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Vitamin D and the immune system:
a comprehensive mini-review

Introduction

Vitamin D deficiency is increasingly recognized as a major 
global public health problem. It has been estimated that more 
than half of the population have insufficient levels of vitamin 
D, especially during the darker months of the year when sun-
light exposure is limited [1]. Historically, the role of vitamin D 
has been understood primarily in the regulation of calcium ho-
meostasis and phosphate metabolism, and it is essential in the 
prevention of defects of skeletal bone mineralization, such as 
rickets in children and osteomalacia in adults [2-4].

The immune system defends against infectious agents and 
prevents excessive reactions that could lead to autoimmune 
diseases, maintaining a critical balance between the two func-
tions. Vitamin D has recently been demonstrated to play a key 
role in this context by regulating the expression of genes in-
volved in cellular homeostasis, differentiation, and innate and 
adaptive immune responses [5]. Moreover, it has been shown 
to enhance antimicrobial peptide production, stabilize physi-
cal barriers, modulate T cell responses, and suppress excessive 
inflammation. Accordingly, as suggested by a growing body of 
evidence, vitamin D has a well-established role in musculo-
skeletal health, but its deficiency may represent a risk factor for 
immune dysfunction.

Vitamin D metabolism and genomic 
and non-genomic effects 

The classical vitamin D metabolism pathway begins with 
either dietary intake or synthesis in the skin from 7-dehydro-
cholesterol in response to exposure to ultraviolet B radiation. 
Once produced as vitamin D3 (cholecalciferol), it is transported 
to the liver where it undergoes a hydroxylation at position 25 
by the enzyme 25-hydroxylase (CYP2R1) to form 25(OH)D3 
(calcifediol), which is the major circulating form and the most 
clinically useful marker of vitamin D status. In the kidneys, this 
compound is then further hydroxylated by the enzyme 1α-hy-
droxylase (CYP27B1) to produce the biologically active form 
1,25(OH)2D3, also known as calcitriol [6].

Interestingly, the enzymatic machinery essential to convert 
calcifediol into calcitriol is present not only in proximal tubular 
cells but also in immune system cells, such as macrophages and 
dendritic cells, where it mediates the autocrine and paracrine 
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effects of vitamin D on the innate immune system, as well as 
on cell maturation and differentiation [7]. 

Vitamin D exerts its actions through binding to the vita-
min D receptor (VDR), which can associate with the retinoid 
X receptor (RXR) to form a VDR:RXR heterodimer.  This 
complex, in turn, binds to specific regions of DNA (repeat-
ed sequences typically positioned in the promoter region and 
known as vitamin D response elements), thereby modulating 
the expression of hundreds of genes involved in the regulation 
of calcium homeostasis, the immune response, inflammation, 
and barrier function [8-10].

It is now well established that vitamin D not only mediates 
classical genomic effects through the regulation of gene tran-
scription but also elicits rapid non-genomic actions [11], which 
in turn help explain the wide spectrum of biological activities 
attributed to this secosteroid hormone. A peculiar characteristic 
of these actions is their extremely rapid nature; their occurrence 
within seconds to minutes clearly discriminates them from the 
slower genomic responses, which generally take hours to days 
to produce noticeable effects [12]. Furthermore, unlike genomic 
effects, non-genomic responses are not suppressed by pharma-
cological inhibitors of transcription and protein synthesis, such 
as actinomycin D and cycloheximide. Several studies sug-
gest that the rapid non-transcriptional effects of 1,25(OH)2D3 
may originate at the plasma membrane via a specific mem-
brane-bound vitamin D receptor (mVDR) or through binding 
with a membrane-associated rapid response steroid-binding 
protein (1,25(OH)2D3-MARRS) [13-15]. It was subsequently hy-
pothesized that, as a consequence of binding to protein disulfide 
isomerase family A member 3 (PDIA3), vitamin D is also able 
to promote the release of crucial secondary messengers (i.e., 
calcium and cAMP) and modulate several intracellular biolog-
ical processes, such as the cell cycle, cell proliferation, and im-
mune responses, via the sonic hedgehog (SSH), NF-κB, wing-
less (WNT), and STAT1–3 signaling pathways [16].

Vitamin D and innate immunity

The innate immune system is the body’s first line of defense 
following pathogen invasion. Vitamin D has been demonstrat-
ed to induce innate immune defenses by enhancing the pro-
duction of antimicrobial peptides such as defensins and cathel-
icidin, pattern recognition receptors, and cytokines in cells. 
Antimicrobial peptides, produced by neutrophils, Paneth cells, 
intestinal epithelial cells, and monocytes/macrophages, are 
bacterial cell membrane-destabilizing molecules and constitute 
a particularly important defense mechanism against viral, fun-
gal, and bacterial infections [17,18].

In addition to producing antimicrobial peptides, vitamin D 
has been recognized to preserve the integrity of epithelial and 
endothelial barriers through regulation of tight-junction gene 
expression [19]. By stabilizing tight junctions, this secosteroid 
hormone may reduce the risk of pathogen dissemination during 
infections, as in sepsis, where maintenance of vascular stability 
is crucial to prevent life-threatening complications.

Moreover, increased CYP27B1 expression in activated 
monocytes and macrophages during the onset of an infection 

leads to conversion of calcifediol into the biologically active 
form of vitamin D, resulting in the reduction of pro-inflam-
matory cytokines such as interleukin-6 (IL-6), tumor necrosis 
factor α, and interferon-γ (IFN-γ) [20]. In addition, calcitriol has 
been shown to upregulate IL-8 and IL-10, two cytokines with 
anti-inflammatory properties [21] that help prevent an excessive 
host immune response to pathogens, which can be harmful 
rather than affording protection against the infection itself [22].

Vitamin D and adaptive immunity

The effects mediated by T and B lymphocytes provide a 
plethora of protective mechanisms for responding to perturba-
tions induced by pathogens and tissue damage, and they also 
play a pivotal role in inflammatory and autoimmune disorders. 
The responses mediated by these lymphocytes are collectively 
recognized as the core of adaptive immunity [23]. The adaptive 
immune system consists of cells, soluble mediators such as 
small peptides and proteins, and processes enabling identifi-
cation of and, through specific receptors, responses to altered 
self-structures (e.g., tumor cells) and non-self-antigens (e.g., 
allergens and pathogens). 

The biologically active form of vitamin D3 has been demon-
strated to inhibit synthesis of the pro-inflammatory cytokines 
IL-2 and IFN-γ, as well as T helper 1 (Th1)-mediated respons-
es. Moreover, it increased production of T helper 2 (Th2) an-
ti-inflammatory cytokines (such as IL-3, IL-4, IL-5, and IL-
10), while decreasing production of T helper 22 (IL-22) and T 
helper 9 (IL-9) pro-inflammatory cytokines [24,25]. Overall, as 
demonstrated in both human and mouse models [26-29], calcitriol 
leads to suppression of acquired immune responses by inhibit-
ing proliferation and differentiation into Th1 and Th17, instead 
promoting Th2 cell differentiation. This results in a more toler-
ogenic immune response, thereby limiting the manifestations 
of autoimmune diseases.

The biologically active form of vitamin D3 has also been 
found to inhibit the proliferation and differentiation of B cells 
into memory and antibody-producing plasma cells, thus re-
ducing their ability to produce antibodies. A reduced ability to 
produce immunoglobulins may have clinical relevance, given 
that the generation of autoantibodies represents a hallmark of 
autoimmune diseases such as systemic lupus erythematosus 
and rheumatoid arthritis [30]. In this context, growing epidemi-
ological evidence has revealed an association between vitamin 
D deficiency and the development and progression of autoim-
mune diseases [31]. 

This more tolerogenic immune response is further sup-
ported by the influence of vitamin D on dendritic cells, whose 
differentiation and maturation it suppresses. This effect is par-
ticularly important for promoting self-tolerance and thereby 
reducing the risk of autoimmunity [32].

Epidemiological and clinical evidence

Several epidemiological studies have found a positive cor-
relation between vitamin D deficiency and increased risk of in-
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fectious diseases [33,34]. Individuals with serum 25(OH)D3 levels 
below 30 ng/mL (75 nmol/l) have been shown to be more sus-
ceptible to respiratory tract diseases [35]. This issue is particu-
larly relevant in newborns, as demonstrated by Belderbos et al. 
[36], who found that neonates with cord blood 25(OH)D3 levels 
above 30 ng/ml had a lower risk of developing respiratory syn-
cytial virus infection during the first year of life than those with 
levels below 20 ng/ml.

Randomized controlled trials evaluating vitamin D supple-
mentation for the prevention of infectious diseases have yield-
ed inconsistent results, largely due to the absence of standard-
ized dosing regimens for these conditions and to considerable 
interindividual variability in the response to supplementation 
[37]. This inconsistency across studies makes it difficult to clear-
ly determine the effect of vitamin D supplementation on infec-
tions.

Over recent years, the role of vitamin D has also been ex-
tensively investigated as a potential adjunctive strategy for 
mitigating COVID-19-related symptoms through modulation 
of both adaptive and innate immune responses. Several studies 
have highlighted that maintaining sufficient vitamin D levels 
may be crucial for enhancing viral clearance as well as reduc-
ing harmful inflammatory processes that contribute to lung in-
jury [38]. However, the association between hypovitaminosis D 
(< 20 ng/mL) and COVID-19 outcomes remains under debate 
due to potential confounding factors.

Public health and therapeutic implications

Epidemiological evidence shows vitamin D deficiency to 
be a major global public health concern, with prevalence rates 
varying by season, region, and age. Overall, approximately 
30–80% of individuals, including children and adults, have 
suboptimal vitamin D levels. Based on the definitions of vi-
tamin D status by several health agencies, serum 25(OH)D3 
concentrations below 20 ng/mL are considered suboptimal for 
musculoskeletal health, increasing the risk of associated disor-
ders, such as rickets, osteomalacia, and secondary hyperpar-
athyroidism [6]. The worldwide prevalence of individuals with 
serum vitamin D concentrations below 20 ng/mL and 30 ng/
mL is 47% and 75%, respectively, with higher rates reported 
in eastern Mediterranean and high-latitude regions, and among 
females [39]. In view of the high prevalence of vitamin D de-
ficiency across the global population and its implications for 
immune health, strategies aimed at improving vitamin D status 
are essential, including lifestyle changes such as regular safe 
sun exposure and vitamin fortification of foods.

For individual supplementation, a daily vitamin D intake 
of 2000–5000 IU is considered safe and effective to maintain 
optimal serum 25(OH)D3 levels [40]. 

Toxicity is rare when vitamin D supplementation is within 
the recommended ranges; adverse effects, such as hypercalce-
mia, generally occur only with daily intakes exceeding 10,000 
IU [41].

In addition, some common genetic variants in genes in-
volved in vitamin D metabolism and action have been associat-
ed with vitamin status, bioavailability and functions [42,43]. Re-

cent studies further support the association between VDR gene 
polymorphisms and an increased risk of autoimmune disease 
[44]. Thus, understanding the molecular mechanisms underlying 
vitamin D signaling may help clarify the role of the vitamin D 
axis in the pathogenesis of autoimmunity.

Conclusion

There is increasing evidence that vitamin D-related meta-
bolic enzymes are expressed in virtually all cells involved in 
both the adaptive and the innate immune systems. In particular, 
vitamin D has been shown to play a multifaceted role through 
different mechanisms, including induction of an immuno-
suppressive phenotype in neutrophils, reduction of pro-in-
flammatory cytokine production by monocytes/macrophages, 
inhibition of dendritic cell differentiation and maturation, sup-
pression of B cell proliferation and autoantibody production, 
and downregulation of Th1/Th17 cell-related pro-inflammato-
ry cytokines, together with polarization of T cells toward a Th2 
phenotype.

Overall, preclinical and clinical data suggest a strong as-
sociation between vitamin D status and susceptibility to in-
fectious and autoimmune diseases. This evidence supports the 
need for greater efforts to improve vitamin D status through 
supplementation, safe sun exposure, and food fortification 
programs, with the aim of reducing the burden of several im-
mune-related disorders.

Further studies should focus on elucidating the novel sig-
naling mechanisms induced by vitamin D, in order to provide 
a deeper understanding of the cellular and molecular processes 
through which vitamin D metabolites regulate immunity. Such 
insights could pave the way for the identification of specific 
mechanisms that may serve as novel therapeutic targets.

References

1.	 Amrein K, Scherkl M, Hoffmann M, et al. Vitamin D deficien-
cy 2.0: an update on the current status worldwide. Eur J Clin Nutr. 
2020;74(11):1498-513.

2.	 Charoenngam N, Ayoub D, Holick MF. Nutritional rickets and vitamin 
D deficiency: consequences and strategies for treatment and preven-
tion. Expert Rev Endocrinol Metab. 2022;17(4):351-64. 

3.	 Fleet JC. The role of vitamin D in the endocrinology controlling calci-
um homeostasis. Mol Cell Endocrinol. 2017;453:36-45.

4.	 Fernando M, Ellery SJ, Marquina C, Lim S, Naderpoor N, Mousa A. 
Vitamin D-binding protein in pregnancy and reproductive health. Nu-
trients. 2020;12(5):1489.

5.	 Aslam MM, John P, Bhatti A, Jahangir S, Kamboh MI. Vitamin D as 
a principal factor in mediating rheumatoid arthritis-derived immune 
response. Biomed Res Int. 2019;2019:3494937. 

6.	 Donati S, Marini F, Giusti F, et al. Calcifediol: why, when, how much? 
Pharmaceuticals (Basel). 2023;16(5):637.

7.	 Morris HA, Anderson PH. Autocrine and paracrine actions of vitamin 
D. Clin Biochem Rev. 2010;31(4):129-38.

8.	 Gil Á, Plaza-Diaz J, Mesa MD. Vitamin D: classic and novel actions. 
Ann Nutr Metab. 2018;72(2):87-95. 

9.	 Bouillon R, Carmeliet G, Verlinden L, et al. Vitamin D and human 
health: lessons from vitamin D receptor null mice. Endocr Rev. 

Impact of vitamin D on immune system

Int J Bone Frag. 2025; 5(3):85-88



88

2008;29(6):726-76.
10.	 DeLuca HF. Evolution of our understanding of vitamin D. Nutr Rev. 

2008t;66(10 Suppl 2):S73-87.
11.	 Donati S, Palmini G, Aurilia C, et al. Rapid nontranscriptional effects 

of calcifediol and calcitriol. Nutrients. 2022;14(6):1291.
12.	 Gerdes D, Christ M, Haseroth K, Notzon A, Falkenstein E, Wehling 

M. Nongenomic actions of steroids--from the laboratory to clinical im-
plications. J Pediatr Endocrinol Metab. 2000;13(7):853-78. 

13.	 Norman AW. Minireview: vitamin D receptor: new assignments for an 
already busy receptor. Endocrinology. 2006;147(12):5542-8.

14.	 Dormanen MC, Bishop JE, Hammond MW, Okamura WH, Nemere 
I, Norman AW. Nonnuclear effects of the steroid hormone 1 al-
pha,25(OH)2-vitamin D3: analogs are able to functionally differenti-
ate between nuclear and membrane receptors. Biochem Biophys Res 
Commun. 1994;201(1):394-401. 

15.	 Żmijewski MA, Carlberg C. Vitamin D receptor(s): in the nucleus but 
also at membranes? Exp Dermatol. 2020;29(9):876-84. 

16.	 Żmijewski MA. Nongenomic activities of vitamin D. Nutrients. 
2022;14(23):5104.

17.	 Dimitrov V, White JH. Vitamin D signaling in intestinal innate immu-
nity and homeostasis. Mol Cell Endocrinol. 2017;453:68-78.  

18.	 Ramanathan B, Davis EG, Ross CR, Blecha F. Cathelicidins: micro-
bicidal activity, mechanisms of action, and roles in innate immunity. 
Microbes Infect. 2002;4(3):361-72.

19.	 Grieco T, Paolino G, Moliterni E, et al. Non-skeletal roles of vitamin 
D in skin, gut, and cardiovascular disease: focus on epithelial barri-
er function and immune regulation in chronic disease. Int J Mol Sci. 
2025;26(17):8520.

20.	 Argano C, Torres A, Orlando V, et al. Molecular insight into the role of 
vitamin D in immune-mediated inflammatory diseases. Int J Mol Sci. 
2025;26(10):4798. 

21.	 Fenercioglu AK. The anti-inflammatory roles of vitamin D for im-
proving human health. Curr Issues Mol Biol. 2024;46(12):13514-25.

22.	 L Bishop E, Ismailova A, Dimeloe S, Hewison M, White JH. Vitamin 
D and immune regulation: antibacterial, antiviral, anti-inflammatory. 
JBMR Plus. 2020;5(1):e10405.

23.	 Chi H, Pepper M, Thomas PG. Principles and therapeutic applications 
of adaptive immunity. Cell. 2024;187(9):2052-78.

24.	 Szymczak I, Pawliczak R. The active metabolite of vitamin D3 as a 
potential immunomodulator. Scand J Immunol. 2016;83(2):83-91.

25.	 Cantorna MT, Snyder L, Lin YD, Yang L. Vitamin D and 1,25(OH)2D 
regulation of T cells. Nutrients. 2015;7(4):3011-21.

26.	 Matheu V, Bäck O, Mondoc E, Issazadeh-Navikas S. Dual effects of 
vitamin D-induced alteration of TH1/TH2 cytokine expression: en-
hancing IgE production and decreasing airway eosinophilia in murine 
allergic airway disease. J Allergy Clin Immunol. 2003;112(3):585-92.

27.	 Boonstra A, Barrat FJ, Crain C, Heath VL, Savelkoul HF, O'Gar-
ra A. 1alpha,25-Dihydroxyvitamin d3 has a direct effect on naive 
CD4(+) T cells to enhance the development of Th2 cells. J Immunol. 
2001;167(9):4974-80.

28.	 Daniel C, Sartory NA, Zahn N, Radeke HH, Stein JM. Immune mod-
ulatory treatment of trinitrobenzene sulfonic acid colitis with calcitriol 
is associated with a change of a T helper (Th) 1/Th17 to a Th2 and 

regulatory T cell profile. J Pharmacol Exp Ther. 2008;324(1):23-33. 
29.	 Sloka S, Silva C, Wang J, Yong VW. Predominance of Th2 polariza-

tion by vitamin D through a STAT6-dependent mechanism. J Neuroin-
flammation. 2011;8:56.

30.	 Ding T, Su R, Wu R, et al. Frontiers of autoantibodies in autoimmune 
disorders: crosstalk between Tfh/Tfr and regulatory B cells. Front Im-
munol. 2021;12:641013.

31.	 Tamari M, ShotaTanaka, Hirota T. Genome-wide association studies 
of allergic diseases. Allergol Int. 2013;62(1):21-8.

32.	 Aranow C. Vitamin D and the immune system. J Investig Med. 
2011;59(6):881-6.

33.	 Melamed ML, Michos ED, Post W, Astor B. 25-hydroxyvitamin D 
levels and the risk of mortality in the general population. Arch Intern 
Med. 2008;168(15):1629-37.

34.	 Ginde AA, Scragg R, Schwartz RS, Camargo CA Jr. Prospective study 
of serum 25-hydroxyvitamin D level, cardiovascular disease mortal-
ity, and all-cause mortality in older U.S. adults. J Am Geriatr Soc. 
2009;57(9):1595-603.

35.	 Science M, Maguire JL, Russell ML, Smieja M, Walter SD, Loeb 
M. Low serum 25-hydroxyvitamin D level and risk of upper res-
piratory tract infection in children and adolescents. Clin Infect Dis. 
2013;57(3):392-7.

36.	 Belderbos ME, Houben ML, Wilbrink B, et al. Cord blood vitamin D 
deficiency is associated with respiratory syncytial virus bronchiolitis. 
Pediatrics. 2011;127(6):e1513-20.

37.	 Kearns MD, Alvarez JA, Seidel N, Tangpricha V. Impact of vitamin D 
on infectious disease. Am J Med Sci. 2015;349(3):245-62.

38.	 Caliman-Sturdza OA, Gheorghita RE, Soldanescu I. Vitamin D and 
COVID-19: clinical evidence and immunological insights. Life (Ba-
sel). 2025;15(5):733. 

39.	 Dunlop E, Pham NM, Van Hoang D, et al. A systematic review and 
meta-analysis of circulating 25-hydroxyvitamin D concentration and 
vitamin D status worldwide. J Public Health (Oxf). 2025:fdaf080.

40.	 Pludowski P, Grant WB, Karras SN, Zittermann A, Pilz S. Vitamin D 
supplementation: a review of the evidence arguing for a daily dose of 
2000 International Units (50 µg) of vitamin D for adults in the general 
population. Nutrients. 2024;16(3):391. 

41.	 Billington EO, Burt LA, Rose MS, et al. Safety of high-dose vitamin D 
supplementation: secondary analysis of a randomized controlled trial. 
J Clin Endocrinol Metab. 2020;105(4):dgz212.

42.	 Ezhilarasi K, Dhamodharan U, Vijay V. BSMI single nucleotide pol-
ymorphism in vitamin D receptor gene is associated with decreased 
circulatory levels of serum 25-hydroxyvitamin D among micro and 
macrovascular complications of type 2 diabetes mellitus. Int J Biol 
Macromol. 2018;116:346-53.

43.	 Shirwaikar Thomas A, Criss ZK, Shroyer NF, Abraham BP. Vitamin 
D receptor gene single nucleotide polymorphisms and association 
with vitamin D levels and endoscopic disease activity in inflam-
matory bowel disease patients: a pilot study. Inflamm Bowel Dis. 
2021;27(8):1263-9. 

44.	 Daryabor G, Gholijani N, Kahmini FR. A review of the critical role 
of vitamin D axis on the immune system. Exp Mol Pathol. 2023;132-
3:104866.

Iantomasi T. et al.

Int J Bone Frag. 2025; 5(3):85-88


