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CTLA-4 promotes Foxp3 induction and
requlatory T cell accumulation in the intestinal

lamina propria

M]J Barnes!, T Griseri!, AMF Johnson!, W Young!%, F Powrie! and A Izcue!?

Thymic induction of CD4*Foxp3* regulatory T (Treg) cells relies on CD28 costimulation and high-affinity T-cell receptor
(TCR) signals, whereas Foxp3 (forkhead box P3) induction on activated peripheral CD4* T cells is inhibited by these
signals. Accordingly, the inhibitory molecule CTLA-4 (cytotoxic T-lymphocyte antigen 4) promoted, but was not essential
for CD4* T-cell Foxp3 induction in vitro. We show that CTLA-4-deficient cells are equivalent to wild-type cells in the
thymic induction of Foxp3 and maintenance of Foxp3 populations in the spleen and mesenteric lymph nodes, but their
accumulation in the colon, where Treg cells specific for commensal bacteria accumulate, is impaired. In a T cell-transfer
model of colitis, the two known CTLA-4 ligands, B7-1 and B7-2, had largely redundant roles in inducing inflammation
and promoting Treg cell function. However, B7-2 proved more efficient than B7-1 in inducing Foxp3 in vitro and in vivo.
Our data reveal an unappreciated role for CTLA-4 in establishing the Foxp3* compartment in the intestine.

INTRODUCTION

CD4* Foxp3* regulatory T (Treg) cells play a key role in estab-
lishing immune homeostasis throughout life. Different mouse
models and studies of patients deficient in Foxp3 (forkhead
box P3) have proven that Treg cells are especially important to
maintain intestinal tolerance.! Treg cells are generated upon
antigen encounter in the thymus, but they can also arise in the
periphery in response to signals through the antigen receptor
and soluble factors such as transforming growth factor-f (TGF-
B) and interleukin-2 (IL-2). Peripheral induction of Foxp3
from CD4*Foxp3~ T cells is dependent upon the strength of
the signal through the T-cell receptor (TCR)—although TCR
activation is needed for Foxp3 induction, strong TCR sig-
nals inhibit this induction in vitro.>3 Similarly, costimulation
through CD28 reduces the peripheral induction of Foxp3 in
CD4 7" T cells.>* CTLA-4 (cytotoxic T-lymphocyte antigen 4)
is a coinhibitory molecule expressed by activated T cells and
by a large proportion of Foxp3* Treg cells.>® Although the
inhibitory role of CTLA-4 in T-cell activation has been known
for a long time, recent studies have refined our understand-
ing of its mode of action by showing that CTLA-4 can inhibit

T-cell activation in a cell-extrinsic manner by endocytosis
of the shared ligands of both CD28 and CTLA-4, B7-1 and
B7-2.78 Competition with CD28 is not the only mechanism
of action for CTLA-4, as it can also inhibit TCR activation
in the absence of B7 molecules.’

Although the conversion of peripheral CD4* T cells into
Treg cells in vitro is well documented, its relevance in vivo is
less well understood. Recent data suggest that Treg cells in
the colon, unlike Treg cells in other organs, are mostly gen-
erated in the periphery from CD4* Foxp3~ precursors that
express TCRs specific for microbiota-derived antigens.!? We
have analyzed the role of CTLA-4 in the peripheral induction
of Treg cells. Our data show that although CTLA-4 is dispen-
sable for the induction of Treg cells in vitro, it enhances Foxp3
induction upon ligation. Accordingly, CTLA-4-deficient naive
CD4™ T cells give rise to less Foxp3* cells after transfer into
RAG-deficient mice. Additionally, consistent with a role for
peripheral Foxp3 induction in the composition of the colonic
Treg cell population, CTLA-4 enhanced the accumulation of
Foxp3™* cells in the colonic lamina propria, but not the thy-
mus, spleen, or mesenteric lymph nodes. The shared ligands
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for both CD28 and CTLA-4, B7-1 and B7-2, play redundant
roles in the induction of T cell-transfer colitis as well as Treg
cell-mediated protection from disease in this model. However,
peripheral Foxp3 induction was particularly enhanced by B7-2.
Opverall, our data identify a differential role for CTLA-4 and
B7-2 in the induction of Foxp3 from peripheral CD4" T cells
and in the specific accumulation of Treg cells in the intestinal
lamina propria.

RESULTS

CTLA-4 promotes Foxp3 induction from naiveT cells
CD28 signaling has been reported to reduce Foxp3 induction
when T cells encounter strong antigenic signals through the
TCR.>* To assess the role of CTLA-4 in the absence of ligand
competition with CD28, we employed an antigen-presenting
cell (APC)-free system using plate-bound agonistic antibodies
and soluble TGF-f3 and IL-2. We found that CTLA-4 crosslink-
ing in the presence of TCR signals enhanced the generation
of Foxp3* cells in a dose-dependent manner (Figure 1a).
Moreover, CTLA-4 engagement changed the effect of CD28
crosslinking from inhibiting to promoting Foxp3 expression
(Figure 1b). Enhanced induction of Foxp3 by CTLA-4 liga-
tion did not result from reduced proliferation of Foxp3~ cells
(Figure 1¢). Indeed, although Foxp3™* cells had a higher divi-
sion index across all concentrations of anti-CTLA-4 tested, this
was because of an increased number of nondivided cells among
Foxp3~ cells (Figure 1d), as Foxp3~ cells entering cell division
did not show reduced proliferation compared with Foxp3* cells.
When cells were analyzed according to the number of times they
had divided, we found that CTLA-4 enhanced Foxp3 expres-
sion across all generations and even in cells that did not divide
(Figure 1d). Furthermore, viability of Foxp3™* cells was slightly
reduced compared with Foxp3 ™~ cells, suggesting that CTLA-4
ligation did not differentially promote the survival of Foxp3*
cells (Figure 1e). Altogether, these observations show that
CTLA-4 ligation can promote Foxp3 induction in vitro.

CTLA-4 promotes Foxp3* T-cell generation in vivo

Next, we assessed the ability of CTLA-4-deficient CD4* T
cells to become Foxp3™* T cells. Previous reports indicate that
Foxp3* Treg cells can still develop in the absence of CTLA-
4.'L12 Furthermore, Foxp3™* cells are present in an increased
number in Ctla-4~/~ mice, which undergo a severe multior-
gan inflammatory disease.” In contrast to the inflamed state of
Ctla-4=/~ mice or irradiated mice reconstituted with Ctla-4=/~
bone marrow, irradiated mice reconstituted with mixed wild-
type and Ctla-4~/~ bone marrow remain healthy.!® Ctla-4=/~
and congenically marked wild-type naive T cells isolated from
healthy bone marrow chimeras were equally efficient at induc-
ing Foxp3 in an in vitro system devoid of CTLA-4 or CD28
ligands (Figure 2a). This contrasts with the conclusions of an
earlier study that used T cells from Ctla-4~/~ mice;'* the reasons
for this discrepancy are unclear but could be because of the
use of cells directly isolated from Ctla-4~/~ mice, in which
lymphoproliferation and aberrant immune activation begins
early in life.!
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To verify the effect of CTLA-4 deficiency in an in vivo model
of Foxp3 induction, we transferred naive CD4*CD45RBM
T cells, isolated from healthy mixed chimeras, into immuno-
deficient mice. Transfer of naive CD4* T cells into wild-type
Rag2~/~ recipients induces intestinal inflammation, and this is
accompanied by the induction of a small population of Foxp3*
T cells.'® This small amount of Foxp3 induction is not sufficient
to prevent inflammation unless Foxp3 ™ numbers are boosted,
which for example occurs when Stat3-signaling cytokines such
as IL-23 or IL-6 are absent.!® In this system, we could observe
a markedly reduced population of Foxp3™ T cells in mice that
received Ctla-4=/~ T cells (Figure 2b). Following the cotransfer
of Ctla-4~/~ and wild-type naive CD4* T cells at 1:1 ratio into
Rag2~/~ mice, wild-type Foxp3* T cells accumulated more than
Ctla-4~/~ Foxp3* cells and Ctla-4~/~ Foxp3~ T cells accumu-
lated more than wild-type Foxp3 ~ cells, demonstrating that the
reduction in the percentage of Foxp3™* cells among Ctla-4~/~
T cells was cell-intrinsic (Figure 2c).

Foxp3* T-cell accumulation in the intestinal lamina propria is
dependent upon CTLA-4

We decided to assess the effect of CTLA-4 on the Foxp3* popu-
lations in the gut under steady-state conditions by analyzing
the composition of the CD4* Foxp3~ and Foxp3* T-cell com-
partments in irradiated Rag2~/~ mice reconstituted with con-
genically distinct Ctla-4~/~ and wild-type bone marrow cells.
In the thymus, spleen, and mesenteric lymph nodes, CTLA-
4-deficient and -sufficient T cells contributed equally to the
Foxp3* and Foxp3~ compartments. In contrast, the contri-
bution of CTLA-4-deficient cells to the Foxp3* T-cell pool in
the colon lamina propria was markedly impaired (Figure 3a).
This was not because of a general inability of Ctla-4~/~ cells
to contribute to the intestinal lymphocyte pool, as Ctla-4~/~
cells contributed to the colonic Foxp3~ CD4™* T-cell popula-
tion in a similar percentage as in other organs (Figure 3a).
Interestingly, despite the strong reduction in CTLA-4-deficient
Treg cells in the intestine, the percentage of total Foxp3* cells
was similar between mixed Ctla-4 =/~ and wild-type chimeras
and control chimeras reconstituted with wild-type bone mar-
row (Figure 3b). This was achieved through a greater contribu-
tion of CTLA-4-sufficient cells to the overall colonic Foxp3*
T-cell pool in the Ctla4~/~, but not in the control chimeras
(Figure 3b). We did not find differences in the expression of
the marker of cell proliferation Ki67 or gut-homing-associated
molecules CD103 or o, B, between wild-type and Ctla-4~/~
Foxp3™ T cells in mixed chimeras (Figure 3c). Hence, CTLA-4
determines the individual cell fate by enhancing Foxp3 induc-
tion in a cell-intrinsic way, but the total size of the colonic
Foxp3™* T-cell pool is regulated by cell-extrinsic factors. Our
data are consistent with a specific role for CTLA-4 in the induc-
tion of intestinal Treg cells.

Redundant roles of B7-1 and B7-2 inT cell-mediated colitis

We next sought to assess the contribution of the two known
CTLA-4 ligands, B7-1 and B7-2, to the balance of pro- and anti-
inflammatory CD4 " T-cell responses in the gut. To this aim,
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Figure1 CTLA-4 engagement directly enhances Foxp3 induction in CD4* T cells. (a) CTLA-4 engagement promotes the accumulation of

Foxp3* T cells in a concentration-dependent manner. The graphs show percentage and absolute (Abs) numbers (meanzs.d. of triplicate wells)

of Foxp3+* regulatory T (Treg) cells after culture of naive CD4* T cells with transforming growth factor-$ (TGF-), interleukin-2 (IL-2), plate-bound
anti-CD3e (1 ugml~1), plate-bound anti-CD28 (1 ugml~1), and different concentrations of agonistic plate-bound anti-CTLA-4 in an antigen-presenting
cell (APC)-free system. Asterisks indicate statistically significant differences between a given time point and time point=0. Absence of asterisks
means “not significant”. Data are representative of three independent experiments. (b) CTLA-4 engagement promotes the accumulation of Foxp3+*

T cells and synergizes with CD28 signals across a range of concentrations. Cells were cultured as for a, with 5 ugml~" plate-bound anti-CTLA-4

and different concentrations of agonistic anti-CD28. Asterisks indicate statistically significant differences between the presence or absence of
anti-CTLA-4 at a given anti-CD28 concentration. (¢) CTLA-4 favors Foxp3 induction without blocking the proliferation of Foxp3+* T cells. CFSE plots

of the cultures in the same conditions as b (plate-bound anti-CD3¢ and anti-CD28, both at 1 ugml~1, and different concentrations of plate-bound
anti-CTLA-4) are shown to assess cell proliferation. Numbers on the top left corner of the plot indicate the percentage of Foxp3+* cells; numbers 0-6
indicate the number of divisions according to CFSE dilution. Data are representative of two independent experiments. (d) Accumulation of Foxp3+*
cells does not depend on cell proliferation. The average divisions (division index), percentage of cells that had entered division (% divided) ,and the
average number of divisions undergone by the cells that entered division (proliferation index) are shown. The graph on the right shows the percentage
of Foxp3* cells in each generation for different anti-CTLA-4 concentrations. Asterisks indicate statistically significant differences between Foxp3* and
Foxp3~ cells. (e) Measurement of cell death in anti-CTLA-4-induced Foxp3* cell in vitro cultures. CD4* T cells were cultured as in b and ¢ and stained
for Foxp3 and the Fixable Viability Dye eFlour 780. Dead cells stained positive for the viability dye and the frequency of dead cells in the Foxp3* and
Foxp3~ populations is shown. Statistically significant differences between groups are indicated (*P<0.05; **P<0.01; ***P<0.001).
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Induction of Foxp3 on CTLA-4-deficient T cells. (a) CTLA-4 is not required for the induction of Foxp3* T cells. Sorted wild-type (wt)

or CTLA-4-deficient CD4+CD45RBMNCD25 - naive T cells were cultured for 3 days in an antigen-presenting cell (APC)-free system in the

presence of anti-CD3¢ and anti-CD28 beads, interleukin-2 (IL-2), and transforming growth factor-$ (TGF-p). The percentages of CD4* T cells
expressing Foxp3 are shown. Data are representative of two independent experiments. (b) CTLA-4 promotes Foxp3* T-cell accumulation during
colitis in vivo. The diagram shows Foxp3 expression among CD4* T cells in the spleen or mesenteric lymph nodes (MLNs) 2 months after transfer
of naive wt or Ctla-4~/~ T cells isolated from mixed bone marrow chimeric mice. Each point represents an individual mouse. Data are pooled from
two independent experiments. (c) CTLA-4 expression in T cells promotes the accumulation of Foxp3+* cells and reduces the accumulation of Foxp3~
cells after naive T-cell transfer. Ctla-4~/~ (Ly9.1+) and wild-type naive T cells (Ly9.1~) isolated from the same bone marrow chimeric animals were
cotransferred in a 1:1 ratio into RAG-deficient hosts. At 2 months after transfer, Ctla-4~/~ cells were enriched in the splenic CD4*Foxp3~ T-cell
population (lower quadrants) but showed reduced accumulation among splenic CD4*Foxp3* T cells (upper quadrants). Statistically significant

differences between groups are indicated (***P<0.001).

we again used the well-characterized model of T cell-transfer
colitis.!” CD28-mediated costimulation has been described to
be necessary for systemic and intestinal inflammation after
naive T-cell transfer,!® but there are conflicting reports on the
respective roles of B7-1 and B7-2 in this model.'®!° To check
whether induction of disease following naive CD4* T-cell trans-
fer is differentially affected by the absence of B7-1 or B7-2, we
transferred wild-type CD4* CD45RBMCD25 ~ naive T cells into
Rag2~/~ mice genetically deficient for either costimulatory mole-
cule.?%2! Deficiency of B7-1 or B7-2 did not abrogate wasting
disease, as assessed by decrease in body weight (Figure 4a)
or the concentrations of IL-12, tumor necrosis factor-a, or
interferon-v in the serum (Figure 4b), which are key cytokines
for the development of wasting disease in this model.?>23
We could detect a minor but significant increase in serum
IL-12 in B7.17/~Rag2~/~ compared with B7.27/~Rag2~/~
mice (Figure 4b); however, this difference was not associated
with significant variations in other T helper type 1-produced
cytokines such as interferon-y or tumor necrosis factor-a.

To determine if B7-1 or B7-2 have differential roles in mucosal
CD4 " T-cell responses, we assessed intestinal inflammation
in the T cell-recipient Rag2~/~ mice lacking either or both
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B7 molecules. Both B7.1~/~Rag2~/~ and B7.27/~Rag2~/~
recipients developed similarly severe colitis 2 months after
transfer (Figure 4c), indicating that neither molecule is essential
for the induction of T cell-mediated intestinal inflammation.
However, transfer of naive CD4* T cells into B7.1~/~B7.2~/~
Rag2~/~ mice did not induce weight loss or colitis (Figure 4a,
right panel and Figure 4c, right panel), showing that either B7-
1 or B7-2 is sufficient for the induction of pathology after T-cell
transfer. Accordingly, the serum of B7.1~/~B7.27/~Rag2~/~
mice that received naive T cells did not show increased con-
centrations of interferon-vy, IL-12, or tumor necrosis factor-o
(data not shown). In contrast to a previous study,>* B7-medi-
ated costimulation was required for both the initial priming and
perpetuation of colitogenic T-cell responses. Indeed, even the
transfer of either memory/activated CD4*CD45RB°CD25~
T cells from I110~/~ mice or effector T cells isolated from
colitic T cell-recipient Rag2~/~ mice could not induce dis-
ease when transferred into B7.1~/~B7.27/~Rag2~/~ recipient
mice (Figure 4d and data not shown). Altogether, these results
indicate that B7-1 and B7-2 play essential, overlapping roles in
the induction and perpetuation of T cell-mediated colitis and
wasting disease.
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Figure 3 CTLA-4 enhances regulatory T (Treg) cell accumulation in the intestinal lamina propria. (a) Analysis of Foxp3 expression in different
organs of Ctla-4~/=: BALB/c (Ly9.2*) bone marrow chimeric mice. The origin of the cells was tracked using Ly9.1 as a congenic marker to label
Ctla-4-/~ cells. The percentage of Ctla-4~/~ bone marrow—derived cells among CD4 *Foxp3~ and CD4*Foxp3* T cells is represented in the

graph showing the composition of the spleen, mesenteric lymph nodes (MLNs), and colonic lamina propria lymphocyte (LPL) T-cell populations

in individual mice. The data shown are representative of three independent experiments. NS, not significant. (b) Foxp3 expression in the colonic lamina
propria from Ctla-4=/=: BALB/c (Ly9.2*) and wild-type (wt): BALB/c (Ly9.2+) bone marrow chimeric mice. The graph shows the percentage of Foxp3+*
cells among total CD4* T cells (left), Ctla-4~/~ Ly9.1* CD4* T cells, and congenic Ly9.1~ CD4+ T cells in Ctla-4~/~: BALB/c (Ly9.2+) bone marrow
chimeric mice (middle), and wild-type Ly9.1* CD4* T cells and congenic Ly9.1~ CD4* T cells in wild-type: BALB/c (Ly9.2+) bone marrow chimeric
mice. Each point represents an individual mouse. (c) Expression of CD103, o,f, and the proliferation marker Ki67 (intracellular) on Foxp3* CD4*

T cells from the MLNs of Ctla-4~/~: BALB/c (Ly9.2+) and wild-type: BALB/c (Ly9.2+) bone marrow chimeric mice. Plots are gated on CD4+* Ly9.1+
Foxp3* cells. Black line, Ctla-4~/~ cells; shaded gray, wild-type cells. Statistically significant differences between groups are indicated (**P<0.01;

***P<0.001).

B7-1 and B7-2 play equivalent roles in CTLA-4-mediated
protection from colitis

Cotransfer of the CD4*CD45RB!°CD25* T-cell popula-
tion, which is enriched in Foxp3* Treg cells, has been shown
to prevent both the systemic and mucosal pathology induced
by naive CD4* T-cell transfer.® Anti-CTLA-4 antibodies or
Fab fragments that block B7 binding can abrogate Treg
cell-mediated regulation, indicating that protection requires
engagement of the CTLA-4 extracellular domain. However,
deficiency of either B7-1 or B7-2 in recipient mice did not
influence the ability of Treg cells to prevent wasting disease
and colitis (Figure 5a,b).

We have previously reported that protection from colitis by
wild-type Treg cells is dependent on CTLA-4, but CTLA-4-
deficient Treg cells can develop compensatory mechanisms to
mediate protection.!? To verify that protection from colitis in
B7-1- and B7-2-deficient recipients still relies on CTLA-4 inter-
actions, and as we could not induce intestinal inflammation in
B7.17/~B7.27/~Rag2~/~ mice, we used a monoclonal antibody
to block CTLA-4 function. Treatment with anti-CTLA-4 anti-
body abrogated Treg cell-mediated protection from colitis in
wild-type, B7-1-deficient, and B7-2 deficient recipients, showing
that the protection remained dependent on CTLA-4 interactions

328

and suggesting a redundant role for B7-1 and B7-2 in CTLA-4-
mediated Treg cell function (Figure 5c).

B7-2 favors Foxp3 induction

As we had identified a role for CTLA-4 in promoting periph-
eral Foxp3 induction, we next examined whether B7-1 and B7-2
also contributed in a similar manner to it. We again used the T
cell-transfer model, which allowed all APCs to be wild type, B7-
1 deficient, or B7-2 deficient. A small Foxp3* T-cell population
was again clearly detectable in B7-sufficient wild-type and B7-1-
deficient recipient mice (Figure 6a). In contrast, B7-2-deficient
recipient mice showed a significant reduction in the frequency
of Foxp3* T cells, indicating that B7-2 may promote Foxp3
induction from peripheral CD4" T cells. To test this possibility
using an in vitro model, we incubated naive T cells with low con-
centrations of anti-CD3 antibody in the presence of wild-type or
B7-2-deficient dendritic cells (DCs) and the cytokines TGF-f
and IL-2 (Figure 6b). B7-2-deficient DCs were less efficient than
wild-type DCs in inducing Foxp3 across a range of anti-CD3
concentrations, suggesting that B7-2 may have a specific role in
the induction of Foxp3 from peripheral CD4* T cells. Similar
to the in vivo result, B7-1-deficient and wild-type DCs induced
comparable percentages of Foxp3* T cells (Figure 6b).
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Each point corresponds to an individual mouse; data are pooled from four independent experiments. IFN-v; interferon-v; ND, not detected.

For interleukin-12 (IL-12) and tumor necrosis factor-o. (TNF-a) measurements, several data points were at or below the limit of detection for mice
that did not receive naive T cells. (¢) Colitis induction in T-cell recipients lacking B7-1 or B7-2 molecules. Representative microphotographs of
sections of the mid-colon 8 weeks after naive T-cell transfer into Rag2~/~, B7.1-/~Rag2~/~, or B7.2~/~Rag2~/~ recipient mice. Untransferred
controls (Untf) and B7.1-/-B7.2-/~Rag2~'~ recipients 16 weeks after naive T-cell transfer are shown for comparison. Scale bars =200 um.

(d) Antigen-experienced T cells require B7 costimulation to induce disease. Weight curve (left) and colitis scores (right) from B7.1-/-B7.2~/~
Rag2~/~ or costimulatory molecule-sufficient Rag2~"~ mice that received CD4* CD25~ CD45RB" T cells from IL-10-deficient mice.
B7-sufficient Rag2~/~ recipients were killed at week 8 because of ethical reasons, whereas B7.1-/~B7.2~/~Rag2~/~ recipients did not show
clinical signs of disease and were left until week 17 to check for a possible delay in the onset of disease. Data on the left plot show mean

weight percentage +s.e.m. Data on the right plot indicate the histological score of the samples taken at the time of killing the mice; each point
represents an individual mouse. Statistically significant differences between groups are indicated (*P<0.05; **P<0.01; ***P<0.001).
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Figure5 CD4+CD25" regulatory T (Treg) cells can prevent T cell-induced wasting disease and colitis in the absence of B7-1 or B7-2. (a) Treg

cell cotransfer prevents wasting disease—associated weight loss in B7.1~/~Rag2~/~ and B7.2~/~Rag2~/~ mice. Graph shows weight curves of
costimulation-sufficient Rag2~/~, B7.1~/~Rag2~/~, or B7.2~/~Rag2~/~ recipients that received naive CD4+CD45RBNCD25- T cells or naive T cells
and CD4+CD45RB°CD25* Treg cells. Each curve represents the average weight of five mice +s.e.m. and is representative of four independent
experiments. (b) Treg cells prevent intestinal inflammation in the absence of B7-1 or B7-2 in the recipient mice. Colitis scores of B7.1~/~Rag2~/~

or B7.2~/~Rag2~/~ recipient mice that received naive T cells or naive T cells and Treg cells. Each point represents an individual mouse. Data are
pooled from four independent experiments. (¢) Representative microphotographs of Rag2~/~, B7.1~/~Rag2~/~, or B7.2~/~Rag2~/~ recipients that
received naive T cells and Treg cells, along with treatment with or without a blocking anti-CTLA-4 antibody. Data are representative of two independent
experiments. Scale bars=200 um. Statistically significant differences between groups are indicated (*P<0.05;**P<0.01; ***P<0.001).

Finally, we decided to check the expression of B7-1 and B7-2
on different subsets of DCs in mucosal tissues. CD103* DCs
isolated from mesenteric lymph nodes have been described to
preferentially induce Treg cells compared with their CD103~
counterparts.?® In agreement with published data,?® we found
that both DC subsets express low amounts of B7-1. However,
CD103* DCs from mesenteric lymph nodes expressed more
B7-2 than CD103~ DCs, which correlates with the enhanced
ability of CD103* DCs to promote Foxp3 induction in naive
T cells (Figure 6¢). Additionally, both CD103* and CD103~ DC
subsets showed significant B7-2 expression in the colon lamina
propria (Figure 6¢).

DISCUSSION

In this work we assessed how the inhibitory receptor CTLA-4
affects the peripheral induction of Foxp3™* T cells and the com-
position of the intestinal Treg cell pool. We found that CTLA-
4 acts in a cell-autonomous way to enhance Foxp3 induction
following activation of naive CD4* T cells. We also found a
significant role for CTLA-4 in regulating the makeup of the
colonic Treg cell pool in the steady state, suggesting that the
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intestinal Treg cell compartment relies more on peripheral
Foxp3 induction than do Treg cell populations in secondary
lymphoid organs. Our data further show that the CTLA-4
ligands B7-1 and B7-2 have overlapping functions in intesti-
nal and systemic inflammation, and either of them can support
CTLA-4-dependent Treg cell function. In addition, B7-2 specifi-
cally favors peripheral Foxp3 induction in vivo and in vitro. Our
data confirm that the costimulatory requirements for the Treg
cell poolin the intestine are different to the ones in the spleen
and lymph nodes.

Foxp3 is induced in the thymus and in the periphery, espe-
cially at mucosal sites, after TCR-mediated activation.?”-28
Costimulation seems to play different roles in thymic vs. peri-
pheral induction of Treg cells. In the thymus, cell-intrinsic
signals through CD28 are crucial for Foxp3 expression.?>*" In
contrast, CTLA-4 does not affect Foxp3™* frequencies in thymo-
cytes from mice with a normal TCR repertoire. CTLA-4 could
still have an effect on the repertoire of Foxp3* Treg cells, as
CTLA-4 deficiency has been reported to reduce Foxp3 induction
in the thymus of one TCR transgenic mouse line, but not all TCR
transgenic mouse lines are affected by the lack of CTLA-4.31:32
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Figure 6 B7-2 rather than B7-1 promotes Foxp3* T-cell accumulation from naive T cells in vivo and in vitro. (a) Percentage of Foxp3* T cells

after naive CD4*+CD45RBNCD25~ T-cell transfer into Rag2~/~ recipient mice lacking B7-1 or B7-2. The diagram shows Foxp3 expression among
CD4+ T cells in the spleen or mesenteric lymph nodes (MLNs) 2 months after transfer. Each point represents an individual mouse. Data are pooled
from two independent experiments. NS, not significant. (b) A role for B7-2 expression in dendritic cell (DC)-mediated Foxp3 induction in vitro. Naive

T cells and wild-type (WT) or B7.2~/~ splenic DCs were co-cultured with transforming growth factor-p (TGF-B), interleukin-2 (IL-2), and indicated
concentrations of agonistic anti-CD3e antibody for 3 days (left). The meanzs.d. of the percentage of CD4* T cells expressing Foxp3 is shown. Data are
representative of three independent experiments. Asterisks indicate significant differences in the frequency of Foxp3+* T cells induced by wild-type or
B7.2/~ DCs at a given anti-CD3 concentration. On the right, the percentage of Foxp3 induction when wild-type, B7-1-deficient, or B7-2-deficient DCs
were cultured as before with a concentration of 0.025 ugml~1 anti-CD3e antibody is shown. (¢) B7-1 and B7-2 expression by CD103~ and CD103+*
DCs. Graphs show B7-1 (top) and B7-2 (bottom) expression on CD11ch MHCII* CD103~ (dashed line) and CD11ch MHCII* CD103+ (black line)
DCs isolated from mesenteric lymph nodes (left) or colonic lamina propria (right). Gray histograms show isotype control labeling for total CD11cM
MHCIIM cells. Statistically significant differences between groups are indicated (*P<0.05; **P<0.01; ***P<0.001).

In the periphery, costimulation has a different outcome as  CTLA-4 could have a positive effect on Foxp3 induction by
CD28 has been reported to inhibit and CTLA-4 to be essen-  dampening these signals.
tial for peripheral Foxp3 induction.?~41433 Notably, CTLA-4 To assess whether CTLA-4 also plays a nonredundant role in
has been reported to be essential for TGF-B-mediated Foxp3  peripheral Treg cell induction under nonlymphopenic steady-
induction.!* However, the cells used for these experiments were  state conditions, we analyzed mixed bone marrow chimeric
isolated from Ctla-4~/~ mice, which exhibit an early-onset  mice. In these mice, Ctla-4~/~ and wild-type T cells equivalently
lymphoproliferative phenotype. To circumvent this problem,  contributed to the Treg cell and nonregulatory T-cell pools in the
we used naive CD4™" T cells isolated from healthy mixed bone  lymphoid organs. However, in the intestine, a widely acknowl-
marrow chimeras and found, in an APC-free system, that Foxp3  edged site of peripheral Treg cell accumulation,!®?8 there was a
expression can be induced as efficiently in Ctla-4~/~ asin wild-  clear deficit of Ctla-4 =/~ Foxp3™* cells, whereas the frequencies
type CD4* T cells. Hence, CTLA-4 is not an essential cofactor  of Ctla-4~/~ Foxp3~ cells were normal. The normal accumula-
for Foxp3 induction. However, CTLA-4 engagement still boosts  tion of Ctla-4~/~ CD4* Foxp3~ T cells in the intestine rules out
peripheral Treg cell generation. We found that an agonistic anti-  general defects in the ability of CTLA-4-deficient lymphocytes to
CTLA-4 antibody directly increased the frequency and total ~ migrate to the gut. Hence, these results are fully compatible with
number of Treg cells generated in vitro, suggesting that CTLA-  arole for CTLA-4 in peripheral Foxp3 induction. Furthermore,
4 can enhance Foxp3 induction by modulating T cell-intrinsic ~ they suggest that in normal mice the Foxp3* T-cell repertoire
signaling, and not through ligand competition with CD28 or  derives mostly from thymic Treg cells in lymphoid organs, but
by initiating B7-mediated signals into the APCs. Furthermore,  that there is an important contribution of peripheral Foxp3
naive Ctla4~/~ cells isolated from healthy bone marrow chime-  induction in other organs such as the intestine.
ras showed reduced accumulation of Foxp3™* cells after transfer Comparison of Ctla-4~/~ and wild-type control chimeras
into lymphopenic hosts and induction of colitis. The precise  also shows that the size of the total intestinal Foxp3* T-cell
mechanisms of CTLA-4 signaling are still poorly understood = pool remains constant, irrespective of the contribution of
and further research is needed to identify the signaling pathway = each subpopulation. It has previously been shown that the
that leads to Foxp3 induction. Previous reports have suggested  size of the Treg cell population is controlled by cell-extrinsic
that strong TCR or CD28 signals reduce Foxp3 induction.>”*  factors.>* This raises the interesting possibility that under
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certain circumstances, lack of peripherally induced Treg cells
could be numerically compensated for by a higher contribution
of thymic Treg cells. Alternatively, there might be defined niches
for thymic and induced Treg cells, and wild-type induced Treg
cells could be populating the lamina propria at the expense of
CTLA-4-deficient induced Treg cells in the mixed bone marrow
chimeras. The relative contribution of different Treg cell genera-
tion pathways to immune tolerance in the gut still remains to
be fully established.

The role of the shared CD28 and CTLA-4 ligands B7-1 and
B7-2 in the induction of intestinal inflammation after naive T-
cell transfer into RAG-deficient recipients has been controver-
sial. Liu et al.'8 reported that blocking B7-1, but not B7-2, with
specific antibodies abrogated the development of colitis after
naive T-cell transfer. In contrast, a subsequent report described
rapid wasting disease and accelerated colitis as early as 2 weeks
after T-cell transfer into Rag2~/~ recipient mice deficient for
either B7-1 or B7-2, but no disease in B7-1 and B7-2 double-
deficient Rag2~/~ recipient mice.!® Our studies show that B7-1
and B7-2 expression on host cells play interchangeable roles in
the induction of colitis, and that B7-1 expression is not an abso-
lute requirement. In our hands, neither B7-1 nor B7-2-deficient
hosts underwent rapid weight loss nor accelerated colitis after
T-cell transfer. The reasons for this discrepancy with the previ-
ous reports are unclear and could be related to differences in
the intestinal microbiota. We note that the study reported here
was carried out in a Helicobacter-free facility in which 1110/~
mice do not develop spontaneous colitis by 5 months of age. All
in all, our observations are consistent with an essential function
for B7-mediated costimulation in the development of colitis that
can be exerted either through B7-1 or B7-2 with similar conse-
quences for systemic and mucosal inflammation.

In addition to dampening effector T-cell responses, the B7
ligand CTLA-4 is important for Treg cell function and preven-
tion of colitis. Blockade of CTLA-4 in mouse models abrogates
Treg cell-mediated protection®®> and, similarly, blocking
CTLA-4 in cancer patients increases not only antitumor immune
responses, but also the occurrence of autoimmunity and intesti-
nal inflammation.*® CTLA-4-deficient Treg cells isolated from
healthy bone marrow chimeric mice can suppress inflammation
in vivo, but this protection is anti-CTLA-4 resistant, indicating
that anti-CTLA-4 antibody needs to target Treg cells to break
regulation.!? Also consistent with a role for CTLA-4 in Treg cell
function, bone marrow from Ctla-4~/~ and Foxp3~/~ mice can-
not complement each other when reconstituting lethally irradi-
ated mice, and mice with a Foxp3-Cre-driven deletion of Ctla-4
in Treg cells develop a lethal autoimmune syndrome.3”-38 The
reasons why Treg cell function is dependent on CTLA-4 are still
unclear. CTLA-4 has been shown to reduce the amounts of B7
molecules on APCs through trans-endocytosis;®® whether this
is the main function of CTLA-4 in Treg cell-mediated protec-
tion from colitis remains to be addressed.

Despite the abundance of studies on the role of CTLA-4 in
Foxp3* Treg cell function, the question of which is the relevant
ligand for Treg cells has not been answered. Here, usinga CTLA-
4-blocking antibody instead of Ctla-4~/~ Treg cells, which can
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use CTLA-4-independent regulatory pathways, we show that
CTLA-4-mediated regulation can occur in the absence of either
B7-1 or B7-2 on the host cells, suggesting that both molecules
serve largely overlapping roles in tolerogenic as well as inflam-
matory processes. In addition to binding CD28 and CTLA-4,
B7-1is also aligand for PD-L1, another costimulatory molecule
expressed by activated T cells and Treg cells.>® This interaction
does not appear to be crucial in our system, as B7-1-deficient
mice did not show significantly altered immune responses.

In contrast to their overlapping roles during the induction and
prevention of colitis, B7-1 and B7-2 appear to play different roles
for Foxp3 induction. After transferring naive T cells into RAG-
deficient mice, the frequency of Foxp3 ™ Treg cells induced in
B7-2-deficient recipients was strongly reduced compared with
B7-wild-type or B7-1-deficient recipients. The reduction in
B7-2-deficient recipients was similar in magnitude to the one
observed after transfer of CTLA-4-deficient T cells into RAG-
deficient hosts, suggesting that B7-2 interactions with CTLA-4
might be important for Foxp3 induction. Furthermore, B7-2-
deficient DCs supported less Foxp3 induction over a range of
anti-CD3 concentrations. This finding correlates with a report
suggesting a role for B7-2 in promoting Treg cell homeostasis.*?
This result was quite unexpected as most studies on B7 family
member interactions suggest that B7-1 is the preferred ligand
for CTLA-4,*1*2 and some reports proposed a role for B7-1 in
Treg cell function in vitro.*> However, our results show that B7-1
is largely dispensable for CTLA-4-dependent Foxp3 induction
in vivo.

In summary, we have shown that the intestinal Treg cell com-
partment, unlike the one in the spleen or mesenteric lymph
nodes, is dependent on CTLA-4. This is likely because of an
effect on Treg cell induction, as CTLA-4 engagement favors
Foxp3 induction from naive precursors and the colonic Treg
cell compartment seems to be uniquely shaped by microbiota-
derived antigens.'%28 In contrast to the overlapping roles of the
CTLA-4 ligands B7-1 and B7-2 during intestinal inflammation
and Treg cell-mediated protection from colitis, B7-2 appears to
favor peripheral Foxp3 induction more than B7-1. Our results
identify CTLA-4 as a key factor that regulates the composition
of the Foxp3* T-cell population in the intestine.

METHODS

Mice. Wild-type BALB/c, BALB/c Rag2 -/~ BALB/cB7.1 ‘/‘RagZ =/=,
BALB/c B7.27/~Rag2~/~, BALB/c B7.1~/~B7.27/~Rag2~/~, BALB/c
1110~/~, and BALB/c.C57B10D2.Ly9.2 congenic and BALB/c Ctla-
47/~ mice were bred and maintained under specific pathogen-free
conditions in accredited animal facilities at the University of Oxford.
B7-deficient mice generously donated by Arlene Sharpe (Boston, MA)
were crossed on the Rag2~/~ background. Bone marrow chimeras were
generated as described.!? All procedures involving animals were con-
ducted according to the requirements and with the approval of the UK
Home Office Animals (Scientific Procedures) Acts, 1986. Mice were neg-
ative for Helicobacter spp. and other known intestinal pathogens and were
> 6 weeks old when first used except for the bone marrow chimera
donors, which were killed earlier as described.

T-cell transfer and ex vivo analysis. Different T-cell subsets were
isolated from the spleens of BALB/c or BALB/c I110~/~ mice using
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fluorescence-activated cell sorting (FACS) as previously described.®
In brief, after enriching for CD4* lymphocytes, single-cell suspen-
sions were stained with PerCP-conjugated anti-CD4, phycoerythrin-
conjugated anti-CD25, and fluorescein isothiocyanate-conju-
gated anti-CD45RB (all obtained from BD Biosciences, Franklin
Lakes, NJ). Naive CD4*CD25~ CD45RBM T cells, regulatory
CD4+CD25*CD45RBY T cells, and antigen-experienced CD4*
CD25~CD45RB!Y T cells were purified (>99%) with a cell
sorter (MoFlo; Dako Cytomation, Glostrup, Denmark). Foxp3
expression on naive and Treg cells was routinely 1% and 95%,
respectively.!® Sex-matched Rag2~/~ recipient mice received 4x10°
CD4*CD25~ CD45RBM or CD4* CD25~ CD45RB" T cells by intra-
peritoneal injection. Additionally, some mice received 10> CD4*
CD25" T cells. Mouse weight was assessed weekly, and develop-
ment of intestinal inflammation was monitored as described below.
Mice losing in excess of 20% of initial body weight or showing signs
of severe disease were humanely killed. Colons were removed from
mice and fixed in buffered 10% formalin. Paraffin-embedded sections
(6 um) were cut and stained with hematoxylin and eosin, and scored
in a blinded fashion as described.!?

Some of the recipient mice were treated intraperitoneally with 0.2 mg
of anti-mouse CTLA-4 IgG (clone UC10-4F10-11)** three times a
week for the duration of the experiment. The antibody was purified
from hybridoma supernatant by affinity chromatography and shown to
contain < 1.0 EU endotoxin per mg of protein.

For analysis of congenic mice, anti-Ly9.1 was used (BD Biosciences).
Lymphocytes from the colonic lamina propria were isolated as
described.®

Cytokine analysis. Blood was obtained from mice by intracardiac
puncture immediately after killing. Serum was separated by centri-
fugation using Microtainer SST tubes (BD Biosciences) following
the instructions of the manufacturer and stored at —20°C. Cytokine
concentrations were assessed using a Mouse Inflammation Cytometric
Bead Array kit (BD Biosciences) following the instructions of the manu-
facturer and the samples were analyzed with a FACScan or FACSCalibur
(BD Biosciences).

In vitro Foxp3 induction. Sorted CD4* CD25~ CD45RB" T cells from
BALB/c mice were resuspended in complete RPMI 5% fetal calf serum
and incubated at 5x10° cells per ml in the presence of Dynabeads Mouse
CD3/CD28 T-cell expander (2 ulml~ 1 Invitrogen, Carlsbad, CA)
or plastic-coated anti-CD3 (1 pgml~1, clone 145-2C11, eBioscience,
San Diego, CA) with or without anti-CD28 (1 pgml~ 1 clone 37.51,
eBioscience) and/or anti-CTLA-4 (clone UC10-4F10-11) and in the
presence of TGF-B1 (1ngml -1, R&D, Minneapolis, MN) and recom-
binant human IL-2 (100Uml "}, Peprotech, Rocky Hill, NJ). Foxp3
(clone FJK-16s, eBioscience) expression and cell viability (Fixable
Viability Dye eFlour 780, eBioscience) was assessed by flow cytometry
after 72 h. Cells were labeled with CFSE (Invitrogen) following the
instructions of the manufacturer. Cell divisions were analyzed using
Flow Jo software (Ver 8.8.7, Tree Star, Ashland, OR).

For the assay for DC function, CD1 1chi cells from B7.27/~
and wild-type BALB/c were sorted as described? and plated in
96-well plates at 1x10* cells per well in RPMI 5% fetal calf serum with
IL-2 (100 Uml~!) and TGF-B (1 ngml~1), together with 1x10° sorted
CD4*CD25~ CD45RBM T cells from BALB/c mice.

Statistical analysis. Weights and colitis scores were compared using
the Mann-Whitney test, and cell frequencies and concentrations of
proinflammatory cytokines were compared using an unpaired Student’s
t-test. Paired Student’s t-test was used to compare Foxp3™* frequen-
cies between Ly9.1* and Ly9.1~ cells in mixed bone marrow chimeric
mice. Differences were considered statistically significant when P<0.05
(*P<0.05; **P<0.01; ***P<0.001). Horizontal lines in the graphs
represent the mean value for each group.
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