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Abstract

1,25-Dihydroxyvitamin D 3 is immunosuppressive both in vivo and in vitro. Topical vitamin D 

analogs such as calcipotriol alter keratinocyte function, but their effects on cutaneous immune 

responses are less well understood. We demonstrate that exposure of the skin to calcipotriol before 

transcutaneous immunization with OVA protein and CpG adjuvant prevents Ag-specific CD8+ T 

cell priming coincident with Langerhans cell depletion in the skin. Immunization through 

calcipotriol-treated skin induces CD4+CD25+ regulatory T cells (Treg) that prevent subsequent 

Ag-specific CD8+ T cell proliferation and IFN-γ production. Treg induced by calcipotriol are able 

to inhibit the induction and the elicitation of protein contact hypersensitivity. Topical calcipotriol 

treatment also induces RANKL (receptor activator of NF-κB ligand) expression by keratinocytes, 

a TNF family member involved in modulation of skin dendritic cells. UV light B induces Ag-

specific tolerance when it is applied before transcutaneous immunization. We suggest that UV 

light B-induced tolerance is induced via a vitamin D receptor-dependent mechanism as vitamin D 

receptor (VDR) knockout mice fail to increase FoxP3+ Treg in their peripheral draining lymph 

node following irradiation. Additionally, keratinocytes of VDR−/− mice fail to induce RANKL 

upon UV irradiation or calcipotriol treatment. The in vivo expansion of Ag-specific Treg with the 

topical application of the vitamin D analog calcipotriol followed by transcutaneous immunization 

is a simple method to augment functional Ag-specific CD4+CD25+Foxp3+ Treg populations and 

mimics Ag-specific UV-induced tolerance.

The CD4+CD25+ regulatory T cells (Treg)3 play a significant role in maintaining peripheral 

tolerance (1). Strategies to expand these cells or to induce the differentiation of such cells in 
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vivo are being pursued to treat allergic and autoimmune disease. The activated metabolite of 

vitamin D (1,25-dihydroxyvitamin D3, VD3) exerts actions through its nuclear receptor, the 

VD3 receptor (VDR) (2, 3). Expression of VDR on immune cells such as dendritic cells and 

T cells suggests that the function of VD3 extends well beyond bone metabolism and calcium 

homeostasis. A number of studies have shown that VD3 is immunosuppressive in both 

humans and animals. VD3 has an inhibitory effect on dendritic cell (DC) maturation and 

differentiation in vitro, which results in a marked decrease in T cell stimulatory capacity (4). 

Furthermore, dietary VD3 analog supplementation expands Treg and prevents auto-immune 

diabetes in the NOD mouse (5). Use of such analogs for immunomodulation in vivo has 

been hampered by concern over toxicities, including hypercalcemia; however, topical 

analogs of VD3 such as calcipotriol (MC903) have been used clinically for >10 years in the 

treatment of psoriasis without systemic toxicity (6). The effect of this topical treatment on 

immune suppression and Treg has not been explored.

The skin is an excellent organ for immunization. Exposure of protein Ag through the skin 

induces dominant Th2 T cell and Ab responses and is termed transcutaneous immunization 

(TCI) (7). Concurrent topical adjuvant application can promote Th1 skewing and safely 

increase the amplitude of the response (8). The skin likewise is an ideal site for tolerance 

induction, as UV light (UV) exposure of skin suppresses T cell-mediated immune responses, 

and TCI through UV-exposed skin results in the generation of Ag-specific Treg (9). 

Keratinocytes up-regulate RANKL (receptor activator of NF-κB ligand) expression upon 

UV exposure, promoting the expansion of FoxP3+ Treg in mouse skin-draining lymph nodes 

(LN) (10) and possibly enabling the generation of Ag-specific Treg. Given the oncogenicity 

of UV light, we investigated whether topical application of the VD3 analog calcipotriol 

before protein TCI would affect the outcome of immunization, and if Ag-specific Treg could 

be generated. Herein, we demonstrate that TCI through skin treated with the VD3 analog 

calcipotriol abolishes Ag-specific CD8+ T cell priming and further induces CD4+CD25+ 

Treg, thereby promoting Ag-specific tolerance. Both UV and calcipotriol treatment induce 

RANKL expression in the skin. VDR-deficient mice fail to up-regulate keratinocyte 

RANKL expression in response to UV or calcipotriol and do not demonstrate Treg 

accumulation in the skin-draining LN. This work suggests that UV-mediated RANKL 

expression may be induced through cutaneous VDR stimulation, and it proposes a new and 

practical method of inducing Ag-specific Treg in vivo.

Materials and Methods

Mice

C57BL/6 mice were purchased from Charles Rivers Laboratories. OT-I, OT-II, and 

FoxP3gfp mice (11) were purchased from The Jackson Laboratory. VDR knockout (KO) 

mice (12) (on a mixed C57BL/6 and DB-1 background) were kindly provided Dr. S. Kato 

(University of Tokyo). VDR genotypes were determined on genomic DNA from tail clips as 

previously reported (13). VDR KO mice were raised from weaning on 2% calcium and 20% 

lactose rescue diets (14). All animal experiments were conducted according to institutional 

animal care protocol requirements.
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Vitamin D treatment

Calcipotriol (Donovex; Leo Pharma) ointment (50 μg/g) or plasticized base (5% 

polyethylene glycol and 95% mineral oil) was applied 30 mg/ mouse on the shaved dorsal 

skin of mice before TCI.

UV radiation

UV radiation was provided by four FS40 TL2 lamps (National Biological). FS40 lamps emit 

3% in the UVC range, 45% in the UVB range, and 52% in the UVA range. The emission 

peak is at 310 nm (in the UVB range). The irradiance of the source at the center averaged 10 

J/m2/s, as measured by an IL400A radiometer, using an SEL 240 UVB detector 

(International Light). Groups of mice were anesthetized and subsequently irradiated on 

shaved dorsal skin over 4 consecutive days (daily 1200 J/m2).

Peptides and proteins

OVA protein (OVA-V; Sigma-Aldrich) and BSA (Roche Diagnostics) were used as topical 

immunogens.

Adoptive transfer of T cells

OT-I T cells were isolated from the pooled LN and spleen of naive OT-I mice. CD8+ T cells 

purified by positive selection using CD8 microbeads (Miltenyi Biotec) to >90% purity were 

labeled with CFSE (Molecular Probes) and 5 × 106 cells were injected into the tail vein of 

C57BL/6 mice on the second day of calcipotriol treatment. Mice were immunized 24 h after 

the last calcipotriol treatment. Mice were euthanized and skin-draining LN were analyzed 3 

days following immunization (day 7).

For adoptive transfer of CD4+ T cells, peripheral LN and spleens were pooled and CD4+ T 

cells were negatively selected to >95% purity using an enrichment kit (StemCell 

Technologies); 5 × 106 CD4+ cells were adoptively transferred. CD4+CD25+ T cells were 

positively purified from peripheral LN and spleen using microbeads (Miltenyi Biotec) to a 

purity of >90%. CD4+CD25− cells were negatively selected; 2 × 106 cells (or as indicated 

for titration) were transferred. OT-I cells were also cotransferred as indicated. Mice were 

immunized 24 h after the transfer and skin-draining LN were harvested 3 days later.

Transcutaneous immunization

Immunization was performed as described (9) 1 day after the calcipotriol or vehicle 

treatment. Following the removal of calcipotriol or plasticized base and tape stripping to 

remove the stratum corneum, animals were immunized with OVA (500 μg) and 500 μg of 

CpG (oligodeoxynucleotide 1826, 5′-TCCATGACGTTCCTGACGTT-3′, prepared by the 

Oligonucleotide Synthesis Facility of the University of British Columbia). All immunogens 

were applied in 50 μl of PBS followed by tape occlusion for 24–48 h. Application of 

plasticized base (control) before TCI did not affect immune responses to TCI.
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Flow cytometry

Cells were analyzed using a FACSCalibur flow cytometer (BD Biosciences) and CellQuest 

software following staining. Abs to CD8 (clone 53-6.7), CD4 (clone RM 4-5), IFN-γ (clone 

MG1.2), CD45 RA B220 (clone RA3-6B2), CD25 (clone PC16), and CD152 (clone 

UC10-4F10-11) were from BD Pharmingen. The Ab for FoxP3 (clone FJK-16s) was from 

eBioscience. Peptide-specific transgenic CD8+ T cells were identified using a PE-conjugated 

Kb-OVA tetramer (made in-house). Intracellular cytokine staining for IFN-γ was performed 

as described (9). Foxp3 staining was performed without in vitro stimulation.

Epidermal sheet preparation

Epidermal sheets were prepared, stained with anti-mouse I-Ab (clone AF6-120.1; BD 

Pharmingen) as described (9), and images were captured with a Zeiss Axioplan 

epifluorescent microscope equipped with a COHO-CCD camera.

Protein contact hypersensitivity (CHS)

OVA protein CHS responses were induced and measured as described (9). In experiments 

involving the transfer of cells, donor mice were treated with calcipotriol or vehicle (no 

treatment) and then immunized over the treated skin once with OVA protein (500 μg) and 

CpG (500 μg) beginning 24 h after calcipotriol treatment. Four days later, CD4+CD25+ cells 

were isolated from LN and spleens. Recipient mice were immunized with OVA and CpG on 

the back. CD4+CD25+ donor-derived cells (2 × 106) were transferred into recipient mice 4 

days after recipient mouse immunization. One day later, mice were challenged with either 

OVA or BSA protein and ear swelling was compared with the contralateral untreated ear. To 

assess the Ag specificity of the response, BSA protein was also used for immunization.

Immunohistochemistry

Mice were treated daily with calcipotriol for 3 days or were UV irradiated (9). Staining of 

RANKL was performed on treated formalin-fixed skin using Ab to RANKL (clone 12A668; 

Imgenex), secondary biotin-labeled goat anti-mouse Ab, and 3,3′-diaminobenzidine 

tetrahydrochloride as a fluorochrome.

Statistical analysis

Groups were compared using two-tailed Student’s t tests and results were displayed using 

Prism 3 (GraphPad Software).

Results

Topical calcipotriol prevents the transcutaneous priming of CTL to protein Ag

Calcipotriol is a VD3 analog with low-calcemic activity used topically for the treatment of 

psoriasis (6). Application of calcipotriol in the setting of psoriasis alters keratinocyte 

function and may have a direct suppressive effect on immune cells. To determine the effect 

of calcipotriol on skin immune responses, we studied the effect of this drug on protein TCI. 

Application of protein Ag to tape-stripped skin in mice with the coadministration of the 

TLR9 agonist CpG induces Ag-specific CTL (15). We used the adoptive transfer of naive 
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Ag-specific T cells to follow CTL responses to topical Ag following calcipotriol 

administration. OT-I CD8+ T cells, which respond to the immunodominant Kb-restricted 

OVA-derived epitope, were adoptively transferred into naive hosts. Recipients were treated 

with three daily applications of calcipotriol ointment or control vehicle. OVA protein with 

CpG adjuvant was next applied to the treated skin. Labeling of the naive OT-I CD8+ T cells 

with CFSE allowed the detection of proliferation and intracellular cytokine analysis and 

detection of CTL precursors. The level of proliferation and IFN-γ production in the skin-

draining LN was determined 3 days following immunization (Fig. 1F). TCI through 

calcipotriol, but not vehicle-treated skin, inhibited the priming of OVA-specific CTL (Fig. 1, 

A and B). The preventive effect of calcipotriol on OT-I proliferation was only observed 

when OVA Ag was applied at the same location as the calcipotriol treatment (the back) but 

not at a different site (the abdomen; Fig. 1C). Thus, the inhibitory effect of calcipotriol on 

CD8+ T cell immune activation is a local effect. Importantly, CTL priming by TCI through 

calcipotriol treatment is impaired even in the presence of an artificially high frequency of 

CTL precursors (OT-I cells). The inhibition of T cell priming was not global, as CD4+ T cell 

expansion to TCI was not affected (data not shown).

In vitro studies have demonstrated that DC function and phenotype may be modified directly 

by VD3 (4). Human (6) and murine Langerhans cells (LC) express vitamin D receptors that 

may modulate their function (16). Treatment of epidermal cells with VD3 in vitro inhibits 

the production of keratinocyte-derived GM-CSF, an activation factor for LCs, which results 

in suppression of the ability of LC to stimulate allogeneic T cell proliferation (17). 

Additionally, a direct immune-suppressive effect of VD3 treatment on purified LCs derived 

from mouse skin has been shown (18). To investigate the effect of calcipotriol on murine LC 

in vivo, the frequency of these cells within epidermal sheets was assessed following drug 

application. The number of MHC-II+ cells (LC) was visibly diminished in epidermal sheets 

24 h after repeated treatment with calcipotriol when compared with vehicle (Fig. 1D). Thus, 

topical calcipotriol administration inhibits the generation of subsequent CD8+ T cell 

responses to TCI and results in diminished numbers of intraepidermal LC.

Application of protein with adjuvant to tape-stripped skin induces CTL that mediate protein 

CHS (9). To determine the physiologic significance of inhibition of CTL priming by 

calcipotriol, the elicitation of a protein CHS response following priming was studied (Fig. 

1E). Mice were treated with calcipotriol or vehicle and then immunized with protein Ag. 

Five days after immunization, mice were challenged with OVA on the ears and the resultant 

ear swelling was measured. Mice treated with calcipotriol before OVA sensitization had 

significantly reduced ear swelling compared with control OVA only-sensitized mice without 

prior calcipotriol treatment. These results demonstrate that topical calcipotriol impairs the 

CTL priming response to cutaneous Ag (induction of protein CHS), and they support a 

recent human study in which topical application of calcipotriol diminished the induction of 

CHS to dinitrofluorobenzene (19). This also indicates that physiologically significant 

alteration in skin immune function is an important mode of action of this drug.
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CD4+CD25+ T cells induced by immunization through calcipotriol-treated skin transfer 
tolerance in an Ag-specific manner

Polyclonal Treg prevent autoimmunity and control host immune responses (20). Topical 

application of soluble VD3 induced the activation of CD4+CD25+ Treg in the draining LN 

of BALB/c mice. These activated Treg were able to suppress the proliferation of transgenic 

OVA-specific DO11.1 CD4 T cells in vitro (21). We have previously demonstrated that TCI 

through UV light-treated skin can be used to expand Ag-specific Treg (9). UV irradiation 

induces biosynthesis of the activated form of vitamin D in the skin. We next sought to 

determine whether topical calcipotriol treatment before TCI could likewise expand Ag-

specific Treg. Preliminary experiments demonstrated that the adoptive transfer of purified 

CD4+ T cells from animals treated with calcipotriol and immunized to OVA by TCI into 

naive hosts would inhibit subsequent CTL priming to OVA Ag (unpublished data). 

Application of calcipotriol and subsequent OVA TCI resulted in an increase in the fraction 

of CD4+CD25+ T cells in the draining LN (Fig. 2A). To identify the cellular subset of CD4+ 

T cells responsible for the transfer of tolerance, 2 × 106 purified CD4+CD25+ T cells or 

CD4+CD25− T cells from mice immunized to OVA by TCI following calcipotriol 

application were transferred into naive mice. Recipient mice were next immunized with 

OVA, and CTL priming was assessed by OT-I transfer (Fig. 2B, as depicted in Fig. 2E). 

CD4+CD25+ T cells, but not CD4+CD25− T cells from previously calcipotriol-treated and 

OVA-immunized animals, inhibited the priming of OT-I cells. The suppression of OVA-

specific OT-I cells mediated by adoptive transfer of CD4+CD25+ cells was Ag-specific, as 

no suppression was induced when these cells were transferred from animals immunized to 

BSA by TCI after calcipotriol treatment as compared with cells from animals immunized to 

OVA (Fig. 2C). In these experiments as few as 5 × 104 Treg were sufficient to transfer the 

tolerance and inhibit OT-I proliferative responses (Fig. 2D). Thus, Ag-specific Treg induced 

by TCI through calcipotriol-treated skin are highly efficient in suppressing the priming of 

potentially damaging Ag-specific CTL.

Immunization through calcipotriol-treated skin induces Treg that prevent the elicitation of 
CHS responses

The Treg induced by TCI through calcipotriol-treated skin were capable of preventing the 

priming of CTL following topical TLR9 agonist application (Fig. 2). Treg induced through 

the skin following UV light have been reported to home poorly to the skin and to be unable 

to prevent the elicitation of conventional CHS unless they are directly transferred into the 

skin (22). However, UV-induced VD3 programs DC to enhance the epidermotropism of T 

cells (23) by promoting the induction of CCR10 expression on the T cells. We thus asked 

whether the Treg induced by TCI following topical calcipotriol and transferred i.v. could 

inhibit the elicitation of a protein CHS response in the skin. Mice were immunized to OVA 

or BSA by standard TCI. Four days later, these mice received CD4+CD25+ T cells by i.v. 

adoptive transfer from calcipotriol-treated and OVA-immunized or BSA-immunized mice. 

One day following this adoptive transfer, immunized mice were challenged with OVA or 

BSA protein on the ears, and protein CHS responses, as demonstrated by ear swelling, were 

determined (as depicted in Fig. 3A). The transfer of Treg from TCI mice following 

calcipotriol treatment prevented the elicitation of the protein CHS response in an Ag-
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specific fashion, as only the ear swelling elicitation response with the relevant protein (either 

BSA or OVA) was significantly inhibited (Fig. 3B). Treg expanded in vivo in this way are 

thus able to prevent the elicitation of an established immune response in an Ag-specific 

manner, suggesting that this method of tolerance induction may be of value in the inhibition 

of established immunity (such as autoimmunity).

To confirm that calcipotriol-induced Treg are able to inhibit the priming of endogenously 

generated Ag-specific CTL, Treg induced by calcipotriol were assessed for their ability to 

suppress the priming and expansion of OVA-specific CTL in OVA TCI mice. The adoptive 

transfer of 2 × 106 CD4+CD25+ OVA and calcipotriol-induced Treg prevented the 

expansion of Kb OVA tetramer-positive CD8+ T cells in C57BL/6 mice subsequently 

immunized with OVA and boosted on day 7 (Fig. 3C). Such OVA-specific CTL (roughly 

2% of the CD8+ T cells) were readily detected in the skin-draining LN by tetramer analysis 

13 days after immunization in controls that did not receive adoptively transferred Treg.

Immunization through calcipotriol-treated skin expands Ag-specific FoxP3+ Treg

FoxP3 is a master regulator for Treg, required for both the development and function of 

CD4+CD25+ Treg (24). We next determined the fraction of FoxP3+CD25+ cells among 

CD4+ T cells within the draining LN following topical calcipotriol treatment. Application of 

calcipotriol and protein Ag (with CpG adjuvant) doubled the fraction of CD25+FoxP3+ cells 

among CD4+ T cells within the draining LN postimmunization (Fig. 4, A and B). This 

increase was noted with either OVA or BSA Ags. To determine whether Ag-specific 

stimulation enhanced the expansion of Ag-specific Treg, we used OT-II mice that are 

transgenic for the CD4+ T cells responding to the immunodominant I-Ab-restricted epitope 

of OVA. Whereas naive OT-II mice had a lower fraction of CD4+CD25+FoxP3+ T cells 

than did wild-type mice, this fraction increased 3-fold following TCI with calcipotriol and 

OVA compared with an undetectable expansion noted when BSA was used as Ag. B6 mice 

did not demonstrate a difference in the TCI-induced expansion of the FoxP3+ Treg 

population when either OVA or BSA was used as Ag. This demonstrates that TCI through 

calcipotriol-treated skin directly promotes the expansion of Ag-specific FoxP3+ Treg. 

Expansion of FoxP3+ Treg was not mediated by calcipotriol alone or immunization of the 

skin with OVA alone in B6 mice and only combined treatment resulted in a significant 

expansion of this population (Fig. 4C). In these studies, CpG adjuvant was used topically a 

priori to enhance CTL generation. The CpG used in these experiments enhanced the 

expansion of Treg to topical OVA in OT-II mice, possibly due to enhanced Ag transfer, but 

CpG treatment was not a requirement for the Treg expansion (Fig. 4C). To explore potential 

mechanisms mediated by calcipotriol-stimulated Treg to induce suppression, we examined 

the phenotype of draining LN resident and splenic Treg following 4 days of topical 

calcipotriol treatment and OVA-TCI. To easily identify Treg, we used recently described 

FoxP3-GFP reporter mice (11). Although naive FoxP3 expressing Treg constitutively 

expressed CTLA-4, calcipotriol and OVA TCI resulted in a significant up-regulation of this 

molecule on these cells (Figs. 4, D and E).
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UV-mediated FoxP3+ Treg activation is VDR dependent in vivo

UV irradiation of the skin enhances the relative fraction and number of FoxP3+ Treg in skin-

draining LN (9). These cells mediate transferable suppression of CTL. We have shown that 

topical calcipotriol, a VD3 analog, likewise prevents the priming of CTL in response to 

locally administered Ag and may be used to induce Ag-specific Treg following TCI. To 

determine whether VD3 signaling is required for the UV-mediated activation of Treg, we 

studied the effect of UV irradiation on the frequency of Treg in vitamin D receptor-deficient 

animals (VDR KO) (12). VDR KO mice, in contrast to wild-type and heterozygote 

(VDR−/+) animals, failed to increase FoxP3+ Treg in their skin-draining LN when analyzed 

3 days following UV irradiation. These data suggest that Treg induction and the suppressive 

effect of UV irradiation occur through the VDR (Fig. 5A).

Keratinocytes expression of RANKL following calcipotriol treatment or UV treatment is 
VDR dependent

UV-induced expression of RANKL, a TNF-family molecule, by keratinocytes appears 

critical in the modulation of skin DC function to permit the expansion of Treg within the 

draining LN (10). Topical calcipotriol induces the expression of immunomodulatory 

proteins by keratinocytes (25). Likewise, VD3 may promote RANKL expression. We thus 

investigated the expression of RANKL in the skin following topical calcipotriol application. 

Three daily applications of calcipotriol to murine skin resulted in high levels of RANKL 

protein expression as determined by immunohistochemistry (Fig. 5B, bottom panel). This 

was comparable to the levels obtained following UV light exposure (Fig. 5 B, middle panel). 

Thus, both UV and calcipotriol induce keratinocyte RANKL. This suggests that, in addition 

to possible direct effects upon the skin resident DC, topical calcipotriol may modulate Treg 

by altering DC activation indirectly through the modulation of keratinocyte RANKL 

expression. To determine whether VDR expression affects RANKL induction, VDR KO 

mice, heterozygotes, and wild-type mice were treated with calcipotriol or were UV 

irradiated. Three days later, skin samples were taken from treated sites and compared with 

control untreated mice for the expression of RANKL. Treatment of VDR KO mice with 

either UV or calcipotriol failed to induce RANKL expression (Fig. 5B, rightmost column). 

This demonstrates that RANKL induction in keratinocytes by either UV or calcipotriol is 

dependent on VDR signaling.

Discussion

The suppression of cytotoxic T cell responses by Treg is essential to homeostasis and the 

control of autoimmune disease. Despite experimental success with different methods of Treg 

induction, a safe, simple, and Ag-specific mode of inhibiting immune responses has not yet 

been achieved. Treg make up only 5–10% and 1–2% of the CD4+ T cell pool in mice and 

humans, respectively, and thus therapeutic applications have been limited by prohibitively 

low numbers of Ag-specific Treg. Protocols for the robust expansion of Ag-specific Treg are 

therefore urgently required. The development of an efficient method for the expansion of 

Ag-specific Treg from a polyclonal pool has been challenging. An in vitro expansion 

protocol involving the alternation of Ag-specific stimulation and polyclonal stimulation with 

the usage of Abs to CD28 and CD3 (26) in the presence of high-dose IL-2 has been 
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described but is costly and inefficient. Optimizing the expansion of Treg in vivo may be a 

more viable approach to developing Treg therapies.

UVB has long been known to have immunosuppressive properties (27) and potently inhibits 

the induction of CTL responses in mice (9). The use of UV irradiation for Ag-specific 

tolerance induction in humans has practical limitations and raises concerns over the 

oncogenicity of UV administration. One potential strategy for safely harnessing the 

tolerogenic effects of UV light may be through the use of vitamin D analogs. UV light plays 

an essential role in the biosynthesis of vitamin D, as UV irradiation of the skin triggers 

conversion of vitamin D to its activated form VD3. This molecule can then exert its function 

through the VDR, which is widely expressed in the body. Indeed, its presence on a variety of 

immune cells initiated interest in this molecule as an immune system regulator, independent 

of its recognized role in regulating bone metabolism (28, 29). The immunosuppressive 

potential of VD3 has been clearly demonstrated both in vitro and in vivo (4, 5). Calcipotriol, 

a synthetic analog of VD3 lacking systemic calcitropic effects, has been used extensively by 

clinicians in the management of skin conditions such as psoriasis (6). In this study we 

explored the suppressive effects of topical calcipotriol treatment on immune responses to 

cutaneously applied Ag.

TCI involves using skin DC to present Ag to T cells in the draining LN, thereby activating 

CD8+ CTL and CD4+ T cells. In our experiments with the adoptive transfer of transgenic 

CD8+ OT-I T cells, OT-I cell priming in response to TCI was inhibited after repeated daily 

topical calcipotriol treatment (Fig. 1, A and B). These cells were unable to proliferate or 

produce significant amounts of IFN-γ. These suppressive effects of calcipotriol treatment 

upon TCI could be due to direct or indirect effects on APC, direct suppression of CTL, 

inhibition of CD4+ helper T cells, and/or induction of suppressor T cells. However, 

calcipotriol was not generally immunosuppressive, as CD4+ T cell proliferative responses 

were not inhibited (data not shown). Calcipotriol administration prevented the priming of 

CTL even when the Ag-specific precursor frequency was artificially high following OT-1 

adoptive transfer. Calcipotriol also suppressed the expansion of CTL when naive mice were 

immunized and boosted with OVA TCI (Fig. 3A), demonstrating that suppression by 

calcipotriol can inhibit the generation of CTL derived from physiologic numbers of Ag-

specific CTL precursors. The suppressive effect of calcipotriol is a local effect, as 

application of Ag to an area untreated with calcipotriol did not result in suppression of OT-1 

proliferation or cytotoxicity (Fig. 1C). The suppressive effects of calcipotriol were evaluated 

in an in vivo model of CHS (Fig. 1E). We found that calcipotriol treatment before OVA 

sensitization prevented an ear-swelling response, illustrating the potential utility of this drug 

to prevent the induction of CHS.

Topical calcipotriol administration significantly reduced the number of MHC-II+ cells in 

epidermal sheets, corresponding with the previously described effects of VD3 on LC (30). 

Further study is required to explore whether the observed disappearance of LC is due to 

apoptosis, migration, or to the down-regulation of MCH-II expression. Treatment of purified 

skin-derived LC with VD3 inhibits expression of MHC-II, CD40, CD54, CD80, CD86, 

migratory capacity, and cytokine production (18). VD3 has multiple effects on myeloid DC, 

including the induction of the potentially immunoregulatory ILT3 (31) and CCL22 up-
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regulation (32), a cytokine attracting Treg. In vitro stimulation of VDR on DC can also 

promote the induction of CD4+CD25+ T cells (5, 33). Thus, the alteration of LC by 

calcipotriol may explain some of its direct immunosuppressive effects.

TCI (with protein Ag and CpG adjuvant) through topical calcipotriol-reated skin increased 

the frequency of CD4+CD25+ Treg in draining LN. This led us to explore whether topical 

administration of calcipotriol promoted Ag-specific Treg induction. The discovery of FoxP3 

as the key transcription factor controlling Treg development resulted in significant advances 

in Treg immunobiology (34). FoxP3 was highly expressed in the CD4+ CD25+ cell 

population in all of our mice, regardless of treatment (Fig. 3B). However, FoxP3-xpressing 

CD4+CD25+ Treg isolated from BSA-tolerized donor mice were not capable of preventing 

the OT-I response to OVA-TCI in recipients (Fig. 2C), suggesting that TCI and calcipotriol-

induced Treg act in an Ag-specific manner. The Treg induced by calcipotriol and TCI are 

highly potent, and as few as 5 × 104 T cells transferred was enough to suppress the OT-I 

response (Fig. 2D). In our CHS model, the transfer of 2 × 106 Treg induced by OVA-TCI or 

BSA-TCI was able to reduce ~80% of the ear CHS response to their respective Ags; 

however, a small amount of suppression (20–25%) was also seen when an irrelevant Ag was 

used (Fig. 3B). This demonstrates the potency of the Ag-specific Treg generated and 

suggests that Treg with a broader (Ag nonspecific) suppressive function may also be 

generated. The Ag-independent suppressive activity of these cells (Fig. 2C) was likely not 

detected in the OT-1 adoptive transfer experiments due to the high frequency of Ag-specific 

CTL precursors requiring suppression. Ag specificity of our Treg was further confirmed by 

the increase in FoxP3 expression seen within transgenic OT-II CD4+ T cells when treating 

OT-II mice with OVA protein, an effect that was not seen when BSA was used (Fig 4B). In 

contrast, Gorman et al. (21) have shown that application of topical VD3 without Ag 

immunization increased the suppressive ability of Treg in vitro without increasing their 

frequency in vivo. Treg induced by this group had general, Ag-independent suppressive 

activity both in vitro and in vivo. Our use of topical Ag and TLR9 agonist following topical 

calcipotriol administration may explain our ability to detect Ag specificity and an increase in 

frequency of Treg (Fig. 4C). Treg induce their suppressive function via multiple 

mechanisms: 1) cell-cell contact and interaction between CTLA-4 on the surface and its 

ligands CD80 and CD86 on DC or effector T cells, or 2) secretion of suppressive cytokines 

(IL-10 or TGF-β) (reviewed in Ref. 35). CTLA-4 has recently been shown to be essential for 

the Treg-mediated inhibition of autoimmunity (36). Treg induced by calcipotriol treatment 

followed by OVA-TCI demonstrated a significant increase in surface CTLA-4 molecule 

expression (Fig. 4, D and E). The control of CD8 T cell responses by CD25+ Treg has been 

well described (37). Future studies will be required to determine whether the induced Treg 

interact with APC or directly with potential effector T cells in vivo.

Remarkably, the induction of FoxP3+ Treg by UV irradiation was VDR dependent, as UV-

irradiated VDR−/− mice failed to show any increase in this subset (Fig. 5A). Although 

synthesis of activated VD3 is dependent on UV irradiation, and the immunosuppressive 

effects of UV and VD3 have been recently linked (21), UV-induced Treg induction has not 

been previously shown to be VDR dependent. To explore the common pathway that UV and 

VD3 share in induction of Treg, we looked at the expression of RANKL, a member of the 
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TNF-β family that is induced by both UVB (10) and VD3 (38). Expression of RANKL on 

keratinocytes along with interaction with its receptor on APC have been shown to be critical 

for induction of Treg following UV light exposure (10). We document up-regulation in 

C57BL/6 mice after UV or calcipotriol treatment. RANKL up-regulation was abrogated in 

VDR−/− mice, suggesting that both UV- and calcipotriol-induced RANKL expression occurs 

through the VDR (Fig. 5B). Failure of FoxP3 up-regulation in VDR−/− mice could therefore 

be due to absence of RANKL expression (Fig. 5B). UV light induces immunosuppression by 

multiple pathways, including keratinocyte-mediated cytokine production and the local 

induction of cis-urocanic acid (reviewed in Ref. 27). While we demonstrate a possible role 

for VDR in the generation of UV-induced Treg, the role of VDR in these other 

immunomodulatory skin responses remains to be determined.

Herein, we demonstrate that calcipotriol treatment prevents the subsequent priming of CD8+ 

T cells to topical Ags. Topical calcipotriol increases the proportion of Treg in the skin-

draining LN. Furthermore, TCI through calcipotriol-treated skin induces Ag-specific 

tolerance mediated by CD4+CD25+FoxP3+ cells. These cells have the ability to prevent the 

further priming of potentially damaging CD8+ T cells in an Ag-specific manner and are able 

to inhibit an established immune response in the form of protein CHS. A physiologically 

relevant expansion of Ag-specific Treg is promoted by a topical drug (calcipotriol) that has 

been in clinical use for other indications for more than a decade.

There are multiple parallels between this phenomenon and the observed Treg induction 

following UV light exposure as detailed in our work (9) and as exemplified by the induction 

of keratinocyte RANKL expression (10). Recently, there has been a renewed interest in the 

importance of vitamin D, and possibly sun-induced vitamin D production, on the control of 

autoimmune disease. This work demonstrates that topical vitamin D expands Treg and can 

be harnessed to do so in an Ag-specific manner. Taken together, our results show a profound 

inhibitory effect of a topical vitamin D analog on CD8+ T cell priming and activation. These 

effects may not only lead to a potential therapeutic use for Treg against allergic and 

autoimmune-based diseases, but may promote the development of a strategy for enhanced 

CTL response to cutaneous tumors or bacterial Ag vaccination via the selective blockade of 

VDR.
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FIGURE 1. 
Effect of topical calcipotriol upon the priming of CD8+ T cells to cutaneous Ag. CFSE+OT-I 

CD8+ T cells were transferred into naive B6 mice that were then treated three times daily on 

the back with 30 mg of calcipotriol ointment 50 μg/g or vehicle (plasticized base). Animals 

were next topically immunized (TCI) with OVA protein (500 μg) and CpG (500 μg). OT-I 

cells from the draining LN were assessed for proliferation and IFN-γ production 3 days later 

as indicated in F. A, Representative histograms and dot plots gated for CD8+ cells. 

Percentages indicate the proportion of CFSE+ cells that have divided at least once and 

express IFN-γ, respectively. B, Proliferation and IFN-γ production normalized to OVA-

immunized but previously untreated mice. C, Suppressive effect of calcipotriol on OT-I 

proliferation and IFN-γ production was observed only when subsequent immunization was 

performed at the same site (back (same site) vs back and abdomen (different site); n = 4). D, 

Calcipotriol application resulted in depletion of MHC-II+ cells in skin epidermal sheets (n = 

2–4). E, Calcipotriol treatment before immunization inhibited induction of OVA protein 

CHS as measured by ear swelling in mice following OVA application to the ears (n = 6 

mice/group; sum of two experiments); all error bars represent SEM.
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FIGURE 2. 
Topical calcipotriol followed by TCI induces Ag-specific CD4+CD25+ Treg. A, The fraction 

of CD25+ T cells among CD4+ T cells in the skin-draining LN was determined after three 

daily applications of calcipotriol, followed by OVA immunization (n = 6/group). B, Effect 

of CD4+ T cell subsets transferred from calcipotriol-treated mice upon CD8+ T cell priming 

responses in previously naive mice. CD4+CD25+ T cells or CD4+CD25− T cells from 

calcipotriol-treated and OVA-immunized donors were purified from peripheral LN and 

spleen 4 days after immunization and were transferred into recipients along with OT-1 CD8+ 

T cells (as depicted in E). Recipients were next immunized with OVA/CpG. CD4+ CD25+ T 
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cells from calcipotriol and OVA-immunized mice suppressed proliferation of OT-I cells (n = 

6/group; ordinate shows percentage control response). C, Ag specificity of CD4+CD25+ 

cells. No inhibition of CD8+ T cell proliferation or IFN-γ production was noted when 2 × 

106 purified CD4+CD25+ T cells from mice treated with calcipotriol and immunized with 

BSA were transferred (n = 4). D, Calcipotriol-induced Treg efficiently prevented OT-I cell 

proliferation in vivo. As few as 5 × 104 cells were sufficient to suppress the proliferation of 

5 × 106 adoptively transferred OT-I cells.
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FIGURE 3. 
Calcipotriol-induced Treg inhibit Ag-specific CTL priming and CHS elicitation responses in 

vivo. A and B, Calcipotriol-induced Treg suppressed CHS response in an Ag-specific 

manner. CD4+CD25+ cells were isolated from the LN and spleen of donor mice (either 

treated with calcipotriol or untreated) 4 days after OVA or BSA immunization and were 

transferred into (primed) recipients immunized 4 days previously with either OVA or BSA 

(as depicted in A). The following day, protein CHS responses were elicited using the same 

protein that was used for immunization of recipients. Data are representative of two 

experiments (n = 5 mice/group). C, Calcipotriol-induced Treg suppressed CTL expansion. 

Donor mice were immunized with OVA after 3 days of topical calcipotriol administration. 

Four days later, 2 × 106 CD4+CD25+ cells were isolated form peripheral LN and spleen and 

transferred into naive recipients. Recipients were then immunized with topical OVA 1 day 

after transfer and reimmunized (boosted) on day 7. Kb OVA-specific CTL in the skin-

Ghoreishi et al. Page 17

J Immunol. Author manuscript; available in PMC 2015 September 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



draining LN were enumerated by tetramer staining on day 13. The fraction of OVA-specific 

CTL among CD8+ T cells was significantly less in groups receiving Treg compared with 

controls.
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FIGURE 4. 
Effect of topical calcipotriol and Ag immunization upon CD4+CD25+FoxP3+ T cells. A, 

Calcipotriol treatment before TCI expands FoxP3+ Treg. Wild-type (B6) or OT-II TCR 

transgenic mice were either treated with topical calcipotriol for 3 days or untreated and then 

immunized with OVA and CpG on the following day. Draining LN were then examined for 

CD4, CD25, and FoxP3 expression on day 4 (n = 3; representative of two experiments). B, 

OVA Ag-specific Treg are inducible by TCI following calcipotriol treatment. The 

proportion of CD25+FoxP3+ cells among CD4+ T cells was increased following topical 

calcipotriol and OVA treatment. This increase was Ag specific in OT-II mice (open bars) 

and occurred in an Ag-nonspecific fashion in B6 mice (filled bars) (n = 3; representative of 

two experiments). C, OVA immunization following calcipotriol treatment resulted in a 

significant increase in the number of Treg compared with calcipotriol treatment alone. The 

proportion of CD25+FoxP3+ cells among CD4+ T cells in the skin-draining LN was 

determined 4 days after the topical treatment of B6 mice as indicated. A significant 

expansion of the proportion of Treg occurred following combined application of calcipotriol 

and OVA Ag with or without application of topical CpG (n = 4; representative of two 

experiments). D and E, OVA immunization following calcipotriol treatment up-regulates 

CTLA-4 in Treg. FoxP3gfp mice were either treated with calcipotriol followed by OVA 

immunization or left untreated. Four days after immunization, mononuclear cells were 

isolated from the peripheral LN and spleen, were stained for CTLA-4, and FoxP3-

expressing cells were identified by green fluorescence (D). The scatter plot in E includes 

data from two experiments.

Ghoreishi et al. Page 19

J Immunol. Author manuscript; available in PMC 2015 September 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 5. 
Induction of Treg and RANKL is VDR dependent. A, VDR is required for the induction of 

CD4+CD25+FoxP3+ cells mediated by UVB. Mice were treated with UVB (1000 J/m2) for 4 

successive days or were untreated. Three days later, the proportion of CD4+CD25+FoxP3+ 

cells among CD4+ T cells in the peripheral LN was determined (n = 3; representative of two 

experiments). B, VDR expression is required for UV induction of RANKL expression. Mice 

were treated with UVB or calcipotriol. Three days later, skin samples were harvested and 

RANKL expression was then determined by immunohistochemistry. Calcipotriol induced 

keratinocyte RANKL expression equivalent to the induction by UV light through VD 

receptor. Images are representative of three animals per group.
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