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Activation of the aryl hydrocarbon receptor promotes allograft-specific tolerance
through direct and dendritic cell-mediated effects on regulatory T cells
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VAF347 is a low-molecular-weight com-
pound, which activates the aryl hydrocar-
bon receptor (AhR). Herein, we report that
oral administration of a water-soluble de-
rivative of VAF347 (VAG539) promotes
long-term graft acceptance and active
tolerance in Balb/c mice that receive a
transplant of MHC-mismatched pancre-
atic islet allografts. In vivo VAG539 treat-
ment results in increased frequency of
splenic CD4+ T cells expressing CD25
and Foxp3, markers associated with regu-
latory T (Tr) cells, and in vitro VAF347

treatment of splenic CD4* T cells im-
proved CD4+CD25*Foxp3* T-cell sur-
vival. Interestingly, transfer of CD11c*
dendritic cells (DCs), but not of CD4* T or
CD19* B cells, from VAG539-treated long-
term tolerant hosts into mice that recently
underwent transplantation resulted in do-
nor (C57BI/6)-specific graft acceptance
and in a significantly higher frequency of
splenic CD4+CD25*Foxp3* Tr cells. Fur-
thermore, the transfer of CD4*CD25*
T cells from these mice into mice that
recently underwent transplantation pro-

moted graft acceptance. Similarly, cell
therapy with in vitro VAF347-treated bone
marrow—derived mature DCs prevented
islet graft rejection, and reduced OVA-
specific T-cell responses in OVA-
immunized mice. Collectively, our data
indicate that AhR activation induces islet
allograft-specific tolerance through di-
rect as well as DC-mediated effects on
Tr-cell survival and function. (Blood. 2008;
112:1214-1222)

Introduction

Dendritic cells (DCs) induce and regulate adaptive immune
responses by presenting antigens in an immunogenic or tolero-
genic context.'3 The capacity of DCs to induce specific effector
functions in naive T cells designates them as attractive means to
stimulate beneficial and suppress detrimental immune re-
sponses.*® However, specific in vivo modulation of DC function
is a complex task because DCs encounter and respond to
numerous stimuli, and may modify their function accordingly.”
Various factors have been suggested to render DCs tolerogenic
by enhancing their capacity to promote the induction and/or
activation of regulatory T (Tr) cells.6:82

Antigen presentation in the absence of costimulation can result
in clonal deletion, or in the induction of an anergic and suppressive
T-cell phenotype.'® Indeed, both in human tissue culture and in
mice, DCs have been shown to expand IL-10-producing type 1
(Trl) regulatory T (Tr) cells.>12 Furthermore, specific DC
subsets, such as plasmacytoid DCs and CD8* splenic DCs, have
been shown to selectively expand CD4*CD25% Tr cells.!31
Recent evidence also suggests that LPS-activated mature DCs are
capable of expanding CD4"CD25* Tr cells as well.>!7 Conversely,
in inflammatory conditions, DCs present antigens to effector T cells
in the context of proinflammatory cytokines and costimulatory
surface molecules, and initiate adaptive immune responses by
promoting activation and proliferation of antigen-specific naive
T cells.!* In the context of organ transplantation, it has been
demonstrated that activated DCs indeed initiate immune responses
toward allogeneic antigens, which result in allograft rejection.!'®

However, the nature of the maturation signal that activates DCs
to initiate an allogeneic immune response remains unclear.!%-2
Several preclinical strategies for the prevention of allograft
rejection target DCs, in an attempt to abrogate costimulation and
T-cell activation, and to promote the expansion of alloantigen-
specific Tr cells.?!-23

Islet transplantation offers patients with type 1 diabetes mellitus
freedom from long-term insulin therapy and a degree of metabolic
control that is far superior to injected insulin.?* However, the
therapeutic efficacy of this strategy is compromised by the
necessity to use robust immunosuppressive regimens to prevent
islet allograft rejection.”>?¢ Therefore, a significant amount of
research effort is presently dedicated to the development of novel
strategies for the induction of islet donor-specific tolerance.?’

VAF347 is a low-molecular-weight compound that has been
shown to modify immune responses through a dual mode of action,
namely inhibition of DC-mediated T-cell proliferation and cytokine
production and isotype-specific inhibition of IgE class switching by
human B lymphocytes.?® In vitro, this compound has been demon-
strated to act as DC modulator by blocking the capacity of human
DCs to stimulate T cells, possibly by inhibiting the expression of
CD86, HLA-DR, and IL-6 by human DCs. In a mouse model of
allergic lung inflammation, VAF347 inhibited tissue eosinophilia,
mucus hyperplasia, and serum IgE production, likely through its
effects on DCs.?® Recently, Lawrence et al reported the identifica-
tion of AhR as the molecular target of VAF347 as well as its critical
involvement in the immunomodulatory mode of action of the
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compound in myeloid cells.” Interestingly, AhR activation has
been previously shown to promote the generation of Tr cells.?
Furthermore, different AhR agonists had been shown to modulate
the balance between Tr cells and IL-17-producing Th17 cells.3!

Here we investigated the tolerogenic potential of VAF347
and VAG539 (a close derivative that is efficiently converted into
VAF347 in vivo). Using a murine model of pancreatic islets
allotransplantation, we demonstrate that VAF347/VAG539 can
induce long-term active tolerance by a direct effect on Tr-cell
survival and function, as well as through DC-mediated induc-
tion of Tr cells.

Methods

Low-molecular-weight compound

VAF347 ([4-(3-chloro-phenyl)-pyrimidin-2-yl]-(4-trifluoromethyl-phenyl)-
amine) was dissolved in DMSO and added to the cell culture medium. The
close derivative VAG539 ([4-(3-chloro-phenyl)-pyrimidin-2-yl]-(4-triflu-
oromethyl-phenyl)-carbamic acid 2-[(2-hydroxy-ethyl)-methyl-amino]-
ethyl ester), which is effectively converted into VAF347 in vivo, was
dissolved in saline prior to oral administration.

In vivo experiments

Balb/c and C57Bl/6 mice were purchased from Charles River (Calco,
Italy). All mice were kept under specific pathogen-free conditions.
Glucose levels in the tail venous blood were quantified using the
Glucometer Elite system (Bayer, Wuppertal, Germany) and were always
measured in the morning. Diabetes was induced in Balb/c female mice
by intravenous injection of streptozotocin (Sigma-Aldrich, St Louis,
MO) at 170 mg/kg. A diagnosis of diabetes was made after 2 sequential
glucose measurements of less than 13.8 mM (250 mg/dL). All animal
care procedures were performed according to protocols approved by the
San Raffaele Hospital Institutional Animal Care and Use Committee
(IACUC no. 255). After being cultured overnight at 37°C, handpicked
C57BI/6 pancreatic islets were transplanted (300 islets/mouse) under the
kidney capsule of recipient diabetic mice. The treatment of Balb/c mice
that underwent transplantation began the day after transplantation.
VAG539 was diluted in saline and administered orally once daily for
30 consecutive days at a dose of 30 mg/kg or 7.5 mg/kg by gavage.
Recipient mice that did not reject the allograft 100 days after transplan-
tation were boosted with donor splenocytes (3 X 107 intraperitoneally).

Immunohistochemical analysis

Tissues were collected 10 days after transplantation. Formalin-fixed,
paraffin-embedded samples were cut at 3-pm— to 5-pm-—thick sections and
stained with hematoxylin and eosin (H&E), or with the indicated monoclo-
nal antibody (BD Biosciences, San Jose, CA). Slides were analyzed by
bright-field Axioskop 2 plus microscope, and images were automatically
captured using the AxioCam HRc system with Axiovision 3.1 version 4.4
(all products were products from Zeiss, Oberkochen, Germany). Images
shown in Figure 1B were taken with a 5X/0.12 NA objective.

Cell purification

Total spleen cells were incubated with collagenase D for 30 minutes at 37°C
to obtain a unicellular solution. Magnetic microbeads (for CD11c*, CD4™,
CD25*, and CD90™ cells in different experiments) and Macs columns were
used according to the manufacturer’s instructions (Miltenyi Biotech,
Bergisch Gladbach, Germany). Purity was confirmed by flow cytometry
using conjugated monoclonal antibodies and was typically 90% to 95%.

Bone marrow—derived DC differentiation

Balb/c bone marrow cells were differentiated into bone marrow—derived
DCs (BMDCs) by 6-day culture in the presence of granulocyte-macrophage
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colony-stimulating factor (GM-CSF, 25 ng/mL; R&D Systems, Minneapo-
lis, MN) with or without VAF347 (20 nM). On day 6, some of the cells were
activated with LPS (1 pg/mL; Sigma-Aldrich) for 8 hours. BMDCs were
injected intravenously (3 X 10°) into diabetic Balb/c female 1 day prior to
islet allograft transplantation. To evaluate their stimulatory capacity,
irradiated BMDCs were used as stimulators for responder C57Bl/6
splenocytes (SPCs) (R/S = 10:1). *H-thymidine was added after 96 hours
of culture for an additional 18 hours.

Tr-cell survival

CD4" T cells were purified from Balb/c spleen by positive selection using
anti-CD4 beads (Miltenyi Biotech), according to the manufacture’s instruc-
tions. CD4™ T cells were then cultured with or without the presence of
VAF347 (20 nM or 100 nM). After 5 days of culture, cells were harvested,
washed, and stained with anti-CD4, anti-CD25, directly coupled with
PE-conjugated anti-CD4 mAb and PerCP-conjugated anti-CD25 mAb (BD
Biosciences). Expression of Foxp3 was determined by intracellular staining
with FITC-conjugated anti-Foxp3 mAb (eBioscience, San Diego, CA),
following the manufacturer’s instructions.

Immunization

Mice were immunized with ovalbumin (Sigma-Aldrich) emulsified in mycobac-
terium butiricum (final concentration, 1 mg/mL) in the footpads. Seven days
later, draining lymph nodes were excised, and cells were analyzed as indicated.

Flow cytometry

Cells were stained with the indicated mAbs (all from BD Biosciences) and
analyzed with a fluorescence-activated cell-sorting (FACS) scan equipped
with CellQuest software (BD Biosciences). For Foxp3 fluorocytometric
analysis, staining of surface markers (CD4-FITC and CD25-PE) was
followed by fixation, permeabilization, and an intracellular staining with
allophycocyanin (APC)-conjugated anti-Fox3 mAb according to the manu-
facturer’s instructions (eBioscience).

Response to donor cells

Spleen cells from VAG-DC-treated and control mice were stimulated in
vitro with irradiated purified C57B1/6 CD90~ APCs. Cytokines released in
culture media (96 hours) were quantified by a flow cytometry—based assay
according to the manufacturer’s instructions (BD Biosciences).

Statistical analysis

Groups of mice were compared according to the day of transplant rejection
by a 2-tailed Student ¢ test.

Results

Oral administration of VAG539 promotes long-term islet
allograft acceptance

Recipient Balb/c mice rendered diabetic by streptozotocin
received a transplant under the kidney capsule with pancreatic
islets isolated from C57Bl/6 mice. Daily oral administration of
VAGS539 at a dose of 30 mg/kg from day 1 to day 30 after
transplantation resulted in long-term islet allograft survival in
69% of the recipients (Figure 1A). A lower dose of VAG539
(7.5 mg/kg) was less effective in preventing graft rejection
(40%), suggesting a dose-response effect of the compound
(Figure 1A). To confirm that normoglycemia was indeed due to
the transplanted islets, rather than due to recovery of native
pancreas function, islet-bearing kidneys were removed from
3 long-term recipients. Nephrectomized mice became hypergly-
cemic within 24 hours (data not shown). To determine the effect
of VAGS539 on the infiltration of immune cells into the
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Figure 1. Inhibition of immune cell infiltration and induction of active tolerance by the low-molecular-weight compound VAG539. (A) Diabetic Balb/c female mice
received a transplant of pancreatic islets isolated from C57BI/6 allogeneic donors and were treated orally with VAG539 from day 1 to day 30 after transplantation (at 30 or
7.5 mg/kg per day). Graft survival was monitored by weekly measurement of blood glucose level. (B) Balb/c recipient mice received a transplant of C57BI/6 islets and were
treated orally with saline or VAG539 (30 mg/kg per day). Ten days after transplantation, kidneys were extracted, cryosectioned at the transplant area, and stained for the
indicated markers. Sections from treated mice display reduced infiltration of DCs and CD8" T cells into the transplant area (bar represents 100 um). (C) VAG539
(30 mg/kg)—treated and control mice with long-term graft survival, shown in panel A, were challenged with fresh donor-type splenocytes (3 X 107 intraperitoneally). Graft

survival was monitored by measurement of blood glucose level (see also Table 1).

transplant, we performed a histologic analysis of the graft
10 days after transplantation. VAG539 treatment reduced graft
infiltration as demonstrated by immunohistochemical analysis
of CDIlc*, CD11b*, and CD8" cells in the transplant area,
which is outlined by staining for insulin-producing cells
(Figure 1B).

To test whether the compound has a direct effect on the capacity
of the islets to withstand immune-mediated damage, we cultured
islets for 24 hours in the presence of VAF347 (20 nM) prior to
transplantation into mice. This treatment had no effect on graft
survival (data not shown). To determine whether long-term graft
survival was associated with active tolerance, mice were injected
more than 100 days after transplantation (more than 70 days after
VAGS539 treatment was stopped) with 3 X 107 donor-type spleno-
cytes. Seven (78%) of 9 treated recipients displayed resistance to
this challenge by maintaining normal blood glucose levels (Figure
1C; Table 1), indicating that VAG539-treated mice developed
immune tolerance.

VAGS539 treatment induces antigen-specific unresponsiveness

We next investigated whether treatment with VAG539 imposes a
nonspecific immunosuppressive effect. To this end, Balb/c mice

were immunized with ovalbumin (OVA) and treated daily with
VAG539 (30 mg/kg by mouth) or with saline. Analysis of
VAG539-treated mice 7 days after immunization demonstrated a
significantly lower number of cells in draining lymph nodes
compared with saline-treated mice (16 X 10° % 3 X 10° vs
27 X 106 = 4 X 10° 2-tailed ¢ test: P < .003). In addition,
although the frequency of DCs, B cells, and T cells in
VAGS539-treated and saline-treated mice was comparable, the
expression of CD80 by CD11c™ DCs was significantly lower in
VAG539-treated mice compared with saline-treated mice (Fig-
ure 2A). Importantly, draining lymph node cells isolated from
VAG539-treated mice elicited a significantly lower proliferation

Table 1. Oral administration of VAG539 results in induction of active
tolerance

Treatment, days 0-30 No rejection (%) No rejection after challenge (%)

VAG539, 30 mg/kg per d 11/16 (69) 7/9 (78)
Saline 2/22 (9) 0/2 (0)

Diabetic Balb/c mice received a transplant of C57B1/6 pancreatic islets and were
treated orally with VAG539 or with saline. Mice that remained normoglycemic for
more than 100 days were injected intraperitoneally with 3 X 107 C57B1/6 spleno-
cytes.
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Figure 2. VAG539 treatment induces antigen-specific unresponsiveness.
VAG539- or saline-treated Balb/c mice (n = 3) were immunized with OVA in CFA.
(A) Draining lymph node cells were analyzed 7 days after immunization for
expression of CD80 and CD86 by CD11c* DCs (2-tailed t test: *P < .05). (B) Seven
days after immunization, draining lymph node cells were stimulated with irradiated
C57BI/6 CD90~ antigen-presenting cells (1:1 ratio; proliferation of stimulator cells
alone was < 200 cpm), with Con A (1.25 pg/mL) or with OVA at the indicated
concentrations. After 3 days of culture, 1 nCi (0.037 MBq)/well 3H-thymidine was
added for additional 16 hours (2-tailed t tests: *P < .05). Error bars represent
standard deviation between different mice (n = 3).
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in response to OVA compared with cells isolated from saline-
treated mice, whereas their ability to proliferate in response to
allogeneic stimulators or to Con A was comparable (Figure 2B).
These findings suggest that the treatment with VAG539 results
in specific inhibition of the ongoing immune response by
modulation of APCs, and does not impose an overall effect on
the capacity of T cells to proliferate.

VAG539-induced tolerance is transferable by CD11c* DCs

To identify the cell subset that is regulated by orally adminis-
tered VAG539 and consequently mediates the induction of
long-term active tolerance, we purified and transferred different
cell subsets from spleens of VAG539-treated mice into Balb/c
recipient mice that recently underwent transplantation. Cells
isolated from mice that underwent transplantation more than
60 days after transplantation, and therefore more than 30 days
after VAGS539 withdrawal, were injected intravenously into
mice that recently underwent transplantation. As controls, we
purified and transferred the same cell subsets from saline-treated
littermates, which rejected their transplants, or from age-
matched naive Balb/c mice. Transfer of total spleen cells
(2 X 107) from VAG539-treated long-term recipients into mice
that recently underwent transplantation resulted in a slight
prolongation in graft survival. As expected, spleen cells from
naive animals had no protective effect (data not shown). Next,
we transferred T cell-depleted (CD90~) APCs (5 X 10°) or
CD4" T cells (3 X 10° into mice that recently underwent
transplantation. Interestingly, 70% of the recipients that re-
ceived APCs from VAG539-treated hosts (VAG-APC) displayed
long-term graft survival, whereas transfer of APCs from control
mice (saline APCs) or total CD4™" T cells from VAG539-treated
mice did not have any effect on graft survival (Figure 3A).
These data indicate that VAGS539 induces transferable active
tolerance through induction of tolerogenic APCs. CD90~ spleen
cells contain different APC subsets, among which B cells are of
highest abundance (~ 80%; not shown), whereas CD11c*™ DCs
represent approximately 3%. B cells have been demonstrated in
some cases to promote the induction of active tolerance.’>3+
Moreover, VAF347 has been demonstrated to modulate both B
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Figure 3. Transfer of DCs from VAG539-tolerized mice inhibits allograft rejection. (A) CD90~ antigen-presenting cells (VAG-APCs) or CD4* T cells (VAG-CD4*) were
purified from spleens of VAG539-treated graft-accepting mice, and CD90~ antigen-presenting cells (saline APCs) were purified from spleens of saline-injected graft-rejecting
mice 60 days after transplantation. Cells were injected (intravenously, 5 X 108 APCs or 3 X 10% T cells) into naive mice 1 day prior to islet transplantation. (B) CD11~
(VAG-DCs) or CD19* (VAG-CD19) cells were purified from spleens of VAG539-treated graft-accepting mice 60 days after transplantation. As control, CD11c* DCs were
purified from spleens of saline-injected graft-rejecting mice 60 days after transplantation (saline-DCs) or of naive BALB/c mice (naive-DCs). Purified CD11c* DCs (3 X 105) or
CD19* Bcells (5 X 109) were injected intravenously 1 day before islet transplantation (2-tailed ttest: **P < .01; *P < .05).
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Figure 4. Induction of donor-specific transplantation tolerance by VAG-DCs.
(A) SPCs from VAG-DC- and naive-DC—injected mice were isolated 100 days after
transplantation, and from naive BALB/c mice (n = 3), and stimulated with irradiated
donor-type (C57BI/6) or third-party (C3H) CD90~ APCs. Culture sups were collected
after 96 hours and analyzed for the presence of IFN-y using CBA assay (2-tailed
ttest: **P < .01). Error bars represent standard error between different mice (n = 3).
(B) Balb/c recipient mice received a transplant of C57BI/6 or C3H islets 1 day after
injection of VAG-DCs (3 X 10°) isolated from VAG539-treated islet graft-accepting
mice. As control, nontreated Balb/c mice received a transplant of C57BI/6 or C3H
islets were used (2-tailed ttest: *P < .05).

cells and DCs.® Therefore, we investigated whether B cells or
DCs could transfer transplantation tolerance. To this end,
purified CD19" B cells (VAG-CD19, 5 X 10°) or CD11c¢* DCs
(VAG-DCs, 3 X 10°) from the same VAG539-treated hosts were
transferred into Balb/c mice that recently underwent transplanta-
tion. As controls, we transferred purified CD11c* DCs from
saline-treated littermates, which rejected their transplants (saline-
DCs), and from naive mice (naive-DCs). Interestingly, transfer
of VAG-DCs resulted in long-term graft acceptance in 70%
of mice that underwent transplantation, whereas transfer of
VAG-CD19 cells was not effective (Figure 3B). Together, these
data suggest that CD11c™ DCs mediate the tolerogenic effect
of VAG539.

Induction of donor-specific transplantation tolerance by
VAG-DCs

To determine whether VAG-DCs promoted donor-specific toler-
ance, we characterized proliferation and cytokine production of
cells isolated from mice injected with VAG-DCs 100 days after
transplantation. As expected, splenocytes (SPCs) from naive-DC—
injected mice, which rejected islet allografts, secreted high
levels of IFN-vy in response to irradiated CD90~ donor-type
(C57Bl/6) antigen-presenting cells. However, splenocytes from
VAG-DC-injected mice secreted significantly lower IFN-vy
levels, similar to those of SPCs from naive mice in response to
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allostimulation (Figure 4A; 2-tailed ¢ test: P < .01). Notably,
SPCs from VAG-DC-injected mice secreted comparable levels
of IFN-vy to those observed from SPCs of both naive and
naive-DC—injected mice in response to third-party (C3H) stimu-
lator cells (Figure 4A). These results indicate that the transfer of
VAG-DCs resulted in reduced IFN-y production, which may
reflect the overall T-cell and NK-cell response toward donor
antigens. To support this hypothesis, we transferred VAG-DCs
isolated from VAG539-treated tolerant mice into new recipients
that received a transplant of either original donor-type (C57B1/6)
or third-party (C3H) islets. Notably, transfer of VAG-DCs
prevented rejection of donor-type (C57Bl/6) islets, but not of
third-party (C3H) islet grafts (Figure 4B), suggesting that
DCs may transfer donor antigens and present them in a
tolerogenic context in secondary recipients. Taken together,
these results suggest that VAG539 treatment promotes induction
of tolerogenic DCs capable of transferring donor-specific trans-
plantation tolerance.

Transfer of VAG-DCs results in elevated frequency of functional
Tr cells

Activation of the molecular target of VAF347, AhR, has been shown to
promote in vivo the generation of Tr cells.’® To investigate the cellular
mechanism through which AhR activation mediates the induction of
tolerance, we investigated whether oral VAG539 administration and
VAG-DC transfer modify the frequency of CD4"CD25*Foxp3* Tr
cells. We analyzed the expression of CD25 and Foxp3 in splenic CD4+
T cells of VAG-treated long-term tolerant mice or VAG-DC—injected
secondary recipient mice. Interestingly, the frequencies of CD4TCD25%,
CD4*Foxp3*, and CD25"Foxp3™ T cells were significantly higher in
mice treated orally with VAG539 (30 mg/kg/day by mouth) as well as
VAG-DC-injected mice compared with saline-treated mice and with
control mice injected with naive-DCs, respectively (Figure SA,B and
data not shown; 2-tailed 7 test: *P << .05). We next investigated the direct
effect of VAF347 on purified CD4* T cells in vitro. Splenic Balb/C
CD4" T cells were cultured for 5 days with and without the presence of
VAF347 (20nM or 100nM). As shown in Figure 5C, VAF347
significantly improved the survival of CD4*CD25"FOXP3* T cells in
a dose-dependent manner (n = 4; 2-tailed 7 test: P < .05 for 20 mM vs
medium and 100 mM vs 20 mM; P < .01 for 100 mM vs medium).

To demonstrate that Tr cells play a functional role in AhR-
mediated graft acceptance, we purified and transferred CD4+CD25*
T cells (5 X 10%) from spleens of VAG-DC-injected graft-
accepting mice into tertiary recipients that recently underwent
transplantation. In accordance with the ex vivo and in vitro
findings, CD4*CD25" T cells purified from VAG-DC-injected
mice significantly promoted graft survival, whereas the transfer of
CD4*CD25% T cells from naive mice had a statistically insignifi-
cant effect (Figure 5C). These data suggest that the tolerogenic
effect of AhR activation is through both a direct effect on Tr-cell
survival and modulation of DCs, which can ultimately induce
CD4"CD25*Foxp3™* Tr cells.

Cell therapy with VAF347-DCs prevents allograft rejection

To substantiate our observation that VAG539 promotes tolerance in
vivo through the induction of tolerogenic DCs, we evaluated the
effect of cell therapy with autologous (BALB/c) bone marrow—
derived DCs (BMDCs) differentiated and activated in vitro in the
presence of VAF347 (VAF347-BMDCs). BMDCs were injected
intravenously (3 X 10°) into BALB/c mice one day prior to islet
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Figure 5. Direct and DC-mediated in vivo induction of Foxp3* CD4* Tr cells by AhR activation. Mice treated with oral VAG539 (n = 3) and VAG-DC- or
naive-DC—injected mice were analyzed 100 days after transplantation for the expression of Foxp3 and CD25 by splenic CD4* T cells compared with naive Balb/c mice. (A) The
percentage of gated CD4" T cells expressing Foxp3 following oral VAG539 treatment or VAG-DC injection (2-tailed t test: *P < .05). Error bars represent standard error
between different mice (n = 3). (B) Top numbers represent percentage of gated CD4* T cells and bottom numbers represent MFI (Foxp3-PE channel). (C) VAF347 improves
survival of CD4*CD25*FOXP3™* T cells in vitro. Splenic CD4* T cells were cultured for 5 days in the presence or absence of VAF347 at 20 nM or 100 nM. Gated CD4* T cells
were analyzed for the expression of CD25 and FOXP3. Number represents the percentage of CD25"FOXP3* T cells. (D) Transfer of splenic CD4+*CD25* T cells (5 X 10%;
purity > 90%) from VAG-DC-injected mice and from naive mice into mice that recently underwent transplantation 1 day prior to allotransplantation (2-tailed ttest: *P < .05).

(C57B1/6) allotransplantation. Injection of LPS-activated VAF347-
BMDCs (mDCs-VAG), but not of LPS-activated BMDCs (mDCs)
or of nonactivated VAF347-BMDC:s, significantly prevented graft
rejection (Figure 6A; 2-tailed ¢ test: **P < .01). Interestingly,
injection of islet donor-type (C57B1/6) mDCs-VAF had no effect
on graft survival (data not shown). These data demonstrate the
capacity of VAF347 to promote in vitro induction of tolerogenic
DCs, which could be administered in vivo to promote tolerance.

To investigate the capacity of VAF347-BMDCs to inhibit
antigen-specific T-cell activation, we injected mDCs or mDCs-
VAF into OVA-immunized BALB/c mice. The proliferative re-
sponse of draining lymph node cells was analyzed on day 7 after
immunization. OVA-specific T-cell response was significantly
reduced in draining lymph node cells isolated from mDC-VAF-
injected mice compared with control, whereas T cells maintained
their ability to respond to alloantigens and to Con A (Figure 6B).
Together, these data indicate that cell therapy with mDCs-VAF
inhibits islet allograft rejection by specifically suppressing an
ongoing immune response, and support the notion that VAF347
induces tolerogenic DCs, which are able to promote antigen-
specific transplantation tolerance.

Discussion

The induction of active immune tolerance in the absence of
nonspecific immunosuppression is a major requirement for
effective treatment of immune pathologies, including autoim-
mune diseases and graft rejection. VAF347 is a novel low-
molecular-weight compound, which activates AhR and has been
shown to modulate the function of human DCs.? The purpose of
this work was to define the in vivo effects of VAG539, using a
model of allogeneic pancreatic islet transplantation, and to
characterize the compound’s cellular mechanism of action. We
found that VAGS5309, in the absence of any additional immunosup-
pressive treatment, prevents the rejection of MHC-mismatched
islet allograft and induces long-term active tolerance. The
tolerogenic effect of oral VAG539 was accompanied by eleva-
tion in the frequency of CD47CD25*FOXP3* Tr cells in
spleens of treated mice. In addition, VAG539-induced allotoler-
ance could be transferred through CD11c* DCs into mice that
recently underwent transplantation, which consequently dis-
played elevated frequency of functional CD4*CD25*Foxp3* Tr
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Figure 6. Cell therapy with VAF347-BMDCs prevents islet allograft rejection.
Balb/c bone marrow cells were differentiated into immature BMDCs by 6-day
culture in the presence of GM-CSF with or without VAF347 (20 nM). On day 6, an
aliquot of cells was activated with LPS (1 wg/mL) for additional 8 hours.
(A) LPS-activated VAF347-BMDCs (mDCs-VAF), nontreated BMDCs (mDCs),
immature VAF347-BMDCs (iDCs-VAF), and immature nontreated BMDCs (iDCs)
were injected intravenously (3 X 10%) into diabetic Balb/c females 1 day prior to
C57BI/6 islet allograft transplantation (2-tailed t test: **P < .01). (B) Balb/c mice
(n = 3) were immunized with OVA in CFA 1 day after intravenous injection of
LPS-activated VAF347-treated (mDCs-VAF) or LPS-activated nontreated BMDCs
(mDCs). Seven days later, draining lymph node cells were isolated and stimulated
with Con A (1.25 mg/mL), with C57BI/6 irradiated CD90~ APCs (1:1 ratio;
proliferation of stimulator cells alone was < 130 cpm), or with OVA at the
indicated concentrations (2-tailed t test: *P < .05; ***P < .001). Error bars
represent standard deviation between different mice (n = 3).

cells. DC-induced Tr cells were functional as their transfer into
mice that recently underwent transplantation resulted in graft
acceptance. Furthermore, we demonstrated that in vitro treat-
ment with VAF347 promotes tolerogenic function that can be
maintained in vivo by activated, but not by nonactivated, DCs.
These findings highlight the importance of the cross talk
between regulatory T and dendritic cells in promoting a specific
type of tolerogenic response, and suppressing conflicting
immune responses.

Ettmayer et al have identified VAF347 as a low-molecular-
weight immunomodulator.?® They demonstrated that VAF347
potently inhibits human monocyte-derived DC-mediated T-cell
proliferation and cytokine production in the low nanomolar
range. This effect was not due to impaired antigen uptake by
DCs, but may be related to a failure of the DCs to deliver
appropriate activation signals to T cells, since the expression of
HLA-DR and CD86 on the cell surface of human DCs and the
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secretion of IL-6 were inhibited by VAF347.28 In the present
work, we investigated the in vivo effects of VAF347 on murine
DC functions and found that it inhibits the expression of CD80
by draining lymph node DCs from immunized mice, and reduces
DC infiltration into the graft area in mice that underwent
allotransplantation (Figures 1B, 2A). Moreover, DCs exposed to
the compound obtained a regulatory function and could transfer
allotolerance to untreated recipients.

A large body of data supports the association between
tolerogenic DCs and Tr cells.>!635 Through the secretion of
immunomodulating cytokines, Tr cells can bridge adaptive and
innate immunity and promote the induction of regulatory APC
subsets, which may in turn induce secondary Tr cells from the
naive population.>!233 IL-10 and TGF-$ produced by Trl cells
can facilitate the generation of tolerogenic DCs, which conse-
quently promote the induction of Tr cells in vitro and in
vivo.3%37 Interestingly, suboptimal DC activation in the presence
of TGF-3 has been shown to enhance the conversion of naive
CD4* T cells into Foxp3* suppressor cells.? The findings of the
present work are in line with the notion that tolerance induction
is associated with a self-maintaining regulatory loop in which
tolerogenic DCs induce/expend Tr cells, and Tr cells program
the generation of tolerogenic DCs from DC progenitors.3® This
phenomena of infectious tolerance can explain our finding that
DCs purified from spleens of treated graft-accepting mice
60 days after VAGS539 treatment withdrawal were capable of
transferring tolerance.

Our results highlight the importance of the cross talk
between APCs with tolerogenic properties and Tr cells in
transplantation tolerance.*® However, since DCs constantly
respond to their immediate milieu, the question of strength of
commitment to a specific phenotype and cytokine profile
remains open. It has been suggested that maintenance of
tolerogenic phenotype in vivo in variable inflammatory condi-
tions may require prior DC maturation in the presence of
immunomodulatory factors.” Accordingly, DCs differentiated in
vitro in the presence of immunomodulatory cytokines such as
IL-10 and/or TGF-f3, and subsequently activated, resulted in an
in vivo induction of Tr cells, which mediated immune toler-
ance.’>3741 It has been demonstrated that LPS-activated BMDCs
are highly effective at breaking CD4*CD25" Tr-cell anergy and
triggering proliferation and IL-2 production by these Tr cells in
vitro.>!7 In addition, mature DCs have been demonstrated to
display prolonged presentation of specific MHC-peptide com-
plexes compared with other APC subsets, including immature
DCs,*? which can increase their efficiency in differentially
mediating induction and activation of either effector or regula-
tory T-cell subsets. In the present work, we demonstrate that
mature, but not immature, VAF347-BMDCs can promote long-
term islet allograft survival. It remains to be determined whether
VAF347-treated immature DCs were ineffective because they
encounter in vivo proinflammatory signals, which reverse their
tolerogenic phenotype. Future experiments will have to
address whether VAF347/VAGS539 treatment of DCs leads to a
similar functional profile compared with treatment with
immunomodulatory cytokines, especially with regard to AhR
activation by VAF347.

In the context of pancreatic islet transplantation, Gregori et
al have previously shown that the tolerogenic phenotype of DCs
following combined immunosuppressive treatment with the
active form of vitamin D3, and mycophenolate mofetil, is
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maintained in vivo for more than 100 days after drug with-
drawal.*® A long-term reduction in mature DCs, associated with
transplantation tolerance, could also be induced by peritransplan-
tation administration of other immunosuppressive agents, such
as deoxyspergualin combined with anti-CD3 immunotoxin.* As
shown here, the transfer of tolerogenic DCs from treated mice
more than 60 days after drug withdrawal resulted in allograft
acceptance and in higher frequency of CD4+*CD25"Foxp3™ Tr
cells in secondary recipients. The capacity of VAG-DCs to
transfer allo-specific transplantation tolerance can be related to
an ongoing “tolerance response” in mice that underwent trans-
plantation, during which DCs continuously present alloantigens
in a tolerogenic manner. This continuous response that is
necessary for the maintenance of peripheral tolerance in the
absence of thymic central tolerance toward the specific
antigen may require the presence of Tr cells. Alternatively,
mature tolerogenic DCs may display a prolonged life span in
inflammatory conditions and mediate active tolerance toward
donor antigens.*

In summary, this study translates the initial in vitro observa-
tions, which showed that VAF347 acts as immunomodulatory
compound into an in vivo clinically relevant setting of alloge-
neic islet transplantation. Results provide direct experimental
evidence that VAF347 generates tolerogenic DCs, and improves
the survival of Tr cells. Thus, VAF437/VAG539-mediated AhR
activation promotes tolerance via a direct as well as DC-
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mediated activation/expansion of Foxp3* Tr cells. To our
knowledge, VAF347 is the first low-molecular-compound with
such a biologic profile.

Acknowledgments

This work was supported by Novartis Pharma AG (Vienna,
Austria), and by a grant from the Italian Telethon Foundation
(Rome, Italy). E.H. was supported by the International Human
Frontier Science Program Organization (Strasbourg, France).

Authorship

Contribution: E.H. designed and performed experiments, analyzed
the data, and took a key part in writing the paper; S.G. contributed
equally to experimental design and data analysis, and edited the
paper; E.D., B.M., and S.O. performed experimental work; M.W.
contributed to experimental discussions and paper editing; and
M.G.R. supervised the work.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

Correspondence: Maria-Grazia Roncarolo, San Raffaele Tele-
thon Institute for Gene Therapy, Via Olgettina 58, Milan, Italy
20132; e-mail: m.roncarolo@hsr.it.

References

. Banchereau J, Pascual V, Palucka AK. Autoim-

munity through cytokine-induced dendritic cell
activation. Immunity. 2004;20:539-550.

Steinman RM, Hawiger D, Nussenzweig MC.
Tolerogenic dendritic cells. Annu Rev Immunol.
2003;21:685-711.

Tarbell KV, Yamazaki S, Steinman RM. The inter-
actions of dendritic cells with antigen-specific,
regulatory T cells that suppress autoimmunity.
Semin Immunol. 2006;18:93-102.

Jenkins MK, Khoruts A, Ingulli E, et al. In vivo ac-
tivation of antigen-specific CD4 T cells. Annu Rev
Immunol. 2001;19:23-45.

Levings MK, Gregori S, Tresoldi E, et al. Differen-
tiation of Tr1 cells by immature dendritic cells re-
quires IL-10 but not CD25+CD4+ Tr cells. Blood.
2005;105:1162-1169.

Penna G, Giarratana N, Amuchastegui S, et al.
Manipulating dendritic cells to induce regulatory T
cells. Microbes Infect. 2005;7:1033-1039.

Roncarolo MG, Levings MK, Traversari C. Differ-
entiation of T regulatory cells by immature den-
dritic cells. J Exp Med. 2001;193:F5-F9.

Hauben E, Roncarolo MG. Human CD4+ regula-
tory T cells and activation-induced tolerance. Mi-
crobes Infect. 2005;7:1023-1032.

. Fisson S, Djelti F, Trenado A, et al. Therapeutic

potential of self-antigen-specific CD4+ CD25+
regulatory T cells selected in vitro from a poly-
clonal repertoire. Eur J Immunol. 2006;36:817-
827.

. Moseman EA, Liang X, Dawson AJ, et al. Human

plasmacytoid dendritic cells activated by CpG
oligodeoxynucleotides induce the generation of
CD4+CD25+ regulatory T cells. J Immunol.
2004;173:4433-4442.

. Ochando JC, Homma C, Yang Y, et al. Alloanti-

gen-presenting plasmacytoid dendritic cells medi-
ate tolerance to vascularized grafts. Nat Immunol.
2006;7:652-662.

. Watanabe N, Wang YH, Lee HK, et al. Hassall's

corpuscles instruct dendritic cells to induce
CD4+CD25+ regulatory T cells in human thy-
mus. Nature. 2005;436:1181-1185.

. Fehervari Z, Sakaguchi S. Control of Foxp3+

CD25+CD4+ regulatory cell activation and func-
tion by dendritic cells. Int Immunol. 2004;16:
1769-1780.

. Kover K, Moore WV. Initiation of rejection of es-

tablished islet allografts by third-party thyroid allo-
grafts and splenic dendritic cells. Diabetes. 1991;
40:754-758.

9. Mahnke K, Enk AH. Dendritic cells: key cells for 19" S"t'dSte"‘. DRi T°"'('jike receplors and °”‘.f' ”(’:‘ks
the induction of regulatory T cells? Curr Top Mi- Oe _weien mna|e§)no4icg-ggz si:mmum Y- ur
crobiol Immunol. 2005;293:133-150. pin Immunol. 2004;16:556-544.

20.

10.

Van Parijs L, Abbas AK. Homeostasis and self-
tolerance in the immune system: turning lympho-
cytes off. Science. 1998;280:243-248.

McLellan AD, Brocker EB, Kampgen E. Dendritic
cell activation by danger and antigen-specific T-
cell signalling. Exp Dermatol. 2000;9:313-322.

24.

25.

26.

27.

28.

29.

30.

31.

CD40L co-stimulation blockade. Transplantation.
2005;80:255-263.

Ricordi C, Strom TB. Clinical islet transplantation:
advances and immunological challenges. Nat
Rev Immunol. 2004;4:259-268.

Berney T, Buhler LH, Majno P, Mentha G, Morel
P. Immunosuppression for pancreatic islet trans-
plantation. Transplant Proc. 2004;36:362S-366S.

Poggioli R, Faradji RN, Ponte G, et al. Quality of
life after islet transplantation. Am J Transplant.
2006;6:371-378.

Battaglia M, Gregori S, Bacchetta R, Roncarolo
MG. Tr1 cells: from discovery to their clinical ap-
plication. Semin Immunol. 2006;18:120-127.

Ettmayer P, Mayer P, Kalthoff F, et al. A novel low
molecular weight inhibitor of dendritic cells and B
cells blocks allergic inflammation. Am J Respir
Crit Care Med. 2006;173:599-606.

Lawrence BP, Denison MS, Novak H, et al. Acti-
vation of the aryl hydrocarbon receptor is essen-
tial for mediating the anti-inflammatory effects of
a novel low molecular weight compound. Blood.
Prepublished on February 12, 2008, as DOI
10.1182/blood-2007-08-109645.

Funatake CJ, Marshall NB, Steppan LB, Mourich
DV, Kerkvliet NI. Cutting edge: activation of the
aryl hydrocarbon receptor by 2,3,7,8-tetrachlo-
rodibenzo-p-dioxin generates a population of
CD4+ CD25+ cells with characteristics of regula-
tory T cells. J Immunol. 2005;175:4184-4188.

Quintana FJ, Basso AS, Iglesias AH, et al. Con-

11. Akbari O, Freeman GJ, Meyer EH, et al. Antigen- 21+ Baratt-Boyes S, Thomson AU, Dendrtc cels: trol of T(reg) and T(H)17 cell differentiation by the
ific requlatory T cells develop via the ICOS- ools and targets for transplant tolerance. Am J e
speci g ry P Transplant. 2005:5:2807-2813 aryl hydrocarbon receptor. Nature. 2008;453:65-
ICOS-ligand pathway and inhibit allergen-induced plant. e . 71.
airway hyperreactivity. Nat Med. 2002;8:1024- 22. Coenen JJ, Koenen HJ, van Rijssen E, Hilbrands . )
1032. LB, Joosten I. Tolerizing effects of co-stimulation 32. E‘”z":au S, gl\"zeg’“e”CH' M?Geachy MJ, Gray
. ; blockade rest on functional dominance of , Anderton SM. B cells regulate autoimmunity
12. Jonulait H, Schmitt E, Schuler G, Knop J, Enk CD4+CD25+ regulatory T cells. Transplantation. by provision of IL-10. Nat Immunol. 2002;3:944-
AH. Induction of interleukin 10-producing, non- iy gulatory P 950
proliferating CD4(+) T cells with regulatory prop- 2005;79:147-156. .
erties by repetitive stimulation with allogeneic im- 23. Guillonneau C, Aubry V, Renaudin K, et al. Inhibi- 33. Mauri C, Gray D, Mushtaq N, Londei M. Preven-

mature human dendritic cells. J Exp Med. 2000;
192:1213-1222.

tion of chronic rejection and development of
tolerogenic T cells after ICOS-ICOSL and CD40-

tion of arthritis by interleukin 10-producing B cells.
J Exp Med. 2003;197:489-501.

20z Ae g1 uo 3sanb Aq Jpd'1.21.00809108UZ/LZZ.LSY /v L ELIvIZ) LiPpd-Bjoie/poo|qau suonedligndyse)/:diy woly papeojumoq



1222

34.

35.

36.

37.

38.

HAUBEN et al

Mizoguchi A, Mizoguchi E, Takedatsu H, Blum-
berg RS, Bhan AK. Chronic intestinal inflamma-
tory condition generates IL-10-producing regula-
tory B cell subset characterized by CD1d
upregulation. Immunity. 2002;16:219-230.
Wakkach A, Fournier N, Brun V, et al. Character-
ization of dendritic cells that induce tolerance and
T regulatory 1 cell differentiation in vivo. Immu-
nity. 2003;18:605-617.

Sato K, Yamashita N, Yamashita N, Baba M, Mat-
suyama T. Regulatory dendritic cells protect mice
from murine acute graft-versus-host disease and
leukemia relapse. Immunity. 2003;18:367-379.
Sato K, Yamashita N, Baba M, Matsuyama T.
Modified myeloid dendritic cells act as regulatory
dendritic cells to induce anergic and regulatory T
cells. Blood. 2003;101:3581-3589.

Kretschmer K, Apostolou |, Hawiger D, et al. In-
ducing and expanding regulatory T cell popula-

39.

40.

41.

42.

BLOOD, 15 AUGUST 2008 - VOLUME 112, NUMBER 4

tions by foreign antigen. Nat Immunol. 2005;6:
1219-1227.

Min WP, Zhou D, Ichim TE, et al. Inhibitory feed-
back loop between tolerogenic dendritic cells and
regulatory T cells in transplant tolerance. J Immu-
nol. 2003;170:1304-1312.

Lechler RI, Ng WF, Camara NO. Infectious toler-
ance? mechanisms and implications. Transplan-
tation. 2001;72:529-S31.

Lan YY, Wang Z, Raimondi G, et al. “Alterna-
tively activated” dendritic cells preferentially
secrete IL-10, expand Foxp3+CD4+ T cells,
and induce long-term organ allograft survival in
combination with CTLA4-1lg. J Immunol. 2006;
177:5868-5877.

Zehn D, Cohen CJ, Reiter Y, Walden P. Extended
presentation of specific MHC-peptide complexes
by mature dendritic cells compared to other types

43.

44,

45.

of antigen-presenting cells. Eur J Immunol. 2004;
34:1551-1560.

Gregori S, Casorati M, Amuchastegui S, et al.
Regulatory T cells induced by 1 alpha,25-
dihydroxyvitamin D3 and mycophenolate mofetil
treatment mediate transplantation tolerance.

J Immunol. 2001;167:1945-1953.

Thomas JM, Eckhoff DE, Contreras JL, et al. Du-
rable donor-specific T and B cell tolerance in rhe-
sus macaques induced with peritransplantation
anti-CD3 immunotoxin and deoxyspergualin: ab-
sence of chronic allograft nephropathy. Trans-
plantation. 2000;69:2497-2503.

Um HD, Cho YH, Kim DK, et al. TNF-alpha sup-
presses dentritic cell death and the production
of reactive oxygen intermediates induced by
plasma withdrawal. Exp Dermatol. 2004;13:
282-288.

20z Ae g1 uo 3sanb Aq Jpd'1.21.00809108UZ/LZZ.LSY /v L ELIvIZ) LiPpd-Bjoie/poo|qau suonedligndyse)/:diy woly papeojumoq



