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Abstract

Under physiological conditions the gut associated lymphoid tissues not only prevent the induction
of a local inflammatory immune response, but also induce systemic tolerance to fed antigens-2, A
notable counter-example is celiac disease, where genetically susceptible individuals expressing
HLA-DQ2 or HLA-DQ8 molecules develop inflammatory T cell and antibody responses against
dietary gluten, a protein present in wheat3. The mechanisms underlying this dysregulated mucosal
immune response to a soluble antigen have not been identified. Retinoic acid, a metabolite of
vitamin A, was shown to play a critical role in the induction of intestinal regulatory responses*-S.
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We found that in conjunction with IL-15, a cytokine greatly upregulated in the gut of celiac
disease patients, retinoic acid rapidly activated dendritic cells to induce JNK phosphorylation and
release the proinflammatory cytokines 1L-12p70 and 1L-23. As a result, in a stressed intestinal
environment, retinoic acid acted as an adjuvant that promoted rather than prevented inflammatory
cellular and humoral responses to fed antigen. Altogether, these findings unveil an unexpected role
for retinoic acid and IL-15 in the abrogation of tolerance to dietary antigens.

Induction of regulatory intestinal responses to oral antigens prevents the subsequent
development of systemic T helper type-1 (TH1) responses to those antigens, a phenomenon
referred to as oral tolerance?. The difficulty of inducing Tl immunity against soluble
protein antigens in the highly regulatory environment of the gut has been a major limiting
factor in the development of effective oral vaccines against invasive intracellular
pathogens’. Mucosal tolerance has important fail-safe mechanisms that prevent the initiation
of unnecessarily destructive inflammatory immune responses to harmless antigens contacted
at mucosal surfaces. These mechanisms include induction of regulatory T cells (iTreg)
expressing the transcription factor forkhead box P3 (Foxp3) and deletion of T cells specific
to the ingested antigen:2.

A notable exception is celiac disease (CD), where patients mount a Tyl immune response to
dietary gluten3. Interestingly, interleukin-15 (1L-15), a cytokine induced upon NF-kB
activation in multiple cell types®, is highly upregulated in the epithelium and the lamina
propria (Lp) of CD patients®. Whereas 1L-15 expressed by intestinal epithelial cells (IEC)
was shown to license intraepithelial cytotoxic T lymphocytes (IEL) to become killer cells1?,
the potential impact of dysregulated IL-15 expression outside the intestinal epithelium on
CD pathogenesis and, in particular, on T cell polarization has not been investigated.

To determine whether the presence of IL-15 may impact intestinal homeostasis by
promoting the development of inflammatory CD4* T cell responses, we first examined its
effects on the generation of iTreg. Foxp3* iTreg are generated mainly in the gut-associated
lymphoid tissue (GALT) during recognition of luminal antigens in the presence of retinoic
acid (RA) and TGF-pL. Mesenteric lymph node (MLN) dendritic cells (DC) have
tolerogenic functions which include the ability to drive de novo differentiation of iTreg4-S.
Nevertheless, iTreg generation from unfractionated CD4* T cells (Fig. 1a) or naive CD44°
CD4* T cells (Fig. S1a) was impaired in the presence of IL-15-stimulated MLN DC.
Furthermore, IL-15 had no effect on iTreg differentiation in the presence of DC lacking the
IL-2-1L-15RpB/yc heterodimeric signaling receptor complex8 (Fig. S2a) and in DC-free
systems (Fig. S1b and Fig. S5), demonstrating that 1L-15 was acting at the level of DC and
not T cells to block iTreg generation. To assess the relevance of our in vitro findings, we
tested the response to fed chicken ovalbumin (OVA), a model antigen used in oral tolerance
experiments, in D9-1L-15 transgenic (tg) micel! that over-express IL-15 in the Lp and MLN
but not in the intestinal epithelium (Fig. S3). In agreement with our in vitro observations, the
number of naive OT-1l RAG-17/~ CD4* T cells converted into iTregs was significantly
reduced in OVA fed D9-1L-15tg mice as compared to WT mice (Fig. 1b). Intriguingly, RA
further decreased the conversion of Treg cells in vivo in OVA-fed DY-1L-15tg mice (Fig.
1c), suggesting that RA prevents rather than promotes iTreg differentiation in the presence
of IL-15.

To determine the mechanisms by which IL-15-stimulated DC prevent iTreg and to further
assess the role of RA, we used splenic (SPL) DC (Fig. S2b), which, unlike MLN, lack the
ability to produce constitutively high levels of RAS8. Having found that conditioned media
obtained from IL-15-treated SPL DC decreased iTreg conversion (Fig. S2c), we analyzed
the expression of cytokines in the supernatant of IL-15-treated SPL DC and found high
levels of IL-12p70 and 1L-23, but no IL-6 (Fig. S4a). In accordance with its ability to further
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block Treg generation in the presence of 1L-15 (Fig. 1a), RA significantly amplified the
release of all proinflammatory cytokines (Fig. S4a). As previously reported!2, 1L-12p70
significantly suppressed iTreg differentiation at concentrations found in IL-15-conditioned
DC supernatant (Fig. S4b), and this effect was enhanced by 1L-23 in a dose-dependent
manner (Fig. S4b). The requirement for IL-12 in IL-15-mediated suppression of iTreg
differentiation was demonstrated using IL-12p40-deficient DC (Fig. 1d and Fig. S4c) and
neutralizing anti-1L-12p40 antibody (Fig. S4d).

We next observed that 1L-15-stimulated SPL DC (Fig. 2a) and conditioned media from
IL-15-treated SPL DC (Fig. S6a) promoted in vitro differentiation of Tyl cells from CD4* T
cells under conditions that normally promote the generation of iTreg. This translated in vivo
in the induction of Ti1 responses in OVA fed DY-IL-15tg mice (Fig. 2b and Fig. S6c). As
expected, the ability of IL-15 to induce Tyl responses in vitro (Fig. 2c) and in vivo (Fig. 2f)
was dependent on IL-12. In sharp contrast to previous studies suggesting that RA blocks the
induction of inflammatory intestinal T cell responses®, RA promoted (Fig. 2a, Fig. 2b, Fig.
S6a-c) and was also critical for Tyl polarization (Fig. 2d and Fig. 2e). In addition to its
ability to promote IL-12 in DC, RA also acted at the level of T cells to amplify IL-12p70-
mediated TH1 T cell differentiation (Fig. S5 and Fig. S6b). Surprisingly, RA also enhanced
TH17 cell responses in vitro in the presence of IL-6 (Fig. S7a) and in vivo (Fig. S7b-d).
Finally, the critical role of IL-15 in the induction of inflammatory T cell responses to dietary
antigen was demonstrated by blocking IL-15 signaling in vivo using either a neutralizing
anti-1L-15 or IL-15/IL-2Rp antibody3 (Fig. 2f, Fig. 2g, Fig. S6d, Fig. S7e, and Fig. S7f).
Altogether these observations suggest a sequential model (Fig. 4f) whereby IL-15 first acts
in concert with RA to induce 1L-12 and IL-23 in MLN DC (Fig. 2d and data not shown).
Along with RA, these inflammatory mediators then operate at the level of T cells to promote
Tw1 cell differentiation and, when 1L-6 is present!4, Ty17 cell differentiation. While our
finding of the adjuvant effect of RA is unexpected within the field of mucosal immunity, it
is consistent with its usage as a beneficial proinflammatory adjuvant in anti-tumor
immunity?>16. Future studies using conditional RARa ™~ mice will help further delineate
the role of RA signaling in T cells and DC in the induction of inflammatory T cell responses
to fed antigen.

Based on our observations suggesting that IL-15 and RA act primarily at the level of DC to
disrupt intestinal immune homeostasis, we investigated which signaling pathway was critical
for their proinflammatory effects. We found that IL-15 rapidly induced JNK
phosphorylation in a dose-dependent manner in DC (Fig. 3a). The ability of RA to synergize
with IL-15 to promote IL-12p70 (Fig. 3b) and 1L-23 (Fig. S8a) production by DC and
significantly reduce iTreg differentiation (Fig. 3c) was paralleled by its ability to synergize
with 1L-15 to promote JNK phosphorylation (Fig. 3d). We then showed that RARa. through
which RA was shown to enhance conversion of iTreg!’, was also mediating its
proinflammatory effects. (Fig. 3e, Fig. S8b, Fig. 3f, and Fig. S8c). We cannot however
definitively exclude the possibility that RA may signal in vivo via alternative RAR such as
RARp. In accordance with the rapid JNK phosphorylation kinetic (Fig. 3d and data not
shown), RA-mediated JNK phosphorylation did not require de novo transcription and
translation (Fig. 3g). Finally, using JNK2~/~ SPL DC, we provided evidence that INK plays
a critical role in the co-adjuvant effects of IL-15 and RA (Fig. 3h and Fig. S8d). In contrast,
extracellular signal-regulated kinase (ERK) and P38 MAPK were dispensable (Fig. S8e).
Collectively, these results suggest that the adjuvant effects of RA are mediated via the
RARa/INK signaling pathway that may involve previously reported non-genomic signaling
effects of RAR1E,

An intriguing aspect of CD pathogenesis is how an inflammatory Tyl response is induced
against dietary gluten proteins. Due to the large number of proline residues they contain,
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gluten proteins are resistant to enzymatic degradation, leading to the generation of long
peptides that are selectively presented in the gut by HLA-DQ2 or HLA-DQ8 molecules®.
However, these observations alone fail to explain why 40% of the population expresses the
CD-associated HLA-DQ2 and HLA-DQ8 molecules, yet induction of gluten-specific
inflammatory T cell responses occurs in less than 2% of these individuals3. Our findings
with the model antigen OV A (Fig. 2, Fig. S6, and Fig. S7) led us to hypothesize that
dysregulated 1L-15 expression in the Lp of CD patients® (Fig. 4e) may support the
development of Tyl immunity to dietary gluten.

To test this hypothesis, DY-I1L-15tg mice that have levels of IL-15 in the Lp comparable to
those observed in the Lp of CD patients® (compare Fig. S3 and Fig. 4e), were crossed onto
humanized HLA-DQ8tg micel® (DQ8-DU-IL-15tg). As observed in CD patients2%:2, anti-
gluten CD4* and CD8* IFN-y-producing T cells were induced in the MLN (Fig. S9a and
Fig. S10) and Lp (Fig. 4a) of gliadin-fed DQ8-DY-1L-15tg mice. Furthermore, this induction
was dependent on the presence of RA (Fig. S11). The slight induction in IFN-y producing T
cells in DQ8tg mice fed gluten may be related to the reported innate effects of gluten3. In
accordance with human studies?2:23, |L-17-producing T cells were detected (Fig. S9b, S9c,
S10c) only at very low frequency (compare Fig. S10b to Fig. S10c). As observed with OVA,
feeding RA further enhanced inflammatory Tyl and TH17 responses to dietary gluten in the
MLN (Fig. S9a and Fig. S9b) and the Lp (Fig. 4a and Fig. S9c). Patients with CD typically
develop antibodies to gluten and to the enzyme tissue transglutaminase 2 (TG2) that binds
and deamidates gluten in the intestine3:24. Strikingly, 1gG and, to a lesser degree, IgA anti-
gliadin and TG2 antibodies were significantly induced in DQ8-DY-IL-15tg mice in the
absence of exogenous adjuvant or systemic immunization as compared to DQ8tg mice (Fig.
4b and 4c). Finally, as seen in CD patients3, the presence of inflammatory anti-gluten T cell
responses was associated with an increase in the number of intraepithelial lymphocytes
(IEL) (Fig. 4d). However, no villous atrophy was observed and IEL failed to upregulate
granzyme and activating NK receptors (data not shown). These findings are in agreement
with the lack of IL-15 upregulation on IEC of D9-1L-15tg mice (Fig. S3a), and this mirrors
observations in humans that IEL require expression of 1L-15 by IEC to become fully
licensed killer cells310,

In further support of the hypothesis that IL-15 may disrupt tolerance to gluten in CD patients
by inducing IL-12, we found that the levels of 1L-15 and IL-12p70 were correlated (Fig. 4e).
This discovery also gives a functional foundation to the identification of IL-12A as a genetic
risk factor for CD by genome-wide association studies?®. Taken together, the presence of
IFN-y-producing anti-gliadin T cells, anti-gliadin and anti-TG2 antibodies, and
intraepithelial lymphocytosis in the absence of villous atrophy phenocopies an early stage of
CD as defined in the modified Marsh 1 classification?®, reflecting a selective dysregulation
in the adaptive immune response to gluten. How adaptive anti-gluten immunity, epithelial
distress and licensing of IEL to become Killer cells are interrelated and contribute factors to
the development of villous atrophy remains to be addressed.

From the perspective of mucosal immunity, our study reveals that in the presence of I1L-15,
RA has unforeseen co-adjuvant properties that induce Tyl immunity to fed antigens (Fig.
4f). It further suggests that under infectious conditions associated with induction of IL-15
and IL-6 in the intestinal mucosa, RA will also promote Ty17 immunity. These observations
caution against the use of vitamin A and RA for the treatment of autoimmunity and
inflammatory intestinal disorders associated with high levels of IL-15. Indeed, a causal
relationship between retinoids used for the treatment of acne and inflammatory bowel
disease was suggested in a subset of patients2’. Conversely, these findings provide an
explanation as to why children suffering from vitamin A deficiency in developing
countries?® respond less efficiently to oral vaccines than children from developed
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countries’:28, and also suggests that engineering mucosal vaccines that induce 1L-15 may be
beneficial due to their ability to induce concomitantly protective IgA antibodies and Tyl
immunity.

More generally, our study supports the concept that there are no “unconditional” suppressive
factors, and that integration of tissue and exogenous signals determine the class of the
immune response, which ultimately needs to be tailored to the tissue and the antigen. In line
with the idea that the same proinflammatory factors trigger different immunological
outcomes depending on the tissue where they are induced, we found that the ability of IL-12
to inhibit iTreg induction was blocked by butyrate, a metabolite produced by commensal
bacteria present in the colon but not in the small bowel (data not shown).

One final aspect of our study is that we may have in hand a long-awaited
physiopathologically relevant murine model mimicking the early stages of CD. This model
is unique in that development of inflammatory anti-gluten immunity develops without
microbial adjuvant or systemic immunization in immunologically competent mice with a
polyclonal T cell receptor repertoire. However, further studies are warranted to establish
whether the anti-TG2 antibodies are gluten dependent. Especially relevant to CD is the
identification of IL-15 as a causative factor driving the differentiation of anti-gluten CD4*
and CD8* Th1 cells in the intestinal mucosa, resulting in the break of tolerance to gluten.
Our observations may also explain why oral tolerance is disrupted in patients with
inflammatory bowel disease?® who also have dysregulated 1L-15 expression in the gut3°.
They finally suggest that inhibiting IL-15 signaling may constitute a therapeutic intervention
to restore mucosal tolerance to luminal antigens.

Method Summary

All knock-out and transgenic mice used in these studies are on the C57BL/6 background.
Dd-1L-15tg micell expressing IL-15 under the minimal MHC class | DY promoter were used
to perform the studies. To study the response to dietary gluten, D9-1L-15tg mice were
crossed to humanized HLA-DQ8 micel® that had been backcrossed for twelve generations to
MHC class 11/~ C57BL/6 mice. To assess iTreg conversion in vivo, RAG ™~ OT-1l CD25~
CD4* T cells were adoptively transferred into congenic OVA-fed C57BL/6 and D9-1L-15tg
mice. For in vivo experiments mice were fed OVA, a-gliadin, or crude gliadin. Treg
differentiation assays were performed using CD4*eGFP~ T cells isolated from Foxp3¢GFP
reporter mice and MLN or SPL DC from IL-15tg or WT mice stimulated with I1L-15, TGF-$
and RA. To assess the role of IL-2Rp, INK2 or 1L-12p40 on iTreg and TH1 cell
differentiation, DC deficient in these different factors were purified from the corresponding
knockout mice. To assess the role of RA, experiments were performed either in presence of
the RAR antagonist (LE135), a RARa agonist, or with RARa. ~/~ DCL7. INK
phosphorylation was analyzed by western blot following DC stimulation with IL-15 and RA.
Lp cells were isolated from intestinal biopsies of control and active CD patients to determine
levels of IL-12 and IL-15 expression by ELISA.

Material and Methods

Mice

C57BL/6 WT, IL-12p40~'~, and IL-2RB~/~ mice were purchased from Jackson Laboratory
(Bar Harbor, ME). RAG/~-OT-II mice were bred and housed in our animal facility.
Foxp3eGFP reporter mice (Foxp389™P) were previously described3. INK2~/~ mice were
kindly provided by A. Lin (University of Chicago). D3-1L-15tg! were generously donated
by Dr. Michael Caligiuri and crossed onto Ly5.1* C57BL/6 mice or crossed onto HLA-DQ8
micel® which were previously bred on a MHC Class 11/~ C57BL/6 background. All mice
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were kept under specific pathogen free conditions at the animal facility of the University of
Chicago. All mice were maintained on standard rodent chow, however DQ8 and DQ8-D9-
IL-15tg were maintained on gluten-free chow obtained from Research Diets Inc. (AIN-76A).
All experiments were performed in accordance with the Institutional Biosafety Committee
and the Institutional Care and Use Committee.

T cell and DC purification

For CD4*eGFP~ T cell isolation, spleens and peripheral lymph nodes were mechanically
disrupted through a 70 um cell strainer. CD4* cells were isolated by positive
immunoselection using CD4-(L3T4) microbeads (Miltenyi Biotec). Purified CD4 T cells
were sorted for GFP expression using BD FacsAria (BD Bioscience). In some experiments,
purified CD4* CD44!°GFP~ T cells were sorted using the FacsAria (BD Bioscience).

For DC isolation, MLN and spleen were digested with 400 units/ml collagenase type IV
(Sigma-Aldrich, St. Louis, MO). Cells were filtered, resuspended in 22.5% Optiprep
(Sigma-Aldrich), overlaid with HBS and centrifuged at 2000 rpm for 30 min. DC were then
enriched from the interface by positive immunomagnetic selection using anti-CD11c-coated
beads according to the manufacturer’s recommendations (Miltenyi Biotec). Purification
yielded up to 90% CD11c* cells.

In vitro Treg cell differentiation assay

For DC-free cultures, 2x10° CD4*eGFP~ T cells were cultured for three days with 1pg/ml
plate-bound anti-CD3g(eBioscience, San Diego, CA) and 2 pg/ml anti-CD28 (eBioscience).
For cultures containing DC, 1x10° CD4*eGFP~ T cells and 4x104 purified SPL or MLN DC
were cultured for three days with 1 pg/ml plate-bound anti-CD3¢ (eBioscience). Specified
recombinant cytokines (listed below) or neutralizing antibodies were added to the cultures.

Recombinant cytokines used were: TGF-$ (2 ug/ml), IL-15 (20 ng/ml), IL-12p70 (250 pg/
ml-2 ng/ml), IL-23 (250 pg/ml-2 ng/ml) (R&D). Neutralizing IL-12p40 antibody (1 pg/ml)
(R&D). Retinoic acid (10 nM) (Sigma-Aldrich), Retinoic acid receptor antagonist, LE135,
(1 uM ) (Tocris Bioscience, Ellisville, MO).

TH17 polarization

Tw17 differentiation was performed as previously described32. Briefly, purified CD4* T
cells were stimulated with plate bound anti-CD3e (1 pg/ml) and anti-CD28 (2 pg/ml) in the
presence of 2 ng/ml TGF-B, 20 ng/ml IL-6 in the presence or absence of 10 nM RA and 20
ng/ml 1L-15.

Bone marrow derived DC culture

Culture of BMDC were performed as previously described33. 10° BMDC from RARa ™~ or
WT mice were cultured overnight with IL-15 (20 ng/ml) and RA (10 nM) or IL-15 (20 ng/
ml) and RA-receptor-a agonist AM580 (10 nM) (Tocris).

Antibodies and Flow cytometry

The following conjugated antibodies were purchased from eBioscience (San Diego): CD4
(GK1.5), CD11c (N418), CD8p (eBioH35-17.2), TCRp (H57-597), CD45.1 (A20), CD45.2
(104), IFN-y (XMG1.2), IL-17 (eBio17B7), Foxp3 (FIK-16a), and isotype controls. The
following antibodies were purchased from BD Biosciences: CD44 (IM7), H-2DP (KH95),
H-2D¢ (34-2-12), H-2KP (AF6-88.5), CD45 (30-F11), CD13 (R3-242), and isotype controls.
Cells were permeabilized with the CytoFix/CytoPerm kit (BD Biosciences) for intra-
cytoplasmic detection of IFN-y and IL-17 mAb. Foxp3 fixation/permeabilization kit was
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used for intranuclear detection of Foxp3 (eBioscience). Flow cytometry analysis was
performed with a FACsCanto (BD Biosciences).

Preparation of conditioned media and stimulation of T cell cultures

10° splenic CD11c* cells were stimulated with 10 nM RA, 1 uM LE135 and/or 20 ng/ml
rIL-15 and cultured for 24 h. 150 pl of the supernatants were added to 2x10°
CD4*foxp3eGFP- T cells and differentiated on anti-CD3e and anti-CD28 coated plates for
72 h as described above.

IEL and Lamina propria lymphocytes isolation

IEL34 and Lp3° were isolated as previously described using EDTA containing calcium-free
media and collagenase V111, respectively.

Cell signaling

Wild type or IL-2RB~/~ DC were serum deprived overnight prior to stimulation with
indicated doses of IL-15 or IL-15 and RA for 15 min. Preparation of cells and protein was
performed as previously described33. Prior to stimulation with I1L-15, BMDC were pre-
incubated for 30 min with various concentrations of MAP kinase inhibitors specific for
MEK1/2 (PD98059), JINK (SP600125) and P38 (SB203580). In some experiments BMDC
were pre-incubated with cyclohexamide (10 pg/ml) (Sigma) or actinomycin D (10 pg/ml)
(Sigma) for 15 min prior to stimulation with RA (0.1 ng/ml). Cells treated with DMSO were
used as control for cells treated with MAP kinase inhibitors, cyclohexamide and
actinomycin D.

T cell transfers

CD4* CD25™ T cells were purified from the spleen of RAG/~-OT-Il Ly5.1 or RAG /-
OTII Ly5.2 mice. 5x10° cells were then transferred intravenously into naive Ly5.1 or Ly5.2
C57BL/6 and DY-1L-15tg mice. One day after transfer the mice received OVA dissolved in
drinking water for five days or were administered 100 ug OVA every day for ten days by
gavage as indicated in the figure legends. Mice were sacrificed one day after the last feeding
and intranuclear levels of Foxp3 were evaluated by flow cytometry in the transferred T cells.

Antigen feeding and immunization

Mice were fed by intragastric gavage using an 18-gauge round-tipped needle (Kent
Scientific, Torrington CT) with the following proteins: 100 pg ovalbumin (OVA) (Sigma
Aldrich), 100 pg recombinant a-gliadin3® dissolved in water, or 20 mg crude gliadin
(Sigma-Aldrich). In some experiments, mice were also fed with LE135 (1 uM) or RA (1
M) resuspended in corn oil. Feeding occurred every other day for ten days. In some
experiments, D9-1L-15tg mice were injected i.p. with 100 pg of anti-1L-12p40 (R&D
systems, clone C17.8, rat 1gG2a) at the time of feedings, or with 20 pg of anti-mouse IL-15
antibody (M96, Amgen, mouse 1gG2a) once a week before and during feeding, or 200 pg of
a purified anti-mouse CD122 antibody (clone TM-B1, rat IgG2b) twice a week before and
during feeding.

One day following the last feeding, Lp and MLN cells were isolated and re-stimulated for 24
h or 48 h, respectively with 50 pg/ml OVA or gliadin as noted in the figure legend.
Supernatants were analyzed for cytokines by ELISA.
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Detection of cytokines by ELISA

Cell supernatants were evaluated for IL-23 (R&D), IL-12p70 (BD Biosciences), IL-6, (BD
Biosciences), IFN-y (BD Biosciences) and IL-17 (R&D). Tissue pellets from epithelium, Lp
and MLN were quantified for IL-15 (eBioscience).

Anti-TG2 and anti-gluten ELISA

Serum was harvested 15 days after mice received last gluten feeding. ELISA assays were
performed as previously described3’.

Patients and controls

Seven patients (age: 3-46 years) with active CD were investigated. Diagnosis of CD was
based on the detection of anti-transglutaminase antibodies, the expression of HLA DQ?2 or
DQ8, villous atrophy, and clinical and histological response to gluten-free diet. Fourteen
individuals (age: 1-55 years) undergoing endoscopies and biopsies for functional intestinal
disorders of non-celiac origin were studied as controls. Lp cells were isolated from biopsies
or surgical specimens as previously described?3. All subjects gave written informed consent,
and research was approved by the institutional review boards. Lp cells were centrifuged and
resuspended in 500 ml PBS. Protein concentration was determined and total protein was
analyzed for levels of IL-15 (eBioscience) and 1L-12p70 (BD Biosciences).

Histology

Hematoxylin & Eosin staining was performed on 5uM 10% formalin-fixed paraffin
embedded intestinal sections. Slides were analyzed under a Leica DM 2500 microscope with
a HC PLAN APO 20x/0.7 NA and a HCX PL APO 100%/1.40-0.70 objectives.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used

CD celiac disease

DC dendritic cells

GALT gut-associated lymphoid tissue

IEC intestinal epithelial cells

IEL intraepithelial cytotoxic T lymphocytes
IL-15 interleukin-15

iTreg inducible regulatory T cells

Lp lamina propria
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RAR retinoic-acid receptor
SPL splenic
tg transgenic
TH T helper
WT wild-type
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Figure 1. IL-15-activated DC in the presence of retinoic acid prevent induction of Foxp3*
regulatory T cells

a, 105 CD4* Foxp3~ T cells were cultured with 4 x 104 MLN DC isolated from WT or D-
IL-15tg mice with anti-CD3 alone or combined with IL-15, TGF-p and RA. The percentages
of Foxp3™ cells are shown. Graph depicts pooled data + s.e.m. (n=3). b, RAG1 ™~ OT-II
CD45 congenic CD25~ CDA4*T cells were transferred into WT and D9-1L-15tg mice that
were fed OVA in drinking water for five days (black dots) or by gavage (grey dots). Treg
cell conversion was assessed in the MLN by intracellular staining for Foxp3 and detected by
flow cytometry. The absolute numbers of converted CD4* Foxp3* T cells are shown. Data
are representative of two experiments performed independently. ¢, Ly5.2* OT-11 T cells
were transferred into Ly5.1" and D9-1L-15tg-Ly5.1* recipient mice that were fed OVA or
OVA and RA five times during ten days. The absolute number of CD4* Foxp3™* Ly5.2*
converted T cells in the MLN is shown as in a. The decrease in the number of converted
iTreg was associated with a significant decrease in the number of detectable transferred T
cells in DY-I1L-15tg mice (data not shown). This is likely due to the inability to detect
inflammatory T cells that are more susceptible to cell death than Foxp3™ Tregs, which
express anti-apoptotic factors. d, As in a, CD4* Foxp3™ T cells were cultured with SPL DC
isolated from WT and IL-12p40~/~ mice. The percentages of Foxp3* cells are indicated.
Graph depicts three pooled experiments + s.e.m. *P<0.05, **P<0.01, ***P<0.001 (unpaired
Student's t-test).

Nature. Author manuscript; available in PMC 2012 March 10.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

DePaolo et al. Page 12

a
) - : anti-CD3 ;
anti-CD3 anti-CD3 + RA anti-CD3 + TGF-p =1 Medium
+TGF-p + RA
15
» 30
©
o
- 20
z
Isotype t—L
IFN-y 310
IFN-y R
0
2
oSt e N
N ) \S
2 o o2 ‘(('9
o (O o
S (\,;\\.Cv
b c ?
anti-CD3 + RA anti-CD3 + RA + IL-15
g 1,250 —lsotype .
. =IL-12p40™
'E 1,000 - mWT
E 750 oo P
) =
£ 500 O o
T 2
i 250 2 0.6 2 30.5
‘Q gg;\'b«\ 0\& \xN?\ ?g N IFN-y
X
S\ 36 N W \\,»\6‘9
3
© <
d e
—_ * * *
z 200 a 600 —_—
s - 500 o
150 £
g; = 400 °
2 100 £ 300 B
= Q. oo
= < 200 o’
g 5 Z 100 S
& x
40 0-l-eome o2
- sham OVA LE135 OVA
\&’i LE135
D-IL-15tg
f g
*%k
2,000 *hk =100 —
o — = .
= 1,500 i ®TM-f1 antibody 2 5 ®TM-f1 antibody
= . oanti-IL-15 antibody £ oanti-IL-15 antibody
il : £ °
%) 1,000 l:. oanti-IL-12 antibody g 50 L4
Q.
p—1 (=]
T 500 2
E 060 & 25 o.
= o0 O e i hd .
Isotype Blocking - Isotype Blocking
control antibodies control antibodies
DY-IL-15tg OVA DY-IL-15tg OVA

Figure 2. Retinoic acid exerts an adjuvant effect on IL-15-mediated inflammatory T cell
responses

a, CD4™ T cells were cultured with WT SPL DC with the indicated cytokines.
Representative histograms gated on CD4* T cells show IFN-y expression. The bar graph
summarizes the percentage of IFN-y-producing CD4* T cells + s.e.m. (n=5). b, DY-IL-15tg
and WT mice were fed PBS (sham), OVA, RA, or a mixture of OVA and RA. IFN-y
secretion by Lp cells re-stimulated for 24 h with OVA. The results are the means of
triplicate samples obtained from two independent experiments. ¢, CD4* T cells were
cultured with SPL DC isolated from WT or 1L-12p40~~ mice as described in a. Intracellular
staining for IFN-y of gated CD4 T cells is shown. Results are representative of two
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experiments. d, Levels of 1L-12p40 in the MLN of WT and D9-I1L-15tg mice fed OVA, or a
mixture of OVA and the RAR antagonist LE135. The results are the means of triplicate
samples obtained from two independent experiments. Similar results were obtained for
IL-12p70 and IL-23 (data not shown). e, IFN-y secretion by Lp cells isolated from Dd-
IL-15tg mice fed PBS (sham), OVA, and LE135. The results are the means of triplicate
samples obtained from two independent experiments. f,g, DY-I1L-15tg mice were fed OVA
and treated with blocking anti-1L-12p40, anti-1L-15, and TMp-1 (anti-IL-2Rp) or isotype
control mAbs. The levels of IL-12p40 in the MLN (f) and IFN-y in Lp cells re-stimulated
overnight with OVA (g) were quantified. When anti-IL-15 and anti-1L-12 treatment
experiments were performed in parallel, control mice received a mixture of corresponding
isotype controls. Data represent two pooled experiments (n=6 mice per group) except for the
anti-1L-12 treatment (n=3 individual mice). *P<0.05, ** P <0.01, *** P <0.001 (unpaired
Student's t-test).
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Figure 3. Retinoic acid and IL-15 act in synergy to induce DC with proinflammatory properties
in a INK-dependent manner

a, Concentration-dependent JNK phosphorylation in WT or IL-2Rg~/~ BMDC upon IL-15
stimulation analyzed by western blot (left panel) and quantified (right panel). b, IL-12p70
secretion after overnight culture of WT SPL DC with increasing doses of RA, with and
without IL-15. Results are mean values + s.e.m. (n=3). ¢, CD4" Foxp3~ T cells were
cultured with WT SPL DC with anti-CD3 alone or combined with IL-15, TGF-p and
increasing doses of RA. The percentages of Foxp3* cells are shown. Graph depicts pooled
data + s.e.m (n=3). d, Concentration-dependent JNK phosphorylation in WT BMDC upon
IL-15 (0.01 ng/ml) and increasing doses of RA stimulation by western blot (left panel) and
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quantified (right panel). e, Concentration-dependent JNK phosphorylation in WT BMDC
upon stimulation with a RARa agonist (AM580). f, IL-12p70 secretion after overnight
culture of WT and RARa '~ BMDC with IL-15 alone or combined with RA. Data are
shown as means and s.e.m. (n=2). g, JINK phosphorylation in BMDC pretreated with
cyclohexamide (CHX) or actinomycin D (AD) prior to stimulation with 0.1 nM RA. h,
CD4* Foxp3~ T cells were cultured with SPL DC isolated from WT or JNK2~/~ mice with
the indicated cytokines. The percentages of Foxp3* and IFN-y* among CD4* T cells are
indicated. Results are representative of two independent experiments. *P<0.05, ** P <0.01,
(unpaired Student's t-test).

Nature. Author manuscript; available in PMC 2012 March 10.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

DePaolo et al.

Page 16
a b
®DQ8-DY-IL-15tg
*kk
oDQ8 — 525 a5
3,500. = S, )
5 3,000 ® (0] <
£ 2500 o 215 2
E 2,000: %o S 4 5
=3 8 8
= 1,000 ° 205 2
2. *k Oo . % 0 g
L 500 e — ! .
= o CONRR NN\ S\
ologs B S g T T
sham gliadin RA gliadin/RA DQ8 DQB-Dd-IL-15tg
c d
*kk
1 1 0.25 ** -
o) 8 | —— | —
S 075 . © 020 40 il
S * N S 0.15 ° @] sham
~ 0.50 - oo o _° 2 m gliadin
o 0. o — - w30
E ° g 0.101 @@ ° °
fl — v o
£0%5 , op0e foos{ & ¥ ¢ =20
© o ©° @ E o
. . . . w
\\} \\¥ \\ O =
5\(@6\@.@6\ gvaﬂ‘\g\.\bd\ %‘\aﬁ\g\,\,&\\ 6‘\0‘(\(}\\@6\ s .
DQ8  DQ8-DIL-15tg DQ8  DQ8-DIL-15tg DQ8  DQ8-DIL-15tg
e
60 . 350
50 — = 300 N
= S 250 R2-0.6249
&3 . o 290
> 5 150
w20 M Py < 100 .
T 101 _egqe® . 2 s50{ ®e
0l e - 04 ]
Control Active CD 0 10 20 30 40 50 60
patients patients IL-15 (pg/ml)

dietary antigen

it

Tolerogenic DC
Plasma cell B cell

IgA

1gG ’

IFN-y

IL-17
1
1
@@ /"_W
1
Effector T cells ! IL-12
] IL 23
i Thi7
1
; IL-12
! IL-23

Lamina propria I Mesenterlc lymph node Foxp3 Treg cell

IL-15(RA

Inflammatory DC

Figure 4. DQ8-Dd-IL-15tg mice fed gliadin mimic early stages of celiac disease reflecting
dysregulation in the adaptive immune response to gluten

a-d, DQ8 and DQ8-DY-1L-15tg mice were fed gliadin every other day for ten days. a, IFN-y
secretion by Lp cells after overnight culture with gliadin. b, ¢, Anti-gliadin 1gG, anti-gliadin
IgA, anti-TG2 IgG and anti-TG2 IgA titers from serum collected fifteen days after feeding.
d, Quantification of IEL among intraepithelial cells in small intestines fifteen days after the
last feeding. e, IL-15 and IL-12 expression in the Lp of CD patients. Immunohistochemical
stainings for IL-15 in gut tissue from an active celiac disease patient (left panel). Lp cells
were harvested from biopsies obtained from control (n=14) or active CD patients (n=7) and
assayed for levels of IL-15 and IL-12p70 by ELISA (middle and right panels). Equal
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concentration of total proteins was analyzed for each sample. **P<0.01, ***P<0.001
(unpaired Student's t-test). f, Proposed model for the co-adjuvant effects of RA and IL-15 in
the intestinal mucosa. Under inflammatory conditions, the expression of the pro-
inflammatory cytokine I1L-15 is upregulated in the Lp of the small intestine. Through the
synergistic action of IL-15 and RA, DC acquire the ability to release inflammatory
cytokines, particularly 1L-12 and IL-23. These inflammatory mediators then act in concert
with RA to prevent the induction of Foxp3* Treg cells and drive TH1 and potentially TH17
polarization. In turn, inflammatory T cells may provide help to B cells to produce specific
IgG and IgA antibodies.
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