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VDD = vitamin D deficiency 

VDR = vitamin D receptor  

 

Abstract  

Ultraviolet radiation (UVR) from sunlight is immunomodulatory and the main source of 

vitamin D for humans. Vitamin D can also regulate adaptive immunity, through mechanisms 

that involve the induction or activation of regulatory T cells. Similar mechanisms have also 

been proposed for the induction of regulatory T cells after skin exposure to UVR.  Here we 

discuss the converging and diverging immunoregulatory pathways of UVR and vitamin D, 

including the molecular pathways for regulatory T cell induction, non-genomic pathways 

regulated by vitamin D, antimicrobial peptides, skin integrity and potential interactions 

between vitamin D and other UVR-induced mediators.  We then discuss potential in vivo 

approaches that could be used to demonstrate a direct (or otherwise) role for vitamin D in 

mediating the immunosuppressive effects of UVR such as the use of dietary vitamin D 

restriction to induce vitamin D deficiency, gene knockout mice or drugs to block enzymes of 

vitamin D metabolism. We end with discussion of the epigenetic effects of vitamin D and 

UVR for immunosuppression.  

 

1 Introduction 

Ultraviolet radiation (UVR), a component of sunlight, has many potent effects on human 

health.
1
 UVR is immunomodulatory, such that skin exposure may perturb the development of 

immune-driven disorders like multiple sclerosis
2
 and allergic asthma.

3
 Exposure to UVR is 

also the primary means by which humans obtain vitamin D.
4
 Vitamin D is essential for the 

correct regulation of calcium throughout our bodies, and is also integral for the control of 

immunity.
5
 Sufficient vitamin D status is linked with reduced severity of many disorders in 
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which over-zealous immune responses and inflammation contribute towards disease 

pathogenesis.
1,5

 There is much interest in the potential for vitamin D supplementation to 

reduce the burden of allergic, autoimmune, cardiovascular and carcinogenic disorders. Many 

trials are currently underway to assess the efficacy of vitamin D supplementation in reducing 

disease burden (>400, clinicaltrials.gov, using vitamin D and supplementation as key words). 

However, the results of many of the trials performed to date have been disappointing, and 

have not shown a clear positive effect for vitamin D supplementation.
6,7

  

 

2 UV-induced immunomodulation and vitamin D  

UVR induces a suite of immune mediators (aside from vitamin D) that can suppress immune 

responses.
5
 There is new evidence that sun exposure and vitamin D may be independent risk 

factors for the development of diseases like multiple sclerosis.
2
 The lack of success of vitamin 

D supplementation in clinical trials may indicate that vitamin D is a biomarker for recent 

sunlight exposure. The ability of UVR to regulate immunity independently of vitamin D 

production seems to be a factor largely ignored by many working on the effects of vitamin D 

on immunity. In addition, it is not known whether vitamin D is directly responsible for UVR-

induced immunoregulation. Here, we discuss the potential use of rodent models to assess the 

importance of vitamin D in UV-induced immunomodulation. 

 

UV-induced immunomodulation was first recognised by Margaret Kripke in 1974.
9
 She 

reported that UVR suppressed anti-tumour immune responses to enable the development of 

skin tumours. The cellular and molecular pathways through which UVR regulates immunity 

are still incompletely characterised, but involve the release of soluble products by skin cells 

like keratinocytes and mast cells, altered antigen presenting cell precursors at distant sites like 

the bone marrow and the induction of regulatory T and B cells (for review
5
). Soluble 
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mediators include interleukin-6 (IL-6), IL-10, nerve growth factor, platelet activating factor, 

prostaglandin E2 (PGE2), tumour necrosis factor and cis-urocanic acid.
5
 Another potential 

immune regulator induced by UVR is vitamin D. For humans, much of our vitamin D is 

obtained from processes subsequent to the absorption of UVB photons by 7-

dehydrocholesterol in skin.
4
 The active form of vitamin D, 1,25(OH)2vitamin D 

(1,25(OH)2D), is then produced both locally by keratinocytes
10

 and systemically by sequential 

hydroxylations in the liver and kidney. Post-UV irradiation (or dietary intake), serum levels of 

the metabolite 25-hydroxyvitamin D (25(OH)D) are used as a measure of vitamin D status.  

 

3 Converging and diverging pathways by which vitamin D and UVR regulate immunity 

Here we discuss the current evidence for the role of vitamin D in mediating (or otherwise) the 

effects of UVR on immunity. 

 

3.1 RANKL expression in keratinocytes and regulatory T cells 

There is significant indirect evidence to support a role for vitamin D in UVR-induced 

immunomodulation. Indeed, UVR and vitamin D activate similar cellular and molecular 

pathways to regulate immunity. Central to the effects of UVR and vitamin D on immunity are 

dendritic cells (DCs), which are important sentinel cells that present newly-acquired antigen 

to T cells to establish acquired immunity. UVR and vitamin D both induce a tolerogenic 

phenotype in DCs, which then control the induction of regulatory T cells. Exposure of skin-

resident DCs to UVR damages their DNA,
11,12

 and causes their migration into the skin-

draining lymph nodes.
12

 These DCs then increase the suppressive activity and/or the numbers 

of lymph node-resident CD4+CD25+Foxp3+ regulatory T cells.
12-14

 Similarly, topically-

applied 1,25(OH)2D induces skin DCs to migrate to the draining lymph nodes
 
to control 

regulatory T cells.
15,16

 RANKL (receptor activator of NFKB ligand) is enhanced in 
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keratinocytes by UVR
17

 or after topical application of a vitamin D analogue (calcipotriol),
15

 

which then causes an expansion of antigen-specific regulatory T cells. These observations 

support a model of UVR-induced immunosuppression that is mediated through 1,25(OH)2D 

regulation of RANKL in keratinocytes with downstream effects on DCs and regulatory T 

cells. Increased numbers of DEC-205+ DCs have been detected in the skin-draining lymph 

nodes, 1-2 days post UVR
18

 or topical 1,25(OH)2D treatment
16

, and DEC-205 expression by 

DCs may be important for augmenting the suppressive capacity or numbers of lymph node-

resident regulatory T cells.
19

 Induction of regulatory T cells and epidermal RANKL 

expression by UVR is also dependent upon expression of the vitamin D receptor (VDR).
15

 

Other immune modulators induced by UVR may also regulate the RANKL pathway. Indeed, 

after erythemal UVR, PGE2 signals through prostaglandin E receptor subtype 4 (EP4) to 

increase regulatory T cell numbers by enhancing epidermal RANKL expression.
18

 In these 

studies, an EP4 antagonist prevented UVR-induced immunosuppression by inhibiting UV-

induced increases in CD4+Foxp3+ regulatory T cell and DEC-205+ DC numbers and was 

associated with reduced expression of RANKL in the epidermis.
18

 These observations 

indicate that UVR may modulate immunity by inducing the expression of multiple molecules 

(i.e.; PGE2 and 1,25(OH)2D) which could redundantly modify regulatory T cell activities 

through the same cellular pathway (see Figure 1).  

 

3.2 Non-genomic pathways regulated by vitamin D 

1,25(OH)2D interacts with the VDR in the nucleus to exert many of its biological effects.
4
 

The VDR is then phosphorylated and heterodimerizes with the retinoid X receptor, and binds 

to vitamin D response elements to regulate the transcription of vitamin D-responsive genes. A 

non-genomic ‘rapid response’ pathway also exists, mediated by a variety of receptor types 

located near or associated with the plasma membrane.
20

 This pathway is important for the 
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photoprotective effects of vitamin D compounds in reducing UVR-induced 

immunosuppression, and skin carcinogenesis in hairless mice (Skh:hr1).
21,22

 A cis-locked 

analogue of 1,25(OH)2D (1α,25-dihidroxy-luminsterol, JN), which is only capable of non-

genomic responses was as effective as 1,25(OH)2D in protecting against UV-induced 

immunosuppression in these mice.
21

 In contrast, in humans and hirsute (hairy) mice, topical 

1,25(OH)2D is immunosuppressive (reviewed in
23

). We propose that there may be a 

fundamental difference in receptor configurations in mouse strains and the signalling induced 

upon 1,25(OH)2D binding to the alternate receptors may explain the different observations of 

photoprotection
21

 and immunosuppression for topical 1,25(OH)2D.
23

 The alopecia observed in 

both Skh:hr1 and VDR
-/-

 mice (see below) may indicate that VDR expression is dysregulated 

in Skh:hr1 mice. Indeed, the hairless protein (hr1) directly interacts with the VDR to repress 

VDR-mediated transcription.
24

 The opposing effects of 1,25(OH)2D may be explained if the 

non-genomic pathway is responsible for photoprotection, and the genomic pathway is 

responsible for immunosuppression.
25

 In our studies in which topical 1,25(OH)2D was applied 

directly after UVR of the shaved dorsal skin of BALB/c mouse, 1,25(OH)2D and UVR had 

additive effects to suppress contact hypersensitivity responses.
23

 This observation suggests 

that UVR and topical 1,25(OH)2D may act through different pathways to suppress immunity.  

 

3.3 Antimicrobial peptides 

Antimicrobial peptide (AMP) expression is regulated in skin exposed to UVR or treated 

topically with vitamin D. AMPs are a family of small molecules, which classically exhibit 

antimicrobial activity, but have other functions, such as inducing chemotaxis of immune cells. 

26
 Two principal families of AMPs exist, the cathelicidins and the defensins. AMPs, including 

the cathelicidin peptide LL-37 and β-defensin-2 (BD-2), enhance microbe killing through 

disruption of bacterial and viral membranes and can also activate other anti-microbial 
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pathways within infected cells.
27

 Infecting microbes initiate AMP induction through a 

complex pathway, whereby toll-like receptor (TLR) signaling induces 1,25(OH)2D 

production. Active vitamin D then signals through the VDR to further amplify AMP 

synthesis.
28

 The mouse homologue of the LL37 is the cathelin-related antimicrobial peptide 

(CRAMP). The murine VDR lacks a vitamin D response element required for CRAMP 

induction.
29

 Interestingly, AMP expression has been examined in the skin of hairless mice 

that received 3 daily doses of sub-erythemal UVR. Increased mBD-2, mBD-3 and CRAMP 

were detected in the skin 24 h after the final irradiation.
30

 Blocking cutaneous 1,25(OH)2D 

synthesis by using a chemical inhibitor, ketoconazole immediately post-UVR prevented the 

UVR-induction of AMP expression, including CRAMP, in skin.
30

 Topical 1,25(OH)2D also 

enhances dermal AMP expression downregulated by corticosteroid treatment.
31

 These results 

suggest that 1,25(OH)2D may indirectly increase CRAMP expression. An indirect mediator of 

this pathway may include dermal mast cells, that can be activated by 1,25(OH)2D to release 

immunomodulators like IL-10.
32

 Mast cells can also be stimulated to produce CRAMP.
33,34

 A 

VDR-independent pathway that regulates CRAMP also exists, in which endoplasmic 

reticulum stress signaling activates NF-ΚB pathways.
35

 These results indicate that in mice, 

UVR-induced 1,25(OH)2D indirectly affects AMP production to regulate innate immune 

responses to potentially control skin infections. 

 

3.4 Skin integrity 

Maintenance of skin integrity is vital for the prevention of infection. Low-dose UVR is used 

to treat atopic dermatitis to improve defective permeability barriers in affected skin. UVR 

improved skin integrity (in naïve mice) through a vitamin D-dependent pathway, where 

ketoconazole treatment immediately post-UVR reversed the benefits of low-dose UVR on 

epidermal permeablility barrier function.
30

 Similar studies with topical 1,25(OH)2D on 
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reduced epidermal permeability induced by corticosteroids also show a protective effect of 

vitamin D on skin integrity.
31

 Thus at low doses, UVR induces 1,25(OH)2D to maintain skin 

integrity. 

 

 

3.5 Potential interactions between vitamin D and other UVR-induced mediators  

One mediator induced by UVR implicated in immunosuppression is platelet activating factor 

(PAF).
2,36

 While both vitamin D and PAF may contribute towards UVR-induced 

immunosuppression, they have opposing effects on the formation of DNA damage in UV-

irradiated skin.
36

 PAF and other UVR-induced molecules like cis-urocanic acid contribute 

towards DNA damage (eg. cyclobutane pyrimidine dimers) and ROS formation.
37

  In contrast, 

1,25(OH)2D can repair UVR-induced CPD formation if administered topically before and/or 

after UV treatment.
14,21,38

 Other studies suggest that vitamin D may induce the expression of 

PAF to regulate immunity. In human decidual macrophages, 1,25(OH)2D (≥1 nM) or 

25(OH)D (≥100 nM) reduced the enzymatic activity of the platelet activating factor (PAF) 

deactivation enzyme, PAF-acetylhydroxylase.
39

 In addition, expression of the PAF-receptor 

was increased in NOD (non-obese diabetic) mice treated with 1,25(OH)2D (5 µg/kg ip, every 

2 days), in which severe shock was induced by foot-pad injection of hen egg white 

lysozyme.
40

 Whether UVR-induced 1,25(OH)2D contributes towards PAF formation has yet 

to be shown. 

 

4 Rodent models to examine whether vitamin D is responsible for UV-induced 

immunosuppression 

While there is indirect evidence that UVR may suppress immunity at least partially through 

vitamin D, direct evidence is lacking. Here we discuss possible strategies using rodent models 
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for assessing whether vitamin D may be a mediator of UVR-induced immunosuppression. 

 

4.1 Dietary vitamin D restriction to induce vitamin D deficiency 

A physiologically-relevant approach could be to exclude vitamin D from the diets of rodents 

to effectively reduce serum 25(OH)D levels to those equivalent to clinical deficiency  in 

humans (<25 nmol/L). In our studies, serum 25(OH)D levels fall to <20 nmol/L four weeks 

after vitamin D is first removed from the diet of mice.
41,42

 One important factor to consider is 

the potential effects of vitamin D deficiency (VDD) on calcium. Indeed, controlling for VDD-

induced hypocalcemia is important as the severity of inflammatory bowel disease and 

multiple sclerosis observed in murine models has been attributed to the hypocalcemia induced 

by vitamin D deficiency.
43-45

 In models where serum calcium did not change with VDD 

(Table 1), a vitamin D-null diet increased the disease severity
42,46,47

 with the exception of 

mice with autoimmune encephalomyelitis (EAE, a murine model of multiple sclerosis)
48

 

(Table 1). For assays of contact hypersensitivity, VDD enhanced responses in male but not 

female mice with no difference in serum calcium levels observed in the male mice.
49

 We are 

currently using this approach of dietary-induced VDD to determine whether vitamin D 

contributes towards the capacity of UVR to suppress immune responses in mice. 

 

Experimental mouse models could also be used to determine whether dietary vitamin D 

supplementation has the same effects as UVR on systemic immunity. UVR suppressed EAE 

when there were minimal changes in serum 25(OH)D, suggesting that vitamin D may not be a 

central mediator of UVR-induced systemic immunosuppression.
50

 However, it is likely that 

serum 25(OH)D levels were already optimal as these mice had initial levels of ≥50 ng/mL 

25(OH)D (≥125 nmol/L) prior to UVR exposure, which in humans would be indicative of the 

upper range of vitamin D sufficiency (>75 nmol/L).
5
 We anticipate that experimental 
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approaches will be more informative if mice are vitamin D-deficient before experimentation 

such that more robust correlations could be measured between increases in 25(OH)D by UVB 

exposure and alterations to immune outcomes.
5
 In similar experiments, up to 1000 µg/kg 

25(OH)D significantly delayed the onset and severity of EAE in hypercalcemic mice, where 

the degree of suppression was comparable with that observed for chronic UVR, but 

significantly less than observed in mice administered 2.5 µg/kg 1,25(OH)2D.
50

 

 

4.2 Gene knockout mice 

An alternative methodology could be to use knockout mice that cannot respond to, or cannot 

make or breakdown 1,25(OH)2D through ablating expression of the VDR, or hydroxylating 

enzymes that synthesise or breakdown 1,25(OH)2D, the 1α-hydroxylase (CYP27B1) and 24-

hydroxylase (CYP24A1), respectively. 

 

4.2.1 VDR
-/-
 mice 

The VDR is expressed by many cells in the skin, the immune system and in various tissues 

throughout the body. As a result, a loss of VDR expression has catastrophic effects, and there 

are many problems associated with using mice with the VDR knocked out globally, or even in 

a tissue-specific manner. VDR
-/-

 mice have serious developmental problems that lead to 

dermatological, skeletal, reproductive and immune dysfunction.
4
 For adequate bone 

development and survival, VDR
-/-

 mice need to be fed a rescue diet consisting of 2% calcium 

and 20% lactose,
51

 which may induce hypercalcaemia. VDR
-/-

 mice also have alopecia and 

exhibit keratinocyte stem cell defects.
4
 This alopecia is independent of 1,25(OH)2D (ligand) 

expression and we anticipate that these ligand-independent effects could still occur in the skin 

of mice with keratinocyte-specific knockdown of expression of the VDR. Other studies 

indicate that the VDR acts as a tumour suppressor independently of 1,25(OH)2D. VDR
-/-

 mice 
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exhibit reduced rates of thymine-dimer repair and apoptosis in UV-exposed skin and these 

dysfunctional epidermal repair pathways coincide with an enhanced susceptibility to the 

development of skin tumours induced by chronic UV irradiation or by a chemical 

carcinogen.
52

 The effects of dietary-induced VDD are not always reproduced in VDR
-/-

 mice 

(see Table 1). For example, a reduced asthma phenotype occurs in VDR
-/-

 mice
53

 while 

allergic sensitisation is enhanced in VDD mice.
42

 Similarly, in non-obese diabetic mice, 

increased diabetes was observed in VDD
47

 but not VDR
-/-

 mice.
54

 These observations 

highlight how mice with a global knockout in VDR gene expression are not appropriate to use 

to investigate whether vitamin D contributes towards UVR-induced immunomodulation. In 

other studies vitamin D or VDR deficiency can have the same effects; increased disease 

severity was observed in VDD or VDR
-/-

 mice with experimental arthritis
55,56

 and colitis
46,57-

59
, while reduced EAE disease severity observed in VDD

48
 or VDR

-/-
 mice

61
 (Table 1).  

 

4.2.2 CYP27B1
-/-
 mice 

Another option could be to use mice with a global deficiency in the expression of the enzyme 

responsible for hydroxylating 25(OH)D to active 1,25(OH)2D (CYP27B1). However, like the 

VDR
-/-

 mice, CYP27B1
-/-

 mice also have serious developmental problems
4
 and need to be fed 

a rescue diet for adequate bone development and fertility.
62

 CYP27B1
-/-

 mice do not have 

alopecia, but their keratinocytes exhibit reduced expression of differentiation markers and 

have an inhibited ability to recover normal skin barrier function after an acute perturbation.
4
 

Unlike, VDR
-/-

 mice, CYP27B1
-/-

 mice do not develop skin tumours in response to a chemical 

carcinogen.
52

 Normal bone phenotype in CYP27B1
-/- 

mice is partially restored by treatment 

with vitamin D. In particular, body weight and bone-related parameters were restored by 

chronic intramuscular treatment with 10,000 IU vitamin D3/week for 4 weeks.
63

 These effects 

were mediated in the absence of conversion to 1,25(OH)2D, where 25(OH)D may be another 
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(albeit lower-affinity) ligand of the VDR. These studies suggest that CYP27B1
-/- 

mice can still 

respond to vitamin D, and are thus an incomplete model to study the effects of ‘vitamin D 

deficiency’ on disease, and sub-optimal for investigating the effects of UVR on skin 

immunity. Like mice with VDD and VDR
-/-

 mice, CYP27B1
-/-

 mice have more severe disease 

in models of experimental colitis (Table 1).
64

 

 

4.2.3 CYP24A1
-/-
 mice 

The CYP24A1 knockout mouse, in which expression of the enzyme that inactivates both 

25(OH)D and 1,25(OH)2D is negated, could be used for examining a role for vitamin D in 

UVR-induced immunomodulation. Like the VDR
-/-

 and CYP27B1
-/-

 mice, CYP24A1
-/-

 mice 

have poor viability but these mice have a tendency towards hypercalcemia (reviewed in
65

). 

The CYP24A1 gene is regulated by the VDR, and in VDR
-/-

 mice, 1,25(OH)2D expression in 

serum is enhanced due to impaired ligand-dependent activation of CYP24A1. VDR
-/-

 may 

represent the equivalent of a partial CYP24A1 deficiency.
65

 CYP24A1
-/-

 mice exhibit 

increased plasma and tissue levels of 1,25(OH)2D after exogenous 1,25(OH)2D 

administration.
65

  

 

4.3 Specific deletion or upregulation of genes involved in vitamin D biology 

A more targeted and potentially informative approach could be to use transgenic mice with 

inducible deletion or over-expression of the VDR, CYP27B1, CYP24A1 or other vitamin D-

related gene of interest within specific cell populations of the skin (eg. keratinocytes, 

Langerhans cells, mast cells) via the Cre-LoxP system. In the epidermis, gene expression 

changes as keratinocytes differentiate from basal cells into squamous cells of the stratum 

spinosum, granular cells of the stratum granulosum and cornified cells of the stratum 

corneum.
66

 Basal, granular and cornified cells can be identified by differential expression of 
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keratin 5 and 14, involucrin and loricrin, respectively.
66

 The development of mice with 

inducible knockdown (or upregulation) of VDR, CYP27B1 or other vitamin D-related genes 

within these specific keratinocyte populations, could reveal whether vitamin D is important 

for their differentiation. This strategy could also determine which keratinocyte population is 

responsible for 1,25(OH)2D synthesis in skin after UVR exposure as keratinocytes contain all 

the enzymatic machinery required for vitamin D synthesis, from 7-dehydrocholesterol to 

1,25(OH)2D.
67

 

 

Vitamin D3 is detected in UV-irradiated rat skin, 30 minutes post-UVR.
68

 However, it may 

take 4 days for equilibrium to be reached, with 80% of pre-vitamin D converted to vitamin 

D3.
69

 The timing of vitamin D3 synthesis may be critical for the ability of 1,25(OH)2D to 

modulate immunity post-UVR. This might be especially relevant after irradiation with 

erythemal quantities of UVR, where the production of significant concentrations of mediators 

like PGE2 may overwhelm the activities of 1,25(OH)2D. Delaying increased expression of the 

CYP27B1 gene after UVR by using an inducible keratinocyte promoter may reveal how the 

timing of 1,25(OH)2D production contributes towards UVR-induced immunosuppression. 

 

4.4 Chimeric mice and adoptively transferring cells 

Gamma-irradiation can be used to ablate the immune system of mice, removing bone marrow, 

splenic and lymph node immune cell populations, with the exception of radio-resistant cells 

like Langerhans cells. Mice can then be reconstituted with bone marrow from other animals, 

which gradually repopulate hematopoetic cell populations with time. These chimeric mice can 

be used to examine mechanisms of UVR-induced immunomodulation. Indeed, Fukunaga et 

al. (2010) used the notion that Langerhans cell precursors are radioresistant, and dermal DC 

precursors are radiosensitive to examine skin DC migration and their role in UVR-induced 
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immunosuppression.
70

 Chimeric mice reconstituted with bone marrow from VDR
-/-

 mice were 

used to show the importance of the VDR expression on lung epithelium for the development 

of asthma.
71

 Similarly, the effects of UVR-induced immunosuppression could be examined in 

mice reconstituted with whole bone marrow cells or more defined progenitor populations 

from vitamin D-deficient or VDR
-/-

 or other knockout mice.  

 

Adoptive transfer of cells from vitamin D-deficient or gene knockout mice could also be a 

useful strategy for examining the role of vitamin D in mediating the effects of UVR on 

immunity. Using this approach, a role for the VDR in controlling the anti-inflammatory 

capacity of mast cells in UV-irradiated skin was identified.
32

 Inflammation induced by 

chronic UVR (2 kJ/m
2
, 15 doses over 30 days) was enhanced in the skin of mast cell-deficient 

mice (WBB6F1-Kit
W/Wv

) that were engrafted with bone marrow-derived mast cells from 

VDR
-/-

 mice relative to wild type controls.
32

 These studies suggested that the VDR may be 

important for the ability of mast cells to suppress skin inflammation caused by sub-erythemal 

UVR. Skin mast cells also control susceptibility of different mouse strains to UVR-induced 

immunosuppression,
72

 with fewer numbers of mast cells observed in the skin of more 

resistant strains like BALB/c mice, and greater numbers in more susceptible strains, like 

C57Bl/6 mice.
73

 Indeed, UVR was unable to suppress contact hypersensitivity responses in 

mast cell-deficient mice (Wf/Wf), but was able to suppress these responses following the 

reconstitution of the skin of Wf/Wf mice with mast cells derived from the bone marrow of 

wild type mice.
73

 In addition, the ability of mast cells to limit skin inflammation, and to 

enhance cutaneous levels of IL-10, both induced by chronic UVR depends, at least in part, on 

the expression of functional VDRs by mast cells.
32

 It is not known whether the expression of 

the VDR by mast cells or skin synthesis of 1,25(OH)2D3 controls susceptibility to UVR-

induced immunosuppression. As dermal mast cells correlate with the extent of UVR-induced 
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immunosuppression, it would be interesting to determine their numbers in mice with 

developmental VDD (in utero) or in CYP27B1
-/-

 mice. 

 

4.5 Drugs to block vitamin D pathway enzymes 

A final method to examine the role of vitamin D in UVR-induced immunomodulation could 

employ the use of chemicals that block the production or activity of 1,25(OH)2D. One such 

molecule is ketoconazole, which has been employed to examine UVR-induced production of 

lipids, antimicrobial peptides and modulation of permeability barrier homeostasis.
30

 However, 

in the same study, ketoconazole inhibited the expression of not only the CYP27B1 gene but 

also the VDR gene, indicating that its specificity may be questionable.
30 

Other chemicals of 

interest include inhibitors of the 7-dehydrocholesterol-∆-reductase, the enzyme responsible 

for the conversion of 7-dehydrocholesterol to cholesterol. Using an inhibitor of 7-

dehydrocholesterol-∆-reductase, serum levels of 25(OH)D were induced in UV-irradiated 

cats, who naturally have low skin levels of 7-dehydrocholesterol and are normally unable to 

alter their serum levels of 25(OH)D in response to UVR.
74

  

 

5. Epigenetic effects of vitamin D deficiency 

The lack of positive results in vitamin D supplementation trials for reducing disease burden 

may also be explained by epigenetic effects of VDD on immunity that may not be rescuable.
8
 

In particular, VDD in utero may establish epigenetic changes that that are difficult to reverse 

with supplementation. In a recent study, the generation of invariant natural killer T cells was 

inhibited by in utero VDD, which was not recovered by treatment with 1,25(OH)2D from just 

before birth.
8
 Genome-wide scans of human monocyte

75
 and lymphoblastoid cell lines

76
 have 

revealed that the VDR binds to multiple sites across the genome, mostly proximal to promoter 

regions and exons.
75

 With 1,25(OH)2D treatment, the VDR binds to regions distal to their 
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previous locations,
75

 with increased binding within introns,
76

 suggesting that genome-wide 

epigenetic changes occur with 1,25(OH)2D to enable gene expression. These observations 

indicate that vitamin D can modify the expression of multiple genes through genome-wide 

epigenetic changes.  

 

UVR may modulate the development of non-melanoma skin cancers (NMSC) through 

epigenetic mechanisms. UV-specific p53 gene mutations in NMSC occur preferentially 

within 5’-CG-3’ dinucleotide (CpG) sequences, where CpGs are the consensus target motif 

for epigenetic DNA methylation
77

 This preferential epigenetic change may affect the 

formation of UV-induced DNA damage or mutagenesis especially in genes with a coding 

sequence long enough to include many CpG sites.
77

 Epigenetic mechanisms of UVR-induced 

immunosuppression are yet to be fully appreciated. However, we have shown that skin 

exposure to UVR reduces the ability of DC progenitor cells from the bone marrow to develop 

into effective antigen-presenting cells.
78

 One potential mechanism for this effect could be 

through epigenetic modification of committed progenitor cells in the bone marrow to 

differentiate into less immunogenic DCs, where vitamin D or other UVR-induced immune 

mediators like prostaglandins
78

 could play a role. 

  

6. Conclusion 

The immunomodulatory effects of UVR are not just dependent upon vitamin D, and involve a 

number of other mediators, like PGE2, that could redundantly control the same 

immunoregulatory cellular pathways as vitamin D. We have yet to directly determine whether 

vitamin D contributes towards the immunomodulatory effects of UVR. This is an important 

issue, as there are many expensive vitamin D supplementation trials underway, and clinical 

trials performed to date have had limited success at reducing the burden of diseases 
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characterised by over-zealous immune responses. If vitamin D is not required for or 

contributes minimally to the effects of UVR on immunity, then more emphasis should be 

placed on the capacity of UVR or other UVR-induced mediators to treat immune-driven 

diseases. 
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Table: Comparison of the effects of dietary-induced vitamin D deficiency (VDD) or 

VDR/CYP27B1 gene deficiency on immune-related disease outcomes in rodents 

 

Disease model 

 

Dietary-induced VDD VDR
-/-
 CYP27B1

-/-
 

Allergic asthma 

(allergic airway 

disease) 

Increased allergic 

sensitisation induced 

by ovalbumin and 

aluminium 

hydroxide
42(b)

 

Reduced airway 

inflammation, airway 

hyper-reactivity but 

increased IgE induced 

by ovalbumin and 

aluminium 

hydroxide
53(b)

 

 

Not reported 

Arthritis  Increased arthritis 

severity induced by 

transfer of CD45RB+ 

cells from synovium-

rich tissues
55(a)

 

 

Increased arthritis 

severity in human 

tumor necrosis factor 

transgenic mice VDR
-

/-
 mice

56(a)
 

Not reported 

Inflammatory 

bowel disease 

(experimental 

colitis) 

Increased colitis 

severity induced by 

dextran sodium 

sulfate
46(b)

 

 

 

Increased colitis 

severity induced by 

dextran sodium 

sulfate
59(b)

 

 

 

Increased colitis 

severity
 

induced by 

dextran sodium 

sulfate
64(a)
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Increased colitis 

severity in IL-10-/- 

mice
57(c)

 

 

No affect on colitis 

severity in IL-2
-/-

 

mice
58(c)

 

 

Increased colitis 

severity
 

in IL-10
-/-

 

VDR
-/-
 mice

 60(b)
 

 

 Multiple sclerosis 

(Experimental 

autoimmune 

encephalomyelitis) 

Disease onset delayed 

and severity reduced 

following injection of 

myelin 

oligodendrocyte 

glycoprotein peptide 

in Freund’s complete 

adjuvant
48(b)

 

 

Reduced incidence in 

disease induced by 

injection of myelin 

basic protein in 

Freunds’s complete 

adjuvant
61(b)

 

 

Not reported 

Type-1 diabetes Increased diabetes 

incidence and 

glycaemia in non-

obese diabetic mice
47(b)

 

No affect on diabetes 

severity or insulitis in 

non-obese diabetic 

mice
54(c)

 

 

Not reported 

a
Calcium levels not reported, 

b
Normal calcium levels, 

c
Hypocalcemia 
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Figure legend 

 

Figure: UV-induced immunomodulation via increased RANKL expression in skin can 

be mediated by 1,25(OH)2D or PGE2. UVR from sunlight induces the synthesis of 

1,25(OH)2D from 7-dehydrocholesterol in keratinocytes. 1,25(OH)2D increases the 

expression of RANKL on epidermal Langerhans cells. UVR also induces the expression of 

PGE2, which may signal through the EP4 receptor to increase RANKL expression by 

Langerhans cells. 1,25(OH)2D- or PGE2-modified Langerhans cells then migrate to the 

draining lymph nodes to induce or increase the suppressive activity of CD4+CD25+ 

regulatory T cells. These cells may regulate immunity in a systemic fashion.  Abbreviations: 

1,25(OH)2D = 1,25-dihydroxyvitamin D, 25(OH)D = 25-hydroxyvitamin D, 7-DHC = 7-

dehydrocholesterol, LC = Langerhans cells, LV = lymphatic vessel, PGE2 = prostaglandin E2, 

RANK(L) = receptor activator of NFΚB (ligand), UV = ultraviolet. 
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Figure 
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Here we discuss the converging and diverging immunoregulatory pathways of ultraviolet radiation and vitamin D, 
and potential in vivo approaches to determine if vitamin D mediates the immunosuppressive effects of UVR.   
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Point-by-point response to referees’ comments 
PP-PER-04-2012-025108 

We thank the referees’ for their critique of our manuscript. Please note that all changes to 

the original text are shown by underlining the next text. 

 

Referee: 1 
1. Page 8, para 2, the first sentence needs restructuring: 'A physiologically-relevant approach 

excludes vitamin D from....' 

Response: Modified to: A physiologically-relevant approach could be to exclude vitamin D 

from the diets of rodents to effectively reduce serum 25(OH)D levels to those equivalent to 

clinical deficiency  in humans (<25 nmol/L). 

 

2. Page 9, para 2: '...or the enzymes that hydroxylate 25(OH)D and 1,25(OH)2D, the 1alpha-

hydroxylase (CYP27B1) and 24-hydroxylase (CYP24A1) respectively.' 

Response: Modified to: An alternative methodology could be to use knockout mice that 

cannot respond to, or cannot make or breakdown 1,25(OH)2D through ablating expression of 

the VDR, or hydroxylating enzymes that synthesise or breakdown 1,25(OH)2D, the 1α-

hydroxylase (CYP27B1) and 24-hydroxylase (CYP24A1), respectively. 

 

3.  Is it possible that there is an association between platelet activating factor's role in UV 

immunosuppression and vitamin D? 

Response: Yes, there may be an association. Treatment of human decidual macrophages 

with 1,25(OH)2D (≥1 nM) or 25(OH)D (≥100 nM) reduced the expression of the platelet 

activating factor (PAF) deactivation enzyme, PAF-acetylhydroxylase (Nahara et al 1995, J Clin 

Endocrinol Metabolism 80, 3121). In addition, expression of the PAF-receptor was increased 

in NOD (non-obese diabetic) mice treated with 1,25(OH)2D (5 µg/kg ip, every 2 days), in 

which severe shock was induced by foot-pad injection of hen egg white lysozyme 

(Overbergh et al 2003, Diabetes 52, 2003). These studies suggest that vitamin D can induce 

the expression of PAF to regulate immunity. However, vitamin D and PAF have opposing 

contributions towards the formation of DNA damage after UV irradiation of skin (reviewed 

in Halliday, 2010). PAF and other UVR-induced molecules like cis-urocanic acid contribute 

towards DNA damage (eg. cyclobutane pyrimidine dimers) and ROS formation (Sreevidya et 

al 2010, Journal of Investigative Dermatology 130, 1428-37). In contrast, 1,25(OH)2D can 

repair UVR-induced CPD formation if administered before and/or after UV treatment 

(Damian et al 2010, Exp Dermatol 19, e23, Gorman et al, 2007, ref14).  Whether 1,25(OH)2D 

contributes towards PAF formation after UV irradiation has yet to be shown.   

 

We have discussed these observations in a new section: 

 

3.5 Potential interactions between vitamin D and other UVR-induced mediators  

One mediator induced by UVR implicated in immunosuppression is platelet activating factor 

(PAF).
2,36

 While both vitamin D and PAF may contribute towards UVR-induced 

immunosuppression, they have opposing effects on the formation of DNA damage in UV-

irradiated skin.
36

 PAF and other UVR-induced molecules like cis-urocanic acid contribute 

towards DNA damage (eg. cyclobutane pyrimidine dimers) and ROS formation.
37

 In contrast, 

1,25(OH)2D can repair UVR-induced CPD formation if administered topically before and/or 

after UV treatment.
14,21,38

 Other studies suggest that vitamin D may induce the expression of 

PAF to regulate immunity. In human decidual macrophages, 1,25(OH)2D (≥1 nM) or 25(OH)D 

(≥100 nM) reduced the enzymatic activity of the platelet activating factor (PAF) deactivation 

enzyme, PAF-acetylhydroxylase.
39

 In addition, expression of the PAF-receptor was increased 

in NOD (non-obese diabetic) mice treated with 1,25(OH)2D (5 µg/kg ip, every 2 days), in 
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which severe shock was induced by foot-pad injection of hen egg white lysozyme.
40

 Whether 

UVR-induced 1,25(OH)2D contributes towards PAF formation has yet to be shown. 

 

New references: 

36. G. Halliday, Common links among the pathways leading to UV-induced 

immunosuppresion, J. Invest. Dermatol. 2010, 130, 1209-1211. 

 

37. C. S. Sreevidya, A. Fukunaga, N. M. Khaskhely, T. Masaki, R. Ono, C. Nishigori, S. E. Ullrich, 

Agents that reverse UV-induced immune suppression and photocarcinogenesis affect DNA 

repair, J. Invest. Dermatol. 2010, 130, 1428-1437. 

 

38. D. Damian, Y. J. Kim, K. M. Dixon, G. M. Halliday, A. Javeri, R. S. Mason, Topical calcitriol 

protects from UV-induced genetic damage but suppresses cutaneous immunity in humans, 

Exp. Dermatol. 2010, 19, e23-30. 

 

39. H. Narahara, I. Miyakawa, and J. M. Johnston, The inhibitory effect of 1,25-

dihydroxyvitamin D3 on the secretion of platelet-activating factor acetylhydroxylase by 

human decidual macrophages, J. Clin. Endocrinol. Metab. 1995, 80, 3121-3126.   

 

40. L. Overbergh, B. Decallonne, D. D. Branisteanu, D. Valckx, A. Kasran, R. Bouillon, and C. 

Mathieu, Acute shock induced by antigen vaccination in NOD mice, Diabetes 2003, 52, 335-

341. 

 

Referee: 2 
Just a few typos to correct: 

P5  last line immunosuppression is spelt  immunosuppresison  

P7 second last line integrity is spelt intergrity 

P10 Line 11 VDR-/- the -/- is not superscripted 

P11 Line 15 VDR-/- the -/- is not superscripted 

p14 4th line from the bottom finvitamin should be 'in vitamin' 

1. Reference climate is missing an e 

Response: All typos have been corrected. 

 

Referee: 3 
1.  In the abstract, there is the statement that "Vitamin D can also regulate immunity.... 

activation of regulatory T cells." 

It would be sensible to add the word "adaptive" as in regulate adaptive immunity, since 

vitamin D can also regulate innate immunity via a different mechanism, not regulatory T 

cells.  This is actually discussed in 3.3. 

Response: The word adaptive added as suggested. We have also added a few phrases to the 

abstract to help further define the contents of our paper. 

 

2.  In 4.5, 'Drugs to block the effect of vitamin D'  Inhibitors of 7-dehydroreductase would 

increase the 7-dehydrocholesterol present in skin and so could potentially increase 25OHD 

levels(as stated in relation to cats), rather than "block" the effects of vitamin D.  Perhaps 

alter the title to 'Drugs to block vitamin D pathway enzymes' or similar. 

Response: Title of section 4.5 altered as suggested. 
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