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BACKGROUND & AIMS: The intestinal immune sys-
tem is tightly regulated to prevent responses against the
many nonpathogenic antigens in the gut. Transforming
growth factor (TGF)-f3 is a cytokine that maintains intes-
tinal homeostasis, in part by inducing Foxp3™* regulatory
T cells (Tregs) that suppress immune responses. TGF-f is
expressed at high levels in the gastrointestinal tract as a
latent complex that must be activated. However, the path-
ways that control TGF-f activation in the intestine are
poorly defined. We investigated the cellular and molecular
pathways that control activation of TGF-f and induction
of Foxp3™ Tregs in the intestines of mice to maintain
immune homeostasis. METHODS: Subsets of intestinal
dendritic cells (DCs) were examined for their capacity to
activate TGF-B and induce Foxp3™ Tregs in vitro. Mice
were fed oral antigen, and induction of Foxp3™ Tregs was
measured. RESULTS: A tolerogenic subset of intestinal
DCs that express CD103 were specialized to activate la-
tent TGF-B, and induced Foxp3* Tregs independently of
the vitamin A metabolite retinoic acid. The integrin ovf38,
which activates TGF-f3, was significantly up-regulated on
CD103" intestinal DCs. DCs that lack expression of in-
tegrin av38 had reduced ability to activate latent TGF-3
and induce Foxp3* Tregs in vitro and in vivo. CONCLU-
SIONS: CD103* intestinal DCs promote a tolerogenic
environment in the intestines of mice via integrin
avB8-mediated activation of TGF-f.

Keywords: Immune Response; T-Cell Regulation; Signal-
ing; Inflammatory Response; Self Tolerance.

he intestinal immune system encounters a wealth of

antigenic stimulation consisting of food substances
and commensal bacteria that inhabit the gut.! Regulatory
processes must therefore prevent detrimental immune
responses to these harmless antigens while still being able
to mount protective responses against pathogens that
enter the digestive tract. A breakdown in this tight regu-
lation can lead to debilitating autoimmunity and inflam-
matory bowel disease.

Strong evidence exists that CD4* regulatory T cells
(Tregs) play a crucial role in regulating inflammatory
responses at environmental interfaces such as the gut.?
The most prevalent subset of Tregs, marked by expression

of the transcription factor Foxp3, can arise naturally in
the thymus during T-cell development (natural Tregs) or
can be induced in the periphery from naive CD4" T cells
(inducible Tregs [iTregs]).? Induction of iTregs is depen-
dent on T-cell receptor stimulation and the cytokine
transforming growth factor (TGF)-B* and has been pro-
posed to be important in maintaining gut immune toler-
ance.? However, the mechanisms underlying iTreg induc-
tion in the gut are poorly understood.

Given their fundamental importance in regulation of
T-cell responses, dendritic cells (DCs) have been suggested
to play a central role in regulating Foxp3* Treg responses
and tolerance in the intestine.’ Acting as the sentinels of
the gut, these cells are decisively positioned throughout
the intestine to capture luminal contents and process and
present these antigens to T cells within the gut-draining
mesenteric lymph node (mLN). Several lines of investiga-
tion have indicated that DCs marked by the expression of
CD103 have important tolerogenic properties, with re-
duced production of proinflammatory cytokines and an
enhanced ability to induce Foxp3* iTregs.5” The ability of
CD103* intestinal DCs to induce iTregs has been linked
to their ability to produce enhanced levels of the dietary
metabolite retinoic acid (RA) via enhanced expression of
retinal dehydrogenase aldh142.57 Such RA-mediated iTreg
induction by CD103" intestinal DCs requires synergy
with the key immunoregulatory cytokine TGF-B. TGF-f3 is
highly expressed in the intestine but importantly is always
produced as a latent protein complex that must be acti-
vated to exert biologic function.® However, the cellular
and molecular mechanisms that regulate TGF-f activity
and iTreg induction in the intestine are not known.

In this study, we show that intestinal CD103* DCs are
specialized to generate Foxp3™ iTregs independent of the
actions of RA. We found that CD103* DCs from the
intestine have an increased ability to activate latent TGF-f3
that is directly responsible for their increased ability to
induce iTregs. Furthermore, we find that intestinal
CD103* DCs express greatly elevated levels of the TGF-

Abbreviations used in this paper: DC, dendritic cell; LAP, latency-
associated peptide; mIgG, mouse immunoglobulin G; mLN, mesenteric
lymph node; qPCR, quantitative polymerase chain reaction; RA, retinoic
acid; TGF, transforming growth factor; Treg, regulatory T cell; iTreg,
inducible regulatory T cell.
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B-activating integrin avf38, which is absolutely required
for both their enhanced ability to activate latent TGF-f3
and their specialized ability to induce iTregs in vitro and
in vivo. These results highlight a novel mechanism by
which CD103* DCs in the intestine promote Foxp3* Treg
induction and bring to the forefront integrin-mediated
TGF-f activation in promoting tolerance within the gut.

Materials and Methods
Animals

Mice lacking integrin avf38 on DCs via expression of a
conditional floxed allele of B8 integrin in combination with
CD11c-Cre (Itgh8 (CDI1I1c¢-Cre) mice) have been previously de-
scribed.? OT-II/Rag/~ and Foxp3S™ mice!® were kind gifts
from Dr K Okkenhaug (Babraham Institute, Cambridge, Eng-
land) and Dr A. Rudensky (Memorial Sloan-Kettering Cancer
Center, New York, NY), respectively. All mice were maintained in
specific pathogen-free conditions at the University of Man-
chester and used at 6 to 8 weeks of age. All experiments were
performed under the regulations of the Home Office Scientific
Procedures Act (1986).

Purification of DCs

Mouse mLN or spleen was incubated with shaking for
20 minutes at 37°C in RPMI-1640 with 0.08 U/mL Liberase
Blendzyme 3 (Roche, Burgess Hill, United Kingdom) or 1
mg/mL collagenase VIII and 50 U/mL deoxyribonuclease I, re-
spectively. Small/large intestinal lamina propria were excised
and prepared as described.!! Cells were blocked with anti-FcyR
antibody (clone 24G2) before enrichment using a CD11c enrich-
ment kit (Miltenyi Biotec, Bisley, United Kingdom). To purify
CD103%/~ DCs, enriched DCs were labeled with anti-CD103
(M290) and anti-CD11c (N418) antibodies and sorted using a
FACSAria (BD Biosciences, San Jose, CA). In all experiments,
subset purity was >95%.

T-Cell Purification

Splenocytes from Foxp3S™ mice were stained with anti-
CD4 (GK1.5) and anti-CD44 (IM7) antibodies and CD4"
CD44~ /low, GFP~ populations sorted using a FACSAria. Cell
purity in all experiments was >99.8%.

In Vitro Treg Induction Assay

A total of 5 X 10* CD4* CD44~ /low, Foxp3SFP~ T cells
isolated from Foxp3Sf mice were cultured with 2.5 X 103
CD103%/~ DC subsets in RPMI 1640 media (+10% FBS, 1%
penicillin/streptomycin, 1% L-glutamine, 50 um 2-mercapto-
ethanol) with 0.06 ug/mL «-CD3 antibody for 5 days with
addition of 5 ng/mL recombinant human interleukin-2 every
other day. Induction of CD4" Foxp3SfP* Tregs was analyzed by
flow cytometry, with cells stained with anti-CD4 and o487
(DATK-32) antibodies. Cell viability was assessed using 7-AAD.
In addition, 40 pg/mL control mouse immunoglobulin G
(mIgG) or a-TGF-B antibody (clone 1D11), 2 ng/mL recombi-
nant human TGF-B, 100 nmol/L all-trans RA, and/or 1 umol/L
RA receptor inhibitors LE540 and LE135 were added as indi-
cated.

In Vivo Treg Assay

CD4* T cells from OTII/Rag™/~ mouse spleens were
enriched using a CD4" enrichment kit and AutoMACS (Miltenyi
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Biotec), stained with anti-CD4 and Va2 (B20.1) antibodies, and
sorted for CD4", Va2™ cells on a FACSAria. Purity obtained was
>99.8% in all experiments. Cells were labeled with 2 umol/L
carboxyfluorescein succinimidyl ester, 2 X 10° cells injected
intravenously into control or Itgh8 (CD11c-Cre) recipient mice,
and mice fed ovalbumin (10 mg/mL) in drinking water for 5
days. On day 6, spleen/lymph node cells were harvested and
stained with anti-CD4, Va2, and Foxp3 (FJK-16s) antibodies.
Induced carboxyfluorescein succinimidyl ester-labeled Foxp3*
cells were detected by flow cytometry.

TGF-f Activation Assay

CD103"/~ DCs were incubated with mink lung epithe-
lial cells transfected with a plasmid containing firefly luciferase
complementary DNA downstream of a TGF-B-sensitive pro-
moter!? in the presence of 1 ug/mL lipopolysaccharide. Cocul-
tures were incubated overnight in the presence of 40 ug/mL
control mIgG or anti-TGF-B antibody (clone 1d11) and lu-
ciferase detected via the Luciferase Assay System (Promega,
Southampton, United Kingdom). TGF-f activity was deter-
mined as the difference in luciferase activity between control
mlgG-treated samples and samples treated with anti-TGF-8
antibody.

Quantitative Polymerase Chain Reaction

Total RNA was purified from sorted DC subsets using
an RNeasy Mini Kit (Qiagen, Crawley, United Kingdom). RNA
was reverse transcribed using oligo(dT) primers and complemen-
tary DNA for specific genes detected using a SYBR Green qPCR
Kit (Finnzymes, Vantaa, Finland). Gene expression was normal-
ized to HPRT levels (see Supplementary Table 1 for primers
used).

Statistical Analysis

Results are expressed as mean = SEM. Where statistics
are quoted, 2 experimental groups were compared using the
Student ¢ test for nonparametric data. Three or more groups
were compared using the Kruskal-Wallis test, with Dunn’s mul-
tiple comparison posttest. P = .05 was considered statistically
significant.

Results

The Enhanced Ability of Intestinal CD103%
DCs to Induce Foxp3* iTregs Is Due to an
Increased Ability to Activate TGF-[3 and Does
Not Require RA

Recent data have indicated that a CD103" subset
of intestinal DCs promotes de novo generation of Foxp3™*
iTregs.®” However, the molecular mechanisms driving this
process are not clear. We first addressed whether en-
hanced induction of Foxp3* iTregs was a general property
of CD103* DCs or whether this property was distinct to
intestinal DCs. As previously shown,®” we found that
CD103* DCs isolated from the gut-draining mLN have an
enhanced ability to induce Foxp3* iTregs compared with
CD103~ DCs (Figure 14). However, CD103"/~ subsets
isolated from spleen showed an equivalent capacity to
induce Foxp3* iTregs, similar to levels seen with CD103~
DCs from mLN (Figure 1A4). Hence, enhanced Foxp3™*
iTreg induction seems to be a specific property of intes-
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Figure 1. RA is not essential for the enhanced ability of CD103* intestinal DCs to induce Tregs. (A-E) A total of 5 X 10* CD4* Foxp3%P~ T cells
were incubated with 2.5 X 108 CD103*/~ DCs in the presence of anti-CD3 antibody and/or RA, RA inhibitors, and/or anti~-TGF-g antibody, and the
induction of iTregs (CD4* Foxp3CFP*) was assessed by flow cytometry after 5 days. (A) CD103*/~ DC subsets from mLN or spleen in the absence
of exogenous TGF-B. (B) CD103*/~ DCs from mLN in the presence of 2 ng/mL TGF- and 100 nmol/L RA or 1 wmol/L of RA inhibitors (LE-135,
LE-450). (C) CD103*/~ DCs from mLN in the absence of exogenous active TGF-B and/or 1 wmol/L RA inhibitors and/or 40 uwg/mL anti-TGF-3
antibody. (D) CD103*/~ DCs from mLN in the presence of 100 nmol/LL RA and/or 40 ug/mL anti-TGF-g antibody. Data are representative of at least
3 independent experiments. *P < .05, **P < .01. (E) Representative flow cytometry plots from C and D analyzing effects of RA inhibitors and RA on

CD4+ T-cell expression of Foxp3©FP and a43-.

tinal CD103" DCs rather than a general property of
CD103" DCs.

Because CD103" DCs from the intestine are specialized
to induce Foxp3* iTregs, we sought to identify novel
mechanisms responsible for this property. Work has pro-
posed that the enhanced ability of CD103" intestinal DCs
to induce iTregs is due to the elevated production of the

vitamin A metabolite RA, resulting from elevated expres-
sion of the RA-metabolizing enzyme ALDH1a2.” Indeed,
as previously reported,®” in the presence of exogenous
active TGF-f3, the enhanced ability of intestinal CD103*
DCs to induce Foxp3* iTregs is prevented by the inhibi-
tion of RA (Figure 1B). Additionally, RA rescues the ability
of CD103~ DCs to induce iTregs to levels seen with
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CD103* DCs (Figure 1B). However, because these and
previous experiments involve addition of high levels of
exogenous active TGF-f3, the relative contribution of TGF-
B/RA to enhanced induction of iTregs by intestinal
CD103* DCs cannot be assessed. To address this point,
we repeated experiments in the absence of exogenous
active TGF-f. Interestingly, when RA was inhibited in the
absence of exogenous TGF-B, CD103* intestinal DCs
were still capable of inducing elevated levels of Foxp3*
iTregs versus CD103™ intestinal DCs (Figure 1C). Simi-
larly, addition of exogenous RA to cultures did not rescue
the ability of CD103~ DCs to induce iTregs to levels seen
with CD103* DCs (Figure 1D). This was despite the fact that
the induction of RA-dependent gut-homing receptor a3,
was blocked by RA inhibition and induced by addition of RA
(Figure 1E). Strikingly, however, antibody-mediated block-
ade of TGF-$ function completely abrogated the enhanced
ability of intestinal CD103* DCs to induce Foxp3* Tregs
under all conditions (Figure 1C and D). Collectively, these
data show for the first time that intestinal CD103" DCs can
preferentially induce Foxp3* iTregs independently of RA
and this enhanced induction is totally dependent on TGF-g.
We therefore sought to identify novel mechanisms respon-
sible for the specialization of intestinal CD103* DCs to
generate iTregs.

Because TGF-$ is produced as a latent complex that
must be activated to function, we hypothesized that in-
testinal CD103* DCs either produce elevated levels of
latent TGF-f or are specialized to activate TGF-f. To test
these hypotheses, we directly measured the ability of in-
testinal CD103%/~ DCs to produce and activate latent
TGF-B. Using quantitative polymerase chain reaction
(qPCR), we found no significant increase in the ability of
CD103* intestinal DCs to produce latent TGF-8 messen-
ger RNA versus CD103~ intestinal DCs (Figure 2A). Im-
portantly, however, using a bioassay to detect the acti-
vated form of TGF-f3,!2 intestinal CD103* DCs showed a
greatly enhanced ability to activate latent TGF-3 when
compared with CD103~ DCs (Figure 2B). These results
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Figure 2. CD103" intestinal DCs have an increased ability to activate
latent TGF-B. (A) Latent TGF-B production by CD103*/~ mLN DCs was
assessed by gPCR and levels normalized to the housekeeping gene
HPRT. Data represent 3 independent experiments. (B) Production of
active TGF-B by CD103*/~ DCs from mLN was assessed by culturing
DCs with an active TGF- reporter cell line.2 Data represent 3 indepen-
dent experiments. **P < .01.
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strongly suggest that elevated Foxp3* iTreg induction by
intestinal CD103* DCs is driven by their enhanced ability
to activate latent TGF-f.

Elevated Expression of the Integrin av[38 by
Intestinal CD103* DCs Is Responsible for
Their Enbhanced Ability to Activate TGF-3

We next aimed to determine the mechanisms that
support enhanced latent TGF-f3 activation by intestinal
CD103* DCs. Recent evidence has highlighted an impor-
tant role for specific integrin receptors in modulating
activation of TGF-B via binding to an RGD integrin
binding motif present in the latency-associated peptide
(LAP) region of latent TGF-£.1*> When we analyzed total
CD11c* DCs, we saw a marked increase in expression of
the TGF-B-activating integrin receptor avf38 on DCs iso-
lated from mLN compared with spleen (Figure 3A). Strik-
ingly, we found a highly significant (~50-fold) increase in
expression levels of integrin avf38 on intestinal CD103"*
DCs compared with CD103~ DCs (Figure 3B). Enhanced
expression of integrin av38 appeared specific to intestinal
CD103" DCs, because splenic CD103%/~ DC subsets
showed equivalent expression of integrin avf38, similar to
levels seen in intestinal CD103~ DCs (Figure 3B).

To test the functional role of increased integrin av38
expression by intestinal CD103* DCs, we utilized DC
subsets isolated from Itgh8 (CD11c-Cre) conditional KO
mice that specifically lack integrin av8 on CD11c* DCs.?
We found that the enhanced ability of intestinal CD103*
DCs to activate latent TGF-3 was completely ablated in
avP8~/~ CD103" DCs (Figure 3C). Indeed, the level of
TGF-f activation seen by av38~/~ intestinal CD103* DCs
was similar to that seen with wild-type CD103~ DCs
(Figure 3C). Importantly, such reduced TGF-f activation
was not due to a decreased ability to produce latent
TGF-f3, because expression of latent TGF-@ by control and
avfB8-deficient DCs was similar (Figure 3D). Therefore,
enhanced expression of integrin avB8 by intestinal
CD103* DCs is critical for the increased ability of these
cells to activate latent TGF-S.

The Enhanced Ability of Intestinal CD103%

DCs to Induce Foxp3* iTregs Is Wholly

Dependent on TGF-[3 Activation by

Integrin avf38

To assess if increased expression of the TGF-S-
activating avf38 integrin on intestinal CD103* DCs was
responsible for their enhanced ability to induce Foxp3*
iTregs, we compared the ability of av38~/~ intestinal DC
subsets to induce iTregs ex vivo. In the absence of integrin
avfB8, the enhanced ability of intestinal CD103" DCs to
induce Foxp3* iTregs was completely ablated, similar to
levels seen for CD103~ DCs (Figure 4A). Importantly, the
addition of exogenous active TGF-8 completely rescued
iTreg induction by avB87/~ intestinal CD103" DCs to
levels seen with control CD103* DC subsets (Figure 4B).
Addition/inhibition of RA failed to rescue the ability of
avP8~/~ intestinal CD103" DCs to induce iTregs (Sup-
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Figure 3. CD103" intestinal DCs express elevated levels of the TGFB-activating integrin avB8 and activate more TGF-B in an integrin avp8-
dependent manner. RNA from (A) total DCs or (B) splenic/mLN CD103*/~ DCs was analyzed for integrin 88 expression by gPCR. 88 levels were
normalized to the housekeeping gene HPRT and presented relative to levels in total spleen DCs (for A) or spleen CD103-ve DCs (for B). Data shown
are representative of 2 and 4 independent experiments, respectively. (C) TGF-B activation by control or avB8~/~ CD103*/~ mLN DCs was detected
by coculture with an active TGF-g reporter cell line.'2 Data represent 5 independent experiments. (D) RNA from control or avg8~/~ CD103+/~ DCs
was analyzed for TGF-B expression by gPCR. Data shown represent 2 independent experiments. *P < .05, *P < .01.

plementary Figure 1A and B). Indeed, the absence of av38
integrin did not affect the increased expression of aldhla2
messenger RNA by intestinal CD103* DCs or their in-
creased ability to induce the gut homing receptor a,3; on
responding CD4" T cells (Supplementary Figure 2A and
B), showing that lack of integrin avB8 does not affect the
enhanced ability of CD103* intestinal DCs to produce
RA. av8~/~ CD103™ DCs also showed reduced produc-
tion of inflammatory cytokines compared with CD103~
DCs® (Supplementary Figure 3), indicating that reduced
TGF-$ activation by avB8 does not result in an overt
proinflammatory phenotype in CD103* intestinal DCs.
Data presented previously were obtained using intesti-
nal DC subsets isolated from mLN, which include DCs
draining from the small and large intestine. To determine
whether CD103* DCs present within intestinal tissues
show a similar reliance on integrin av38-mediated TGF-f3
activation to induce Foxp3™ iTregs, we first analyzed ex-
pression of 8 integrin on DCs isolated from small and
large intestinal lamina propria. Similar to mLN DC sub-
sets, CD103" DCs from both the small and large intestine
expressed high levels of 88 integrin (Figure 5A). Addition-
ally, CD103" DCs from both small and large intestine
supported enhanced Foxp3* iTreg induction versus CD103~

DCs, which was completely reliant on expression of integrin
avf38 (Figure SB). As observed for mLN, iTreg induction in
avB8~/~ CD103" DCs from small or large intestine was
rescued by addition of active TGF-8 (Figure 5C). Interest-
ingly, we observed slightly elevated expression of 38 on
CD103~ DCs from large intestinal lamina propria versus
CD103~ DCs from small intestine (Figure SA), mLN, and
spleen (data not shown). However, such expression did
not translate into an enhanced ability to induce iTreg,
indicating a potentially novel role for 8 expression on
CD103~ DCs from the large intestine (Figure 5B). Taken
together, these data show that increased avf8-mediated
TGF-f activation by intestinal CD103* DCs is critical for
their enhanced ability to induce Foxp3™ iTregs ex vivo.

The Absence of Integrin av38 on Intestinal
DCs Leads to an Absence of Foxp3™ iTreg
Induction In Vivo During Oral
Administration of Antigen

We next sought to determine whether integrin
avB8 expression by intestinal DCs supported enhanced
Foxp3* iTreg induction in vivo. To this end, we adoptively
transferred ovalbumin antigen-specific CD4* OT-II T
cells into control or Itgh8 (CD11c¢-Cre) mice and supple-
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Figure 4. Integrin avB8-mediated TGF-p activation is critical for the enhanced ability of CD103* intestinal DCs to induce Foxp3* Tregs. A total of
5 X 10* CD4* Foxp3©P~ T cells were cultured with 2.5 X 103 control or avB8~/~ CD103*/~ DC subsets in the presence of anti-CD3 antibody plus
(A) 40 ug/mL migG or anti-TGF-B antibody or (B) 2 ng/mL exogenous active TGF-B. Foxp3™ Treg induction was assessed by flow cytometry after
5 days. Representative flow cytometry plots and data are shown from 3 or 5 independent experiments, respectively. *P < .05, **P < .01.

mented drinking water with ovalbumin. T cells were iso-
lated from OT-II/Rag™/~ mice, which lack endogenous
Foxp3* Tregs. Previous experiments using this method
have shown that Foxp3* iTreg induction is promoted
specifically in the mLN, at least in part via the enhanced
ability of intestinal CD103* DCs to promote iTreg induc-
tion.%7

In control mice, we observed ~5% induction of Foxp3*
iTregs arising from adoptively transferred OT-II T cells
specifically within the mLN (Figure 6A). This induced
population was not observed in the spleen or in mice not
fed ovalbumin (data not shown). Strikingly, induction of
Foxp3* iTregs in mLN was completely absent in mice
lacking integrin avB8 on DCs (Figure 6A), despite a sim-
ilar number of transferred CD4* T cells being detected in
the mLN of Itgh8 (CD11c-Cre) and control mice (Figure
6B). Because TGF-f3 can induce expression of CD103 in
some cells,'* a potential explanation for the reduced abil-
ity of Itgh8 (CD11c¢-Cre) mice to induce iTregs is that lower
CD103* DC numbers are present in these mice owing to

reduced TGF-f activation. However, we found that Itgh8
(CD11¢-Cre) mice had comparable numbers of CD103*
DCs in all gut-associated lymphoid tissue examined (Fig-
ure 6C). Taken together with our in vitro data, these
results strongly indicate that avB38-mediated TGF-f3 acti-
vation by specialized intestinal CD103* DCs is essential
for the induction of tolerogenic Foxp3™ iTregs in the gut.

Discussion

Intestinal CD103* DCs have emerged as key cells
in maintaining gut tolerance, with recent data showing
that these cells have the enhanced ability to induce gut-
homing receptors on responding T cells'> and convert naive
T cells to immune-suppressive Foxp3* iTregs.>” These im-
portant functions appear to be due to high expression of the
retinal dehydrogenase aldhla2 in CD103* intestinal DCs,
suggesting they have the capacity to metabolize retinal
acid to RA.¢ However, our data now show that CD103"
gut DCs have an enhanced ability to induce iTregs that is
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Figure 5. Elevated expression of integrin avB8 by small and large intestinal lamina propria CD103* DCs is required for enhanced induction of
Foxp3* Tregs. (A) Integrin B8 expression in small/large intestinal lamina propria CD103+/~ DCs was assessed by gPCR, normalizing levels to the
housekeeping gene HPRT. Data are presented as relative to small intestinal CD103-ve DC levels and represent 3 independent experiments. (B and
C) A total of 5 X 10* CD4* Foxp3CFP~ T cells were cultured with 2.5 X 103 control or avp8~/~ CD103*/~ DC subsets in the presence of anti-CD3
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Figure 6. Integrin avB8-mediated TGF-B activation is critical for the enhanced ability of intestinal DCs to induce Foxp3* Tregs in vivo after oral
administration of antigen. A total of 2 X 108 carboxyfluorescein succinimidyl ester-labeled CD4* T cells from OTII/Rag~~ mice were injected
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cells after 6 days. (A) Representative flow cytometry plots and pooled data showing iTreg in mLN of recipient mice (n = 3). (B) Total number of
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independent of RA but completely dependent on TGF-f3
function. These results strongly suggest that the en-
hanced ability of CD1037 intestinal DCs to induce iTregs
is linked to an increased ability of these cells to produce
active TGF-B. Indeed, we directly show for the first time
that CD103" intestinal DCs are specialized to activate
latent TGF-f and that elevated expression of the TGF-£-
activating integrin avB@8 by CD103* intestinal DCs is
responsible for the enhanced ability of these cells to acti-
vate latent TGF-B. Importantly, elevated integrin ov[38-
mediated TGF-S activation by CD103" intestinal DCs is
responsible for their increased ability to induce Foxp3™*
Tregs both in vitro and in vivo. We have therefore
identified a novel molecular pathway by which a spe-
cialized gut DC subset activates TGF-f3 to promote a
tolerogenic environment via induction of Foxp3™*
iTregs.

Many different immune cells produce TGF-f (predom-
inately the isoform TGF-f116) but always noncovalently
bound to an N-terminal propeptide (LAP), preventing
TGF-f binding to its receptor.® Hence, TGF-8 function is
exquisitely regulated at the level of TGF-B activation.
Strong evidence in vivo now supports a critical role for

integrin receptors in activating latent TGF-f1 via interac-
tion with an RGD integrin binding motif present in the
LAP region of the latent complex.!” Our finding that the
TGF-B-activating integrin av38 is highly expressed and
functionally important on specialized tolerogenic DCs in
the intestine correlates with our previous findings that
Itgh8 (CD11c¢-Cre) mice develop severe colitis associated
with reduced levels of total Foxp3* Tregs in the colonic
lamina propria.® Indeed, this reduction is likely due to an
absence of iTregs as opposed to natural Tregs, because we
now show that Itgh8 (CD11c-Cre) mice fail to establish an
iTreg population in the mLN upon antigen stimulation of
adoptively transferred CD4" T cells. Our results therefore
indicate that elevated expression of integrin av8 by
CD103" intestinal DCs plays an important role in pre-
venting gut inflammation via induction of Foxp3* iTregs.

In addition to activation by integrins, several other
mechanisms of TGF-B activation have been proposed,
including cleavage by the protease plasmin, MMP2 and
MMPY, and interaction with thrombospondin-1.8 How-
ever, mice lacking these molecules show mild/no inflam-
mation of the gut, indicating a minimal role in the acti-
vation of TGF-B to maintain intestinal homeostasis.!8-20
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A previous study has proposed that enhanced production
of the TGF-$ isoform TGF-f2, latent associated binding
protein 3 (LTBP3), and tissue plasminogen activator (tPA)
by CD103* intestinal DCs may play roles in enhanced
Foxp3* iTreg induction.® However, TGF-B2 does not con-
tain the RGD integrin binding motif that would allow
engagement with integrin av38 and Ltbp-3 and tPA~/~
mice do not develop signs of colitis akin to mice lacking
avB8 on DCs.?2! Therefore although CD103" intestinal
DCs express an abundance of factors involved in TGF-f3
availability, our data clearly show that avB8-mediated
TGF-f activation is the critical activator of TGF-f3 respon-
sible for enhanced Treg induction in the intestine. Inter-
estingly, in lung cancer cells, it has been proposed that
activation of TGF-f by integrin avf38 involves presenta-
tion of the latent complex to the membrane metallopro-
tease MT1-MMP.22 However, we find no evidence for in-
creased expression of MT1-MMP in CD103" intestinal
DCs (Supplementary Figure 4). Hence, how CD103* DC-
expressed integrin avf38 activates latent TGF-f3 requires
further investigation.

An important unanswered question is what is the key
cellular source of the TGF-f that is activated by integrin
avB8-expressing CD103" intestinal DCs? CD1037 intes-
tinal DCs show enhanced Foxp3* iTreg induction when
cultured with purified CD4* T cells, indicating that
TGF-f production by either (or both) of these cell types is
sufficient to support iTreg induction. Interestingly, in
mice lacking TGF-f3 expression specifically in T cells, total
intestinal Foxp3* Treg numbers were unaltered, suggest-
ing that a TGF-B source other than T cells may be im-
portant in maintaining and/or inducing Foxp3* Tregs in
the gut.2? However, despite similar Foxp3* Treg numbers,
in the absence of T cell-derived TGF-f3, Foxp3 expression
levels in Tregs from the colonic lamina propria were
decreased, indicating that T cell-derived TGF-f3 may play
some role in promoting Foxp3* Tregs in the gut.?® Alter-
natively, as shown in Figure 2, we found that CD103*
intestinal DCs were able to activate more latent TGF-f3
than the CD103~ subset when DCs were cultured only in
the presence of a TGF- reporter cell line, indicating that
DC-expressed TGF-f3 may be sufficient for the specialized
ability of these cells to activate TGF-f.

In agreement with other studies,”2425 our data suggest
that RA is not sufficient to cause enhanced Foxp3™ iTreg
induction by CD103* intestinal DCs, and we now show
that RA can be dispensable for this function. Because
enhanced iTreg induction by intestinal CD103* DCs is
wholly dependent on their enhanced ability to activate
TGF-B, an important question therefore is what are the
physiologic situations when RA can act to enhance iTreg
conversion in vivo? Studies have shown that RA acts
through the RARa receptor expressed on T cells to en-
hance TGF-B-mediated Foxp3 induction?¢-2° but that
mice lacking RARa show normal Foxp3* Treg levels in
the lamina propria.?” Also, mice fed a vitamin A-deficient
diet from birth do not show reduced Foxp3* Treg num-
bers in the gut, at least in the small intestine.3® These data

GASTROENTEROLOGY Vol. 141, No. 5

suggest that the role of RA in regulating steady-state levels
of Foxp3* Tregs in the gut is minimal. This is in contrast
to the role of integrin avfB8-mediated TGF-$ activation,
because mice lacking this TGF-B-activating integrin on
DCs not only show reduced levels of lamina propria
Foxp3* Tregs, but also develop severe colitis under steady-
state conditions.®

It is conceivable that RA acts to enhance Foxp3™ iTreg
induction by CD103" intestinal DCs when TGF- levels
are up-regulated (eg, during the course of infection and
inflammation).3! An important function of RA is its abil-
ity to inhibit TGF-B-driven induction of proinflamma-
tory IL-17-producing Th17 cells.?S Interestingly, our re-
cent data and that of others have highlighted an
important role for integrin avB8-mediated TGF-f3 activa-
tion by DCs in promoting Th17 cell induction in
mice.3233 Hence, RA may act as an important regulator of
Th17-mediated pathology in the gut, acting to dampen
integrin avB8-mediated TGF-B activation-driven Th17
cell induction by CD103* intestinal DCs during inflam-
matory resporses.

It has been proposed that RA can enhance Foxp3* iTreg
induction indirectly by suppressing inflammatory cyto-
kine production by CD4" CD44" memory T cells.2” These
data would again support a role for RA in enhancing
iTreg induction during active immune responses, via in-
hibition of inflammatory cytokine production by effector/
memory T cells.?” However, all iTreg induction experi-
ments described here were performed with naive CD4",
CD44~ /low, Foxp3~ T cells, with enhanced iTregs still
induced by CD103" intestinal DCs in the absence/pres-
ence of RA. We have also performed similar assays, includ-
ing CD44" T cells in culture, and again alterations in RA
function did not alter the enhanced iTreg induction by
CD103* intestinal DCs (Supplementary Figure 5 and data
not shown). Our data therefore support a model where
RA acts to enhance TGF-B-mediated iTreg induction dur-
ing inflammatory events, either by directly enhancing
Foxp3 transcription,?® blocking inhibitory transcriptional
signals that prevent Foxp3 production,?>3* enhancing
TGF-f signaling,35-37 or a combination of these.3s More
work is therefore required to determine the in vivo
situations where RA acts to enhance Treg induction in
the gut.

It is interesting to postulate which factors condition
CD103" intestinal DCs to express elevated integrin av/38
levels and why CD103~ intestinal DCs avoid similar con-
ditioning. CD103 binds to E-cadherin on intestinal epi-
thelial cells, which will expose CD103* DCs to an array of
cytokines that epithelial cells constitutively express during
homeostatic conditions. Such factors include thymic stro-
mal lymphopoietin, interleukin-10, RA, and TGF-$ it-
self,;?® which alter DC function and could potentially
up-regulate integrin avf38 expression. Similarly, activation
of TLR ligands by the microflora could enhance av8
expression by DCs. It is probable that both CD103"* and
CD103" intestinal DC subsets respond to similar condi-
tions in different ways as they arise from different hard-
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wired precursors.! Interestingly, CD103~ DCs from large
intestinal lamina propria showed a slight elevation in 38
expression compared with CD103~ DCs from small intes-
tine (Figure 5A), mLN, and spleen (data not shown), but
this enhanced integrin 88 expression did not result in
enhanced iTreg induction. These findings suggest a dif-
ferent functional role for B8 expression (and subsequent
TGF-f activation) in these cells, which we are currently
investigating.

In conclusion, we have identified for the first time that
CD103* intestinal DCs express increased levels of the
integrin avf38, which is directly responsible for an in-
creased activation of TGF-, leading to an increased abil-
ity to induce Foxp3* iTregs in the steady state that is
independent of RA. Our data highlight a novel mecha-
nism in maintaining intestinal homeostasis and offer po-
tential specific treatments to modulate TGF-$ function,
via the manipulation of avf8 integrin, to influence Treg
numbers during inflammatory diseases of the intestine.

Supplementary Material

Note: To access the supplementary material
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at doi:
10.1053/j.gastro.2011.06.057.

References

1. Hooper LV, Gordon JI. Commensal host-bacterial relationships in
the gut. Science 2001;292:1115-1118.

2. Barnes MJ, Powrie F. Regulatory T cells reinforce intestinal homeo-
stasis. Immunity 2009;31:401-411.

3. de Lafaille MAC, Lafaille JJ. Natural and adaptive Foxp3(+) regu-
latory T Cells: More of the same or a division of labor? Immunity
2009;30:626-635.

4. Chen WJ, Jin WW, Hardegen N, et al. 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
2003;198:1875-1886.

5. Belkaid Y, Oldenhove G. Tuning microenvironments: Induction of
regulatory T cells by dendritic cells. Immunity 2008;29:362-371.

6. Coombes JL, Siddiqui KRR, Arancibia-Carcamo CV, et al. A func-
tionally specialized population of mucosal CD103(+) DCs induces
Foxp3(+) regulatory T cells via a TGF-8 and retinoic acid-depen-
dent mechanism. J Exp Med 2007;204:1757-1764.

7. Sun CM, Hall JA, Blank RB, et al. Small intestine lamina propria
dendritic cells promote de novo generation of Foxp3 T reg cells via
retinoic acid. J Exp Med 2007;204:1775-1785.

8. Annes JP, Munger JS, Rifkin DB. Making sense of latent TGFS
activation. J Cell Sci 2003;116:217-224.

9. Travis MA, Reizis B, Melton AC, et al. Loss of integrin avB8 on
dendritic cells causes autoimmunity and colitis in mice. Nature
2007;449:361-365.

10. Fontenot JD, Rasmussen JP, Williams LM, et al. Regulatory T cell
lineage specification by the forkhead transcription factor FoxP3.
Immunity 2005;22:329-341.

11. Weigmann B, Tubbe |, Seidel D, et al. Isolation and subsequent
analysis of murine lamina propria mononuclear cells from colonic
tissue. Nature Protocols 2007;2:2307-2311.

12. Abe M, Harpel JG, Metz CN, et al. An assay for transforming
growth factor-B using cells transfected with a plasminogen-activa-
tor inhibitor-1 promoter luciferase construct. Anal Biochem 1994;
216:276-284.

13. Worthington JJ, Klementowicz JE, Travis MA. TGFB: a sleeping
giant awoken by integrins. Trends Biochem Sci 2011;36:47-54.

TGF-3 ACTIVATION BY TOLEROGENIC GUT DENDRITIC CELLS 1811

14. Robinson PW, Green SJ, Carter C, et al. Studies on transcriptional
regulation of the mucosal T-cell integrin «EB7 (CD103). Immunol-
ogy 2001;103:146-154.

15. Persson EK, Jaensson E, Agace WW. The diverse ontogeny and
function of murine small intestinal dendritic cell/macrophage sub-
sets. Immunobiology 2010;215:692-697.

16. Letterio JJ, Roberts AB. Regulation of immune responses by TGFp.
Ann Rev Immun 1998;16:137-161.

17. Yang ZW, Mu ZY, Dabovic B, et al. Absence of integrin-mediated
TGFpB1 activation in vivo recapitulates the phenotype of TGFB1-null
mice. J Cell Biol 2007;176:787-793.

18. Parks WC, Shapiro SD. Matrix metalloproteinases in lung biology.
Resp Res 2001;2:10-19.

19. Crawford SE, Stellmach V, Murphy-Ullrich JE, et al. Thrombospondin-1 is
a major activator of TGFB1 in vivo. Cell 1998;93:1159-1170.

20. Carmeliet P, Schoonjans L, Kieckens L, et al. Physiological con-
sequences of loss of plasminogen-activator gene-function in mice.
Nature 1994;368:419-424.

21. Chen Y, Dabovic B, Colarossi C, et al. Growth retardation as well
as spleen and thymus involution in latent TGFB binding protein
(Ltbp)-3 null mice. J Cell Physiol 2003;196:319-325.

22. Mu Dz, Cambier S, Fjellbirkeland L, et al. The integrin avB8
mediates epithelial homeostasis through MT1-MMP-dependent
activation of TGFB1. J Cell Biol 2002;157:493-507.

23. Li MO, Wan YSY, Flavell RA. T cell-produced transforming growth
factor-B1 controls T cell tolerance and regulates Thl- and Th17-
cell differentiation. Immunity 2007;26:579-591.

24. Benson MJ, Pino-Lagos K, Rosemblatt M, et al. All-trans retinoic
acid mediates enhanced T reg cell growth, differentiation, and gut
homing in the face of high levels of co-stimulation. J Exp Med
2007;204:1765-1774.

25. Mucida D, Park Y, Kim G, et al. Reciprocal T(H)17 and regulatory
T cell differentiation mediated by retinoic acid. Science 2007;
317:256-260.

26. Elias KM, Laurence A, Davidson TS, et al. Retinoic acid inhibits
Th17 polarization and enhances FoxP3 expression through a Stat-
3/Stat-5 independent signaling pathway. Blood 2008;111:1013-
1020.

27. Hill JA, Hall JA, Sun CM, et al. Retinoic acid enhances Foxp3
induction indirectly by relieving inhibition from CD4(+)CD44(hi)
cells. Immunity 2008;29:758-770.

28. Kang SG, Lim HW, Andrisani OM, et al. Vitamin A metabolites
induce gut-homing FoxP3(+) regulatory T cells. J Immunol 2007;
179:3724-3733.

29. Schambach F, Schupp M, Lazar MA, et al. Activation of retinoic
acid receptor-alpha favours regulatory T cell induction at the ex-
pense of IL-17-secreting T helper cell differentiation. Eur J Immu-
nol 2007;37:2396-2399.

30. Cha HR, Chang SY, Chang JH, et al. Downregulation of Th17 cells
in the small intestine by disruption of gut Flora in the absence of
retinoic acid. J Immunol 2010;184:6799-6806.

31. Li MO, Wan YY, Sanjabi S, et al. Transforming growth factor-3 regulation
of immune responses. Ann Rev Immunol 2006;24:99-146.

32. Acharya M, Mukhopadhyay S, Paidassi H, et al. av Integrin expres-
sion by DCs is required for Th17 cell differentiation and develop-
ment of experimental autoimmune encephalomyelitis in mice.
J Clin Invest 2010;120:4445-4452.

33. Melton AC, Bailey-Bucktrout SL, Travis MA, et al. Expression of
av38 integrin on dendritic cells regulates Th17 cell development
and experimental autoimmune encephalomyelitis in mice. J Clin
Invest 2010;120:4436-4444.

34. Takaki H, Ichiyama K, Koga K, et al. STAT6 inhibits TGF-beta
1-mediated Foxp3 induction through direct binding to the Foxp3
promoter, which is reverted by retinoic acid receptor. J Biol Chem
2008;283:14955-14962.

35. Nolting J, Daniel C, Reuter S, et al. Retinoic acid can enhance
conversion of naive into regulatory T cells independently of se-
creted cytokines. J Exp Med 2009;206:2131-2139.

<
-
23
<5
Q=
23
=2
g



http://www.gastrojournal.org
http://dx.doi.org/10.1053/j.gastro.2011.06.057
http://dx.doi.org/10.1053/j.gastro.2011.06.057

ANV JIsve

g
4
(%2]
2
o
4
>
-
=

1812 WORTHINGTON ET AL

36. Xiao S, Jin H, Korn T, et al. Retinoic acid increases Foxp3(+)
regulatory T cells and inhibits development of Th17 cells by en-
hancing TGF-B-driven Smad3 signaling and inhibiting IL-6 and IL-23
receptor expression. J Immunol 2008;181:2277-2284.

37. XuLL, Kitani A, Stuelten C, et al. Positive and negative transcriptional
regulation of the Foxp3 gene is mediated by access and binding of
the Smad3 protein to enhancer I. Immunity 2010;33:313-325.

38. Coombes JL, Powrie F. Dendritic cells in intestinal immune regu-
lation. Nat Rev Immunol 2008;8:435-446.

Received February 7, 2011. Accepted June 13, 2011.

Reprint requests

Address requests for reprints to: Dr Mark A. Travis, PhD,
Manchester Immunology Group and Wellcome Trust Centre for Cell-
Matrix Research, Faculty of Life Sciences, 4.012 AV Hill Building,

GASTROENTEROLOGY Vol. 141, No. 5

Oxford Road, Manchester, M13 9PT, United Kingdom. e-mail:
mark.travis-2@manchester.ac.uk.

Acknowledgments

The authors thank Prof Dean Sheppard (University of California,
San Francisco) and Prof Richard Grencis (University of Manchester)
for helpful comments on this manuscript, and Michael Jackson (Flow
Cytometry Core Facility, Faculty of Life Sciences, University of
Manchester) for help with cell sorting.

Conflicts of interest
The authors disclose no conflicts.

Funding
Supported by an RCUK fellowship and a BBSRC New Investigator
research grant (to M.A.T).


mailto:mark.travis-2@manchester.ac.uk

	Intestinal Dendritic Cells Specialize to Activate Transforming Growth Factor-β and Induce ...
	Materials and Methods
	Animals
	Purification of DCs
	T-Cell Purification
	In Vitro Treg Induction Assay
	In Vivo Treg Assay
	TGF-β Activation Assay
	Quantitative Polymerase Chain Reaction
	Statistical Analysis

	Results
	The Enhanced Ability of Intestinal CD103+ DCs to Induce Foxp3+ iTregs Is Due to an Increased Abi ...
	Elevated Expression of the Integrin αvβ8 by Intestinal CD103+ DCs Is Responsible f ...
	The Enhanced Ability of Intestinal CD103+ DCs to Induce Foxp3+ iTregs Is Wholly Dependent on TGF ...
	The Absence of Integrin αvβ8 on Intestinal DCs Leads to an Absence of Foxp3+ iTreg ...

	Discussion
	Supplementary Material
	Acknowledgments
	References


