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The very early onset of allergic diseases points to the specific vulnerability of the developing immune system to

environmental changes and the development of primary intervention strategies is crucial to address this unparalleled

burden. Vitamin D is known to have immunomodulatory functions. While allergic disease is multifactorial, associations

with reduced sunlight exposure have led to the hypothesis that suboptimal vitamin D levels during critical early periods

may be one possible explanation. Interventions to improve vitamin D status, especially in early life, may be the key to

allergic disease prevention.
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1. Environmental Factors as Causes for the Global Rise of Vitamin D
Deficiency and Sources of Vitamin D

Considering that up to 90 to 95% of vitamin D can be provided by cutaneous synthesis under the influence of UVB light ,

the major cause for the vitamin D deficiency pandemic is a lack of appreciation that UV light exposure is the major

physiological source of vitamin D . Increased time spent indoors due to the exponential rise of indoor employment

and relaxation activities (particularly an increase in screen time) in modern times as well as sun protection behaviours 

 are lifestyle factors which have an influence on UV light exposure. In addition, lower UVR levels are found in high-

latitude locations and winter season. Furthermore spending time outdoors exclusively in the morning or after 3 p.m. leads

to reduced UV light expsosure .

Considering physiological factors, increased skin pigmentation , aging and obesity have an influence on vitamin D

status . Low dietary vitamin D intakes caused by changes in nutrition from more traditional vitamin D-containing food

sources to modern commercial, highly processed fast food can contribute to vitamin D deficiency by destroying the

naturally contained vitamin D.

Vitamin D occurs in two forms: vitamin D2 and vitamin D3. Vitamin D2 is obtained from the UV irradiation of the yeast

sterol ergosterol and is found in sun-exposed and sun-dried mushrooms. Vitamin D3 is found in oil-rich fish such as

herring, salmon and mackerel, tuna, cod liver oil and egg yolk . People living in the far southern or northern latitudes

may also obtain vitamin D from seal blubber, whales or polar bear liver . In addition, foods enriched with fortified vitamin

D  and nutritional supplements play a role in maintaining a sufficient vitamin D status.

2. Vitamin D Metabolism and Physiology

Vitamin D is a pre-hormone which historically plays a critical role in calcium and mineral homeostasis, bone modeling and

remodeling. However, the role of vitamin D goes far beyond this, as different activities of vitamin D ensure proper

functioning of vital human organs including the skin . Apart from functioning on the skin, vitamin D is also predominantly

derived from the skin via sun exposure, which makes vitamin D unique among hormones .

During sun exposure, 7-dehydrocholesterol in the skin absorbs UVB radiation and undergoes chemical rearrangements to

form the thermodynamically stable vitamin D3 . Vitamin D2 and D3 act as pro-hormones and, when activated, have the

same biological activity. Following ingestion or transport from the skin to the circulation, these calciferols are bound to the

vitamin D-binding protein (DBP) . DBP transports the calciferols to the liver, where the first step of hydroxylation to 25-

hydroxyvitamin D (25(OH)D) takes place  .

While 25(OH)D is the predominant circulating metabolite, it is largely inert and displays minimal binding affinity to the

vitamin D receptor (VDR) . Hence, to gain biological activity in a second step, 25(OH)D must undergo further renal

hydroxylation . 1,25(OH) D (calcitriol) is the active metabolite of vitamin D which is bound to DBP while circulating in

the blood and transported to the VDR. After transport to the VDR, 1,25(OH) D is released to dock on the VDR and induce
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processes in the cell nucleus . However, 1,25(OH) D is not used as a measure of vitamin D status  due to its short

circulating half-life time (4 h), low serum concentrations and tight regulation . Instead, 25(OH)D is used to evaluate

vitamin D status as it has a long half-life time (2–3 weeks), provides stable serum concentrations and is present at

concentrations approximately 1000-fold greater than 1,25(OH) D . The international Endocrine Society’s guidelines

define vitamin D deficiency as 25(OH)D < 50 nmol/L (<20 ng/mL), and vitamin D insufficiency as <75 nmol/L (<30 ng/mL)

.

More recent research revealed that calcitriol modulates activation, proliferation and differentiation of immune and

inflammatory cells through the VDR expressed on these cells . Apart from immune cells , the VDR is also

present on cells of the skin  and cardiovascular system , and these functions may provide some explanation for the

epidemiological associations between vitamin D status and NCDs including cardiometabolic conditions, malignancies and

immune disorders .

3. Vitamin D Receptor and Vitamin D-Binding Protein Polymorphisms and
Links to Allergic Diseases

The VDR is a member of the nuclear receptor family of transcription factors and is found on most cells of the human body

including skin cells (basal layer of the epidermis, keratinocytes and hair follicles)  and immune cells, with effects on cell

differentiation, proliferation and apoptosis . It is therefore quite feasible that VDR polymorphisms on interaction with

environmental factors could significantly influence immune regulation by altering cell proliferation and differentiation .

Genetic studies have provided early evidence of a potential role of the VDR in the genesis of allergic diseases. Looking at

the link to asthma specifically, the association between a number of VDR restriction fragment length polymorphisms and

the risk of asthma has been described . However, other studies could not confirm the role of VDR polymorphisms on

allergy outcome . Tamasauskiene et al. conclude that the association of VDR gene polymorphisms and vitamin D

with asthma, allergic rhinitis and atopy is variable . The inconsistency between findings may be due to different study

designs, but also likely reflects that allergic diseases are complex, involving multiple genetic and environmental factors 

.

There are numerous other genes involved in the vitamin D metabolism pathway that have been associated with the risk of

allergic disease . DBP polymorphisms and vitamin D deficiency may jointly or independently contribute to a

variety of skeletal and non-skeletal adverse health outcomes including different NCDs such as osteoporosis, diabetes,

thyroid autoimmunity, inflammatory bowel disease, chronic lung disease  and allergy development . The exact

role of DBP in the pathophysiology of all these inflammatory diseases is, however, not completely understood.

Additionally, as in other genetic associations, the influence of DBP on allergic diseases is likely to be affected by gene–

gene and gene–environment interactions.

4. Immunoregulatory Functions of Vitamin D and the Influence on Allergic
Disease Development

A link between vitamin D and the immune system was first acknowledged approximately four decades ago with the

expression of the VDR in both activated T and B cells . Since then, the body of evidence suggesting that vitamin D,

especially its active metabolite, plays a key role in modulating the physiological activity of the immune system has grown.

4.1. The Role of Vitamin D in the Th1/Th2 Dichotomy

Early experiments showed that the active metabolite 1,25(OH )D  inhibits interleukin (IL)-2 production and T-cell

proliferation . Th (T-helper) cells are a primary target for 1,25(OH) D, suppressing Th cell proliferation through

decreased Th1 cytokine production of these cells .

In the first instance, actions such as this would not seem to be beneficial for the genesis of allergic diseases. However, it

needs to be considered that the immunosuppression of Th1 is not associated with an increase in pro-inflammatory Th2

cytokine production . Indeed, an Austrian study showed that in cluster of differentiation (CD)4  cord blood (CB) cells,

1,25(OH) D  suppressed Th2-driven IL-4 and IL-13 expression. Hence, 1,25(OH) D  induced a T-cell population without

further predominance of Th2-related cytokines. It was concluded that predominantly naïve cells have a balanced effect on

cytokine production, inhibiting both Th1 and Th2 cytokines .

4.2. Immunomodulatory Function of Vitamin D on T Regulatory Cells and Allergic Disease
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Development

Another group of T cells known to be potentially induced by 1,25 (OH) D  are regulatory T cells (Treg) . Allergic disease

reflects a failure to develop immunotolerance and although a part of the Th family, Treg cells act to suppress immune

responses by other T cells and are essential in controlling inflammation and promoting tolerance to allergens.

The majority of Treg arise in the thymus. These CD4 FOXP3  natural regulatory T cells (nTreg) mediate tolerance to self-

antigens . A second population of CD4 FOXP3  Treg develop in peripheral lymphoid tissues from naïve conventional

CD4 FOXP3  T cells after exposure to antigens in combination with Transforming Growth Factor (TGF)-beta . These

cells are called induced regulatory T cells (iTreg) and are predominantly found within environmental interfaces such as

lung respiratory mucosa and the intestines during chronic inflammation activities against microbial agents or importantly

environmental (e.g., food and airborne) allergens . Both subsets, nTreg and iTreg, play a key role in maintaining

peripheral tolerance  .

Due to the strong associations between Treg and allergic diseases , identification of factors which may

influence the number and function of Treg is crucial. Interestingly, vitamin D appears to influence Treg activity and

differentiation , suggesting an influence on allergic disease and asthma outcome .

There is considerable evidence in animal studies that vitamin D3 stimulates dendritic cells (DCs), which in turn may

induce IL-10-producing CD4  T cells and antigen-specific Treg . High levels of 1,25(OH) D have been shown to induce

the lineage-specific FOXP3 transcription factor, which is essential for the development and functioning of Treg  by

enhancing the number and activity of circulating CD4  Treg and their anti-inflammatory functions . A recent study

by Gorman et al. found that topical application of vitamin D in mice suppressed skin swelling in response to mechanisms

that may be dependent on mast cells and Treg .

4.3. Antigen-Presenting Cells and Dendritic Cells

Antigen-presenting cells (APCs) play a significant role in the Th1/Th2 paradigm of autoimmune and allergic disease 

and allergic disease development . As on many other cell types, the VDR is expressed on APCs. However, beyond

this DC , monocytes and macrophages  can produce 25(OH)D3 with subsequent local effects.

Different DC subsets have been identified on sites which are frequently involved in allergic reactions such as the skin, and

the respiratory and gastrointestinal tracts. For at least a decade, vitamin D3 has been suggested to program DCs for

tolerance by reducing their capability to activate and generate T cells, while increasing their potential to upregulate Treg

and altering receptor expression   . Treatment of DCs with 1,25(OH)D3 showed decreased production of pro-

inflammatory cytokines (e.g., interferon (IFN)-α and IL-12) and increased production of the anti-inflammatory cytokine IL-

10 .

In addition to being targets of vitamin D3, DCs can generate 1,25(OH)D3 locally to influence T-cell programming . The

primary function of DCs is to initiate and refine adaptive immune responses, highlighting them as a potential therapeutic

tool in diseases with skewed T-cell responses, including allergic diseases. Hence, adequate 25(OH)D3 levels through

preventing/correcting vitamin D deficiency may facilitate a tolerogenic, anti-inflammatory immune profile.

References

1. Holick, M.F. Vitamin D deficiency. N. Engl. J. Med. 2007, 357, 266–281.

2. Holick, M.F. Biological Effects of Sunlight, Ultraviolet Radiation, Visible Light, Infrared Radiation and Vitamin D for Healt
h. Anticancer. Res. 2016, 36, 1345–1356.

3. Wacker, M.; Holick, M.F. Sunlight and Vitamin D: A global perspective for health. Derm. Endocrinol. 2013, 5, 51–108.

4. Holick, M.F.; Chen, T.C.; Lu, Z.; Sauter, E. Vitamin D and skin physiology: A D-lightful story. J. Bone Miner. Res. Off. J.
Am. Soc. Bone Miner. Res. 2007, 22, V28–V33.

5. Faurschou, A.; Beyer, D.M.; Schmedes, A.; Bogh, M.K.; Philipsen, P.A.; Wulf, H.C. The relation between sunscreen lay
er thickness and vitamin D production after ultraviolet B exposure: A randomized clinical trial. Br. J. Dermatol. 2012, 16
7, 391–395.

6. Wortsman, J.; Matsuoka, L.Y.; Chen, T.C.; Lu, Z.; Holick, M.F. Decreased bioavailability of vitamin D in obesity. Am. J. C
lin. Nutr. 2000, 72, 690–693.

2 3
[45]

+ +

[46] + +

+ + [47]

[48][49]

[50]

[51][52][53][54]

[55] [55][56]

+ [57]
2

[58][59]

+ [60][61][62]

[63]

[64]

[65][66]

[67] [68]

[69]

[70]

[69]



7. Matsuoka, L.Y.; Ide, L.; Wortsman, J.; MacLaughlin, J.A.; Holick, M.F. Sunscreens suppress cutaneous vitamin D3 synt
hesis. J. Clin. Endocrinol. Metab. 1987, 64, 1165–1168.

8. Holick, M.F. The vitamin D deficiency pandemic: Approaches for diagnosis, treatment and prevention. Rev. Endocr. Met
ab. Disord. 2017, 18, 153–165.

9. Hintzpeter, B.; Scheidt-Nave, C.; Muller, M.J.; Schenk, L.; Mensink, G.B. Higher prevalence of vitamin D deficiency is a
ssociated with immigrant background among children and adolescents in Germany. J. Nutr. 2008, 138, 1482–1490.

10. Clemens, T.L.; Adams, J.S.; Henderson, S.L.; Holick, M.F. Increased skin pigment reduces the capacity of skin to synth
esise vitamin D3. Lancet 1982, 1, 74–76.

11. Piotrowska, A.; Wierzbicka, J.; Zmijewski, M.A. Vitamin D in the skin physiology and pathology. Acta Biochim. Pol. 201
6, 63, 17–29.

12. Holick, M.F. Vitamin D: A D-Lightful health perspective. Nutr. Rev. 2008, 66, S182–S194.

13. Holick, M.F.; Chen, T.C. Vitamin D deficiency: A worldwide problem with health consequences. Am. J. Clin. Nutr. 2008,
87, 1080S–1086S.

14. Chun, R.F.; Peercy, B.E.; Orwoll, E.S.; Nielson, C.M.; Adams, J.S.; Hewison, M. Vitamin D and DBP: The free hormone
hypothesis revisited. J. Steroid Biochem. Mol. Biol. 2014, 144, 132–137.

15. Christakos, S.; Ajibade, D.V.; Dhawan, P.; Fechner, A.J.; Mady, L.J. Vitamin D: Metabolism. Endocrinol. Metab. Clin. N.
Am. 2010, 39, 243–253.

16. DeLuca, H.F. Vitamin D: Historical Overview. Vitam. Horm. 2016, 100, 1–20.

17. Holick, M.F.; Binkley, N.C.; Bischoff-Ferrari, H.A.; Gordon, C.M.; Hanley, D.A.; Heaney, R.P.; Murad, M.H.; Weaver, C.
M.; Endocrine, S. Evaluation, treatment, and prevention of vitamin D deficiency: An Endocrine Society clinical practice
guideline. J. Clin. Endocrinol. Metab. 2011, 96, 1911–1930.

18. Chun, R.F.; Liu, P.T.; Modlin, R.L.; Adams, J.S.; Hewison, M. Impact of vitamin D on immune function: Lessons learned
from genome-wide analysis. Front. Physiol. 2014, 5, 151.

19. Cantorna, M.T. Mechanisms underlying the effect of vitamin D on the immune system. Proc. Nutr. Soc. 2010, 69, 286–2
89.

20. Brennan, A.; Katz, D.R.; Nunn, J.D.; Barker, S.; Hewison, M.; Fraher, L.J.; O’Riordan, J.L. Dendritic cells from human ti
ssues express receptors for the immunoregulatory vitamin D3 metabolite, dihydroxycholecalciferol. Immunology 1987,
61, 457–461.

21. Morgan, J.W.; Kouttab, N.; Ford, D.; Maizel, A.L. Vitamin D-mediated gene regulation in phenotypically defined human
B cell subpopulations. Endocrinology 2000, 141, 3225–3234.

22. Provvedini, D.M.; Tsoukas, C.D.; Deftos, L.J.; Manolagas, S.C. 1,25-dihydroxyvitamin D3 receptors in human leukocyte
s. Science 1983, 221, 1181–1183.

23. Umar, M.; Sastry, K.S.; Al Ali, F.; Al-Khulaifi, M.; Wang, E.; Chouchane, A.I. Vitamin D and the Pathophysiology of Infla
mmatory Skin Diseases. Ski. Pharmacol. Physiol. 2018, 31, 74–86.

24. Duplancic, D.; Cesarik, M.; Poljak, N.K.; Radman, M.; Kovacic, V.; Radic, J.; Rogosic, V. The influence of selective vita
min D receptor activator paricalcitol on cardiovascular system and cardiorenal protection. Clin. Interv. Aging 2013, 8, 14
9–156.

25. Egshatyan, L.V.; Dudinskaya, E.N.; Tkacheva, O.N.; Kashtanova, D.A. The role of vitamin D in the pathogenesis of chr
onic non-communicable diseases. Osteoporoz I Osteopat. 2014, 17, 27–30.

26. Bikle, D.D. Vitamin D and the skin: Physiology and pathophysiology. Rev. Endocr. Metab. Disord. 2012, 13, 3–19.

27. Poon, A.H.; Laprise, C.; Lemire, M.; Montpetit, A.; Sinnett, D.; Schurr, E.; Hudson, T.J. Association of vitamin D receptor
genetic variants with susceptibility to asthma and atopy. Am. J. Respir. Crit. Care Med. 2004, 170, 967–973.

28. Valdivielso, J.M.; Fernandez, E. Vitamin D receptor polymorphisms and diseases. Clin. Chim. Acta Int. J. Clin. Chem. 2
006, 371, 1–12.

29. Tizaoui, K.; Berraies, A.; Hamdi, B.; Kaabachi, W.; Hamzaoui, K.; Hamzaoui, A. Association of vitamin D receptor gene
polymorphisms with asthma risk: Systematic review and updated meta-analysis of case-control studies. Lung 2014, 19
2, 955–965.

30. Wjst, M. Variants in the vitamin D receptor gene and asthma. BMC Genet. 2005, 6, 2.

31. Vollmert, C.; Illig, T.; Altmuller, J.; Klugbauer, S.; Loesgen, S.; Dumitrescu, L.; Wjst, M. Single nucleotide polymorphism
screening and association analysis--exclusion of integrin beta 7 and vitamin D receptor (chromosome 12q) as candidat
e genes for asthma. Clin. Exp. Allergy J. Br. Soc. Allergy Clin. Immunol. 2004, 34, 1841–1850.



32. Tamasauskiene, L.; Golubickaite, I.; Ugenskiene, R.; Sjakste, N.; Paramonova, N.; Wu, L.S.; Wang, L.S.; Sitkauskiene,
B. Vitamin D receptor gene polymorphisms in atopy. Immun. Inflamm. Dis. 2021, 9, 1153–1159.

33. Pillai, D.K.; Iqbal, S.F.; Benton, A.S.; Lerner, J.; Wiles, A.; Foerster, M.; Ozedirne, T.; Holbrook, H.P.; Payne, P.W., Jr.; G
ordish-Dressman, H.; et al. Associations between genetic variants in vitamin D metabolism and asthma characteristics i
n young African Americans: A pilot study. J. Investig. Med. 2011, 59, 938–946.

34. Wjst, M. The vitamin D slant on allergy. Pediatr. Allergy Immunol. Off. Publ. Eur. Soc. Pediatr. Allergy Immunol. 2006, 1
7, 477–483.

35. Chun, R.F.; Peercy, B.E.; Adams, J.S.; Hewison, M. Vitamin D binding protein and monocyte response to 25-hydroxyvit
amin D and 1, 25-dihydroxyvitamin D: Analysis by mathematical modeling. PLoS ONE 2012, 7, e30773.

36. Malik, S.; Fu, L.; Juras, D.J.; Karmali, M.; Wong, B.Y.; Gozdzik, A.; Cole, D.E. Common variants of the vitamin D bindin
g protein gene and adverse health outcomes. Crit. Rev. Clin. Lab. Sci. 2013, 50, 1–22.

37. Carpenter, T.O.; Zhang, J.H.; Parra, E.; Ellis, B.K.; Simpson, C.; Lee, W.M.; Balko, J.; Fu, L.; Wong, B.Y.; Cole, D.E. Vit
amin D binding protein is a key determinant of 25-hydroxyvitamin D levels in infants and toddlers. J. Bone Miner. Res.
Off. J. Am. Soc. Bone Miner. Res. 2013, 28, 213–221.

38. Navas-Nazario, A.; Li, F.Y.; Shabanova, V.; Weiss, P.; Cole, D.E.; Carpenter, T.O.; Bazzy-Asaad, A. Effect of vitamin D-
binding protein genotype on the development of asthma in children. Ann. Allergy Asthma Immunol. Off. Publ. Am. Coll.
Allergy Asthma Immunol. 2014, 112, 519–524.

39. Tsoukas, C.D.; Provvedini, D.M.; Manolagas, S.C. 1,25-dihydroxyvitamin D3: A novel immunoregulatory hormone. Scie
nce 1984, 224, 1438–1440.

40. Lemire, J.M.; Adams, J.S.; Kermani-Arab, V.; Bakke, A.C.; Sakai, R.; Jordan, S.C. 1,25-Dihydroxyvitamin D3 suppresse
s human T helper/inducer lymphocyte activity in vitro. J. Immunol. 1985, 134, 3032–3035.

41. Lemire, J.M.; Archer, D.C.; Beck, L.; Spiegelberg, H.L. Immunosuppressive actions of 1,25-dihydroxyvitamin D3: Prefer
ential inhibition of Th1 functions. J. Nutr. 1995, 125, 1704S–1708S.

42. Jirapongsananuruk, O.; Melamed, I.; Leung, D.Y. Additive immunosuppressive effects of 1,25-dihydroxyvitamin D3 and
corticosteroids on TH1, but not TH2, responses. J. Allergy Clin. Immunol. 2000, 106, 981–985.

43. Rausch-Fan, X.; Leutmezer, F.; Willheim, M.; Spittler, A.; Bohle, B.; Ebner, C.; Jensen-Jarolim, E.; Boltz-Nitulescu, G. R
egulation of cytokine production in human peripheral blood mononuclear cells and allergen-specific th cell clones by 1al
pha,25-dihydroxyvitamin D3. Int. Arch. Allergy Immunol. 2002, 128, 33–41.

44. Pichler, J.; Gerstmayr, M.; Szepfalusi, Z.; Urbanek, R.; Peterlik, M.; Willheim, M. 1 alpha,25(OH)2D3 inhibits not only T
h1 but also Th2 differentiation in human cord blood T cells. Pediatr. Res. 2002, 52, 12–18.

45. Fisher, S.A.; Rahimzadeh, M.; Brierley, C.; Gration, B.; Doree, C.; Kimber, C.E.; Plaza Cajide, A.; Lamikanra, A.A.; Rob
erts, D.J. The role of vitamin D in increasing circulating T regulatory cell numbers and modulating T regulatory cell phen
otypes in patients with inflammatory disease or in healthy volunteers: A systematic review. PLoS ONE 2019, 14, e0222
313.

46. Lio, C.W.; Hsieh, C.S. Becoming self-aware: The thymic education of regulatory T cells. Curr. Opin. Immunol. 2011, 23,
213–219.

47. Mucida, D.; Kutchukhidze, N.; Erazo, A.; Russo, M.; Lafaille, J.J.; Curotto de Lafaille, M.A. Oral tolerance in the absenc
e of naturally occurring Tregs. J. Clin. Investig. 2005, 115, 1923–1933.

48. Kretschmer, K.; Apostolou, I.; Hawiger, D.; Khazaie, K.; Nussenzweig, M.C.; von Boehmer, H. Inducing and expanding r
egulatory T cell populations by foreign antigen. Nat. Immunol. 2005, 6, 1219–1227.

49. Curotto de Lafaille, M.A.; Kutchukhidze, N.; Shen, S.; Ding, Y.; Yee, H.; Lafaille, J.J. Adaptive Foxp3+ regulatory T cell-
dependent and -independent control of allergic inflammation. Immunity 2008, 29, 114–126.

50. Noval Rivas, M.; Chatila, T.A. Regulatory T cells in allergic diseases. J. Allergy Clin. Immunol. 2016, 138, 639–652.

51. Noval Rivas, M.; Burton, O.T.; Wise, P.; Charbonnier, L.M.; Georgiev, P.; Oettgen, H.C.; Rachid, R.; Chatila, T.A. Regula
tory T cell reprogramming toward a Th2-cell-like lineage impairs oral tolerance and promotes food allergy. Immunity 20
15, 42, 512–523.

52. Syed, A.; Garcia, M.A.; Lyu, S.C.; Bucayu, R.; Kohli, A.; Ishida, S.; Berglund, J.P.; Tsai, M.; Maecker, H.; O’Riordan, G.;
et al. Peanut oral immunotherapy results in increased antigen-induced regulatory T-cell function and hypomethylation o
f forkhead box protein 3 (FOXP3). J. Allergy Clin. Immunol. 2014, 133, 500–510.

53. Shreffler, W.G.; Wanich, N.; Moloney, M.; Nowak-Wegrzyn, A.; Sampson, H.A. Association of allergen-specific regulator
y T cells with the onset of clinical tolerance to milk protein. J. Allergy Clin. Immunol. 2009, 123, 43–52.e7.

54. Lloyd, C.M.; Hawrylowicz, C.M. Regulatory T cells in asthma. Immunity 2009, 31, 438–449.



55. Dimeloe, S.; Nanzer, A.; Ryanna, K.; Hawrylowicz, C. Regulatory T cells, inflammation and the allergic response—The
role of glucocorticoids and Vitamin D. J. Steroid Biochem. Mol. Biol. 2010, 120, 86–95.

56. Hartmann, B.; Riedel, R.; Jorss, K.; Loddenkemper, C.; Steinmeyer, A.; Zugel, U.; Babina, M.; Radbruch, A.; Worm, M.
Vitamin D receptor activation improves allergen-triggered eczema in mice. J. Investig. Dermatol. 2012, 132, 330–336.

57. Gorman, S.; Judge, M.A.; Hart, P.H. Topical 1,25-dihydroxyvitamin D3 subverts the priming ability of draining lymph nod
e dendritic cells. Immunology 2010, 131, 415–425.

58. Joshi, S.; Pantalena, L.C.; Liu, X.K.; Gaffen, S.L.; Liu, H.; Rohowsky-Kochan, C.; Ichiyama, K.; Yoshimura, A.; Steinma
n, L.; Christakos, S.; et al. 1,25-dihydroxyvitamin D3 ameliorates Th17 autoimmunity via transcriptional modulation of in
terleukin-17A. Mol. Cell. Biol. 2011, 31, 3653–3669.

59. Jeffery, L.E.; Burke, F.; Mura, M.; Zheng, Y.; Qureshi, O.S.; Hewison, M.; Walker, L.S.; Lammas, D.A.; Raza, K.; Sanso
m, D.M. 1,25-Dihydroxyvitamin D3 and IL-2 combine to inhibit T cell production of inflammatory cytokines and promote
development of regulatory T cells expressing CTLA-4 and FoxP3. J. Immunol. 2009, 183, 5458–5467.

60. Christakos, S.; Dhawan, P.; Verstuyf, A.; Verlinden, L.; Carmeliet, G. Vitamin D: Metabolism, Molecular Mechanism of A
ction, and Pleiotropic Effects. Physiol. Rev. 2016, 96, 365–408.

61. van Halteren, A.G.; Tysma, O.M.; van Etten, E.; Mathieu, C.; Roep, B.O. 1alpha,25-dihydroxyvitamin D3 or analogue tr
eated dendritic cells modulate human autoreactive T cells via the selective induction of apoptosis. J. Autoimmun. 2004,
23, 233–239.

62. Van Belle, T.L.; Vanherwegen, A.S.; Feyaerts, D.; De Clercq, P.; Verstuyf, A.; Korf, H.; Gysemans, C.; Mathieu, C. 1,25-
Dihydroxyvitamin D3 and its analog TX527 promote a stable regulatory T cell phenotype in T cells from type 1 diabetes
patients. PLoS ONE 2014, 9, e109194.

63. Gorman, S.; Geldenhuys, S.; Weeden, C.E.; Grimbaldeston, M.A.; Hart, P.H. Investigating the roles of regulatory T cell
s, mast cells and interleukin-9 in the control of skin inflammation by vitamin D. Arch. Dermatol. Res. 2018, 310, 221–23
0.

64. Gutcher, I.; Becher, B. APC-derived cytokines and T cell polarization in autoimmune inflammation. J. Clin. Investig. 200
7, 117, 1119–1127.

65. Upham, J.W.; Zhang, G.; Rate, A.; Yerkovich, S.T.; Kusel, M.; Sly, P.D.; Holt, P.G. Plasmacytoid dendritic cells during inf
ancy are inversely associated with childhood respiratory tract infections and wheezing. J. Allergy Clin. Immunol. 2009,
124, 707–713.e2.

66. Silver, E.; Yin-DeClue, H.; Schechtman, K.B.; Grayson, M.H.; Bacharier, L.B.; Castro, M. Lower levels of plasmacytoid
dendritic cells in peripheral blood are associated with a diagnosis of asthma 6 yr after severe respiratory syncytial virus
bronchiolitis. Pediatr. Allergy Immunol. Off. Publ. Eur. Soc. Pediatr. Allergy Immunol. 2009, 20, 471–476.

67. Hewison, M.; Freeman, L.; Hughes, S.V.; Evans, K.N.; Bland, R.; Eliopoulos, A.G.; Kilby, M.D.; Moss, P.A.; Chakraverty,
R. Differential regulation of vitamin D receptor and its ligand in human monocyte-derived dendritic cells. J. Immunol. 20
03, 170, 5382–5390.

68. Koeffler, H.P.; Reichel, H.; Bishop, J.E.; Norman, A.W. gamma-Interferon stimulates production of 1,25-dihydroxyvitami
n D3 by normal human macrophages. Biochem. Biophys. Res. Commun. 1985, 127, 596–603.

69. Bscheider, M.; Butcher, E.C. Vitamin D immunoregulation through dendritic cells. Immunology 2016, 148, 227–236.

70. Colotta, F.; Jansson, B.; Bonelli, F. Modulation of inflammatory and immune responses by vitamin D. J. Autoimmun. 201
7, 85, 78–97.

Retrieved from https://encyclopedia.pub/entry/history/show/54116


