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Abstract

Regulatory T cells (Tregs) are a subset of CD4* T cells with suppressive function and are critical
for limiting inappropriate activation of T cells. Hence, the expansion of Tregs is an attractive
strategy for the treatment of autoimmune diseases. Here, we demonstrate that the skin possesses
the remarkable capacity to systemically expand Treg numbers by producing thymic stromal
lymphopoietin (TSLP) in response to vitamin D receptor stimulation. An ~2-fold increase in the
proportion and absolute number of Tregs was observed in mice treated topically but not
systemically with the Vitamin D3 analog MC903. This expansion of Tregs was dependent on
TSLP receptor signaling but not on VDR signaling in hematopoietic cells. However, TSLP
receptor expression by Tregs was not required for their proliferation. Rather, skin-derived TSLP
promoted Treg expansion through dendritic cells. Importantly, treatment of skin with MC903
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significantly lowered the incidence of autoimmune diabetes in non-obese diabetic mice and
attenuated disease score in experimental autoimmune encephalomyelitis. Together, these data
demonstrate that the skin has the remarkable potential to control systemic immune responses and
that Vitamin D-mediated stimulation of skin could serve as a novel strategy to therapeutically
modulate the systemic immune system for the treatment of autoimmunity.
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1. Introduction

Preservation of immunologic tolerance to self is a complex process that involves both central
and peripheral mechanisms. The development and maintenance of regulatory T cells (Tregs)
is pivotal in the induction of peripheral tolerance [1-3]. Tregs are a subset of CD4* T cells
with suppressive function and are critical for limiting inappropriate activation of T cells.
Hence, the loss of Tregs leads to development of a widespread autoimmune syndrome in
both mice and humans [4-8]. Furthermore, impaired homeostasis and function within the
Treg subset underlies to a number of common autoimmune diseases such as type 1 diabetes
(T1D), multiple sclerosis, rheumatoid arthritis, and systemic lupus erythematous [9-12].
Moreover, treatment strategies that increase Treg numbers have been shown to be beneficial
in limiting inflammation in multiple mouse models of autoimmunity [13-15]. Thus,
understanding the cellular and molecular mechanisms by which Tregs expand is
fundamentally and therapeutically important.

Tregs depend on a number of other cell types in order to develop in the thymus as well as
survive and expand in the periphery. Two essential cell types are conventional T cells
(Tconvs) and dendritic cells (DCs) that provide cytokines as well as cellular contacts for
Tregs [16-18]. For example, Tconv-derived IL-2 drives the proliferation of Tregs in
conjunction with costimulatory signals provided by DCs [17, 19, 20]. Hence, the exogenous
administration of 1L-2 or cytokines that augment DC numbers (e.g., GMCSF or FLT3L)
leads to an expansion of Tregs in the periphery [17, 18, 20]. In addition to these known
factors, there is a large, complex network of interactions between immune cells and other
potentially unidentified cell types important in the maintenance of Tregs in both steady state
and inflammatory environments.

The interaction between the immune system and epithelial barrier surfaces has been
investigated by a number of studies examining the ability of skin and intestinal resident cells
to alter local immune response [21]. Tissues such as these that interface with the external
environment have a powerful ability to signal and instruct a local, compartmentalized
immune response [22]. In addition to controlling local immune responses, the ability of
remote tissues to alter systemic immune effects has recently been appreciated. For example,
the presence of segmented filamentous bacteria in the intestine has been shown to play a role
in the development of autoimmune diseases in the mouse at anatomical sites far from the
segmented filamentous bacteria exposure [23, 24]. As another example, treatment of the skin
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with a vitamin D3 analogue induces abundant quantities of thymic stromal lymphopoeitin
(TSLP) from keratinocytes [25], which in turn regulates systemic hematopoiesis of basophils
in the bone marrow [26].

TSLP has traditionally been recognized as a potent promoter of T helper type 2 (Th2) cell-
associated cytokine responses, but the role that it may play in regulatory T cell (Treg)
development has been hinted by a number of studies. These reports demonstrate a positive
role of TSLP in the development of thymic Tregs (tTregs) as well as conversion of Tconvs to
Tregs in the periphery [27, 28]. These studies suggest that in addition to stimulating a Th2
response, TSLP might have immunomodulatory effects by augmenting Treg development or
conversion. Thus, the production of TSLP from keratinocytes might represent a mechanism
by which the skin can modulate the systemic immune responses through Tregs.

To test this notion, we investigated whether Vitamin D3-stimulated skin possesses the ability
to alter Treg number or function. In this study, we show that the topical application of the
Vitamin D3 analog MC903 leads to a large expansion of peripheral Tregs in a TSLP-
dependent and DC-dependent manner. Importantly, topical MC903 treatment decreased the
incidence of disease in the non-obese diabetic (NOD) mouse model of T1D. Together, this
work demonstrates a remarkable ability of skin-derived TSLP to impact systemic immune
responses by expanding Tregs. The capability to manipulate an easily accessible organ such
as the skin provides a clear advantage in the development of clinical therapies for
inflammatory diseases.

2. Materials and Methods

2.1 Mice

TSLP receptor knockout (TSLP-R KO), C56BL/6.Thy1.1, C56BL/6 Foxp3.GFP reporter,
and C57BL/6.SJL Foxp3.GFP reporter mice were bred and maintained in our animal facility.
RAG2-GFP reporter mice (RAG2-NGBAC-GFP) were described previously (76). CD11c-
DTA mice were created by crossing CD11c-Cre mice with ROSA26-flox-STOP-DTA mice.
All other mice were purchased from The Jackson Laboratory or Charles River. Mice were
housed in pathogen-free conditions and treated in strict compliance with Institutional
Animal Care and Use Committee regulations of the University of Pennsylvania.

2.2 Flow cytometry, cell sorting, and data analysis

Antibodies for flow cytometry were purchased from eBioscience (San Diego, CA), BD
Bioscience (San Jose, CA), or Tonbo Bioscience (San Diego, CA). Flow cytometry was
performed with an LSR I, FACSCanto, or a FACSCalibur. Cell sorting was performed with
a FACSArria cell sorter (BD Biosciences) or MACS Cell Separation (Miltenyi Biotec; San
Diego, CA). Data were analyzed with FlowJo software (FlowJo LLC, Ashland, OR) and
Prism (GraphPad, La Jolla, CA).

2.3 MC903 treatment of mice

MC903 (Tocris Minneapolis, MN) was dissolved in 100% EtOH at a concentration of 200
UM. Mice were treated on both ears with 2 nmol/10-20 pl of MC903 or EtOH vehicle for 5-
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7 days. MC903 and EtOH treatment intraperitoneally consisted of injecting 4 nmol MC903
or an equivalent volume of EtOH diluted in 500 puL PBS for 5 days. Serum was collected
from mice on Day 3 post EtOH or MC903 treatment and TSLP content was measured by
ELISA using anti-TSLP capture antibody (2 pug/ml) and biotinylated anti-TSLP detection
antibody (0.1 pg/ml) (R&D Systems, Minneapolis, MN). On the indicated days post
treatment, mice were sacrificed and the blood and secondary lymphoid organs were analyzed
for Tregs and DCs by flow cytometry.

In some experiments, ear skin tissue was obtained by separating the dermal sheets of the ear
and digesting in 250 pg/ml LiberaseTL (Roche, Cat# 5401020001, Branchburg, NJ) and 10
pg/ml DNAse (Roche, Cat# 10104159001) for 90 min at 37°C. Digestion was quenched
with complete media and the cells were filtered through cell strainers and single cell
suspensions were analyzed by flow cytometry.

To measure Bromodeoxyuridine (BrdU) incorporation, mice were treated with EtOH or
MC903 (2nmol/ear) topically from days 0-6. On the final day of topical treatment, mice
were administered BrdU with an initial bolus of BrdU (2 mg in 200 pl PBS) i.p. and given
drinking water containing BrdU (1 mg/mL) until the time of sacrifice 3 days later.
Intracellular Foxp3 and BrdU staining was performed sequentially according to the
manufacturer’s protocol (eBioscience and BD Bioscience respectively).

2.4 Generation of VDR KO bone marrow (BM) chimeras

C57BL/6.SJL mice were lethally irradiated with a split dose of 11 Gy and reconstituted with
4 x 108 MACS-purified T cell-depleted (CD90.2) bone marrow of either C57BL/6 or VDR
KO origin. 9-10 weeks post reconstitution, mice were treated with EtOH or MC903 (2
nmol/ear) topically for 7 days and analyzed as described.

2.5 T cell adoptive transfers

For the pTreg conversion experiments, FACS-sorted Tconvs (CD45.2*Foxp3.GFP~) and
Tregs (CD45.1*Foxp3.GFP*) were injected i.v. into lymphoreplete C57BL/6.Thy1.1
wildtype (WT) mice at a Tconv:Treg ratio of 3:1. Three days post transfer, mice were treated
with ethanol (EtOH) or MC903 (2nmol/ear) topically from day 3-9 and analyzed on day 11.
To test for the requirement of TSLP-R on Tregs, MACS-sorted CD4* T cells from WT
C57BL/6.SJL (CD45.1%) or TSLP-R KO (CD45.2%) mice were CFSE-labeled, mixed at a
1:1 ratio, and 10 x 108 cells were injected i.v. into WT C57BL/6.Thy1.1 host mice. Mice
were treated with EtOH or MC903 (2nmol/ear) topically from day 3-7 and analyzed on day
11.

2.6 In vitro Treg assays

To test iTreg generation, FACS-sorted DCs (CD3e~CD19"DX5"CD11c*IAPB*) and Tconvs
(CD4*Foxp3.GFP~) were plated at a 1:1 ratio. Culture medium consisted of T cell media
(MEM-a supplemented with 10% FBS, 1% penicillin/streptomycin, 10 mM HEPES, and 1
x 10~ M 2-mercaptoethanol) and contained anti-CD3 (1 pg/ml), IL-2 (100 U/ml), TGFB (1
ng/ml), and/or TSLP (50 ng/ml). The expression of Foxp3 by CD4* T cells was analyzed by
flow cytometry 4 days after culture. For Treg/DC co-culture assays, FACS-sorted DCs and
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CFSE-labeled Tregs (CD90.2*CD8a.~Foxp3.GFP*) were plated at a 1:1 ratio in T cell media
containing 1L-2 (0.5 - 50 U/ml) and/or TSLP (3 — 50 ng/ml) with or without CTLA4-Ig (20
pg/ml) or anti-PD-L1 antibody (20 pg/ml). CFSE labeling was performed by resuspending
cells with PBS containing CFSE (5 mM) at 37°C followed by continuous shaking for 9 min.
The reaction was then immediately quenched with 100% FBS, and the cells were washed
before culture. CFSE dilution of Tregs was analyzed by flow cytometry 4 days after culture.
For Treg suppression assays, Tregs were FACS-sorted (CD90.2*CD8a."Foxp3.GFP*) from
EtOH and MC903 (2nmol/ear) topically treated WT C57BL/6.SJL Foxp3.GFP mice at day 8
and Tconvs (CD4*GFP~) from WT C57BL/6 Foxp3.GFP reporter mice. The Tconvs were
CFSE-labeled and cultured at various ratios with Tregs in the presence of irradiated T cell-
depleted feeder cells and soluble anti-CD3 (1 pg/ml). CFSE dilution of Tconvs was assessed
by flow cytometry after 4 days in culture.

2.7 NOD T1D model

Female NOD mice were treated with EtOH or MC903 (2nmol/ear) topically three times a
week, every other week, between 5 and 12 weeks of age or between 14 and 21 weeks of age.
Blood glucose was measured weekly by tail blood using a Contour Blood Glucose monitor.
Development of diabetes was determined by two consecutive blood glucose readings =
250mg/dl. Insulitis scoring was performed on hematoxylin and eosin-stained pancreatic
sections removed at week 10 and week 13 of age. The slides were blinded and a score of 0 to
4 was assigned based on islet infiltration, as previously described (77). Insulitis scores were
graded as follows: grade 0, normal islets; grade 1, mild mononuclear infiltration (<25%) at
the periphery; grade 2, 25-50% of the islets infiltrated; grade 3, >50% of the islets
infiltrated; grade 4, islets completely infiltrated with no residual parenchyma remaining.
More than 130 islets per group were analyzed and pooled from sections obtained from
different mice.

2.8 Experimental autoimmune encephalitis (EAE) induction

EAE was induced as previously described [29]. Briefly, mice were immunized with an
emulsion of MOG35_s5 peptide (CS Bio, Menlo Park, USA) with complete Freund’s
adjuvant (Difco; Detroit, MI) divided equally into 50 pl at each shoulder and flank. At the
time of immunization and 48 hours later, mice were injected intraperitoneally with 200 ng of
Pertussis toxin (Enzo; Farmingdale, NY) in PBS. Beginning seven days prior to
immunization, mice were treated topically with 10 pl of vehicle (EtOH) or MC903 (2nmol/
ear) three times per week. After the seventh dose, treatment was discontinued. Mice were
scored according to a standard 5 point scale [30].

2.9 Statistics

Statistical analysis was performed by Student’s #test, paired #test, or chi-squared test as
indicated in the Figure Legends using Prism computer software.
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3. Results

3.1 Topical MC903 treatment increases systemic Treg numbers through TSLP signaling

To test whether skin-derived TSLP affects peripheral Treg numbers, we stimulated the skin
through the vitamin D receptor (VDR) using the vitamin D3 analog, MC903. WT mice were
treated with topical MC903 or vehicle (EtOH) once a day on both ears for 7 days (Figure
1A). On day 8, the fraction of Tregs (% Foxp3* of total CD4* T cells) was significantly
elevated in the spleen, blood, skin, and skin-draining cervical lymph nodes (dLN) (Figure 1,
B and C). Additionally, the absolute number of Tregs was also significantly increased in the
lymphoid organs of mice treated with MC903 compared to EtOH (Figure 1D).

Vitamin D3 can exert effects directly on the immune system [31]. MC903 is relatively skin
impermeable compared to vitamin D3 and has a significantly decreased half-life in
circulation due to its inability to bind to vitamin D binding protein [32]. However, since
mouse ear skin is thin, it was still possible that MC903 was leaking into the systemic
circulation, and that MC903 directly increased Treg numbers by stimulating hematopoietic
cells through their VDR. To test the possibility, we first compared the ability of topical vs.
intraperitoneal (i.p.) MC903 administration to increase Treg numbers. Although topical
MC903 treatment augmented Treg numbers systemically, no change was seen when the
same amount of drug was injected i.p. (Figure 1E). Next, we created VDR KO bone marrow
(BM) chimeras to test whether VDR signaling in hematopoietic cells was required for
MC903 to increase Treg numbers. The fraction of Tregs was increased equally by topical
MC903 treatment in WT and VDR KO BM chimeras (Figure 1F). These data suggest that
MC903 acted on a skin-resident cell rather than on hematopoietic cells to systemically
increase Treg numbers.

It has previously been shown that topical MC903 treatment induces TSLP production by
keratinocytes, which is detectable in the circulation [33]. Consistent with these reports,
TSLP was undetectable in the sera of EtOH-treated animals but found at high levels in
MC903-treated mice (Figure 2A). To determine if TSLP was responsible for the MC903-
mediated increase in Treg numbers, we treated WT and TSLP-R KO mice with EtOH or
MC903 topically for 7 days. On day 8, we observed increases in both Treg percentages as
well as total numbers in WT mice but not in the TSLP-R KO mice (Fig. 2, B and C).
Together, these data suggest that VDR-stimulated skin possesses the ability to systemically
increase Treg numbers by producing TSLP.

3.2 MC903-induced TSLP augments the proliferation of pre-existing Tregs

Given the potential role of TSLP in thymic generation [27] of Tregs (tTregs) and in the
conversion of Tconvs into peripherally derived Tregs (pTreg) [28], we tested the contribution
of these processes to the MC903-mediated increase in Treg numbers. We first examined the
impact of topical MC903 treatment on the generation of tTregs by assessing Treg
percentages within the thymus of mice. After 7 days of topical MC903 treatment, no
increase in the percentage of Tregs in the thymus was seen (Figure 3A). To test whether
thymic export of tTregs was increased with topical MC903 treatment, we utilized RAG2-
GFP reporter mice to track recent thymic emigrants [34]. When RAG2-GFP mice were
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treated with EtOH or MC903 topically, we found no difference in the percentage of GFP*
Tregs (recent thymic emigrants) in the spleen at day 8 (Figure 3B), suggesting that the
increase in Treg numbers was not due to thymic export of newly developed tTregs.

Next, we tested whether topical MC903 treatment affected the generation of pTregs. We first
examined the expression of helios and neuropilin-1, which have been shown to be expressed
predominately by tTregs but not pTregs [35, 36]. The fraction of Tregs expressing helios and
neuropilin-1 was similar between MC903 and EtOH-treated mice, suggesting that the
generation of pTregs was unaltered by topical MC903 treatment (Figure 3C). We next
utilized an adoptive transfer model to track the generation of pTregs from Tconvs.
Congenically disparate Tconvs and Tregs were co-transferred into a lymphoreplete host,
which were then topically treated with EtOH or MC903. At Day 8 of treatment, the
contribution of the adoptively transferred Tconvs to the total donor Foxp3* pool was small
and was not increased in MC903 compared to EtOH-treated mice (Figure 3, D and E),
suggesting that MC903 treatment did not increase the conversion of Tconvs into pTregs.
Finally, we tested the effects of TSLP on inducible Treg (iTreg) formation and found that
TSLP inhibited rather than augmented the generation of iTregs. Together, these data suggest
that the conversion of Tconv to Foxp3* pTregs is unlikely to contribute to the increase in
Treg numbers observed in MC903-treated mice (Figure 3F).

Given that thymic generation and peripheral conversion of Tregs were unlikely contributors
to MC903-mediated Treg expansion, we hypothesized that MC903 treatment promoted the
proliferation of pre-existing Tregs. To measure the proliferation of the Tregs, MC903 and
EtOH-treated mice were pulsed with BrdU for 3 days to determine BrdU uptake by Tregs.
Tregs from MC903-treated animals incorporated significantly more BrdU than Tregs from
EtOH-treated mice (Figure 4, A and B), suggesting that MC903-mediated Treg expansion
was due to increased proliferation of pre-existing Tregs.

We phenotypically and functionally analyzed the expanded Tregs from MC903-treated mice.
Tregs can be divided into subsets known as central and effector, with the central subset being
quiescent and the effector subset being more proliferative [37]. Along with the observed
increase in proliferation, we found that the resulting Tregs in MC903-treated mice exhibited
an effector phenotype as evidenced by increased expression of the markers GITR, CTLA4,
ICOS, and CD103 (Figure 4, C and D). Effector Tregs are characterized by high expression
of CD44 and low levels of CD62L. Although there was no difference in the fraction of
CD62L'° Tregs, the activation marker CD44 was expressed on Tregs at significantly higher
level in MC903 compared EtOH-treated mice (Fig. 4, E and F). Despite the activated
effector phenotype of the Tregs in MC903 mice, they were no more suppressive than Tregs
from an EtOH-treated mouse on a per-cell basis as determined by an /n vitro Tconv
proliferation suppression assay (Figure 4G).

3.3 MC903-induced TSLP expands Tregs indirectly by a dendritic cell-dependent

mechanism

Expression of TSLP is largely restricted to epithelial cells, while expression of the TSLP
receptor has been found in many immune cell types including Tregs [38]. To test whether
TSLP-R signaling is required by Tregs for MC903-mediated expansion, CFSE-labeled WT
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and TSLP-R KO CD4* T cells were adoptively transferred into a congenically disparate WT
host and subsequently treated with EtOH or MC903 for 7 days (Figure 5A). Compared to
EtOH treatment, MC903 treatment significantly augmented CFSE dilution of Tregs.
Surprisingly, both WT and TSLP-R KO Tregs diluted CFSE to a similar extent, suggesting
that TSLP-R signaling by Tregs was not required for MC903-mediated proliferation (Figure
5C). These data suggest that the effect of TSLP on Treg proliferation is mediated by another
TSLP-responsive cell type.

Treg proliferation is largely dependent on contacts with DCs. Since DCs also express TSLP-
R (49), we tested whether DCs were necessary for the expansion of Tregs with topical
MC903 treatment. DC-deficient (CD11c-DTA mice) and WT littermates were treated with
EtOH or MC903 topically for 7 days and on day 8, Tregs were assessed in the spleen and
locally within the skin of the mice. While WT mice showed a significant increase in the
proportion of Tregs at both locations, there was no increase observed in CD11c-DTA mice
(Figure 5, C and D). This demonstrated a requirement for DCs in MC903-induced Treg
expansion.

To further test the role of DCs in TSLP-mediated Treg expansion, we co-cultured purified
DCs and Tregs in the presence or absence of TSLP and/or IL-2. The addition of TSLP alone
induced a small amount of proliferation by Tregs. Moreover, TSLP amplified Treg
proliferation by DCs in the presence of IL-2 (Figure 6A). Similar effects were seen at a
range of physiological IL-2 and TSLP concentrations (Supplementary Fig. 1). This effect
was dependent on the expression of TSLP-R on DCs, but was independent of TSLP-R
expression by Tregs (Figure 6, B and C). Altogether, these data suggest that TSLP-sensing
DCs are responsible for Treg expansion by topical MC903 treatment.

We have previously shown that DCs are required for Treg proliferation, because they provide
co-stimulatory signals through CD80 and CD86 [19, 39]. These signals in conjunction with
IL-2 are sufficient to promote Treg proliferation. Thus, we examined whether MC903
treatment upregulated co-stimulatory molecule expression by DCs. The fraction and
absolute number of DCs was increased in draining lymph nodes but not in the spleen of
MC903 compared to EtOH-treated mice after 3 days of treatment. Moreover, the expression
of CD80, CD86, and PD-L1 were significantly increased on lymph node DCs
(Supplementary Figure 2, A-D). Splenic DCs showed an increase in CD86 and PD-L1
expression but not CD80 (Supplementary Figure 2, E-H). Similarly, a 24~ hour TSLP
treatment of cultured DCs also induced higher levels of CD80, CD86, and PD-L1 in WT but
not in TSLP-R KO DCs (Figure 7, C and D). The upregulation of CD80 and CD86 appeared
to be in part responsible for the augmented proliferation, as the co-stimulatory blockade with
CTLAA4-1g but not PD-L1, inhibited TSLP-augmented Treg proliferation (Figure 7E). These
data suggest that elevated CD80/86 expression by DCs plays a role in TSLP-augmented Treg
proliferation.

3.4 Topical MC903 treatment decreases the incidence of diabetes in NOD mice

We next tested whether MC903-mediated Treg expansion could display benefit in the
amelioration of autoimmune disease. We first examined the impact of topical MC903
treatment in the non-obese diabetic (NOD) model of T1D, since increases in Treg numbers
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have been shown to delay the onset of disease, while depletion of Tregs accelerates disease
progression [14, 15, 28, 40]. Female NOD mice were treated with MC903 using a slightly
modified treatment schedule. Since continuous daily application of MC903 to ear skin of
mice elicits an atopic dermatitis-like disease, mice were given EtOH or MC903 three times a
week, every other week. This allowed for continuous treatment of the mice over a prolonged
period with little to no evidence of atopic dermatitis-like disease. Although NOD mice
exhibited ~50% of the number of circulating Tregs compared to B6 mice at baseline, we
found that Tregs in the peripheral blood remained ~2 fold elevated in MC903 compared to
EtOH-treated NOD mice using this treatment protocol (Figure 8A). These effects correlated
with a significantly decreased incidence of diabetes in MC903 compared to EtOH treated
mice (Figure 8B). Histologic analysis of pancreata taken at 12 weeks of age showed an
overall decrease in mean insulitis score in mice treated with MC903 compared to EtOH
(Figure 8C). Moreover, the number of unaffected islets was significantly higher in the
treatment group (Figure 8D). Since almost all NOD mice will exhibit insulitis at 14 weeks of
age [41], we treated a cohort of NOD mice starting at 14 weeks of age to test the impact of
MC903 treatment in NOD mice with existing insulitis. Although the data were not
statistically significant (p = 0.08), we found that MC903 treatment started at this time point
exhibited a trend towards delaying the onset of T1D (Figure 8E).

We next tested the impact of MC903 treatment in another autoimmune disease model, EAE,
which has also been shown to be alleviated by Treg expansion [13]. It has been shown that
Tregs could be unstable under the acute inflammatory conditions in EAE [42], so it was
important to examine whether MC903 could still increase Treg numbers in this setting.
Similar to NOD mice, topical treatment of MC903 resulted in an increase in the fraction of
circulating Tregs (Figure 9A). This again correlated with significantly reduced disease
scores in MC903 compared to EtOH-treated mice (Figure 9B). Together, these data
demonstrate that topical treatment with MC903 may represent a novel strategy to expand
Tregs and to treat inflammatory diseases that can be alleviated by Treg expansion.

4. Discussion

There is a recognized importance of non-immune cells within local tissue to produce factors
critical in regulating immune responses. In particular, epithelial cells have been linked to the
production of a number of cytokines that are known to play roles in local immune activation.
Additionally, intestinal signals driven by the presence of segmented filamentous bacteria
have been found to be important in the activation of not only local responses but also
influence the outcome of systemic disease such as EAE and autoimmune arthritis in sites far
removed from SFB exposure [23, 24]. Similar to the gut, the skin also possesses the ability
to alter immune responses in more than just the local tissue. For example, treatment of the
skin of mice with MC903 promotes hematopoiesis of basophils from the bone marrow in a
TSLP-dependent manner [26].

In this report, we demonstrate that the skin also has the ability to control Treg numbers both
locally and systemically through the elaboration of TSLP. Although TSLP-R deficiency does
not lead to decreases in Treg numbers at baseline, tTreg generation can be enhanced with
TSLP [27, 43, 44]. Additionally, although TSLP signaling by DCs was not an absolute
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requirement for iTreg generation [45], more iTregs were found when naive Tconvs were
cultured with DCs that developed in conditions containing TSLP [28]. Intriguingly, however,
our data suggest that neither thymic generation/export nor peripheral conversion of Tregs
was responsible for MC903-mediated Treg expansion. Rather, based on CFSE dilution and
BrdU incorporation studies, we found that MC903-derived TSLP promoted the proliferation
of pre-existing Tregs.

IL-2-induced STAT5 phosphorylation is a critical signaling pathway for Treg proliferation
[46]. Similar to IL-2, TSLP transmits its signal through the phosphorylation of STAT5 [47]
and thus, we predicted that TSLP acted directly on Tregs to promote their proliferation. In
addition, TSLP can act directly on CD4" T cells to augment their proliferation [48].
Surprisingly, however, we found that MC903-driven Treg expansion did not require TSLP-R
expression by Tregs. Instead, we found that TSLP promoted Treg proliferation by acting on
DCs, since Treg numbers were not augmented by MC903 treatment in mice lacking DCs.
Moreover, TSLP significantly augmented Treg proliferation when Tregs were co-culture
with WT but not TSLP-R KO DCs.

There has been long-standing interest in harnessing the potential of Vitamin D as a
therapeutic agent for immune modulation. Epidemiological studies have associated Vitamin
D deficiency with a variety of autoimmune diseases including T1D [49-51]. The impact of
Vitamin D deficiency on immune cells has been thought to be direct, as numerous studies
have shown that Vitamin D can directly suppress the activation of immune cells such as T
cells, DCs, monocytes/macrophages, and B cells [31]. Moreover, oral or parenteral treatment
of mice with Vitamin D or its analogs results in improved disease outcomes in a variety of
autoimmune mouse models including multiple sclerosis, arthritis, and T1D [52-54].
However, clinical trials to investigate the effects of oral or intravenous Vitamin D
supplementation in autoimmune patients have been met with limited success [49]. In T1D,
Vitamin D supplementation has been shown to provide modest benefit in reducing the
amount of insulin needed for glucose control [55]. The effects of Vitamin D supplementation
on autoimmune diseases may be ineffective or modest at best, because of the limited dose of
Vitamin D that can be administered systemically before serious side effects such as
hypercalcemia appear.

As opposed to the prevailing notion that Vitamin D derives its effects by direct action on all
target cells, immunomodulation by Vitamin D may not require systemic exposure. Our data
demonstrate that topical but not systemic treatment with MC903 increases Treg numbers.
Moreover, Treg numbers were increased in MC903-treated VDR KO BM chimeras,
suggesting that VDR signaling by hematopoietic cells was not required for Treg expansion.
Thus, VDR signaling in the skin alone appears sufficient to harness the immunomodulatory
potential of Vitamin D. Restricting VDR signaling to the skin alone can be potentially
accomplished by using MC903, which has low systemic absorption through the skin.
Moreover, low-calcemic Vitamin D analogs such as MC903 do not readily cause
hypercalcemia, because these drugs do not bind to Vitamin D binding protein in the
circulation, rendering the systemic half-life of MC903 short [32]. Thus, MC903 is optimal
for treatment of skin diseases such as psoriasis. However, our data suggest that topical
MC903 treatment has the potential not only to improve localized skin diseases but also to
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affect systemic inflammation by the elaboration of TSLP. Thus, topical MC903 application
could represent a novel strategy for skin-mediated immunomodulation in treatment of
systemic inflammatory disorders.

Indeed, our data support the notion that a systemic autoimmune disease can be treated with
topical MC903 application. Topical MC903 treatment of NOD mice enhanced Treg numbers
and reduced the incidence of T1D. Histology and diabetes incidence curves suggest that
MC903 treatment at an early age has a beneficial effect to prevent insulitis from developing,
however, once established, the kinetics of disease appear similar to control littermates. In
addition to preventing T1D, topical MC903 treatment also showed a trend toward delaying
the onset of T1D even after the development of insulitis (week 14 of age). Changes in Treg
numbers have been implicated in both the prevention and the enhancement of the
progression of T1D in the NOD mouse model. Depletion of Tregs leads to a significantly
faster onset of disease as measured by blood glucose level [40]. Alternatively, increasing
Tregs through either adoptive transfer or treatment with agents to increase Tregs /n vivo
leads to protection from diabetes [14, 15, 28]. In addition to augmenting Treg numbers,
MC903 treatment may also be protective in T1D by promoting Th2 responses and skewing
of the immune response away from the Thl inflammation that drives diabetes [56, 57].
Although our modified MC903 treatment protocol (every other day/every other week) did
not result in any overt Th2-driven atopic dermatitis-like disease, it is still possible that some
Th2 skewing contributed to MC903-mediated protection against T1D in NOD mice. In
addition to protection against T1D, we also found that topical MC903 treatment increased
circulating Treg numbers and protected against disease in EAE-induced mice. Tregs have
been previously shown to lose Foxp3 and convert to effector T cells in the inflammatory
environment of EAE [42]. Despite this, we found that Tregs were elevated in MC903-treated
mice with EAE, suggesting that MC903 could provide benefit even under acute
inflammatory processes.

Topical MC903 treatment will not be beneficial in every auto-inflammatory disease setting.
For example, if there is an inherent defect in Treg function, merely increasing the number of
Tregs by MC903 treatment may not be sufficient to alleviate disease. We were surprised to
find that there was no significant difference in the ability of Tregs to suppress Tconv
proliferation /in vitro, suggesting that MC903 treatment did not increase the function of
Tregs. However, many markers that are associated with increased function of Tregs were
upregulated (GITR, CTLA4, CD103, ICOS) and the Tregs adopted an activated phenotype
(CD44M) in MC903-treated mice. Thus, it is possible that the Tregs from MC903-treated
mice are more functional /n vivo. It is also important to note that while tTreg numbers were
increased by MC903 treatment, the generation of iTregs was reduced by TSLP /n vitro.
Thus, MC903 treatment may also not be effective in diseases such as colitis or bone marrow
transplant-associated graft-versus-host disease (GVHD), where the peripheral conversion of
Tconvs to Tregs contributes to disease protection [58, 59].

Our data bear implications on how Vitamin D production in the skin upon UV exposure
(sunlight or therapeutic) can modulate both local and systemic immune responses. UVB
converts 7-dehydro-cholesterol into pre-Vitamin D3, which consequently will enrich
Vitamin D3 in the skin. Although it is widely believed that conversion of pre-Vitamin D3 to
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active Vitamin D3 requires the liver and the kidney, skin keratinocytes express the necessary
enzymes to convert pre-Vitamin D3 into active Vitamin D3 [60]. Thus, active Vitamin D3
can be produced locally in the skin, potentially leading to TSLP-mediated Treg expansion.
This could provide a mechanistic explanation as to how phototherapy is beneficial in the
treatment of inflammatory skin diseases such as cutaneous GVHD and psoriasis. Although
the amount of Vitamin D3 produced locally upon natural sunlight exposure may be less
compared to topical MC903 treatment, Tregs may still be increased at local sites of sunlight
exposure. This could be beneficial in maintaining tolerance to environmental antigens and
commensals encountered by the skin.

5. Conclusions

In summary, our data present a model in which VDR stimulation of the skin can increase
Treg numbers both locally and systemically through the production of TSLP (Figure 8).
Although it has previously shown that TSLP can be induced by VDR stimulation of skin,
our report is the first to propose the concept that skin-derived TSLP can have systemic
immunomodulatory effects by expanding Tregs. This is of particular importance as we begin
to recognize the strong ability of local tissue responses, in places such as the skin, to alter
the immune cells outside of the immediate environment. Moreover, there is great potential in
creating therapies that take advantage of the biology of the skin to produce the intermediary
cytokines needed for altering both local and systemic immune responses.
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Vitamin D3-treated skin produces TSLP that systemically increases Treg
numbers.

Skin-derived TSLP systemically expands pre-existing Tregs.
TSLP-mediated Treg expansion is not direct and requires DCs.

Topical Vitamin D3 may be useful in treatment of autoimmunity and
inflammation.
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Fig. 1.

Topical MC903 treatment increases Treg numbers independent of VDR expression on
hematopoietic cells. (A) C57BL/6 mice were treated with ethanol (EtOH) or MC903
(2nmol/ear) once daily for 7 days. On day 8, mice were euthanized and analyzed. (B)
Representative flow plots of live CD4" cells from spleens of EtOH and MC903 treated mice
at day 8. (C) The percent of Tregs of CD4* T cells in blood, spleen, skin-draining lymph
nodes (dLN) and skin at day 8 is plotted as mean £ SEM (7= 6-10 mice/group from 4
independent experiments). (D) Total Treg numbers in the spleen and dLN at day 8 are
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plotted as mean £ SEM (/7= 6-10 mice/group from 3 independent experiments). (E) The
percent of Tregs of CD4* T cells at day 8 from mice treated with EtOH or MC903 topically
or i.p. is plotted as mean + SEM (7= 5-6 mice/group from 2 independent experiments). (F)
WT and VDR KO BM chimeras were treated with EtOH or MC903. ) The percent of Tregs
of CD4™" T cells in spleen on day 8 after treatment is plotted as mean + SEM (7= 4-5/group
from 2 independent experiments) *p<0.05 and ***p<0.001 by Student’s #test.
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Fig. 2.

TSLP-R is required for MC903-mediated increases in Treg numbers. (A) C57BL/6 mice
were treated with ethanol (EtOH) or MC903 (2nmol/ear) once daily. Serum TSLP was
measured by ELISA on day 3 of treatment and plotted as mean + SEM (n= 3 mice/group).
n.d. = not detected. (B) The percent of splenic Tregs of CD4* T cells and (C) total Treg
numbers on day 8 after treatment of WT and TSLP-R KO mice is plotted as mean £ SEM (n
= 3 mice/group) *p<0.05 and ***p<0.001 by Student’s #test.
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Fig. 3.

Augmentation of thymic generation/output or peripheral Treg conversion is not responsible
for MC903-mediated increases in Treg numbers. (A) C57BL/6 mice were treated with
ethanol (EtOH) or MC903 (2nmol/ear) once daily. The percent of splenic Tregs of single-
positive (SP) CD4* T cells in the thymus at day 8 is plotted as mean + SEM (/7= 6 mice/
group from 2 independent experiments) (B) RAG2-GFP reporter mice were treated with
EtOH or MC903 for 7 days and the percentage of GFP*CD4*CD25"! cells of all Tregs in
the spleen on day 8 is plotted as mean + SEM (= 3-4/group). (C) Representative flow plots
of helios and neuropilin-1 staining of Tregs in the spleen of mice on day 8 after treatment is
shown. (D) FACS-sorted Tconvs (CD45.2*Foxp3.GFP™) and Tregs (CD45.1*Foxp3.GFP*)
were transferred into C57BL/6.Thy1.1 mice and treated with EtOH or MC903 topically for 7
days. Representative flow plots gated on live, CD4" Foxp3-GFP™ cells derived from Tconv
(CD45.2%) and Treg (CD45.1%) transferred cells is shown. (E) The percent of Tregs derived
from Tconv in EtOH and MC903 treated mice is plotted as mean £ SEM (7= 4 mice/group).
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(F) FACS-sorted DCs and CFSE-labeled Tconvs were co-cultured and stimulated with anti-
CD3 and different combinations of TGFp and TSLP as indicated. Representative flow plots
gated on live, CD4* T cells expressing Foxp3 and CD25 are shown. n.s. = not significant by
Student’s ¢test.
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Fig. 4.

Topical MC903 treatment augments Treg proliferation and expression of activation markers
but not suppressive function. (A) C57BL/6 mice were treated with EtOH and MC903
(2nmol/ear) for 8 days and administered BrdU for the last 3 days of treatment.
Representative histogram plots and (B) the percent of Tregs incorporating BrdU at day 9
plotted as mean + SEM (7= 7-8 mice/group of two independent experiments) is shown. (C)
Representative histogram plots of phenotypic surface markers (GITR, CTLA4, ICOS, and
CD103) expressed by Tregs and (D) their MFI relative to EtOH control in the spleen at day 8
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plotted as mean £ SEM (7= 3 mice/group) is shown. (E) Representative density plots of
CD62L and CD44 expressed by Tregs and (F) the % of Tregs within each subset in the
spleen at day 8 is plotted as mean £ SEM (7= 4 mice/group) is shown. (G) The ability of
Tregs from MC903 or EtOH-treated mice to suppress anti-CD3-stimulated Tconv division at
different Treg:Tconv ratios plotted as mean + SEM of triplicate cultures is shown. **p<0.01
and ***p<0.001 by Student’s ftest.
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Page 25

MC903-derived TSLP indirectly expands Tregs by a dendritic cell-dependent mechanism.
(A) CFSE-labeled WT (CD90.1*) and TSLP-R KO (CD45.2*) CD4* T cells were
transferred into CD45.1* mice and treated with EtOH or MC903 (2nmol/ear) for 5 days and
analyzed 4 days later. (B) The percent of Tregs in the spleen and lymph node at day 11 that

are CFSE low is plotted as mean + SEM (7= 8/group from 2 independent experiments) (C)
WT and CD11c-DTA mice were treated with EtOH or MC903 (2nmol/ear) and Tregs were

measured in the spleen and (D) skin at day 8. Summary data are plotted as mean + SEM
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(n=5-8/group from two independent experiments). *p<0.05, **p<0.01, ***p<0.001, and n.s.
= not significant by Student’s #test.

J Autoimmun. Author manuscript; available in PMC 2018 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Leichner et al. Page 27
A - - IL2 IL2
- TSLP TSLP
\ \
WT DC | n /\ I
73 | 28 ’ 44 ‘\ 6\6 I
* | I
WT Treg / \ ‘\\ }\ /\ H
‘ “/
ML AN AN
TSLP-RKO | | ] \'\ ﬁ \
DC 10 20 | 40 (\ 41 ‘1‘
+ { it ‘
WT Treg ‘H I J\
L JN - \
B CFSE —
r\ " | ﬂ
wroc | 1 | 47 /\ 43 /\ 7/?\ J‘
WT}reg )}\ H ]\ /ﬂ “\J\
AN | AN AN \
\ | ,
WT DC f q ; |
SN
TSLP-R KO /\ 1 ,\\ L
Treg I LY Ul
CFSE —
C Without IL2 With 1L2
1.0 2.0
5 os| P=0.098 3 p=0.031
WTDC 2 21
N < 0.6 £ 10
WT Treg @ 04 2 QZ
= 2 05
8 02 a8
0.0 0.0
~TSLP +TSLP ~TSLP +TSLP
0.3+ 1.5
TSLP-RkO & | P=042 g |pe0s8
DC £ 024 £ 10 o—e
+ g G\ g
WT Treg :é’ 0.14 :é’ 0.5
[a) [a) 04:
0.0 0.0
—TSLP +TSLP -TSLP +TSLP
0.3+ 1.5
WTDC 3 p=0.015 5 p=0.09
+ 2 02 2 10
TSLP-RKO S <
Treg Ig 0.14 g’ 05 e%:
a8 a
0.0 0.0
—TSLP +TSLP —TSLP +TSLP

Fig. 6.

TSLP stimulates Treg proliferation /n vitro through dendritic cells. (A) CFSE-labeled WT
Tregs were co-cultured with dendritic cells of either WT or TSLP-R KO origin for 96 hours
with TSLP and/or IL-2. (B) CFSE-labeled WT or TSLP-R KO Tregs were co-cultured with
WT dendritic cells for 96 hours with TSLP and/or IL-2. Representative FACS plots are gated
on CD4*Foxp3* Tregs. (C) The division index of Tregs is plotted in the presence (right
plots) or absence (left plots) of IL-2 with (closed circles) or without (open circles) TSLP is
plotted across multiple experiments. Statistical analysis was performed by paired ¢test.
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Fig. 7.

TSLP-mediated upregulation of CD80 and CD86 is partially responsible for the ability of
TSLP-stimulated DCs to augment Treg proliferation. (A) Representative plots of CD80,
CD86, and PD-L1 expression by WT or TSLP-R KO DCs treated with or without TSLP for
24 hours is shown. (D) CFSE-labeled WT Tregs were co-cultured with WT dendritic cells
for 96 hours with I1L-2 and/or TSLP with or without CTLA4-Ig or anti-PD-L1 antibody. The
% of CFSE!® Tregs is indicated in the histogram plots. One representative of 3 independent
experiments is shown.

J Autoimmun. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Leichner et al.

A

% Foxp3* of CD4* T cells

Average Insulitis Score

% Diabetic

Page 29

157 100~
ﬁ r'\E/lt(c)gHos -+- EtOH — :
o 801 —— MC903 :
104 Fedkek 5 E_
0 60+ i
~ o ~e---_5 g ;
5_ = e/ o\o 40- E- neT
20 e
0 T T T T 0 T T : T T T 1
Pre Week 1 Week3 Week5 0 5 10 15 20 25 30 35
Age (weeks)
p=0.03
25 801 p = 0.01
I . [] EtOH
. o 60 Il Vvicoo3
()
1.5+ @
45 404
1.04 o\°
204
0.5+
0.0 T 0-
EtOH MC903 0 1 _ .2 3 4
Incidence of Diabetes Insulitis Grade
100
-4- EtOH
801 —— MC903
60+
40+
20+
C 1 | 1]
0 5 10 15
Age (weeks)
Fig. 8.

Long-term topical MC903 treatment increases Tregs in NOD mice and decreases the
incidence of diabetes. (A) Female NOD mice were treated with EtOH or 2nmol/ear MC903
three times a week every other week between 5-12 weeks of age. The percent of circulating
Tregs of CD4* T cells at baseline, Week 1, Week 3, and Week 5 from mice treated with
EtOH or MC903 topically is plotted as mean + SEM (7= 7-8 mice/group). ***p<0.001 by
unpaired, two-tailed Student’s ftest. (B) The fraction of EtOH and MC903-treated NOD
mice developing diabetes (two consecutive blood glucose readings =250 mg/dl) is plotted
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over time (n = 7-8 mice/group). p= 0.015 by Mantel-Cox test. (C) Insulitis scoring was
performed on pancreatic specimens taken from 2 experiments (week 10 and week 13 of age;
n=7-8 mice/group/experiment). A score of 0 to 4 was assigned based on islet infiltration.
Summary data from >130 islets per group are shown. The average insulitis score and the (D)
percent of islets scored in each grading category is plotted. (E) Female NOD mice were
treated with EtOH or 2nmol/ear MC903 three times a week every other week between 14-21
weeks of age. The fraction of EtOH and MC903-treated NOD mice developing diabetes
(two consecutive blood glucose readings =250 mg/dl) is plotted over time (7= 10-12 mice/
group). p=0.22 by Mantel-Cox test. Statistical analysis was performed by Student’s #test
(C) or by chi-squared test (D).
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Fig. 9.

MC903 treatment promotes Treg expansion and attenuates disease in EAE-induced mice.
Mice were treated with MC903 or vehicle (EtOH) prior to and subsequently after the
induction of active EAE with MOG3s5_s5. (A) The frequency of circulating FoxP3* Tregs in
MC903-treated mice (filled circles) and EtOH controls (open circles; /7= 8 per group, p=
0.04 by Student’s ttest) is shown. (B) Clinical scores for mice treated with MC903 (filled
circles) and EtOH (open circles) are shown. The graph is inclusive of two separate
experiments (7= 8 mice per group per experiment).
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Fig. 10.
Model of MC903-mediated Treg expansion. MC903 activates the VDR of keratinocytes to

induce systemically available TSLP. Circulating TSLP acts on DCs in secondary lymphoid
organs, which drives the systemic proliferation of Tregs.
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