essential for their suppressive
function, with different groups showing that Treg cells unable to
produce TGF-B either are capable (Fahlén et al., 2005; Kullberg
et al., 2005) or incapable (Li et al., 2007; Nakamura et al., 2004)
of suppressing T cells in transfer colitis models. Importantly, how-
ever, inamodel of colitis where it was found that TGF-p1-deficient
Treg cells were capable of suppressing inflammation to the same
extent as control Treg cells, use of a TGF-B blocking antibody
completely abrogated Treg-cell-mediated suppression, showing
that TGF-B from non-Treg cell sources is capable of promoting
suppression of inflammatory T cells (Fahlén et al., 2005). T cells
that cannot express TGF-f1 can still be suppressed by Treg cells
in colitis models, suggesting that T-cell-derived TGF-B is redun-
dant for Treg cell function (Li et al., 2007). However, when both
T cells and Treg cells cannot make TGF-, Treg cells show poor
suppressive function (Li et al., 2007). Thus, these data suggest
that a combination of T-cell- and Treg-cell-produced TGF-p are
important in mediating suppression by Treg cells. Given that
many different hematopoietic and non-hematopoietic cells pro-
duce latent TGF-B and that high levels of latent TGF-B are found
throughout the body, we propose that there will be some redun-
dancy inthe cell type producing functionally important latent com-

plex for Treg-cell-mediated suppression. However, our data show
that integrin avf8-mediated activation of latent TGF-$ by Treg
cells is absolutely required for the Treg-cell-mediated suppres-
sion of inflammatory T cell responses.

Another key observation from our study is that, although
expression of integrin avf8 by Treg cells is essential for Treg-
cell-mediated suppression of T cells during ongoing inflamma-
tion, this pathway is not essential for Treg-cell-mediated suppres-
sion of self-harmful T cells during homeostasis. Mutations in foxp3
that result in lack of Treg cells result in lethal autoimmune disease
in both mice and humans. However, lack of integrin av38 specif-
ically on Treg cells does not result in any overt inflammatory
phenotype, strongly indicating that alternative mechanisms
contribute to Treg-cell-mediated control of T cell homeostasis.
Such mechanisms probably include IL-10-mediated suppression
of T cells, given that lack of IL-10 production by Foxp3* Treg cells
in mice results in spontaneous inflammation at mucosal surfaces
(Rubtsov et al., 2008). Additionally, in agreement with recent work
(Edwards et al., 2014), Treg-cell-expressed integrin avp8 appears
dispensable for inhibition of the initial development of inflamma-
tion in models of colitis (when T cells and Treg cells are co-trans-
ferred into Rag2~’~ mice), again suggesting that alternative
pathways are important in keeping T cells in check at rest. Inter-
estingly, integrin 38-deficient Treg cells co-transferred with naive
T cells into Rag2~'~ mice still suppress colitis, despite an initial
reduction in TGF-B signaling in transferred T cells and an initial
reduced ability to control T cell expansion. However, 6 weeks after
co-transfer, CD4* T cells show identical heightened pSmad2/3
levels in the presence of integrin B8 KO Treg cells and control
Treg cells. Thus, together with data showing that T cells that are
refractive to TGF-f signaling cannot be suppressed by Treg cells
(Fahlén et al., 2005), these results suggest that, when ltgh8 KO
Treg cells are co-transferred with T cells, there is an alternative
source of active TGF-B later after transfer that contributes to
TGF-B-mediated suppression of colitic T cells.

We have discovered that integrin av8 expression is upregu-
lated on activated/eTreg cells, specifically on a KLRG1* subset
that have been shown to represent a terminally differentiated sub-
set of eTreg cells (Feuerer et al., 2010). This finding fits well with a
specific role for Treg-cell-expressed integrin avf8 in suppressing
T cells during active inflammation, when T cell and Treg cell acti-
vation will be prevalent. Indeed, we find that the KLRG1* Treg cell
subset is significantly expanded during inflammation. Our work
therefore highlights the importance of understanding context-
specific pathways by which Treg cells promote suppression in
order to better therapeutically target these cells; for example, to
promote immune suppression during active disease.

Finally, akin to observations in mice, we find that human Treg
cells are specialized to express high levels of integrin avp8 and
that this expression is enriched on the eTreg cell population.
Thus, it appears that the expression profile of integrin a.vp8 trans-
lates directly from mouse studies, indicating that this pathway
might be a useful therapeutic target in manipulation of human
Treg cell suppressive function. Adoptive transfer of human
Treg cells is currently in clinical trials for suppression of inflam-
mation in type | diabetes and transplantation (Tang and Blue-
stone, 2013), so identification of pathways that can be targeted
to upregulate the suppressive capacity of these cells are likely
to be extremely beneficial.
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In conclusion, we have identified that both mouse and human
Foxp3* Treg cells express high levels of the integrin a:vp8, which
is directly responsible for their ability to activate latent TGF-j,
and lack of this pathway results in a failure of Treg cells to
suppress T-cell-mediated inflammation. These data not only
highlight a novel mechanism by which Treg cells mediate sup-
pression via TGF-B, but also highlight potential specific treat-
ments, via the manipulation of integrin avf8, to modulate Treg
cell function to promote suppression of inflammation.

EXPERIMENTAL PROCEDURES

Animals

Mice lacking T-cell- or Treg-cell-specific expression of integrin 8 were pro-
duced via crossing a conditional floxed allele of 8 integrin with Cd4-Cre
(Travis et al., 2007) or foxp3"7P-Cr® (Rubtsov et al., 2008; gift from Dr. A. Ruden-
sky, Memorial Sloan-Kettering Cancer Center, New York) mice. Rag2’/’ and
foxp3®T" mice were gifts from Dr. K. Okkenhaug (Babraham Institute, Cam-
bridge) and Dr. A. Rudensky, respectively. Mice were maintained in SPF
conditions at the University of Manchester and in AniCan, Center Léon Bérard,
Lyon, and used at 6 to 12 weeks of age. Stated n numbers are cumulative num-
ber of mice used throughout experiments.

Treg Cell Activation
Treg cells were incubated overnight in 1 pg/ml of anti-CD3 and anti-CD28 anti-
body, and 5 ng/ml rhiL-2 or as described previously (Edwards et al., 2013).

TGF-B Activation Assay

T cell subsets were incubated overnight with a TGF-f reporter cell line (Abe
et al., 1994) and luciferase activity detected via the Luciferase Assay System
(Promega). TGF-B activity was determined as previously described (Worthing-
ton et al., 2011b).

T Cell Transfer Colitis

Naive CD3*CD4*CD45RB"CD25~ T cells were isolated from congenic
CD45.1* or WT mice and 0.5 x 10° were injected i.p. into F?ag2’/’ mice alone,
with 0.25 x 10° WT or ltgb8 KO Treg cells (CD3*CD4*CD45RB'°CD25M), or fol-
lowed 2 or 4 weeks later by 0.25 x 10° WT or /tgh8 KO Treg cells or a 50/50
mix. Mice were monitored weekly for wasting disease. At 6-8 weeks after initial
T cell transfer, 5 x 10° LILP cells were stimulated with anti-CD3 and anti-CD28
antibody (1 ng/ml) and supernatants were examined via ELISA or stimulated
overnight with cell stimulation cocktail (eBioscience) and examined for cell
populations and intracellular cytokines via flow cytometry.

Histological Assessment of Inflammation

Tissues were fixed in 4% neutral buffered formalin and lungs were perfused
before 5 um paraffin-embedded sections were cut and stained with hematox-
ylin and eosin. Colitic inflammation was scored in a blinded fashion using a 0-3
scoring system based on the following five criteria: colon length, crypt hyper-
plasia and goblet cell depletion, lamina propria leukocyte infiltration, area
affected, and severe break down of tissue architecture.

DSS Colitis Model

Mice received 1% DSS in drinking water and were monitored daily for weight
loss before sacrifice at day 9 after treatment, before tissue samples were taken
for histology and LILP cells were isolated (see Supplemental Experimental Pro-
cedures) and stained via flow cytometry.

DTH Model

Mice were immunized by s.c. injection of 300 ng Ova (Grade VI, Sigma-Aldrich)
in 200 pl PBS/CFA emulsion (Sigma-Aldrich) and challenged 2 weeks later by
s.c. injection of 50 pg Ova in 20 pl PBS into the right ear pinna while 20 pl PBS
alone was injected into the left. Ear thickness was measured in a blinded
fashion prior to and 48 hr after challenge with a caliper micrometer. Ears
were split and digested dermis side down in 0.8% Trypsin at 37°C for
30 min before digestion to single-cell suspension in 0.5 Wunch units/ml Liber-
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ase TM (Roche) at 37°C for 1 hr. Ear draining lymph nodes were isolated, and
single-cell suspensions were re-stimulated and examined via flow cytometry
as previously described.

Statistical Analysis

Results are expressed as mean + SEM. Where statistics are quoted, two
experimental groups were compared via the Student’s t test for non-para-
metric data. Three or more groups were compared with ANOVA, with Tuckey’s
post-test. p < 0.05 was considered statistically significant; “p < 0.05, **p < 0.01,
***p < 0.005.

SUPPLEMENTAL INFORMATION

Supplemental Information includes five figures, two tables, and Supplemental
Experimental Procedures and can be found with this article online at http://dx.
doi.org/10.1016/j.immuni.2015.04.012.

AUTHOR CONTRIBUTIONS

JJ.W., AK, D.B., J.C.M., and M.A.T. designed experiments; J.J.W., AK.,
C.S., D.B.,, and S.C. performed experiments; J.J.W., AK., S.C., D.B.,
J.C.M., and M.A.T. interpreted results; and J.J.W., AK., J.C.M., and M.A.T.
wrote the manuscript.

ACKNOWLEDGMENTS

We thank Dr. Kevin Couper, Prof. Richard Grencis (University of Manchester),
and Prof. Dean Sheppard (UCSF) for critical reading of the manuscript,
Dr. Mark Wilson (MRC NIMR) for provision of reagents, and Mike Jackson
and Dr. Gareth Howell from the Faculty of Life Sciences/Manchester Collabo-
rative Centre for Inflammation Research flow cytometry facilities for help with
cell sorting. We also thank all staff in the University of Manchester Biological
Services Unit for help with animal work. This work was supported by a Well-
come Trust Stepping Stones Fellowship (097820/2/11/B to J.J.W.), by an
MRC grant (MR/M00242X/1), and by a Manchester Collaborative Centre for
Inflammation Research grant (to M.A.T.). The Wellcome Trust Centre for
Cell-Matrix Research, University of Manchester, is supported by core funding
from the Wellcome Trust (088785/2/09/Z). J.C.M. was supported by Ligue
contre le cancer comité du rhone and ANR investissement d’avenir ANR-10-
LABX-61. D.B. was supported by DEVweCAN and J.C.M. is a Helmholtz asso-
ciation investigator.

Received: June 22, 2014
Revised: December 22, 2014
Accepted: April 23, 2015
Published: May 12, 2015

REFERENCES

Abe, M., Harpel, J.G., Metz, C.N., Nunes, |., Loskutoff, D.J., and Rifkin, D.B.
(1994). An assay for transforming growth factor-B using cells transfected
with a plasminogen activator inhibitor-1 promoter-luciferase construct. Anal.
Biochem. 216, 276-284.

Afzali, B., Mitchell, P.J., Edozie, F.C., Povoleri, G.A., Dowson, S.E., Demandt,
L., Walter, G., Canavan, J.B., Scotta, C., Menon, B., et al. (2013). CD161
expression characterizes a subpopulation of human regulatory T cells that pro-
duces IL-17 in a STAT3-dependent manner. Eur. J. Immunol. 43, 2043-2054.
Andersson, J., Tran, D.Q., Pesu, M., Davidson, T.S., Ramsey, H., O’Shea, J.J.,
and Shevach, E.M. (2008). CD4+ FoxP3+ regulatory T cells confer infectious
tolerance in a TGF-B-dependent manner. J. Exp. Med. 205, 1975-1981.
Chen, W., Jin, W., Hardegen, N., Lei, K.J., Li, L., Marinos, N., McGrady, G., and
Wahl, S.M. (2003). Conversion of peripheral CD4+CD25- naive T cells to
CD4+CD25+ regulatory T cells by TGF-B induction of transcription factor
Foxp3. J. Exp. Med. 198, 1875-1886.

Dieckmann, D., Plottner, H., Berchtold, S., Berger, T., and Schuler, G. (2001).
Ex vivo isolation and characterization of CD4(+)CD25(+) T cells with regulatory
properties from human blood. J. Exp. Med. 793, 1303-1310.


http://dx.doi.org/10.1016/j.immuni.2015.04.012
http://dx.doi.org/10.1016/j.immuni.2015.04.012
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref1
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref1
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref1
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref1
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref2
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref2
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref2
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref2
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref3
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref3
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref3
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref4
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref4
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref4
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref4
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref5
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref5
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref5

Edwards, J.P., Fuijii, H., Zhou, A.X., Creemers, J., Unutmaz, D., and Shevach,
E.M. (2013). Regulation of the expression of GARP/latent TGF-B1 complexes
on mouse T cells and their role in regulatory T cell and Th17 differentiation.
J. Immunol. 790, 5506-5515.

Edwards, J.P., Thornton, A.M., and Shevach, E.M. (2014). Release of active
TGF-B1 from the latent TGF-B1/GARP complex on T regulatory cells is medi-
ated by integrin $8. J. Immunol. 793, 2843-2849.

Fahlén, L., Read, S., Gorelik, L., Hurst, S.D., Coffman, R.L., Flavell, R.A., and
Powrie, F. (2005). T cells that cannot respond to TGF-B escape control by
CD4(+)CD25(+) regulatory T cells. J. Exp. Med. 201, 737-746.

Feuerer, M., Hill, J.A., Kretschmer, K., von Boehmer, H., Mathis, D., and
Benoist, C. (2010). Genomic definition of multiple ex vivo regulatory T cell sub-
phenotypes. Proc. Natl. Acad. Sci. USA 107, 5919-5924.

Griseri, T., McKenzie, B.S., Schiering, C., and Powrie, F. (2012). Dysregulated
hematopoietic stem and progenitor cell activity promotes interleukin-23-
driven chronic intestinal inflammation. Immunity 37, 1116-1129.

Gutcher, 1., Donkor, M.K., Ma, Q., Rudensky, A.Y., Flavell, R.A., and Li, M.O.
(2011). Autocrine transforming growth factor-p1 promotes in vivo Th17 cell dif-
ferentiation. Immunity 34, 396-408.

Jonuleit, H., Schmitt, E., Stassen, M., Tuettenberg, A., Knop, J., and Enk, A.H.
(2001). Identification and functional characterization of human CD4(+)CD25(+)
T cells with regulatory properties isolated from peripheral blood. J. Exp. Med.
193, 1285-1294.

Komatsu, N., Okamoto, K., Sawa, S., Nakashima, T., Oh-hora, M., Kodama, T.,
Tanaka, S., Bluestone, J.A., and Takayanagi, H. (2014). Pathogenic conversion
of Foxp3+ T cells into TH17 cells in autoimmune arthritis. Nat. Med. 20, 62-68.
Konkel, J.E., Jin, W., Abbatiello, B., Grainger, J.R., and Chen, W. (2014).
Thymocyte apoptosis drives the intrathymic generation of regulatory T cells.
Proc. Natl. Acad. Sci. USA 111, E465-E473.

Kullberg, M.C., Hay, V., Cheever, A.W., Mamura, M., Sher, A., Letterio, J.J.,
Shevach, E.M., and Piccirillo, C.A. (2005). TGF-B1 production by CD4+
CD25+ regulatory T cells is not essential for suppression of intestinal inflamma-
tion. Eur. J. Immunol. 35, 2886-2895.

Lahl, K., Loddenkemper, C., Drouin, C., Freyer, J., Arnason, J., Eberl, G.,
Hamann, A., Wagner, H., Huehn, J., and Sparwasser, T. (2007). Selective
depletion of Foxp3+ regulatory T cells induces a scurfy-like disease. J. Exp.
Med. 204, 57-63.

Li, M.O., Wan, Y.Y., and Flavell, R.A. (2007). T cell-produced transforming
growth factor-B1 controls T cell tolerance and regulates Th1- and Th17-cell dif-
ferentiation. Immunity 26, 579-591.

Liu, H., Hu, B., Xu, D., and Liew, F.Y. (2003). CD4+CD25+ regulatory T cells cure
murine colitis: the role of IL-10, TGF-B, and CTLA4. J. Immunol. 777,5012-5017.
Liu, Y., Zhang, P., Li, J., Kulkarni, A.B., Perruche, S., and Chen, W. (2008). A
critical function for TGF-B signaling in the development of natural
CD4+CD25+Foxp3+ regulatory T cells. Nat. Immunol. 9, 632-640.

Maloy, K.J., and Powrie, F. (2011). Intestinal homeostasis and its breakdown in
inflammatory bowel disease. Nature 474, 298-306.

Maloy, K.J., Salaun, L., Cahill, R., Dougan, G., Saunders, N.J., and Powrie, F.
(2003). CD4+CD25+ T(R) cells suppress innate immune pathology through
cytokine-dependent mechanisms. J. Exp. Med. 197, 111-119.

Maloy, K.J., Antonelli, L.R.V., Lefevre, M., and Powrie, F. (2005). Cure of innate
intestinal immune pathology by CD4+CD25+ regulatory T cells. Immunol. Lett.
97, 189-192.

Marie, J.C., Letterio, J.J., Gavin, M., and Rudensky, A.Y. (2005). TGF-B1 main-
tains suppressor function and Foxp3 expression in CD4+CD25+ regulatory
T cells. J. Exp. Med. 207, 1061-1067.

Miyara, M., Yoshioka, Y., Kitoh, A., Shima, T., Wing, K., Niwa, A., Parizot, C.,
Taflin, C., Heike, T., Valeyre, D., et al. (2009). Functional delineation and differ-
entiation dynamics of human CD4+ T cells expressing the FoxP3 transcription
factor. Immunity 30, 899-911.

Mu, D., Cambier, S., Fjellbirkeland, L., Baron, J.L., Munger, J.S., Kawakatsu,
H., Sheppard, D., Broaddus, V.C., and Nishimura, S.L. (2002). The integrin
2(v) B8 mediates epithelial homeostasis through MT1-MMP-dependent activa-
tion of TGF-B1. J. Cell Biol. 157, 493-507.

Nakamura, K., Kitani, A., and Strober, W. (2001). Cell contact-dependent
immunosuppression by CD4(+)CD25(+) regulatory T cells is mediated by cell
surface-bound transforming growth factor B. J. Exp. Med. 194, 629-644.

Nakamura, K., Kitani, A., Fuss, I., Pedersen, A., Harada, N., Nawata, H., and
Strober, W. (2004). TGF-B 1 plays an important role in the mechanism of
CD4+CD25+ regulatory T cell activity in both humans and mice. J. Immunol.
172, 834-842.

QOida, T., Xu, L., Weiner, H.L., Kitani, A., and Strober, W. (2006). TGF-B-medi-
ated suppression by CD4+CD25+ T cells is facilitated by CTLA-4 signaling.
J. Immunol. 777, 2331-2339.

Pesu, M., Watford, W.T., Wei, L., Xu, L., Fuss, I., Strober, W., Andersson, J.,
Shevach, E.M., Quezado, M., Bouladoux, N., et al. (2008). T-cell-expressed
proprotein convertase furin is essential for maintenance of peripheral immune
tolerance. Nature 455, 246-250.

Powrie, F., Leach, M.\W., Mauze, S., Menon, S., Caddle, L.B., and Coffman,
R.L. (1994). Inhibition of Th1 responses prevents inflammatory bowel disease
in SCID mice reconstituted with CD45RB" CD4+ T-cells. Immunity 7, 553-562.

Rubtsov, Y.P., Rasmussen, J.P., Chi, E.Y., Fontenot, J., Castelli, L., Ye, X.,
Treuting, P., Siewe, L., Roers, A., Henderson, W.R., Jr., et al. (2008).
Regulatory T cell-derived interleukin-10 limits inflammation at environmental
interfaces. Immunity 28, 546-558.

Rudensky, A.Y. (2011). Regulatory T cells and Foxp3. Immunol. Rev. 2417,
260-268.

Sledzinska, A., Hemmers, S., Mair, F., Gorka, O., Ruland, J., Fairbairn, L.,
Nissler, A., Mller, W., Waisman, A., Becher, B., and Buch, T. (2013). TGF-B
signalling is required for CD4* T cell homeostasis but dispensable for regula-
tory T cell function. PLoS Biol. 77, e1001674.

Takahashi, T., Kuniyasu, Y., Toda, M., Sakaguchi, N., Itoh, M., Iwata, M.,
Shimizu, J., and Sakaguchi, S. (1998). Immunologic self-tolerance maintained
by CD25+CD4+ naturally anergic and suppressive T cells: induction of autoim-
mune disease by breaking their anergic/suppressive state. Int. Immunol. 70,
1969-1980.

Tang, Q., and Bluestone, J.A. (2013). Regulatory T-cell therapy in transplanta-
tion: moving to the clinic. Cold Spring Harb Perspect Med 3.

Thornton, A.M., and Shevach, E.M. (1998). CD4+CD25+ immunoregulatory
T cells suppress polyclonal T cell activation in vitro by inhibiting interleukin 2
production. J. Exp. Med. 188, 287-296.

Travis, M.A., Reizis, B., Melton, A.C., Masteller, E., Tang, Q., Proctor, J.M.,
Wang, Y., Bernstein, X., Huang, X., Reichardt, L.F., et al. (2007). Loss of integ-
rin a(v)B8 on dendritic cells causes autoimmunity and colitis in mice. Nature
449, 361-365.

Workman, C.J., Collison, L.W., Bettini, M., Pillai, M.R., Rehg, J.E., and Vignali,
D.A. (2011). In vivo Treg suppression assays. Methods Mol. Biol. 707,
119-156.

Worthington, J.J., Klementowicz, J.E., and Travis, M.A. (2011a). TGFB: a
sleeping giant awoken by integrins. Trends Biochem. Sci. 36, 47-54.

Worthington, J.J., Czajkowska, B.l., Melton, A.C., and Travis, M.A. (2011b).
Intestinal dendritic cells specialize to activate transforming growth factor-§
and induce Foxp3+ regulatory T cells via integrin avp8. Gastroenterology
141, 1802-1812.

Worthington, J.J., Klementowicz, J.E., Rahman, S., Czajkowska, B.l.,
Smedley, C., Waldmann, H., Sparwasser, T., Grencis, R.K., and Travis, M.A.
(2013). Loss of the TGFB-activating integrin avp8 on dendritic cells protects
mice from chronic intestinal parasitic infection via control of type 2 immunity.
PLoS Pathog. 9, e1003675.

Zhang, X., Reddy, J., Ochi, H., Frenkel, D., Kuchroo, V.K., and Weiner, H.L.
(2006). Recovery from experimental allergic encephalomyelitis is TGF-B
dependent and associated with increases in CD4+LAP+ and CD4+CD25+
T cells. Int. Immunol. 78, 495-503.

Zhou, X., Bailey-Bucktrout, S.L., Jeker, L.T., Penaranda, C., Martinez-
Llordella, M., Ashby, M., Nakayama, M., Rosenthal, W., and Bluestone, J.A.
(2009). Instability of the transcription factor Foxp3 leads to the generation of
pathogenic memory T cells in vivo. Nat. Immunol. 70, 1000-1007.

Immunity 42, 903-915, May 19, 2015 ©2015 The Authors 915


http://refhub.elsevier.com/S1074-7613(15)00172-7/sref6
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref6
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref6
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref6
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref7
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref7
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref7
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref8
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref8
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref8
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref9
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref9
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref9
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref10
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref10
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref10
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref11
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref11
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref11
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref12
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref12
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref12
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref12
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref13
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref13
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref13
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref14
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref14
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref14
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref15
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref15
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref15
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref15
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref16
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref16
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref16
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref16
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref17
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref17
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref17
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref18
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref18
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref19
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref19
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref19
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref20
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref20
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref21
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref21
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref21
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref22
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref22
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref22
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref23
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref23
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref23
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref24
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref24
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref24
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref24
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref25
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref25
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref25
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref25
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref26
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref26
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref26
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref27
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref27
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref27
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref27
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref28
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref28
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref28
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref29
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref29
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref29
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref29
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref30
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref30
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref30
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref30
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref31
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref31
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref31
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref31
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref32
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref32
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref33
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref33
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref33
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref33
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref33
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref33
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref34
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref34
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref34
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref34
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref34
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref35
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref35
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref36
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref36
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref36
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref37
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref37
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref37
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref37
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref38
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref38
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref38
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref39
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref39
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref40
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref40
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref40
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref40
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref41
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref41
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref41
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref41
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref41
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref42
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref42
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref42
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref42
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref43
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref43
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref43
http://refhub.elsevier.com/S1074-7613(15)00172-7/sref43

	Integrin αvβ8-Mediated TGF-β Activation by Effector Regulatory T Cells Is Essential for Suppression of T-Cell-Mediated Infl ...
	Introduction
	Results
	Treg Cell Expression of the TGF-β-Activating Integrin αvβ8 Is Vital for Suppressing T Cell Expansion
	Foxp3+ Treg Cell Expression of Integrin αvβ8 Is Not Required to Maintain T Cell Homeostasis
	Integrin αvβ8 Is Preferentially Expressed on Activated Foxp3+ Treg Cells
	Integrin αvβ8 Expression Is Essential for Treg Cell Suppressive Function during Inflammation
	Lack of Integrin αvβ8 Expression Does Not Alter the Homing, Maintenance, or Stability of Treg Cells
	Lack of Treg-Cell-Expressed Integrin αvβ8 Dampens TGF-β Signaling in Colitic T Cells and Treg Cells
	Integrin αvβ8 Is Preferentially Expressed on Human eTreg Cell Populations

	Discussion
	Experimental Procedures
	Animals
	Treg Cell Activation
	TGF-β Activation Assay
	T Cell Transfer Colitis
	Histological Assessment of Inflammation
	DSS Colitis Model
	DTH Model
	Statistical Analysis

	Supplemental Information
	Author Contributions

	Acknowledgments
	References


