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Introduction

Summary

An important role of transforming growth factor-f (TGF-p) in the devel-
opment of regulatory T cells is well established. Although integrin-medi-
ated activation of latent TGF-f, is considered essential for the induction
of regulatory T (Treg) cells by antigen-presenting cells (APCs), such an
activation mechanism is not applicable to the TGF-f, isoform, which
lacks an integrin-binding RGD sequence in its latency-associated peptide.
Mucosal and ocular tissues harbour TGF-f,-expressing APCs involved in
Treg induction. The mechanisms that regulate TGF-p activation in such
APCs remain unclear. In this study, we demonstrate that murine APCs
exposed to TGF-f, in the environment predominantly increase expression
of TGF-f,. Such predominantly TGF-p,-expressing APCs use throm-
bospondin-1 (TSP-1) as an integrin-independent mechanism to activate
their newly synthesized latent TGF-B, to induce Foxp3™ Treg cells both
in vitro and in vivo. Expression of Treg induction by TGEF-p,-expressing
APCs is supported by a TSP-1 receptor, CD36, which facilitates activation
of latent TGF-$ during antigen presentation. Our results suggest that
APC-derived TSP-1 is essential for the development of an adaptive regula-
tory immune response induced by TGF-f,-expressing APCs similar to
those located at mucosal and ocular sites. These findings introduce the
integrin-independent mechanism of TGF-f activation as an integral part
of peripheral immune tolerance associated with TGF-f,-expressing tissues.

Keywords: antigen presentation; regulatory T cells; transforming growth
factor-f3,; thrombospondin-1.

Several studies have reported increased expression of
TGEF-f, in epithelia at mucosal surfaces under inflamma-

Recent studies have revealed a significant role of trans-
forming growth factor-f (TGF-f) in the induction,
expansion and maintenance of regulatory immune
responses,’ implicating a favoured generation of regula-
tory T (Treg) cells by resident antigen-presenting cells
(APCs) that are exposed to TGF-f in tissue environ-
ments. As such, APCs in mucosal tissue such as gut-asso-
ciated lymphoid tissue are reported to induce peripheral
Foxp3-expressing CD4" Treg cells under homeostatic
conditions.” Similarly, APCs that phagocytose apoptotic
or necrotic cells during tissue homeostasis release TGF-f3,
which not only prevents the activation of inflammatory
effectors but also allows the expansion of natural Foxp3*
Treg cells.>* Hence, the presence of TGF-f during anti-
gen presentation is known to aid the generation of Treg
cells.

© 2015 John Wiley & Sons Ltd, Immunology, 146, 547-556

tory conditions. For example, gastric epithelial cells pro-
duce TGE-p, in response to Helicobacter pylori infection,’
bronchial epithelial cells in asthmatic patients,® and con-
junctival epithelial cells from patients with ocular surface
inflammation express significantly increased TGE-p,.”
Moreover, predominant expression of TGF-f}, is detected
in adult human intestinal epithelium and lamina propria
as well as in mouse ocular mucosal epithelium.®’
Although activation of TGF-f} associated with Treg induc-
tion has been largely attributed to integrins expressed by
epithelial cells (o,fs) or dendritic cells (DC; ofs), "
these studies are predominantly focused on the TGEF-f,
isoform, which contains an integrin-binding RGD
sequence in its latency-associated peptide (LAP). The
absence of such a sequence in the TGF-f, LAP isoform
prevents activation of latent TGF-f, by integrins.'?
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Therefore, at sites with predominant TGF-f3, expression,
integrin-independent mechanisms are likely to assume
greater importance in influencing Treg induction.

We have previously reported significantly increased
expression of thrombospondin-1 (TSP-1) by APCs
exposed to TGF-f,."> Thrombospondin-1 is a large
(450 000 MW) multi-domain glycoprotein with a binding
site for LAP and the ability to activate latent TGF-p to its
biologically active form in vitro as well as in vivo.'*'> The
TSP-1 binding amino acid sequence in LAP is distinct
from RGD and is well conserved in all three isoforms
(LAP1, LAP2 and LAP3). As such, TSP-1 has been
reported to activate TGF-f3, efficiently'* in an integrin-in-
dependent manner. Therefore, TSP-1 expression by APCs
potentially influences their ability to use TGF-f, available
in the environment for Treg induction.

In addition to TSP-1, APCs exposed to TGF-f, con-
comitantly increase their endogenous expression of TGEF-
B,."> Thrombospondin-1 derived from these APCs further
facilitates conversion of their newly synthesized latent
TGF-f to its biologically active form.'>'® It has been
speculated that this TSP-1-mediated autocrine feedback
allows continued expression of TGF-f, by APCs as they
migrate to local lymphoid organs distant from their tis-
sues of origin, making TGF-f, available at the time of
Foxp3* Treg induction. Consistent with such a possibility,
a decline in Foxp3 expression was detected in lymph
nodes draining the ocular mucosa of TSP-1-deficient
mice, which was accompanied by spontaneous develop-
ment of conjunctivitis associated with autoimmune
Sjogren syndrome.'” These results suggest an important
role of TSP-1 in homeostatic regulation at the ocular
mucosa that expresses TGF-f5,. Similarly, studies report-
ing exacerbated inflammation in the lung and gastric
mucosa of TSP-1-deficient mice as a result of bleomycin-
induced injury or dextran sodium sulphate-induced
colitis, respectively, broaden the scope of potential TSP-1-
mediated homeostatic regulation to other mucosal sur-
faces.'"® 2° Together, these studies strongly implicate an
important contribution of APC-derived TSP-1 in main-
taining homeostasis at mucosal surfaces. In this study, we
test the hypothesis that TSP-1 expression in TGF-f,-ex-
posed APCs is essential for their ability to induce Foxp3*
Treg cells.

Our results indicate that, indeed, TGF-f,-exposed
APCs predominantly express the TGF-f, isoform and
depend on TSP-1 to activate their newly synthesized
latent TGF-f5. The expression of TSP-1 by TGEF-f,-ex-
posed APCs is critical for generation of Foxp3™ Treg cells
from naive CD4" CD25™ T cells in vitro and in vivo. Fur-
ther, we report that TSP-1 binds its receptor CD36 on
APCs to bring about an autocrine activation of latent
TGF-f, and as such, this receptor contributes significantly
to the induction of TGF-f-secreting and functional Fox-
p3" Treg cells. These results identify a critical contribu-
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tion of TSP-1 in immune regulation at mucosal surfaces
and induction of peripheral tolerance.

Methods

Mice

C57BL/6 (H-2b) mice, 6-8 weeks old, were purchased
from Charles River Laboratories (Wilmington, MA).
C57BL/6-Tg(TcraTcrb)425Cbn/]  (transgenic for T-cell
receptor specific for chicken ovalbumin 323-339 in the
context of I-Ab) and C57BL/6-Foxp3"™'"/] [lymphocytes
expressing the Foxp3 gene with monomeric red fluores-
cent protein (mRFP)], 6-8 weeks old, were purchased
from Jackson Laboratories (Bar Harbor, ME). TSP/~
mice (C57BL/6 background) were originally received from
the laboratory of Dr J. Lawler (Beth Israel Deaconess Med-
ical Center, Harvard Medical School, Boston, MA).
CD36~'~ mice (C57BL/6 background) were obtained from
the laboratory of Dr M. Freeman (Massachusetts General
Hospital, Harvard Medical School, Boston, MA). These
mice were subsequently bred and maintained at the patho-
gen-free animal facility at Schepens Eye Research Institute
(Boston, MA). The corresponding author later moved to
Boston University School of Medicine, where these ani-
mals were transferred and bred. All animals were handled
in accordance with the institutional guidelines and
approved animal protocols from Schepens Eye Research
Institute and Boston University School of Medicine.

Serum-free medium

Serum-free medium was used for in vitro assays. The med-
ium contained RPMI-1640, 10 mm HEPES, 0-1 mm Non-
essential amino acids (NEAA), 1 mM sodium pyruvate,
100 U/ml penicillin, 100 mg/ml streptomycin, 20 mm L-
glutamine (Lonza, Basel, Switzerland), 0-1% BSA, and
ITS" culture supplement [1 pg/ml iron-free transferrin,
10 ng/ml linoleic acid, 0-3 ng/ml Na,Se, and 0-2 pg/ml Fe
(NO3)s] (Sigma Chemical Co., St Louis, MO).

Antibodies and flow cytometry

The following antibodies were used for flow cytometric
analysis of cells: anti-CD16/CD32 (Biolegend, San Diego,
CA), FITC-labelled anti-CD4 (BD Biosciences, San Jose,
CA), phycoerythrin-labelled anti-CD25, phycoerythrin-
Cy5-labelled anti-Foxp3 (eBioscience, San Diego, CA).
Intracellular staining for Foxp3 was performed on cells
fixed and permeabilized using a buffer (eBioscience), fol-
lowed by staining with «-Foxp3 antibodies. For surface
staining of TSP-1, cells were first fixed with 4%
paraformaldehyde for 20 min at room temperature and
subsequently stained with biotinylated «-TSP-1 (Abcam,
Boston, MA). All flow cytometric analysis was performed
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with the appropriate isotype controls using a BD LSR 1II
flow cytometer and FrowJo analysis software (Treestar
Inc., Ashland, OR).

TGF-f,-exposed APCs

Dendritic cells were generated by culturing bone marrow
cells (10 x 10°) with granulocyte-macrophage colony-
stimulating factor (20 ng/ml; Biolegend) in a Petri dish for
7 days. The medium in these cultures was replenished every
2 days, and maturation of DCs was induced by adding
lipopolysaccharide (100 ng/ml) for 24 hr before cell har-
vesting. Macrophages were harvested from peritoneal fluid
of mice that received an intraperitoneal injection of 2 ml of
a 3% thioglycollate solution (Sigma) 3 days earlier. These
cells contained > 95% F4/80" cells. Antigen-presenting cells
(1 x 10° per well) were cultured overnight in a 24-well cul-
ture plate in serum-free medium in the presence or absence
of TGF-f, (5ng/ml; R&D Systems, Minneapolis,
MN) — the predominant isoform in the ocular environ-
ment. After overnight cultures, cells were washed three
times with culture medium to remove exogenous TGF-f,
and non-adherent cells. Adherent cells were used as APCs.

Assay for active TGF-[5 detection

To determine the active TGF-§ content of culture super-
natants, TGF-f reporter murine fibroblast cells stably
transfected with the Smad-Binding Element-SEcreted
Alkaline Phosphatase plasmid (MFB-F11) were used.”'
These cells were cultured in serum-free Dulbecco’s modi-
fied Eagle’s medium containing penicillin/streptomycin
for 2 hr before addition of culture supernatants from
APCs, either directly, to measure active TGF-f3, or after
acid activation of latent TGF-f (2:5 ul of 6 M HCI to
50 pl sample for 10 min at room temperature followed
by neutralization with 6 M NaOH) to measure total TGF-
p. After 24 hr, culture supernatants were tested for SEAP
activity using Great EscAPe SEAP Reporter System 3
(Clontech, Mountain View, CA).

Preparation of T cells

Lymphocytes were isolated from the spleen and lymph
nodes of C57BL/6, and C57BL/6-Tg (TcraTcrb) 425Cbn/J
OT-1I mice. CD4" CD25~ T cells were purified using
magnetic beads (Miltenyi Biotec, Bergisch Gladbach, Ger-
many) according to the manufacturer’s protocol. Routine
purity of CD4" cell preparations was > 99% CD25~ as
assessed by flow cytometric analysis.

In vitro T-cell activation assay
Antigen-presenting cells pulsed overnight with ovalbumin

(100 pg/ml; Sigma) were co-cultured with CD4" CD25~
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OT-TI T cells (3 x 10> per well). After 48 hr of culture at
37°, T cells were isolated, washed and analysed further.
To analyse TGF-f5; secretion, these T cells (0-7 X 10°)
were stimulated with plate-bound anti-CD3 (2C11, 1 g/
ml; BD Biosciences) in serum-free RPMI media. Culture
supernatants collected after 48 hr were tested for levels of
total TGF-f; by ELISA (eBioscience).

Suppression of proliferation assay

CD4" CD25™ T cells (responder cells) were labelled with
carboxyfluorescein succinimidyl ester (CFSE 1 pm; Invit-
rogen) and stimulated with 1 pg/ml of anti-CD3 (2C11)
and 1 pg/ml of anti-CD28 antibody in a 24-well plate
(5 x 10° cells/well) in the presence of equal numbers of
Treg cell-containing activated T cells harvested from
APC-T-cell co-culture assay (1:1 ratio of Treg: T
responder cells). After 48 hr, the proliferation of respon-
ders was assessed by analysis of CFSE dilution using flow
cytometry.

Statistical analyses

Student’s t-test was used to calculate statistical signifi-
cance for a difference in parameter evaluated between
groups. A P-value < 0-05 was considered statistically sig-
nificant.

Results

TGF-B,-exposed APCs predominantly express TGF-f,
and depend on TSP-1 to activate their endogenous
TGF-p

To determine if APCs that encounter TGF-f}, in the tis-
sue environment themselves become a significant source
of TGF-f5,, we first assessed their expression of isoforms
TGEF-f; and TGF-f,. Macrophages that infiltrate the tis-
sue during an inflammatory response, and resident DCs
can both serve as APCs. Therefore, we exposed thioglycol-
late-elicited peritoneal macrophages and bone marrow-
derived dendritic cells (BMDCs) derived from C57BL/6
(wild-type; WT) mice to TGF-f3, in culture and examined
message levels for TGF-f; and TGF-f, by real-time PCR.
As indicated in Fig. 1(a), predominant expression of
TGF-f, was detected in both macrophages and BMDCs
exposed to TGF-f,. These results indicate that APCs may
serve as a source of TGF-f5, during antigen presentation.
Thrombospondin-1 has been reported to activate TGF-
B, efficiently in an integrin-independent manner.'*** We
next tested the ability of BMDCs deficient in either TSP-1
or its receptor CD36 in activating latent TGF-f synthe-
sized after their TGF-f5, exposure. Cultures of BMDCs
treated with TGF-f3, were washed thoroughly to remove
any residual exogenously added TGF-f,. These cells were
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further cultured in a serum-free medium for 24 hr. Total
and active TGF-f in their culture supernatants was deter-
mined using TGF-B-SEAP reporter cells (MFB-F11).*" As
shown in Fig. 1(b), all three tested APCs produced
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Figure 1. Transforming  growth  factor-f3,
(TGF-f,) -exposed antigen-presenting cells
(APCs) predominantly express TGF-f, and
depend on thrombospondin-1 (TSP-1) to acti-
vate latent TGF-B and induce Foxp3" regula-
tory T (Treg) cells. (a) Expression of TGF-f,
and TGF-f, in macrophages and bone mar-
row-derived dendritic cells (BMDCs) cultured
overnight in the presence of TGF-f5, as
assessed by real-time PCR. Changes in message
levels relative to those in untreated APCs are
presented. (b) Activation of TGF-f by TGE-f,-
exposed wild-type (WT), TSP-1 null or CD36
knockout (KO) BMDCs detected using MFB-
F11 reporter fibroblast cells. Changes in the
levels relative to the untreated APCs are pre-
sented. (c¢) Activation of CD4" CD25 OT-II T
cells by ovalbumin (OVA) -pulsed WT or
TSP-1null  untreated or  TGEF-f,-treated
BMDCs. Representative flow cytometry plots
show percentage of activated Foxp3™ T cells
(*P < 0-05 compared with TGF-f; or total
TGF-f activated by WT cells). Data in panels
a, b and c are as representative of three to four
independent experiments.

comparable levels of total TGF-f upon their TGF-f,
exposure. However, unlike WT BMDCs that responded to
their TGF-f3, exposure with a nearly 20-fold increase in
active TGF-f secretion, similarly treated APCs derived

© 2015 John Wiley & Sons Ltd, Immunology, 146, 547-556



from both TSP-1 and CD36-deficient mice failed to
increase their active TGF-f§ secretion. These results indi-
cate that APCs exposed to TGEF-f,-rich environments
predominantly express TGE-f,, an isoform not activated
by integrins and dependent on TSP-1 for its activation.
These results may also explain why o, integrin-deficient
BMDCs continue to induce Foxp3"™ Treg cells similar to
WT controls, as reported by others.*

TGF-B,-exposed APCs promote de novo generation of
Foxp3" Treg cells in a TSP-1-dependent manner

A functionally distinct population of CD103" DCs identi-
fied in the gut-associated lymphoid tissue in mice was
reported to predominantly express TGF-f, and induce
Foxp3™ Treg cells in a TGF-f-dependent manner.” We
sought to determine if TGF-f,-exposed BMDCs in our
experiments induce Foxp3" Treg cells in vitro and, if so,
whether it is dependent on their TSP-1 expression. To
determine this, we co-cultured ovalbumin-pulsed
untreated or TGF-f},-treated BMDCs (WT or TSP-1-defi-
cient) with CD4" CD25~ OT-II T cells expressing ovalbu-
min-specific  T-cell receptors. After 48 hr, Foxp3
expression was analysed by flow cytometry. In the pres-
ence of untreated WT BMDCs, < 2% of activated T cells
expressed Foxp3 (72 cells/4612 CD4" cells), whereas TGF-
pr-exposed WT BMDCs induced a three-fold increase in
the proportion of Foxp3" activated T cells (Fig. 1c, 222
cells/6351 CD4" cells). These results establish the de novo
Foxp3-inducing ability of TGF-f,-exposed APCs. How-
ever, TSP-1-deficient BMDCs exposed to TGF-f, failed to
induce such an increase in Foxp3" Treg cells (untreated
197 cells/7697 CD4" cells versus TGF-f,-treated 406 cells/
6702 CD4" cells), indicating that their TSP-1 expression
is essential for the induction of Foxp3™ Treg cells. Fur-
thermore, the comparison of absolute numbers rules out
any possibility of selective increase in a Foxp3-negative
population as a basis for the noted difference. We noted
similar diminished Foxp3 induction using a TSP-1-defi-
cient adherent population harvested from BMDC cultures
or a mixed population of adherent and non-adherent
BMDCs with a maximal difference detected using non-
adherent DCs as shown in Fig. 1(c). Interestingly,
although T cells in our experiments were capable of
expressing TSP-1, it did not influence their Foxp3 expres-
sion. Hence, our results clearly demonstrate that TGF-f3,-
exposed APC-derived TSP-1 is important in supporting
the generation of Treg cells.

Deficiency of TSP-1 receptor CD36 in TGF-f,-
exposed APCs affects expression of Foxp3 in activated
T cells

Similar to BMDCs, predominant TGF-f3, expression was
also detected in TGEF-f,-exposed macrophages (data not
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TSP-1-dependent immune regulation

shown). Along with other investigators, we have previ-
ously reported TSP-1-dependent activation of macro-
phage-derived TGEF-f."** As both tissue-infiltrating
macrophages and resident DCs are involved in presenting
antigens, we evaluated the Foxp3* Treg-inducing ability
of TGF-f,-exposed macrophages (WT and TSP-1-defi-
cient) in subsequent experiments in this study using an
assay similar to that used to evaluate BMDCs. As
described  earlier, ovalbumin-pulsed = macrophages
untreated or TGF-f,-treated were co-cultured with
CD4" CD25~ OT-II T cells followed by Foxp3 detection
in activated T cells at 48 hr by flow cytometry. As shown
in Fig. 2, similar to BMDCs, TGF-f},-exposed WT macro-
phages induced a nearly three-fold increase in Foxp3*
Treg cells compared with their untreated controls. In the
absence of TSP-1 expression, however, this Foxp3 induc-
tion was abolished. To rule out failure of antigen presen-
tation, we used CFSE-labelled CD4" CD25~ OT-II T cells
in our in vitro assay and assessed CFSE dilution by flow
cytometry. Significantly increased proliferation in cells
stimulated by TGF-f,-exposed TSP-1-deficient APCs was
detected compared with those stimulated by similarly
treated WT APCs (% divided: 21-9 versus 12-7, Prolifera-
tion Index: 2-76 versus 2-22, respectively). These results
are consistent with a previously reported inability of TSP-
1-deficient macrophages to activate their endogenous
TGF-B.'® Together, our results indicate that, as in DCs,
TSP-1 is also essential for TGF-f,-exposed macrophages
to activate their endogenous TGF-f and induce Foxp3™
Treg cells.

Ligation of CD36 on macrophages by TSP-1 has been
reported to be essential for the activation of latent TGF-
f, and more recently it was reported to induce IL-10
secretion in alveolar macrophages.'”** To determine if
CD36 plays a key role in the induction of Foxp3" Treg
cells, we first confirmed that, similar to rat alveolar
macrophages, peritoneal exudate mouse macrophages
localize TSP-1 and LAP on their surface in a CD36-de-
pendent manner. Flow cytometric analysis of WT and
CD36-deficient macrophages stained for surface TSP-1 or
LAP (that binds TSP-1) indicated significantly reduced
expression of both in CD36-deficient macrophages com-
pared with WT macrophages (Fig. 3a, CD36 '~ versus
WT, TSP-1 MFI: 1045 &+ 81-4 versus 1668 + 14-7,
P <005 and LAP MFI: 1002 + 1114 versus
1436 4+ 161, P < 0-05). We then assessed the effect of
CD36 deficiency in macrophages on the induction of
Foxp3" Treg cells in our in vitro T-cell activation assay.
The CD36 deficiency of APCs and the resulting reduced
surface TSP-1 significantly diminished, but did not abol-
ish, the induction of Foxp3™ Treg cells as noted, with
TSP-1 deficiency of APCs (Fig. 3b) compared with the
WT controls. These results highlight a significant contri-
bution of CD36-bound TSP-1 to the ability of TGF-f,-
exposed APCs to induce Foxp3™ Treg cells. Considering
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Figure 2. Wild-type (WT) macrophages exposed to transforming growth factor-f, (TGF-f5,) induce Foxp3 expression in activated T cells in a
thrombospondin-1 (TSP-1) -dependent manner. Activation of CD4" CD25 OT-II T cells by ovalbumin (OVA) -pulsed untreated or TGF-f,-
treated thioglycollate-induced macrophages derived from WT (a) and TSP-1~'~ (b) mice. Representative flow cytometry and mean data plots of

percentage of activated Foxp3"* T cells. These results are representative of two to three independent experiments (*P < 0-05).

that both TSP-1 and CD36 deficiency in APCs result in a
loss of TGF-f activation, the partial abrogation of Foxp3
induction by TGF-f,-exposed CD36-deficient APCs may
suggest the existence of an as yet unappreciated TGF-f-
independent mechanism of Treg cell induction, which
requires further investigation.

TSP-1 and CD36-deficient APCs fail to generate
functional Foxp3" Treg cells

It has been reported by others that Foxp3 expression in T
cells may not be adequate for their differentiation into
functional Treg cells.”> Secretion of TGF-f by Foxp3*
Treg cells is well documented along with their ability to
suppress T-cell proliferation.”® To determine if TGF-f,-
exposed APCs generate functional Foxp3"™ Treg cells in a
TSP-1-dependent manner, we tested their ability to
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secrete TGF-f, and suppress T-cell proliferation. We first
investigated TGEF-f8; secretion by Foxp3" Treg cells
induced by TGF-f,-exposed APCs and whether it is influ-
enced by the absence of TSP-1 or its receptors on APCs.
From the in vitro assay described earlier, T cells activated
by TGE-f,-exposed WT, TSP-1 null, and CD36 '~ APCs
were washed and stimulated with anti-CD3/CD28 anti-
bodies, and TGEF-f}; released in 48-hr culture supernatants
was measured by ELISA. Although TGEF-f,-exposed WT
APCs induced TGEF-f-secreting activated T cells consis-
tent with an increased proportion of Foxp3™ Treg cells,
the APCs deficient in TSP-1 and CD36 failed to do so
(Fig. 4a). Next, we tested their ability to suppress the
proliferation of naive CD4" CD25~ T cells used as
responders in a CFSE dilution assay. In these experi-
ments, CFSE-labelled responders were stimulated with
plate-bound anti-CD3 in the presence of putative Treg

© 2015 John Wiley & Sons Ltd, Immunology, 146, 547-556



Figure 3. The absence of thrombospondin-1
(TSP-1) CD36
growth factor-f, (TGF-f,-exposed antigen-pre-
senting cells (APCs) reduces their ability to

receptor on transforming

induce Foxp3. (a) Flow cytometric analysis of
the surface staining of TSP-1 and latency-asso-
ciated peptide (LAP) on macrophages derived
from wild-type (WT; filled grey) and CD36 '~
(thick black lines) mice presented as his-
tograms. Isotype control staining is indicated
by thin lines. (b) Representative flow cytomet-
ric and mean data plots of Foxp3 induction by
untreated or TGF-f,-treated CD36 '~ macro-
phages CD4* CD25 OT-1I T
(*¥P < 0-05). Data are representative of three

in cells

independent experiments.

Figure 4. Functional loss of regulatory T
(Treg) cells with the absence of either throm-
bospondin-1 (TSP-1) or CD36 on transform-
ing growth factor-fi, (TGF-f,) -exposed
antigen-presenting cells (APCs). Activated T
cells by the indicated APCs were assessed for
their ability to secrete TGF-f and suppress T-
cell proliferation. (a) Culture supernatants of
activated T cells re-stimulated with anti-CD3/
CD28 antibodies as described in Materials and
methods were tested by ELISA for levels of
TGE-f. (b) Suppressor activity was assessed by
analysing proliferation of anti-CD3-stimulated
CFSE-labelled CD4" CD25~ wild-type (WT) T
cells in the presence of Treg cells added at a
1:1 ratio. Flow cytometric analysis of CFSE
dilution of one million cells in each experi-
ment was used to determine the percentage of
proliferating cells. The data represent two to
three individual experiments (*P < 0-05).

cells harvested from in vitro T-cell activation assays set up
with different APCs as described earlier. Cells from multi-
ple wells (four per APC type) were pooled, and their
CFSE dilution was assessed by flow cytometry to deter-
mine proliferation index. As shown in Fig. 4(b), TGF-f3,-
treated WT APCs clearly induced functional Treg cells

TSP-1-dependent immune regulation
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that suppressed proliferation of CD3-stimulated naive T
cells, but APCs lacking either TSP-1 or CD36 expression
failed to induce Treg cells with this suppressive property.
Such a functional deficit was consistent with their inabil-
ity to secrete TGF-f. These results clearly demonstrate
that during Treg induction, APCs serve as a critical

553



F. A. Mir et al.

source of TGF-f that is important for preserving the
functionality of Treg cells.

Endogenous TSP-1 and CD36 expression by APCs is
necessary for in vivo Treg induction by TGF-f3,-
exposed APCs

Although in our in vitro experiments T-cell-derived TSP-
1 did not contribute to Treg induction, TSP-1 is
expressed by many other cell types in the periphery,
including vascular endothelial cells and activated plate-
lets."> To determine if peripheral expression of TSP-1 or
any other TGF-f-activating mechanism available in vivo
can substitute for the APC-derived TSP-1 and support
the induction of Treg cells, we infused antigen-pulsed
APCs (untreated or TGF-f,-exposed) intravenously into
Foxp3.mRFP transgenic mice and assessed numbers of
Foxp3" Treg cells. In these transgenic mice, mRFP fluo-
rescence intensity is reported to faithfully mark Foxp3
expression.”” Previously, it was reported that TGF-f,-ex-
posed APCs preferentially localize to the spleen to induce
Treg cells.”® Therefore, we tested induction of Foxp3*
Treg cells in the recipient spleens by determining CD4" T
cells that are also positive for mRFP fluorescence. A base-
line Foxp3" population, as reported originally,”” was
detectable in Foxp3.mRFP transgenic control mice that
did not receive any APCs (Fig. 5a). In this experiment,
Foxp3™ Treg cells detected in the spleens of mice infused
with APCs include expanded pre-existing natural Treg
cells as well as Treg cells induced from naive CD4" T
cells. Hence, Treg cells detectable in recipients of
untreated APCs are likely to be the expanded population
of natural Treg cells, while those detected in recipients of
TGEF-f3,-exposed APCs may contain additional Treg cells
induced from naive T cells. Consistent with this possibil-
ity, a significantly increased proportion of Foxp3* Treg
cells in the recipients of TGF-f,-treated WT APCs was
detectable compared with control recipients of untreated
WT APCs (Fig. 5b). However, such an increase was not
detected with either TSP-1 or CD36-deficient APCs
(Fig. 5¢,d), just as noted in our in vitro experiments. This
result clearly indicates that APC-derived TSP-1 is critical
for Foxp3™ Treg induction, and that peripheral TSP-1 in
recipients could not substitute for this source of TSP-1
during antigen presentation by TGF-f,-exposed APCs in
the spleen.

Discussion

In this study, we demonstrate that APCs exposed to TGF-
f, predominantly express the same isoform and depend
on their TSP-1-CD36 interaction to activate it. We pro-
vide evidence that both TSP-1 and CD36 expression by
such APCs is essential for the subsequent induction of
TGF-p,-secreting Foxp3" Treg cells. In particular, these
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results highlight the significance of TSP-1-mediated TGF-
f activation for the immunological tolerance induced by
APCs located in the proximity of TGF-f,-expressing
parenchymal cells at mucosal surfaces.

In our experiments, DCs exposed to TGF-ff, induced
increased expression of endogenous TGF-f3,, as previously
detected in similarly treated macrophages,” but not TGF-
p1. The lack of an integrin-binding RGD site in the LAP
of TGF-f3, prevents its activation by integrins,'” while
RGD-independent TSP-1-LAP binding allows efficient
activation of latent TGF-f,."* More recent studies have
reported a predominance of the TGF-f, isoform in
epithelial cells at mucosal surfaces like conjunctiva, lungs
and gut.”” Hence it is possible that mucosal epithelial
cell-derived TGF-f, induces endogenous expression of
TGEF-f, in APCs located in the vicinity and contributes
to their Foxp3" Treg induction in a TSP-1-dependent
manner. Interestingly, the absence of TSP-1 or CD36 in
APCs in our experiments resulted in a virtual loss of
active TGF-f5, and residual active TGF-f,, if any, did not
support the induction of Foxp3"* Treg cells by TSP-1-defi-
cient APCs, highlighting the significance of APC-derived
TGF-f, in Treg induction. In fact, consistent with our
results, TSP-1 deficiency in mice leads to spontaneous
inflammation of the ocular mucosa (conjunctivitis),
which correlates with a significant decline in Foxp3" Treg
cells in their draining lymph nodes and development of
age-related autoimmunity that targets the conjunctiva.'”

Both macrophages and DCs express the TSP-1 receptor
CD36.> Our results show that deficiency of CD36 in
APCs results in a marked decline in cell-surface-bound
LAP, which is also consistent with their lost ability to
activate latent TGF-p, clearly indicating a role of CD36 in
facilitating activation of endogenous TGF-f. We demon-
strate that the absence of either TSP-1 or CD36 on TGF-
Ba-exposed APCs abrogates their ability to induce Foxp3*
Treg cells in vivo. These results not only confirm an
important role of TSP-1 and CD36 in Treg induction,
but also underscore the importance of endogenous TSP-1
expressed in TGF-f,-exposed APCs as opposed to that
available in the environment. Furthermore, our observa-
tions suggest that APCs, once exposed to TGF-f,, may
retain their ability to induce Treg cells even when away
from the site of TGF-f}, exposure.

In murine mesenteric lymph nodes, a subpopulation of
APCs (CD103" DCs) is believed to have arrived from the
intestinal mucosa and is reported to express high levels of
TGF-f,.% In light of our results, their TGF-f3, expression
may be attributed to their exposure to the same isoform
expressed by intestinal epithelia.® Such TGF-p,-expressing
CD103" DCs are capable of inducing Foxp3™ Treg cells
and are implicated in the maintenance of intestinal
homeostasis. Although integrins have been suggested to
play a role in TGF-f activation in the intestinal environ-

11,23

ment, this mechanism is applicable only to the
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Figure 5. Transforming growth factor-f (TGF-
f) -exposed antigen-presenting cells (APCs)
deficient in thrombospondin-1 (TSP-1) or its
receptor CD36 fail to induce Treg cells in vivo.
Foxp3.mRFP mice (n = 3/group) were injected
intravenously with (a) no APCs or ovalbumin
(OVA) -pulsed, untreated, or TGEF-f-treated
(b) wild-type (WT), (c) TSP-1""" or (d)
CD36~/~ (10* cells/mouse)
12 days before determining the proportion of

macrophages

Foxp3-expressing CD4 T cells in their spleens.
The plots show analysis of pooled splenocytes
harvested from mice in each group. Gates in
each experiment were set based on respective
untreated APC controls and in some include
CD4 T cells expressing lower levels of Foxp3.
The data represent three individual experi-
ments.

TGEF-f3;-expressing subpopulation of APCs. These APCs
may represent a local population, as opposed to TGF-f3,-
expressing CD103" DCs, which probably represent a dis-
tinct migratory subset that reaches draining mesenteric
lymph nodes. Based on our results, TGF-f,-expressing
APCs are equipped with TSP-1 and CD36 that contribute
to their Treg-inducing ability. The presence of such dis-
tinct populations may also explain observations reported
in mice with a conditional deletion of integrins in DCs,*
where selective reduction is detected in colonic but not
splenic Treg proportions and the loss of integrins failed
to impair Treg generation by BMDCs."" Considering a
common bone marrow-derived origin of CD103" DCs
and splenic DCs,” it is quite likely that both of these DC
subsets represent TGF-f3,-expressing APCs similar to the
BMDCs used in our experiments and depend on TSP-1
to activate their endogenous TGF-f, making integrins dis-
pensable. Together, these studies suggest that the expres-
sion of TGF-f, and TSP-1 may indeed define the
phenotype of a migratory APC population at mucosal
surfaces.

Recently, we identified a significant correlation between
a THBSI polymorphism and reduced TSP-1 expression in
human ocular mucosal cells.”’ The lowered TSP-1 expres-
sion in these cells was also accompanied by significantly
increased expression of pro-inflammatory IL-1f. Such
changes correlated with the development of chronic

© 2015 John Wiley & Sons Ltd, Immunology, 146, 547-556
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ocular surface inflammation. During such inflammation,
the expression of TGF-f, in human conjunctival tissue is
significantly increased.” Our findings in the present study
clearly demonstrate the significance of TSP-1 in activation
of newly synthesized TGF-f, by APCs and its contribu-
tion to the development of regulatory immunity. It is
conceivable that any imbalance in such regulation may
therefore contribute to chronic inflammatory responses.
Hence our results offer a potential mechanism underlying
the development of chronic inflammation of the ocular
mucosa in individuals with reduced TSP-1 expression.
Chronic ocular inflammation is also associated with
autoimmune Sjogren syndrome and is noted in TSP-1-de-
ficient mice.’”® Hence, TSP-1 clearly plays an important
role in homeostatic regulation at the ocular mucosal sur-
face.

In this study, we identify TSP-1-dependent Treg induc-
tion by TGF-f,-exposed APCs as a mechanism potentially
important in homeostatic regulation at mucosal surfaces.
Overall, emerging evidence supports TSP-1 as an impor-
tant player in tolerance induction and immune regulation
at sites where the TGF-f}, isoform predominates.
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