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ABSTRACT
Background: The vitamin D metabolite 1,25(OH)2D3 (VitD3) is a potent immunosuppressive 

drug and, amongst others, used for topical treatment of psoriasis. A proposed mechanism of 

VitD3 mediated suppression is priming of dendritic cells (DCs) to induce regulatory T (Treg) cells.

Objective: Currently, there is confusion about the phenotype of VitD3-induced Treg cells and the 

DC-derived molecules driving their development. We investigated Treg cell induction after VitD3-

priming of the two distinct skin DC subsets, Langerhans cells (LCs) and dermal dendritic cells (DDCs). 

Methods: LCs and DDCs primed with VitD3 were cocultured with allogeneic naive T cells. The 

phenotype and function of the DCs and induced T cells were analyzed. 

Results: Both VitD3-primed DC subtypes induced T cells with regulatory activity. Unexpectedly, 

whereas the Treg cell populations generated by VitD3-primed LCs were CD25hiCD127lo forkhead 

box protein 3 (Foxp3)-positive cells, which meet the criteria of classical inducible Treg cells, 

the T cells developing in response to VitD3-primed DDCs were Foxp3- Tr1 cells expressing IL-10. 

Inhibition experiments revealed that LC-derived TGF-β is a key factor in the induction of Foxp3+ 

Treg cells, whereas DDC-derived IL-10 is important for their induction of IL-10+ Tr1 cells. 

Conclusion: Thus, we report the novel finding that distinct, but closely related DC subsets are 

differentially programmed by VitD3 to support development of either TGF-β-dependent Foxp3+ 

Treg cells or IL-10-dependent IL-10+ Treg cells. 

Key words:  Skin, Langerhans cells, dendritic cells, regulatory T cells, Vitamin D3, Foxp3, IL-10, 

TGF-β 

ABBREVIATIONS 
VitD3   vitamin D metabolite 1,25(OH)2D3

DCs  dendritic cells

LCs   Langerhans cells 

DDCs  dermal dendritic cells 

Treg cell  regulatory T cell

MF  maturation factors

SIT  allergen-specific immunotherapy
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INTRODUCTION
The vitamin D metabolite 1,25(OH)2D3 (VitD3) and related compounds are potent 

immunosuppressive drugs. Various studies have shown beneficial effects of VitD3
 
in mouse 

models for autoimmune-, allergic- and inflammatory diseases (1). Although the exact mechanism 

underlying the immunosuppressive effects of VitD3 remains unclear, the appearance of Treg 

cells may play an important role (2-4). Taher et al. recently demonstrated that subcutaneously 

administered VitD3 can potentiate suppressive effects of immunotherapy in a mouse model of 

allergic asthma by induction of increased levels of the regulatory cytokines IL-10 and TGF-β (5). 

The involvement of both IL-10 and TGF-β suggests that VitD3 can induce various subpopulations 

of Treg cells, indicating that different mechanisms or cell subsets are involved. 

There are strong indications that the immunosuppressive effects of VitD3 are mediated 

by modulation of dendritic cell (DC) function. VitD3 arrests cytokine- or pathogen-induced 

maturation of DCs while upregulating the expression of molecules associated with tolerogenic 

functions such as immunoglobulin-like transcript (ILT) 3 (6). Moreover, VitD3-treatment 

induces a cytokine profile known to favor differentiation of T cells with suppressive activity 

(6-12), and indeed, numerous studies have shown that VitD3 can prime for tolerogenic DCs that 

can induce Treg cells (6,9,11-15).

VitD3 analogues are currently successfully used as topical treatment for the T cell-mediated 

skin disease psoriasis. By using VitD3-containing vaccine formulations administered into the 

skin Enioutina et al. demonstrated that skin DCs are a target for VitD3 (16). 
 
In the skin 2 different 

conventional DC subsets, epidermal Langerhans cells (LCs) and dermal dendritic cells (DDCs), 

basically determine the induction of T cell responses. However, the specific effects of VitD3 

on different skin DCs have not been investigated yet. Since LCs and DDCs are heterogeneous 

in terms of origin, phenotype, and function, they may respond differently to VitD3 and 

display distinct expression profiles of factors that drive Treg cell development. Therefore, we 

investigated whether VitD3 primes both DC subsets for induction of Treg cells, and if so, to what 

extent these Treg cells are different. In this study, we show that VitD3-priming of LCs and DDCs 

results in the induction of different types of Treg cells from naive CD4+ T cells. Whereas VitD3-

treated DDCs induce forkhead box protein 3 (Foxp3)-negative IL-10+ Treg cells through an IL-

10-dependent mechanism, VitD3-treated LCs are programmed to support the development of 

TGF-β-dependent Foxp3+ Treg cells.

MATERIALS & METHODS
Priming of DDCs and LCs. In vitro equivalents of DDCs and LCs were generated from monocytes 

as described previously (17). LC differentiation was confirmed based on expression levels of 

E-cadherin, CD1a and Langerin (supplementary Fig. 1). Ex vivo LCs and DDCs were derived from 

normal human skin as described previously (17).  Immature DCs were stimulated for 48 h with 

IL-1β (25 ng/ml) and TNF-α (50 ng/ml) together (both purchased from PBH, Hannover, Germany; 

the combination is further referred to as maturation factor [MF]) in the presence or absence of 

35



2

1α25 dihydroxyvitamin D3 (2,5-0.025 µM, Sigma, St Louis, MO) and analyzed for the expression 

of cell surface molecules by flow cytometry (Canto II; BD, Franklin Lakes, NJ) as described 

elsewhere (18)  using mouse anti-CD86-allophycocyanain, anti-CD83-phycoerythrin (PE), anti-

HLA-DR-peridinin-chlorophyll-protein, and anti-programmed death ligand (PDL)-2/CD273- 

allophycocyanain (BD PharMingen, San Jose, Calif); anti-ILT3/CD85k-PE, anti-ILT4/CD85d-PE 

(R&D Systems, Minneapolis, Minn), and anti-PDL-1/CD274-PE-Cy7 (eBioscience, San Diego, Calif). 

Stimulation of naive CD4 T cells. Primed DCs were washed extensively before co-culture 

with naive T cells at a ratio of 1:4 in 200 µl of Iscove modified Dulbecco medium/5% human 

serum (Lonza, Basel, Switzerland) containing superantigen Staphylococcus aureus enterotoxin 

B (0.5 pg/ml; Sigma) as described previously (18).  Naive CD4+ T cells were isolated as described 

previously using CD4+ MACS MultiSort beads, supplemented with anti-CD45RO-PE (Dakopatts, 

Hamburg, Germany) and anti-PE beads (Miltenyi Biotec, Bergisch Gladbach, Germany) (19). 

When indicated, neutralizing antibodies for human TGF-β1 (R&D Systems), IL-10, ILT3, and ILT4 

(R&D Systems), or an inhibitor of the downstream TGF-β signaling molecules SMAD3 (SMAD3i, 

Sigma) were added during co-culture with appropriate control Abs (goat anti-mouse IgG+A+M; 

Zymed, South San Francisco, Calif) or anti-human IgG1κ (BD PharMingen). On day 7, 12 or 14 

cells were analyzed by flow cytometry for CD25, CD127, ctyotoxic T lymphocyte-associated 

antigen 4 (both from BD PharMingen) and Foxp3 (eBioscience) per the manufacturer’s 

protocol. Furthermore, resting T cells were restimulated at day 11 with phorbol 12-myristate 

13-acetate (100 ng/ml)/ionomycin (1 µg/ml; Sigma) and analyzed for the expression of IFN-γ 

and IL-4 as described previously (18). In parallel, 10x104 T cells were restimulated with soluble 

murine mAb to human CD3 (0.5 µg/ml; Sanquin research, Amsterdam, The Netherlands) and 

CD28 (1 µg/ml, Sanquin research) in 200 µl culture medium. 16-h supernatants were taken for 

analysis of IL-10 by means of ELISA. IL-10 production by T cells was also measured using an 

IL-10 secretion assay (Miltenyi Biotec) performed according to the instruction manual. T cell 

proliferation was determined as described previously by coculturing 4 X 104 naïve CD4+ T cells 

with DCs and measurement of tritiated TdR incorporation on day 5 (18).  

Analysis of cytokine production by DCs. Mature DCs (2 X 104) were stimulated with 

2 X 104 CD40L-expressing mouse plasmacytoma cells (J558; a gift from Dr. P. Lane, University 

of Birmingham, Birmingham, United Kingdom). ELISAs were performed to determine 

concentrations of IL-12p70 (Clone 20C2), IL-10 (BD Pharmingen), and TNF-α (eBioscience) in 

24-h culture supernatants as previously described (18). For the measurement of immunoreactive 

TGF-β1, 96-wells plates were precoated with a TGF-β1-specific mAb before adding cells and 

stimuli into the wells. After 24 hours cells and unbound substances were washed away and 

bound active TGF-β1 was measured by means of ELSIA according to the manufacturer’s 

instructions (R&D Systems).    

T cell suppressor assay. The T cells induced upon coculture with MF- or MF/VitD3-primed 

DDCs and LCs  (test cells) were harvested after 6 days, extensively washed, counted, irradiated 

(30 Gy) to prevent expansion, and stained with the cell cycle tracking dye PKH-26 (3x10-5 mol/l, 

Sigma). Memory T cells were purified as described previously (19), labeled with 5,6-carboxy 
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fluorescein diacetate succinimidyl ester (CFSE, 0,5 µM; Molecular Probes, Eugene, Ore) and 

subsequently used as bystander target cells. Test cells (25 X 103 or 50 X 103) were cocultured 

in a round-bottom 96-well plate (Costar) with 25 X 103 target cells and MF-matured DCs. After 

5-7 days, the proliferation of the target T cells was determined by flow cytometry. 

Statistics. Student t tests were performed for paired measurements with GraphPad software 

(GraphPad InStat, GraphPad software, Inc, La Jolla, Calif). P values of less than 0.05 were 

considered significant.

RESULTS
VitD3-primed DDCs and LCs induce regulatory activity in naive Th cells

It is well known that VitD3 has profound effects on DC function, however little is known about 

whether VitD3 has differential effects on distinct conventional DC subtypes. Therefore, we first 

investigated the effects of VitD3 on the ability of in vitro-generated DDCs and LCs to stimulate 

allogeneic naive CD4+ T cells. DCs primed with VitD3 alone did not promote T cell proliferation 

(data not shown). DDCs and LCs activated with MF strongly induced proliferation of allogeneic 

naive CD4+ T cells. As shown in Fig. 1, the presence of VitD3 during activation of DDCs and LCs 

with MF significantly hampered the ability of both subsets to promote T cell proliferation. No 

differences were found in the viability of the DC subsets activated with MF in the presence or 

absence of VitD3 (data not shown). To investigate whether the T cell populations generated 

by VitD3-primed DDCs and LCs acquired regulatory capacities, we tested their ability to 

suppress proliferation of activated naive bystander CD4+ T cells (target cells). Proliferation of 

Figure 1. VitD3 priming hampers the ability of DDCs and LCs to promote T cell proliferation. 
Proliferation of allogeneic naive CD4+ T cells stimulated by DDCs or LCs that were primed with MF (TNF-α/
IL-1β) in the presence or absence of 2.5µM VitD3. Data are shown as means ± SDs of triplicates of one 
representative experiment (n=5). * P < .05. 
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the bystander T cells in the presence of T cells that were generated by MF-primed DDCs or LCs 

was set at 100%.  Indeed, T cells promoted by either VitD3/MF-primed DDCs or -LCs were able 

to suppress proliferation of these bystander T cells, as indicated by a significant reduction in 

proliferation compared with the T cells generated by DDCs and LCs primed with MF (Fig. 2A 

and Supplementary Fig. 2). The level of suppression by the T cells was dependent on the VitD3 

concentration. Moreover, the suppressive capacity of the T cells prompted by LCs decreased 

rapidly on the use of lower VitD3 concentrations. Reducing the amount of VitD3-promoted 

test cells in the coculture with target cells resulted in a diminished suppression of target cell 

proliferation (Fig. 2B), further confirming the specific suppressive activity of these T cells. 

We next investigated whether LCs and DDCs derived from human skin are also capable 

to induce Treg upon treatment with VitD3. The highest concentration of VitD3 that was used 

Figure 2. VitD3-primed DDCs and LCs induce regulatory activity in CD4+ T cells. Proliferation of 
target cells in the presence of  T cells stimulated by in vitro-generated MF/VitD3-primed DDCs or LCs (A), 
different ratios of T cells stimulated by in vitro-generated MF/VitD3-primed DDCs or LCs (B), or  T cells 
stimulated by skin-derived MF/VitD3-primed DDCs or LCs (C). Data are shown as means ± SDs of 5 (A, C) 
or 2 (B) independent experiments. * P < .05, ** P < .01.
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for the in vitro-generated DCs  induced relatively high levels of cell death, indicating that 

skin-derived DCs are more sensitive to VitD3 than in vitro generated DCs (data not shown). 

However, the T cells induced in the presence of skin-derived DDCs and LCs primed with lower 

concentrations of VitD3 indeed also inhibited the proliferation of the bystander T cells (Fig. 2C). 

These data show that the presence of VitD3 during maturation of both DDCs and LCs results in 

the acquirement of tolerogenic capacities, which drive the development of Treg cells. 

VitD3-primed DDCs and LCs induce distinct Treg cell phenotypes

In search for the types of Treg cells that develop upon VitD3 treatment, we investigated the 

phenotypic characteristics of the T cells induced by VitD3-primed DDCs and VitD3-primed LCs. 

Naïve, alloreactive, CD4+ T cells that were activated by MF-primed DDCs and LCs differentiate 

mainly into Th1 cells and not Th2, as determined by intracellular staining for IFN-γ and IL-4 

(Fig. 3). Although LCs were superior to DDCs in induction of IFN-γ-producing T cells, VitD3-

priming markedly reduced the induction of IFN-γ-producing CD4+ T cells by both DC subsets. 

No substantial IL-17 was detected in either of the conditions we used (data not shown), which is 

not surprising as in contrast to the induction of murine Th17 cells, the mechanism of induction 

of human Th17 cells from naive Th cells remains elusive. 

To further investigate the phenotype of the Treg cells, we analyzed the Foxp3 expression 

levels intracellularly, as well as the expression levels of the cell surface molecules CD25 and CD127 

by means of flow cytometry. Strikingly, about 20 to 30% of the T cells that developed in the 

presence of VitD3-primed LCs showed high expression of Foxp3, whereas this Foxp3 population 

was almost absent in the T cells promoted by VitD3-primed DDCs at all VitD3 concentrations 

tested (Fig. 4A and B). In line with the results for the suppressor assay, the induction of Foxp3+ 

Treg cells by VitD3-treated LCs was dose-dependent (Fig. 4B).  Further characterization of 

the Foxp3+ T cells demonstrated a low expression of CD127 (Fig. 4A) and high levels of CD25 

(data not shown), resembling previously described inducible Foxp3+ Treg cells (20). To exclude 

the possibility that the observed differences are due to differences in kinetics and transient 

Foxp3 expression, a phenomenon that has been shown previously (21,22), we determined 

Foxp3 expression on day 7, 11, and 14. As shown in Fig. 4C, the expression of Foxp3 in the T cells 

Figure 3. VitD3 inhibits Th1 cell-inducing capacity of DDCs and LCs. IFN-γ and IL-4 production by 
CD4+ T cells activated by MF/VitD3-primed DDCs and LCs. The graph shows means ± SDs of 5 independent 
experiments. * P < .05.
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Figure 4. VitD3-primed LCs induce Foxp3+ T cells, whereas VitD3-primed DDCs do not. (A) 
Representative Foxp3 and CD127 expression by CD4+ T cells stimulated by DDCs and LCs primed with MF/ 
2.5 µM VitD3. (B) Induction of CD127- Foxp3+ T cells by DDCs and LCs primed with different concentrations 
VitD3. (C) Kinetics of Foxp3 expression of T cells stimulated with VitD3-primed DDCs and LCs. (D) Induction 
of CD127- Foxp3+ T cells by skin-derived DDCs and LCs primed with 0.5 µM VitD3. Data show a representative 
experiment (A, n=12; C, n=3) or the mean ± SD of 3 independent experiments (B, D). * P < .05, ** P < .01.

induced by VitD3-primed LCs was optimal around day 11, but was still expressed highly at day 

14. To determine the in vivo relevance of these findings, we also analyzed the induction of Treg 

cells by genuine skin-derived DCs. In line with the data obtained with in vitro generated DCs, 

VitD3-treated skin-derived LCs induced Foxp3+ T cells compared to MF alone, whereas skin-

derived DDCs did not (Fig. 4D). 

In sharp contrast, VitD3-primed DDCs induced a pronounced population of IL-10-secreting 

T cells (average: MF-primed DDCs 4.37 ±4.07%; average MF/VitD3-primed DDCs 12.03 ±6.86 %, 

P = .01), which was almost absent in the T cells stimulated with VitD3-primed LCs (average: 

MF-primed LCs 4.96 ±4.86%; average MF/VitD3-primed LCs 4.73 ±4.09 %; Fig. 5A). The IL-10 

producing T cells generated by DDCs co-expressed CTLA-4 (data not shown). The preferential 

IL-10 production by the T cells generated by VitD3-primed DDCs was confirmed by measuring 

IL-10 levels in the supernatant of re-stimulated resting Treg cells after using different 

concentrations of VitD3 (Fig. 5B). Moreover, also the Treg cells induced by skin-derived DDCs 

on priming with VitD3 produced high levels of IL-10 production compared with that seen in 

skin-derived LCs primed with VitD3 (Fig. 5C). Together, these data show that priming DDCs and 

LCs with VitD3 results in the induction of distinct types of Treg cells.
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Figure 5. VitD3-primed DDCs induce IL-10 producing Treg cells. (A) T cells stimulated with MF and 
MF/VitD3-primed DDCs and LCs were gated on CD4 and analyzed for IL-10 secretion by means of flow 
cytometry. Data show 1 representative experiment of 5. (B) IL-10 in the supernatant of T cells induced by 
MF/VitD3-primed DDCs and LCs. (C) IL-10 production by T cells induced by skin-derived DDCs and LCs 
primed with 0.5 µM VitD3. Results are a representative experiment of 5 (A) or the mean ± SD of 3 (B) or 2 (C) 
independent experiments. * P < .05, ** P < .01.

Effects of VitD3-priming on DDC and LC phenotype and function

To understand the mechanism of the induction of different types of Treg cells by VitD3-primed 

DDCs and LCs we examined the expression cell surface molecules indicative for DC activation 

and differentiation in more detail. On both DDCs and LCs, VitD3 concentration dependently 

enhanced CD14 expression and strongly inhibited the expression of CD83 on MF stimulation 

(Fig. 6A and suppl. Fig. 3, averages in supplementary table 1). VitD3 exerted moderate inhibitory 

effects on the induction of HLA-DR, CD86, and CD80 (Fig. 6A, supplementary table 1, and suppl. 

Fig. 3) by both DC subtypes, but the effects were stronger on DDCs than on LCs. Altogether, 

these differences are relatively small and therefore, not likely to cause the differential Treg 

cell development by itself. More marked differences were observed on the expression of 

markers associated with tolerogenic functions. The inhibitory receptors ILT3 and ILT4 were 

selectively upregulated by VitD3 in LCs, but not in DDCs (Fig. 6B). No considerable effects were 

observed on the inhibitory molecules PDL-1 and PDL-2 in both DC subsets (Fig. 6B).  Strikingly, 

in DDCs VitD3-priming induced a significantly higher production of IL-10, a key cytokine in the 

induction of Treg cells (23), compared to LCs (Fig. 6 C). Moreover, VitD-priming resulted in 

lower production of the inflammatory cytokines IL-12 and TNF-α, which correlates well with the 

reduced induction of T
H

1 cells. VitD3 did not enhance expression of the active protein form of 

TGF-β, however LCs constitutively already expressed high levels compared with DDCs (Suppl. 

Fig. 4), indicating a possible role for TGF-β in the induction of Foxp3+ Tregs cells. 
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Figure 6. Effects of VitD3 on the phenotype of DDCs and LCs. CD14, CD86, CD83, and HLA-DR expression 
(A) and PDL-1, PDL-2, ILT3, and ILT4 expression (B) by unstimulated, MF-primed and MF/2.5µM VitD3-primed 
DDCs and LCs. Graphs show one representative experiment out of at least 10 experiments. (C) IL-12-p70, 
TNF-α, and IL-10 production by MF- and MF/VitD3-primed DDCs and LCs (n=5). * P < .05, ** P < .01.

IL-10 and TGF-β production are key factors for the induction of specific subtypes 

of Treg cells by VitD3-primed DDCs and LCs, respectively 

To establish which molecules are used by VitD3-primed DCs to promote Treg cells, we applied 

neutralizing antibodies during stimulation of the naive T cells by VitD3-primed DDCs and LCs. ILT3 

and ILT4 blocking did not affect the induction of either Foxp3highCD25highCD127low T cells by LCs or IL-

10-secreting Treg cells by DDCs (data not shown). Neutralization of IL-10 significantly reduced the 

amount of IL-10 produced by the Treg cells induced by DDCs (Fig. 7A), as well as the percentage of IL-10 

secreting cells (suppl. Fig. 5A), whereas blocking of TGF-β did not (Fig. 7A). In contrast, neutralization 

of TGF-β clearly abrogated the induction of Foxp3highCD25highCD127low T cells by LCs, which were not 

affected by neutralizing IL-10 antibodies (Fig. 7B and suppl. Fig 6). Identical results were obtained 

with an inhibitor of SMAD3, which is a cytoplasmatic mediator involved in signaling from the TGF-β1 

receptor to the nucleus, confirming the role of TGF-β (Fig. 7B and suppl. Fig 6). Neutralizing IL-10 

or blocking TGF-β signaling, by SMAD3i, also abrogated the suppressive capacity of the induced 
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T cells on the proliferation of activated bystander CD4+ T cells (Fig. 7C,D), further substantiating 

their roles in the induction of Treg by DDCs and LCs respectively. Moreover, also for genuine skin-

derived DDCs and LCs the induction of IL-10-secreting Treg cells or Foxp3highCD25highCD127low T cells 

was abrogated by blocking IL-10 and TGF-β respectively (Fig. 7E, F). These results show that VitD3-

primed DDCs induce Treg cells in an IL-10 dependent manner, whereas LCs utilizes TGF-β to induce 

Treg cells, resulting in Treg cells with specific phenotypes. 

Figure 7. IL-10 is essential for the induction of IL-10 producing Treg cells by DDCs, whereas TGF-β 
is essential for the induction of Foxp3high T cells by LCs. (A) Induction of IL-10 producing CD4+ T cells 
by MF/VitD3-primed DDCs in the absence and presence anti-IL10 or anti-TGF-β/SMAD3i. (B) Induction 
of CD127- Foxp3+ T cells by MF/VitD3-primed LCs in the absence and presence of anti-TGF-β, SMAD3i or 
anti-IL-10. (C, D) Suppression of target cell proliferation by T cells stimulated by DDCs or LCs primed 
with MF/VitD3 in the presence of anti-IL-10 and SMAD3i, respectively. (E, F) Induction of IL-10 producing 
T cells and CD127- Foxp3+ T cells by skin-derived DDCs and LCs after priming with MF/VitD3 in the presence 
of anti-IL10 or anti-TGF-β/SMAD3i, respectively. Data show the mean ± SD of 5 (A, B), 3 (C) or 2 (D, E) 
independent experiments. * P < .05, ** P < .01. DMSO, Dimethyl sulfoxide.
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DISCUSSION
VitD3 can promote the induction of Treg cells by modulating DC function. In this study we show 

for the first time that the type of Treg cells induced by VitD3 is dependent on the targeted 

DC subset. Previously, it was shown that VitD3 modulates tolerogenic properties in myeloid 

blood DCs and not in plasmacytoid DCs (11).  However, specific effects of VitD3 on closely 

related conventional DCs had not been reported yet. Whereas VitD3-primed DDCs induced 

IL-10 expressing Foxp3- T cells, which could be inhibited by neutralization of DDC-derived IL-10, 

VitD3-primed LCs induced CD25hiCD127loFoxp3hi T cells via a TGF-β dependent mechanism. These 

findings are in analogy with the previously proposed roles of IL-10 and TGF-β in the induction 

of different subsets of Treg cells (20,23-25). VitD3 did not induce enhanced TGF-β expression 

above the high constitutive expression of LCs; however the induction of Foxp3+ Treg cells could 

be blocked by neutralizing TGF-β suggesting that this cytokine acts in conjunction with an 

unknown factor. An intriguing question is why and how VitD3 differentially programs DDCs and 

LCs to induce distinct Treg cells. Microarray analyses showed comparable expression of the 

vitamin D receptor by DDCs and LCs (data not shown). A possible underlying mechanism is 

the intrinsic predisposition of the different DC subtypes to produce certain molecules. Indeed, 

there are indications that specific DC subtypes can be specialized to promote specific types of 

Treg cells. For example, a subset of gut DCs expressing CD103 in mice is specialized to induce 

Foxp3+ Treg cells in the absence of any exogenous factors (26,27). In contrast, murine pulmonary 

DCs were reported to mainly induce the development of IL-10-producing Treg cells (28). The 

immunobiology of LCs is strongly associated with TGF-β, which is produced by keratinocytes 

in the epidermis. Most of the phenotypic characteristics as well as the development of LCs are 

dependent on TGF-β (29,30). The constitutive TGF-β production by LCs in combination with the 

changes in phenotype induced by VitD3 may be sufficient for the induction of Foxp3+ Treg cells. 

In contrast to another study, we found only significant VitD3-induced suppression of CD83 

induction and not of MHC-II, CD80, and CD86 induction (10), which may be due to the fact 

that we used TNF-α/IL-1β and not LPS to mature the cells. The reason for this is that LCs are 

unresponsive to LPS due to a lack of Toll-like receptor 4 expression (17). VitD3 did have a more 

profound inhibitory effect on MHC-II, CD80, and CD86 expression in LPS-primed DDCs (data 

not shown). In other studies the effects of VitD3 on CD80, CD86, and HLA-DR levels also varied, 

which was associated with differences in DC source and DC treatment as well (7-9,12,14). The 

findings in this study highlight the necessity to investigate the effects of VitD3 on distinct DC 

subsets and the effects of combining VitD3 with specific stimulating factors in order to create 

optimal therapy designs. The report that VitD3 modulates tolerogenic properties in myeloid 

blood DCs and not in plasmacytoid DCs further emphasizes this observation (11). 

Knowledge about Treg cells is still limited, and currently, it is unclear whether Treg cells 

with different phenotypes actually have differential functions. However, there are indications 

that specific cytokines or Treg cells are important in the prevention or improvement of certain 

immune diseases. For example, CD4+CD25+ Treg cells from IL-10-deficient mice fail to protect 

immunodeficient mice from a T cell-mediated wasting disease (31). Moreover, TGF-β production 
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by CD4+CD25+ Treg cells was reported to be essential for suppression of experimental colitis in 

mice (32). With regard to the differential effects VitD3 has on distinct DC subtypes, inducing 

specific types of Treg cells by targeting specific DCs may be beneficial for obtaining optimal 

responses during clinical applications of VitD3. 

Although VitD3 has clear cut effects on the skin disease psoriasis, the effects of VitD3 on the 

different DC subsets that reside in the skin had not been investigated previously. In addition, 

the skin is a major site of interest for the induction of allergen specific immunotherapy (SIT). 

SIT is the only treatment currently available to affect the natural course of allergic diseases. 

This treatment involves desensitization by repeated administration of allergens to patients 

either via the sublingual route or by subcutaneous injections. Treg cells are thought to be 

important mediators of the beneficial effects of SIT, for instance the activity of both allergen-

specific IL-10-secreting Tr1 and CD4+CD25+ Treg cells is compromised in allergic diseases, but 

can be boosted by SIT (33). Several studies support an important role for DCs in the induction 

of these Treg cells and especially TGF-β has been shown to be associated with their regulatory 

function (34). Targeting specific (skin) DCs in the presence of VitD3 may be a useful tool for 

the improvement of SIT. In addition, VitD3 also reduces Th1 responses whereas the beneficial 

effects of SIT are associated with an increase of the ratio of Th1 cytokines to Th2 cytokines 

(35-37). Further clinical and experimental studies have to be performed to prove its benefits. 

Nevertheless, the beneficial effects of VitD3 on allergen immunotherapy of Th2-driven asthma 

manifestations are promising (5). 

In conclusion, our data sheds new light on the multifaceted properties of VitD3 and may 

contribute to exploit its regulatory functions for successful treatment of immune related 

diseases. 
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SUPPLEMENTARY FIGURES AND TABLES

Supplementary Figure 1. Phenotype of in vitro-generated LCs and DDCs. Representative results for 
E-cadherin and CD1A(A) and  langerin (B) expression of in vitro-generated LCs and DDCs.
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Supplementary Figure 2. T cells stimulated by DDCs or –LCs primed with MF/VitD3 suppress 
proliferation of bystander T cells. Representative CFSE pictures showing proliferation of bystander 
T cells (target cells) in the presence of T cells stimulated by in vitro-generated DDCs or LCs primed with 
MF and various VitD3 concentrations (n=3).
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Supplementary Figure 4. LCs have a high constitutive TGF-β expression, which is not enhanced by 
VitD3.  Expression of active TGF-β1 by DDCs and LCs on stimulation with MF or MF/VitD3, as measured by 
means of capture ELISA, is shown. Data show mean of two independent experiments. iDC, Immature DC.

Supplementary Figure 5. DDC-derived IL-10 is essential for the induction of IL-10 producing Treg 
cells by DDCs. Induction of IL-10 secreting cells by MF/VitD3-primed DDCs in the presence of anti-IL-10 
measured by means of IL-10 secretion assay (n=1).

Supplementary Figure 6. LC-derivedTGF-β is essential for the induction of Foxp3+ T cells by LCs. 
Representative pictures showing the induction of CD127- Foxp3+ T cells by MF/VitD3-primed LCs in the 
absence and presence of anti-TGF-β, SMAD3i or anti-IL-10. 
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Supplementary Table 1. Mean values of cell surface molecule expression on DDCs and LCs. 

Mean MFI SD

CD14
 
 
 
 
 

immature DDC
MF-primed DDC
MF/VitD3 primed DDC
immature LC
MF-primed LC
MF/VitD3 primed LC

91
99
279
83
93
221

24
29
72
23
18
36

CD83
 
 
 
 
 

immature DDC
MF-primed DDC
MF/VitD3 primed DDC
immature LC
MF-primed LC
MF/VitD3 primed LC

243
966
419
131
487
360

242
817
272
45
163
186

CD86
 
 
 
 
 

immature DDC
MF-primed DDC
MF/VitD3 primed DDC
immature LC
MF-primed LC
MF/VitD3 primed LC

804
5657
4044

239
3294
2770

377
3154
3992
143

1678
2099

HLA-DR
 
 
 
 
 

immature DDC
MF-primed DDC
MF/VitD3 primed DDC
immature LC
MF-primed LC
MF/VitD3 primed LC

2564
4653
2742
515

2407
1476

1759
1899
1702

83
628
652

ILT3
 
 
 

MF-primed DDC
MF/VitD3 primed DDC
MF-primed LC
MF/VitD3 primed LC

1613
1798
330
772

1037
850
194
360

ILT 4
 
 
 

MF-primed DDC
MF/VitD3 primed DDC
MF-primed LC
MF/VitD3 primed LC

1100
830
663
864

819
165
811

1124

PD L1
 
 
 

MF-primed DDC
MF/VitD3 primed DDC
MF-primed LC
MF/VitD3 primed LC

7368
6112
2794
3554

14761
9623
4637
5051

PD L2
 
 
 

MF-primed DDC
MF/VitD3 primed DDC
MF-primed LC
MF/VitD3 primed LC

876
598
305
321

695
339
147
184
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