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Abstract

Vitamin D is a steroid hormone whose relevant immunomodulatory role has been widely
described. Therefore, its contribution to the pathogenesis of immune-mediated diseases is
an important and ongoing matter of research. Specifically, the active form of vitamin D, i.e.,
1,25-dihydroxyvitamin D, through the interaction with its receptor, exerts different activities
on the innate and adaptive immune system, among which are suppression of inflammation
and promotion of tolerogenic responses. Indeed, vitamin D insufficiency/deficiency has
been related to the pathogenesis and/or disease activity of several autoimmune diseases,
including, amongst others, multiple sclerosis, rheumatoid arthritis, systemic lupus ery-
thematosus, and type 1 diabetes mellitus. Based on these premises, in this review, we
will describe the main molecular mechanisms modulated by vitamin D in the regulation
of immune responses, including the induction of immune tolerance. Moreover, we will
focus on the current knowledge regarding the contribution of vitamin D depletion to the
aforementioned autoimmune diseases, seeking to provide evidence as to why its supple-
mentation in the context of these immune-mediated disorders may potentially ameliorate
disease activity and its related clinical manifestations.

Keywords: vitamin D; immune system; autoimmune diseases; autoimmunity; cholecalciferol;
calcitriol; rheumatoid arthritis; multiple sclerosis; systemic lupus erythematosus; type 1
diabetes mellitus

1. Introduction
Vitamin D is a fat-soluble vitamin mainly involved in bone remodeling, through

the regulation of calcium reabsorption from bone and intestine. Due to its structure,
vitamin D acts as a hormone, influencing cellular differentiation and proliferation, immune
system regulation, neural function, and cardiovascular health [1]. Despite its classical
function, increasing evidence has been gathered on the immunomodulatory effects of
vitamin D on both innate and adaptive immune systems. This knowledge arises from
studies performed in 1903 by Dr. Nils Filsen, who cured the epidermal form of tuberculosis
(lupus vulgaris) using light irradiation. The following findings regarding the synthesis of
vitamin D in the skin after ultraviolet (UV) light exposure opened a window to the possible
immunomodulatory role of vitamin D, particularly in the treatment of mycobacterial
infections, such as tuberculosis and leprosy [2]. Further studies showed that both vitamin
D receptor (VDR) and metabolizing enzymes are expressed in a plethora of immune cells,
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including dendritic cells, lymphocytes, monocytes, and macrophages. These findings
highlight the capacity of immune cells to synthetize vitamin D, producing both VDR-
mediated paracrine or intracrine responses [2]. In light of the current knowledge about
vitamin D’s immunomodulatory role, researchers focused on the possible contribution of
vitamin D in autoimmune diseases and immune-related disorders. Indeed, the association
between vitamin D deficiency and an increased risk of autoimmune diseases has been
described [3]. Several immune-mediated diseases have been the topic of research, including
rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), multiple sclerosis (MS),
and type 1 diabetes mellitus (T1D), which will be the focus of this review. However, it is
essential to give a brief overview of the relationship between vitamin D and less studied
diseases including psoriasis, inflammatory bowel disease (IBD), autoimmune thyroiditis,
and celiac disease.

Low levels of vitamin D have been reported in patients with psoriasis, a known
chronic inflammatory autoimmune disease affecting the skin [4]. Moreover, due to their
anti-inflammatory properties, vitamin D and derivatives seem to be effective adjuvant treat-
ments for psoriasis, both orally and topically administered [5]. Another immune-mediated
condition is IBD, characterized by chronic intestinal inflammation. This persistent in-
flammation leads to malabsorption, which can contribute to increased risk of vitamin
D deficiency. Moreover, vitamin D/VDR signaling can modulate intestinal epithelium
permeability, the release of antimicrobial peptides, and mucus secretion. Therefore, its
supplementation may help restore mucosal integrity and reduce inflammation [6]. Celiac
disease is another autoimmune intestinal disorder triggered by gluten intake, resulting in
chronic inflammation and villous atrophy [7]. In celiac disease, intestinal barrier integrity is
altered, and, as for IBD, vitamin D deficiency may be caused by malabsorption. Even if vita-
min D may help reduce inflammation, no conclusive results have been gathered regarding
the effects of its supplementation in the context of celiac disease [8]. An association between
celiac disease and autoimmune thyroiditis, including Hashimoto’s thyroiditis and Graves’
disease, has been reported. This could be due to the diversity of the gut microbiome and
nutrient deficiency, including vitamin D, which plays an important role in regulating gut,
thyroid, and immune system function [7]. Interestingly, vitamin D dampens excessive
inflammation and T cell activation; therefore, it may contribute to reducing tissue damage
in autoimmune thyroiditis [9].

In our review, we will explore the mechanisms by which vitamin D regulates both
the innate and adaptive immune systems and the relationship between vitamin D and
immune-related disorders, focusing on RA, MS, SLE, and T1D.

2. Vitamin D Metabolism and Function
Despite its name, vitamin D is a hormone precursor which can be endogenously

synthetized after UV-B exposure or can be introduced with the diet. Vitamin D encompasses
vitamin D2 (ergocalciferol), derived from plants, and vitamin D3 (cholecalciferol), which is
synthetized in animals [10]. Upon UV-B exposure, the 7-dehydrocholesterol in the skin is
photoconverted into cholecalciferol, which binds to the Vitamin D Binding Protein (VDBP),
and it is transported to the liver. Cholecalciferol is the biologically inactive form of vitamin
D. Therefore, it is subjected to a series of modifications to convert it to calcitriol, also known
as 1,25-dihydroxycholecalciferol, the active form of vitamin D, as shown in Figure 1. In
the liver, a plethora of enzymes belonging to the cytochrome P450 (CYP) class, including
CYP27A1 and CYP2R1, hydroxylate cholecalciferol in position C25, producing calcidiol,
also known as 25-hydroxycholecalciferol [11]. This metabolite is the most abundant form
in the bloodstream, and, due to its long half-life, it is the best indicator of vitamin D
status. Indicatively, serum levels of calcidiol should be greater than 30 ng/mL (75 nmol/L)
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but not exceeding 150 ng/mL (374 nmol/L). Moreover, levels between 21–29 ng/mL
(52.5–72.5 nmol/L) indicate vitamin D insufficiency, while deficiency can be suggested
with calcidiol levels lower than 20 ng/mL (50 nmol/L) [12,13]. However, no definitive
consensus has been reached regarding the normal circulating levels of vitamin D.

 

Figure 1. Effects of calcitriol on the immune system. Cholecalciferol is produced in the skin after
exposure to UV-B light and is converted to calcidiol in the liver by 25-hydroxylase and later in the
kidney to calcitriol by 1α-hydroxylase (CYP27B1). To avoid toxic accumulation, calcidiol and calcitriol
can be further hydroxylated by 24-hydroxylase to 24,25-dihydroxycholecalciferol (24,25(OH)2D3) and
1,24,25-trihydroxycholecalciferol (1,24,25(OH)3D3), respectively. In the cytosol, calcitriol is recognized
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by the VDR-RXR complex, which translocates to the nucleus and binds to VDREs, regulating the
expression of several genes involved in the innate and adaptive immune responses. In macrophages,
calcitriol can reduce the production of proinflammatory cytokines, including interleukin (IL)-6, tumor
necrosis factor (TNF)-α, interferon (IFN)-γ, and IL-1β. Calcitriol can also modulate maturation and
differentiation of dendritic cells, inducing a tolerogenic status characterized by the reduction in cluster
differentiation (CD)40, CD86, CD1a, and major histocompatibility complex (MHC)-II expression. In
addition, calcitriol reduces IL-12 and increases IL-10, leukocyte immunoglobulin-like receptor sub-
family B member 4 (LILRB4), Programmed Cell Death 1 Ligand (PD-L1), transforming growth factor
β (TGF-β), and TNF-α production by dendritic cells. Regarding adaptive immune cells, calcitriol can
induce the switch from T helper (Th)1 proinflammatory cells to Th2 anti-inflammatory cells, also re-
ducing IL-2 and IFN-γ production by Th1 cells and IL-17 by Th17 cells. The anti-inflammatory effect of
calcitriol is also underlined by the induction of regulatory T cells (Tregs) differentiation, characterized
by increased expression of IL-10, forkhead box P3 (FOXP3), and Cytotoxic T-Lymphocyte Antigen 4
(CTLA-4). The relationship between calcitriol and B cells has not been widely investigated. However,
it is known that calcitriol modulates differentiation, proliferation, and apoptosis of B cells and reduces
antibody production. Created in BioRender. Minisini, R. (2026) https://BioRender.com/gsw8cts,
accessed on 22 December 2025.

Calcidiol is further converted in the proximal tubule of the kidney through the enzyme
1α-hydroxylase (CYP27B1) to calcitriol, the hormonally active form. Studies also reported
the presence of CYP27B1 in extrarenal sites, including placenta, bone, and various immune
cells, underlying their capacity to produce calcitriol for intracrine and paracrine effects [14].
Calcitriol is then transported using VDBP in the target organs, including kidneys, gut, and
bone, where it can exert its genomic and non-genomic functions. Genomic functions are
mediated by the binding of calcitriol to cytosolic VDR in the target cell. This interaction
induces VDR phosphorylation and heterodimerization with retinoid-X-receptor (RXR).
The calcitriol–VDR-RXR complex translocates into the nucleus and binds to vitamin D
response elements (VDREs), inducing either activation or repression of genes regulating
different biological activities. This process is also mediated by the interaction of VDR
with transcriptional coactivators or corepressors [15,16]. Through VDR, calcitriol can
activate a negative feedback loop, promoting the expression of the gene encoding for
CYP24. This enzyme has 24-hydroxylase activity, responsible for the hydroxylation in
position C24 of both calcidiol and calcitriol, producing inactive metabolites and preventing
toxic accumulation [17]. Moreover, calcitriol can downregulate the expression of both the
CYP27B1 gene in the kidney and of the parathyroid hormone (PTH) gene. This negative
feedback decreases the synthesis of both calcitriol and PTH, which modulates calcium
homeostasis and positively regulates CYP27B1 [18,19]. In addition to its genomic effects,
calcitriol can also bind to membrane VDRs, activating a series of non-genomic pathways,
including calcium and mitogen-activated protein kinase (MAPK) signaling [15]. These
effects are mediated by VDR’s interaction with other molecules, including Inhibitor Of
Nuclear Factor Kappa B Kinase Subunit Beta (IKKβ), a regulator of the nuclear factor
kappa B (NF-κB) pathway, signal transducer and activator of transcription (STAT)1, c-Jun,
and β-catenin. Through these pathways, calcitriol can modulate the innate and adaptive
immune system and antiviral response as well as cell survival [20]. Currently, it is known
that VDR is widely expressed in several tissues, including prostate, breast, brain, colon,
and immune cells. Referring to the latter, VDR has been found to be highly expressed in
T lymphocytes, dendritic cells, monocytes, and macrophages, underlying the variety of
physiological actions potentially exerted by this molecule [21].

In the following sections, we will describe the effects of vitamin D on innate and
adaptive immunity. It is essential to set out that in the existing literature, the term “vitamin
D” is frequently used without explicit specification of the molecular form administered.
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For clarity and consistency, in this review, the term “vitamin D” will be used to denote
studies in which the specific vitamin D metabolite or analogue is not explicitly stated,
unless otherwise indicated.

3. Vitamin D and Innate Immunity
The innate immune system serves as the body’s first line of defense, mounting a non-

specific response against invading pathogens. It is characterized by complement activation
and antibacterial response as well as antigen presentation to adaptive immune cells. In this
context, several studies have highlighted the involvement of vitamin D in the regulation
of the innate immune system, depicting its possible contribution to pathogen clearance as
well as to the interplay between innate and adaptive immunity [22]. Figure 1 summarizes
the effects of vitamin D in both innate and adaptive immune responses.

3.1. Macrophages

Monocytes and macrophages, key players in the innate immune system, are also
targets of vitamin D, which modulates their antimicrobial and anti-inflammatory responses.
These cells can recognize pathogen-associated molecular patterns (PAMPs) on the surface
of pathogens, producing cytokines and exerting a phagocytic activity, contributing to the
resolution of the infection through the interaction of PAMPs with toll-like receptors (TLRs)
on monocytes and macrophages [23]. Upon TLR activation, a cascade of intracellular events
leads to the synthesis of the active vitamin D metabolite, calcitriol, within macrophages.
Indeed, studies performed on human macrophages treated with Mycobacterium tubercu-
losis have shown that TLR, mainly TLR1 and TLR2, interaction with PAMPs induces the
activation of CYP27B1 and VDR, suggesting an intracrine synthesis of calcitriol and the
subsequent signaling activated by the binding to VDR [24]. Therefore, particularly in
granulomatous disorders such as tuberculosis, sarcoidosis, and some lymphomas, the
excessive production of calcitriol by macrophages stimulates intestinal calcium absorption,
leading to hypercalcemia and hypercalciuria [25]. This effect is exacerbated by the presence
in macrophages of a non-functional variant of 24-hydroxylase, which prevents the negative
regulation of vitamin D production [26].

Conversely to renal enzymes, which are regulated by PTH, the activation of vitamin
D-metabolizing enzymes in extrarenal sites is mediated by the circulating levels of calcidiol,
the most abundant form in the bloodstream. Indeed, CYP27B1 in monocyte/macrophages
is regulated by both calcidiol and different types of cytokines, such as interferon (IFN)-γ,
interleukin (IL)-1, and tumor necrosis factor (TNF)-α [26]. Experiments performed on
peripheral blood mononuclear cells (PBMCs) of healthy individuals have shown that IFN-γ
and lipopolysaccharide (LPS) stimulation enhance calcitriol synthesis, demonstrating that
in vitro differentiation of immature monocytes in macrophages is associated with increased
production of calcitriol [27]. Reinforcing these findings, Stoffels et al. established that the
promoter of the CYP27B1 gene harbors binding sites for inflammation-responsive tran-
scription factors, evidencing the contribution of inflammatory pathways to the enzyme’s
regulation [28]. Furthermore, they established that the activity of 1α-hydroxylase is blocked
by inhibitors of MAPK, Janus kinase (JAK), and NF-κB, suggesting the contribution of these
pathways in the regulation of CYP27B1 activity and therefore in calcitriol synthesis [28].

Beyond its differentiating properties, vitamin D exerts potent anti-inflammatory ef-
fects, primarily by modulating NF-κB signaling and MAPK pathways. Studies on murine
RAW 264.7 cells reported that calcitriol attenuates LPS-induced NF-κB gene enhancer
B cells inhibitor alpha (IκBα) phosphorylation, leading to the inhibition of NF-κB. This
results in the transcriptional downregulation of microRNA (miR)-155, a critical modula-
tor of innate immunity, which in turn increases suppressor of cytokine signaling (SOCS)

https://doi.org/10.3390/ijms27010555

https://doi.org/10.3390/ijms27010555


Int. J. Mol. Sci. 2026, 27, 555 6 of 28

translation, thereby inhibiting LPS-mediated production of pro-inflammatory cytokines
such as IL-6, TNF-α, IFN-γ, and IL-1β [29]. These findings have been confirmed by
Cohen-Lahav et al., who reported that calcitriol can also increase the levels of IκBα, thus
reducing the production of pro-inflammatory stimuli [30]. The synthesis of inflammatory
cytokines following LPS stimulation is also mediated by the members of the MAPK family,
comprising extracellular-signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK),
and p38. In this regard, in vitro studies showed that pretreatment of human PBMCs with
physiological concentrations of calcidiol, between 30–50 ng/mL, and of calcitriol, between
1–10 nM, inhibit LPS-induced p38 activation. Inhibition of p38 significantly decreases both
IL-6 and TNF-α mRNA expression [31].

3.2. Dendritic Cell Modulation

Dendritic cells (DCs) are antigen-presenting cells responsible for the regulation of
both innate and adaptive immune response. DCs are an heterogeneous population that
can be divided into myeloid-derived (mDCs) and lymphoid-derived DCs (plasmacytoid,
pDCs) according to the expression of cluster differentiation (CD)11c. mDCs share several
features with monocytes, including the expression of CD33, CD13, and CD11c, along with
low levels of CD123, and they are major producers of IL-12. In contrast, pDCs resemble
plasma cells, characterized by high expression of CD4, CD62L, and CD123, and they mainly
produce IFN-α.

Upon antigen exposure, mature DCs increase their antigen processing ability and
display major histocompatibility complex (MHC)-I and MHC-II on their surface for antigen
presentation as well as costimulatory molecules for T cell activation, including CD80 and
CD86 [32,33]. Studies have identified similarity between DCs and macrophages in the
expression pattern of CYP27B1 and VDR. However, mature DCs present elevated levels of
CYP27B1 and reduced levels of VDR, while immature DCs highly express VDR. According
to these findings, it can be suggested that calcitriol produced by mature DCs does not exert
an intracrine effect but acts on immature DCs, allowing some DCs to mature but preventing
an exaggerated response and possible pathological manifestations [34].

Indeed, it has been reported that calcitriol interferes with DC differentiation and matu-
ration, in particular acting on mDCs, inducing a tolerogenic state (tDCs). This phenotype is
characterized by expression of CD11c and downregulation of CD40, CD80, CD86, CD1a,
and MHC-II [35]. An in vitro study of Penna et al. on human-derived DCs demonstrated
that calcitriol, beyond inhibiting differentiation and maturation of immunogenic DCs, is
very effective in reducing the secretion of IL-12, enhancing IL-10 production, and promot-
ing DC apoptosis, thus resulting in T cell hyporesponsiveness [36]. Moreover, calcitriol
upregulates the expression of T-cell-inhibitory molecules on tDCs, including leukocyte
immunoglobulin-like receptor subfamily B member 4 (LILRB4) and Programmed Cell
Death 1 Ligand (PD-L1), induces IL-10, transforming growth factor β (TGF-β), and TNF-α
production, and downregulates NF-κB expression. These mechanisms result in decreased
T cell activation and a shift in T cell polarization from a T helper (Th)1 and Th17 response
to a regulatory T cells (Tregs) response [33]. In line with these affirmations, vitamin D may
indirectly regulate the adaptive immune system, particularly T cell differentiation, through
the modulation of DC differentiation, maturation, and apoptosis.

4. Vitamin D and Adaptive Immunity
Besides the indirect regulation of T cells mediated by DCs, the presence of VDR and

CYP27B1 in B and T lymphocytes suggests that vitamin D can directly modulate these cells.
Moreover, studies have reported that B and T cell activation leads to an increase in the
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expression of both VDR and CYP27B1. However, unlike the effects on innate immunity,
vitamin D generally suppresses adaptive immunity [37].

4.1. B Cells

Only a limited number of studies have investigated the relationship between vitamin
D and B cells. However, the expression of VDR- and vitamin D-metabolizing enzymes
in B cells, like in other immune cells, has been reported [38]. Studies have shown that
calcitriol modulates B cell production of IL-10. Heine et al. describe that the calcitriol–VDR
interaction with VDREs in the promoter of IL-10 upregulates its expression in human
CD40/IL-4-activated B cells [39]. Evidence suggests that vitamin D regulates B cell pro-
cesses, including differentiation, proliferation, and apoptosis, and suppresses antibody
production [40,41]. These effects may be relevant in the pathogenesis of inflammatory and
autoimmune diseases.

4.2. T Cells

T cells can be subdivided into distinct functional subsets. CD4+ Th cells support B cell
antibody (Ab) production and other cells in pathogen killing. CD4+ Th cells can differentiate
into Th1 cells, mediators of response to viruses and intracellular infections, Th2 cells,
which secrete IL-4, IL-5, and IL-13 and contribute to response to parasitic infections, B cell
activation, and Ab production. Th17 cells act on extracellular pathogens and produce IL-17,
Granulocyte–Macrophage Colony-Stimulating Factor (GM-CSF), and IL-22. Moreover, the
presence of Th9, Th22, and T follicular helper cells has been reported. Another subset of
T cells comprises CD8+ cytotoxic T cells, which are responsible for apoptosis of viral- or
bacterial-infected cells. Persistent T cell activation and failure of regulatory control can
then cause immune-mediated diseases. To avoid this uncontrolled T cell activation, Tregs,
which are primary mediators of peripheral tolerance, can, in turn, exert a protective role by
suppressing T cell responses [42].

Vitamin D reduces the production of pro-inflammatory cytokines by Th1 and Th17
cells, including IFN-γ, IL-2, and IL-17, while promoting the induction of IL-10-producing
Tregs expressing forkhead box P3 (FOXP3) and Cytotoxic T-Lymphocyte Antigen 4
(CTLA-4) [43]. Vitamin D can modulate intracellular pathways mediating IL-2 production,
leading to reduced synthesis. Specifically, calcitriol suppresses Nuclear Factor Of Acti-
vated T Cells (NFAT)/Activator Protein-1 (AP-1) protein complex formation, implicated
in IL-2 expression. The subsequent association of the ligand–VDR-RXR complex to the
NFAT binding site on IL-2 promoter inhibits its expression. The reduced IL-2 production
prevents activation and proliferation of T cells [44]. Moreover, by inhibiting IFN-γ, vitamin
D reduces antigen presentation and T cell recruitment. Th1 cells play a major role in graft
rejection and autoimmune diseases, while Th2 cells act as regulatory cells. The inhibition
of IL-2 and IFN-γ synthesis mediated by calcitriol induces a switch from a Th1 to Th2
phenotype, thus reducing the risk of autoimmunity and graft rejection [44,45].

However, the modulatory effects of the hormonally active form calcitriol on Th2
differentiation and cytokine production have yielded contradictory findings. Indeed,
some studies reported that calcitriol upregulates GATA binding protein 3 (GATA-3) and
c-Maf expression, two Th2-specific transcription factors, therefore promoting IL-4 and IL-5
secretion [35,46]. On the contrary, Biswas et al. reported that calcitriol stimulation of murine
Th2 cells led to decreased IL-4 and IL-13 levels, accompanied by increased production
of IL-10 [47]. Moreover, they observed decreased expression of GATA-3, Growth Factor
Independent 1 Transcriptional Repressor (Gfi1), and Interferon Regulatory Factor 4 (IRF4)
in calcitriol-treated Th2 cells [47]. Additionally, calcitriol suppresses IFN-γ production
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in Th1-polarized murine cells and inhibits IL4 in Th2-polarized murine cells; however, it
promotes IL-4 production in non-polarizing conditions [48].

Moreover, additional studies reported that calcitriol can regulate a wide range of genes
involved in CD4+ T cell proliferation and apoptosis. In particular, calcitriol can upregulate
the expressions of the genes encoding for CTLA-4, CD38, CYP24A1, the cytokines IL-10 and
IL-6, and many transcription factors, including c-Jun, BTB Domain And CNC Homolog 1
(BACH), and STAT3. Interestingly, type 1 (IFN-γ) and type 17 (IL-17, IL-22, and IL-26)
cytokine expression in Th cells is suppressed by calcitriol [49]. Given the effects of vitamin
D on both innate and adaptive immunity, supplementation may improve immune function
and modulate immune-mediated diseases. In the following sections, we will focus our
attention on the current knowledge about vitamin D in autoimmune diseases.

5. Vitamin D in Autoimmune Diseases
Autoimmune diseases, including RA, MS, SLE, and T1D, are characterized by im-

mune dysregulation. In particular, aberrant T cell reactivity and autoantibody production
contribute to tissue damage. Vitamin D immunomodulatory effects have been a topic of
research in the context of autoimmunity. In this setting, vitamin D deficiency has been
reported in a range of autoimmune diseases and may impair immune tolerance, potentially
contributing to disease onset [50,51]. Hence, the VITAL trial (NCT01169259) reported that
5-year supplementation with 2000 international units (IU; 1 µg vitamin D corresponds to
40 IU) [52] of vitamin D daily, with or without omega 3 fatty acids, reduces the incidence of
autoimmune diseases [53]. In addition to the immunomodulatory role of vitamin D, emerg-
ing evidence has been gathered regarding the role of VDR single-nucleotide polymorphisms
(SNPs) in the pathogenesis of immune-mediated disorders [54]. VDR polymorphisms may
alter VDR function and signaling, thereby affecting the immunomodulatory role of vita-
min D in the context of autoimmune diseases. The most relevant SNPs studied include
BsmI (rs1544410, C>T), ApaI (rs7975232, A>C), TaqI (rs731236, T>C), and FokI + 30,920
(rs2228570, C>T), affecting VDR translation and mRNA stability. Moreover, studies report
that the association between SNPs and several autoimmune diseases varies according to the
ethnicity of the population [55]. TaqI polymorphism is characterized by a mutation in the
transcription region of the VDR gene, which may result in post-transcriptional regulation
alterations [56]. ApaI and BsmI polymorphisms are within intron 8, and they may affect
VDR function and signaling through alternative splicing. FokI polymorphism is caused by
a C-to-T transition in the start codon; therefore, it alters the structure of the final protein [57].
A TaqI heterozygous (CT vs. TT) model has been associated with MS risk in European
and Asian populations [58], while the homozygote model (TT vs. CC) has been negatively
associated with MS susceptibility in the Iranian population [59]. Additionally, despite no
pooled association being described between TaqI SNP and RA risk, a protective role of
TaqI has been reported in the African population [55]. TaqI has also been associated with
reduced risk of autoimmune thyroid disease [60].

Regarding ApaI, a protective role against MS of ApaI recessive and homozygous
model has been reported in Asian patients [58]. Interestingly, the ApaI homozygous model
has been associated with increased risk of SLE and RA in the Italian population [61].

A BsmI heterozygous model has been reported to be associated with increased RA
risk [62]. Moreover, an association between FokI polymorphism and increased RA risk in
Europeans has been reported [63], while the homozygous model has been associated with
decreased SLE risk in African and Asian populations [64]. As previously stated, these SNPs
may alter VDR function and, therefore, the immunomodulatory role that can be exerted by
vitamin D.
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In the following sections, we will describe the immunomodulatory effects of vitamin
D in the context of immune-mediated diseases, focusing on MS, RA, SLE, and T1D.

5.1. Multiple Sclerosis

MS is a progressive central nervous system (CNS) autoimmune disorder character-
ized by axonal demyelination, driven by self-reactive T and B cells activated in secondary
lymphoid organs. After crossing the blood–brain barrier (BBB), these cells infiltrate the
CNS, recognize self-antigens, and trigger an inflammatory response that leads to demyeli-
nation [65]. Several studies indicate that vitamin D deficiency is associated with MS pro-
gression, relapse, and severity, highlighting its contribution to disease pathogenesis [66,67].
Vitamin D effects in MS are attributed both to its immunomodulatory properties and its
direct influence on CNS functions. Vitamin D functions as a neurosteroid, contributing to
neuroplasticity and modulating immune activity within the brain [68]. Studies have shown
accumulation of vitamin D in the nuclei of neurons and VDR expression in oligodendrocyte-
like cells, microglia, and astrocytes, suggesting its role in the transcriptional activation of
neuronal messengers. Microglia are immune cells within the CNS whose activation im-
pacts neuron survival and has been linked with MS, schizophrenia, and other neurological
disorders. In this framework, vitamin D confers neuroprotection by downregulating proin-
flammatory cytokines and limiting free radical release from microglia, thereby attenuating
the immune response [69].

Indeed, Shirazi et al. reported that calcitriol, the active form of vitamin D, can reduce
inflammation in experimental autoimmune encephalomyelitis (EAE), an animal model of
MS [70]. In particular, calcitriol administration to EAE mice reduced the number of infiltrat-
ing CD11b+ and CD4+ cells as well as proinflammatory cytokine production, switching to
an anti-inflammatory milieu characterized by secretion of IL-10 and IL-4. Furthermore, this
study reported reduced CNS demyelination and amelioration of clinical symptoms [70].
Calcitriol supplementation also decreases the number of Th1- and Th17-infiltrating cells,
key players of MS pathogenesis. Additionally, preservation of BBB permeability and in-
tegrity was observed in both the brain and spinal cord of EAE mice supplemented with
calcitriol, potentially contributing to its protective effects against immune infiltration [71].

In light of the experimental evidence regarding the immunomodulatory effects of
vitamin D in MS, several clinical trials evaluating the therapeutic benefit of vitamin D
supplementation have been performed, as reported in Table 1.

Table 1. Summary of the clinical studies regarding the effects of cholecalciferol supplementation
in patients with MS. The most relevant methodological aspects of each study are summarized in
the footnotes.

Trial Name Trial Design Study
Population Treatment Primary

Endpoint Findings

VIDAMS
(NCT01490502)

[72]

Randomized, phase 3,
double-blind,
multicenter,

controlled trial.

172
relapsing-

remitting MS (RRMS)
patients.

600 IU/day (low
dose) or 5000 IU/day

(high dose)
cholecalciferol as an

add-on of
glatiramer acetate

daily.

Clinical
relapse at

96 weeks 1.

No difference in
relapse rate was found

among patients
receiving either low-dose

or high-dose
supplementation.

EVIDIMS
(NCT01440062)

[73,74]

Multicenter
randomized,

double-blind, phase
2a trial.

53 patients with
RRMS or clinically

isolated
syndrome (CIS).

20,400 IU or 400 IU
cholecalciferol every

other day for 18
months as an add-on

of IFN β-1b.

Number of
new T2-weighted

(T2w)
hyperintense

lesions on brain
Magnetic

Resonance
Imaging (MRI) at

month 18.

No significant
differences in the number

of T2w lesions were
detected

between high- or
low-dose

supplementation groups.
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Table 1. Cont.

Trial Name Trial Design Study
Population Treatment Primary

Endpoint Findings

D-Lay-MS
(NCT01817166)

[75]

Randomized phase 3
placebo-

controlled
clinical trial.

303 patients with CIS
suggesting MS or

RRMS.

100,000 IU
cholecalciferol (n =
156) or placebo (n =

147) every two weeks
for 24 months.

Measure of
disease activity over

24 months of
follow-up 2.

Cholecalciferol
reduces disease

activity in CIS and early
RRMS.

CHOLINE
(NCT01198132)

[76]

Phase II,
multicenter,
randomized,
double-blind,

placebo-
controlled

parallel-group trial.

90 RRMS
patients.

7143 IU/day of
cholecalciferol or

placebo for 96 weeks.

Reduction in
annualized

relapse rate (ARR) 3.

Cholecalciferol
supplementation

significantly reduces
ARR.

SOLAR
(NCT01285401)

[77]

Phase II, multicenter,
double-blind,

randomized, placebo-
controlled trial.

186 patients with
RRMS.

Placebo or
6670 IU/day

cholecalciferol for 4
weeks followed by

14,007 IU/day up to
week 48 as an add-on

to IFN β-1a.

Proportion of
patients with

No Evidence of
Disease Activity-3

(NEDA-3),
Expanded

Disability Status
Scale (EDSS)

progression, or
Combined Unique

Active (CUA)
lesions at week 48 4.

Cholecalciferol
supplementation to IFN

β-1a does not
provide an additional

effect on NEDA-3.
High dose of

cholecalciferol
significantly reduces the

number of CUA
lesions, but no

significant differences
were found in the

proportion of relapse-free
patients or EDSS

progression at 48 weeks.

1 Clinical relapse was defined as new or worsening symptoms lasting at least 24 h, accompanied by worsening
in Expanded Disability Status Scale (EDSS) score or in functional system scale. The cumulative probability
of clinical relapse was assessed by analyzing the time until clinical relapse using Cox’s proportional hazards
model. 2 Disease activity was defined as occurrence of relapse or MRI activity, characterized by new and/or
contrast-enhancing lesions. The Kaplan–Meier method was used to evaluate the time between treatment start
and disease activity, while the log-rank test was used to compare groups. 3 ARR was defined as the number of
relapses occurring during treatment divided by the total exposure time in years. Poisson’s regression adjusted for
baseline ARR, sex, age, and EDSS was used to compare the two groups. 4 NEDA-3 was defined as no relapses.
Logistic regression was used to analyze NEDA-3 status using EDSS score. Generalized linear models were used
to analyze the cumulative CUA lesion count.

The VIDAMS trial did not report a difference in the relapse rate between patients
supplemented with low-dose (600 IU) or high-dose (5000 IU) vitamin D as an add-on to glati-
ramer acetate over 96 weeks [72]. In the EVIDIMIS trial, patients with relapsing-remitting
MS (RRMS) or clinically isolated syndrome (CIS) were supplemented with 20,400 IU (high
dose) or 400 IU (low dose) cholecalciferol, the inactive form of vitamin D, every other day
for 18 months in addition to IFN β-1b. The primary endpoint consisted of the number of
new T2-weighted (T2w) lesions on MRI, while among the secondary endpoints, relapse
rate, disability progression, T2w lesion volume. and brain atrophy were evaluated. The low
number of participants in this study did not allow for the detection of significant differences
in the endpoint considered between the high- or low-dose supplementation [73,74].

However, promising results were reported in the D-Lay-MS randomized placebo-
controlled trial, in which 303 untreated patients with CIS suggesting MS were randomized
to the placebo group or monotherapy cholecalciferol group (100,000 IU) every 2 weeks
for 24 months. Primary endpoints included the presence of disease activity, defined by
MRI activity or occurrence of relapse, while secondary outcomes involve the presence of
new or enlarged lesions, as well as Expanded Disability Status Scale (EDSS) and Fatigue
Scale for Motor and Cognitive Functions (FSMC) scores until disease activity or at the
end of follow-up. The results showed that cholecalciferol monotherapy reduces disease
activity as well as the occurrence of new or enlarged lesions. However, in the two groups
in the study, no significant differences in relapse and clinical scores were observed [75].
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Despite no effects on the relapse rate being noticed, these results highlight the potential
of high-dose vitamin D as a monotherapy in reducing disease activity and the necessity
to study its implication as a supplementation to standard therapy. In this regard, in the
CHOLINE study, patients with relapsing MS were randomized into either placebo or
100,000 IU cholecalciferol groups twice monthly for 96 months as an add-on to IFN β-1a
(Rebif ®) treatment. This study evidenced a significant reduction in annualized relapse
rate (ARR), T1 lesions, and EDSS score in patients who completed the study [76]. The
protective effects of high-dose cholecalciferol supplementation to RRMS patients treated
with IFN β-1a were confirmed by the SOLAR trial, which suggested potential benefits
of vitamin D3 supplementation on MRI activity [77,78]. The SOLARIUM sub-study [79],
enrolling 56 patients from the Netherlands cohort of the SOLAR study, investigated the
effects of vitamin D supplementation on regulatory T lymphocytes as well as on cytokine
production from Th cells and PBMCs. This study did not find any effect of vitamin D
supplementation on Treg absolute count; however, they found differences in the proportion
of anti-inflammatory IL-4+ Th cells as well as pro-inflammatory cytokines produced by
PBMCs between treatment groups.

Despite the importance of vitamin D in regulating the immune system and the ongoing
research regarding supplementation, no significant clinical benefits have been reported
regarding MS progression. Further studies, enrolling an adequate number of participants,
should be performed to evaluate the real contribution of vitamin D supplementation in
MS pathogenesis.

5.2. Rheumatoid Arthritis

RA is a chronic inflammatory autoimmune disorder. RA pathogenesis is complex,
but it is well known that the interplay of innate and adaptive immune cells, along with
autoantibody production, such as rheumatoid factor (RF) and anti-citrullinated protein
antibodies (ACPAs), drives synovial inflammation and joint destruction in RA [80].

Many immune cells contribute to RA pathogenesis, including monocytes/macrophages,
which play a pivotal role by releasing inflammatory cytokines and reactive oxygen species,
thus exacerbating inflammation [81,82]. Given its multiple effects on the immune sys-
tem, vitamin D may influence disease course. Neve et al. reported that calcitriol-treated
macrophages derived from peripheral blood of RA patients presented lower levels of both
membrane and soluble TNF-α, a coordinator of the inflammatory response and a ma-
jor therapeutic target for RA treatment [83]. Moreover, Zwerina et al. found increased
macrophage infiltration, proinflammatory cytokine production, and osteoclastogenesis in
synovia of VDR knockout human tumor necrosis factor α transgenic (VDR−/− hTNFtg)
mice as compared to hTNFtg mice, suggesting a role of VDR, and therefore vitamin D, in
mediating synovial inflammation and bone resorption [84].

Within the innate immune players in RA, DCs contribute to the presentation of au-
toantigens to B cells, promoting autoantibody production and immune complex formation.
Additionally, DCs participate in the co-stimulatory activation of CD4+ T cells [82]. Th1
cells release TNF-α and INF-γ, contributing to initiation and sustainment of inflammation
in RA, while Th17 cells, through IL-17 secretion, intensify the release of inflammatory
cytokines and chemokines, thus recruiting other immune cells and contributing to cartilage
degradation and bone erosion [85,86]. It has been reported that T cells in synovial fluid are
relatively insensitive to calcitriol; therefore, its direct immunomodulatory effects on the
tissue may be impaired. In this context, evaluation of vitamin D’s effects on peripheral cells
may not provide the whole picture of the local effects of vitamin D in RA [87].

Additionally, in RA, an imbalance between Th17/Treg cells contributes to disease
pathogenesis. Surely, Tregs-mediated suppressive mechanisms are essential to control
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autoreactivity and maintain self-tolerance. However, studies identified reduced frequency
and decreased immunosuppressive activity of Tregs in RA patients’ peripheral blood [88].
It has been evidenced that vitamin D promotes IL-10+ Tregs differentiation and inhibits
CD4+ T cell differentiation, which, in the context of RA, may help to restore the Th17/Treg
ratio, contributing to amelioration of the disease [89]. In a separate study, T cells isolated
from PBMCs of early RA patients and activated with anti-CD3/-CD28 were treated with
calcitriol, with or without methotrexate (MTX). After 72 h, the proportion of Th1 and Th17
cells as well as the Th17/Treg ratio decreased in both calcitriol- and calcitriol/MTX-treated
groups compared to untreated controls. However, no significant reduction was observed in
the calcitriol-treated cells compared to MTX alone [90].

In a randomized, non-blinded interventional study (NCT04472481), 40 patients with
active RA were randomized to receive either MTX plus hydroxychloroquine or MTX and
hydroxychloroquine plus ergocalciferol (1.25 mg weekly) for 3 months. Tregs were lower
in RA patients than in healthy controls at baseline. After three months of treatment,
a significant elevation in Tregs in RA patients was reported, particularly in the group
receiving vitamin D supplementation [91].

Vitamin D deficiency has been inversely correlated with RA prevalence and disease
activity [92]. In particular, RA patients with high disease activity, compared to moderate
and low, presented significantly lower serum levels of calcitriol, the hormonally active
form of vitamin D [93]. A meta-analysis of 24 eligible studies performed between 1991
and 2015 involving a total of 3489 patients revealed lower levels of vitamin D in RA patients
compared to healthy controls. Moreover, they evidenced a correlation between higher
vitamin D levels and reduced symptoms, defined by lower disease activity and C-reactive
protein (CRP) levels [94]. Additionally, our group reported increased PTH levels, irrespec-
tive of vitamin D levels, in patients with autoimmune rheumatic diseases, including RA,
compared to controls, suggesting altered vitamin D metabolism [95]. Interestingly, nor-
malization of vitamin D and PTH levels was achieved only after high-dose cholecalciferol
supplementation (single 300,000 IU dose, followed by 800–1000 IU daily) for 6 months [96].

Many experimental data suggest a link between vitamin D levels and RA; however,
studies on the effects of vitamin D supplementation in RA patients have not given clinically
relevant results. Therefore, further studies, both in vitro and in vivo, should be performed
in order to elucidate the possible clinical efficacy of vitamin D in the context of RA.

5.3. Systemic Lupus Erythematosus

SLE is a systemic, chronic autoimmune disease, with a prevalence ratio of 9:1 in favor of
women. The etiology of SLE is not fully understood; however, it is known that genetic and
environmental factors contribute to disease pathogenesis, activating the immune response
and inducing B cell autoreactivity, characterized by the production of autoantibodies
against nuclear and cytoplasmic antigens, such as anti-double-strand DNA antibodies
(anti-dsDNA). Clinically, SLE manifests with different symptoms, which range from mild
to severe. The disease commonly presents itself with cutaneous and renal manifestations
(lupus nephritis, LN), but it can extend to other systems [97]. A key cutaneous manifestation
of SLE is photosensitivity, which, in combination with reduced sunlight exposure and the
use of sunscreen protection, may compromise vitamin D cutaneous synthesis [98]. In
addition, glucocorticoid use and the proposed existence of anti-vitamin D antibodies may
contribute to vitamin D deficiency [99–101].

The first studies about vitamin D and SLE date back to 1979, when decreased levels of
the active vitamin were reported in serum of prednisone-treated juvenile SLE patients [102].
As observed in other autoimmune diseases, vitamin D deficiency has been widely described
in SLE patients and has been linked to disease activity and potentially to the underlying
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pathogenesis [103]. Vitamin D levels inversely correlate with disease activity scores, along
with anti-dsDNA and anti-complement component 1q (C1q) antibody levels [104]. How-
ever, whether vitamin D deficiency is a cause or a consequence of SLE is still not fully
elucidated [105,106].

As reported in Table 2, several studies have been performed to evaluate the effects of
vitamin D and other VDR agonists in SLE, initially focusing on animal models. Moreover,
many observational and ex vivo studies on samples derived from SLE patients have
been reported in the literature (Table 3), establishing the groundwork for subsequent
interventional studies.

Table 2. Summary of experimental studies regarding the effects of VDR agonists, including cholecal-
ciferol, calcitriol, and other derivatives, in murine models of SLE. The most relevant methodological
aspects of each study are summarized in the footnotes.

Authors and Year Study Design Endpoint Findings

Lemire J.M. et al.,
1992 [107]

5 Murphy Roths Large/
lymphoproliferation (MRL/lpr)
female mice injected with 0.1 µg

calcitriol every other day for 4 weeks and then
0.15 µg for 18 weeks; 5 MRL/lpr mice in the

control group received placebo.

Determination of the
effects of calcitriol on

proteinuria and antinuclear
antibody production 1.

Calcitriol treatment
reduces proteinuria

degree and autoantibody
titer.

Vaisberg M.W. et al.,
2000 [108]

22 females (F) and 20 males (M) New Zealand
Black × New

Zealand White F1 (F1 NZB × W) mice injected
with 10 µg

(6 F, 5 M) or 3 µg (5 F, 5 M)
cholecalciferol or placebo

(11 F, 10 M) once a week for
7 months.

Evaluation of the effects of
cholecalciferol treatment on

kidney histology 2.

Cholecalciferol worsens
renal histology in female mice

compared to control.
No significant differences were

observed among males.

Freitas E.C. et al.,
2019 [109]

28 female Bagg’s Albino (BALB)/c mice
randomized as control group (n = 8), pristane-

induced lupus (PIL, n = 10) group, or PIL
injected with 2 µg/kg/day of calcitriol every

two days for 6 months (n = 10).

Detection of
immunoglobulin (Ig)G and

IgM in renal tissue and
histopathological evaluation.
Determination of the effects
of calcitriol supplementation

on pristane-induced
SLE-associated arthritis 3.

Calcitriol does not reduce renal injury
or antibody deposition.

However, it reduces synovial
inflammation and

arthritis development.

Li X. et al., 2022 [110]
48 MRL/lpr female mice injected with 4

µg/kg calcitriol twice a week for 3 weeks or
placebo for 3 weeks.

Evaluation of calcitriol’s
effects on kidney histology,

C1q, C3, IgG and
IgM deposition,

NF-κB and MAPK levels, and
urine protein concentration 4.

Calcitriol treatment ameliorates renal
damage and decreases proteinuria, as

well as IgM, IgG, C1q and
C3 deposition.

Calcitriol downregulates NF-κB and
MAPK signaling, reducing

inflammation and ameliorating LN.

Huang J. et al., 2021
[111]

Female MRL/lpr mice injected with 300 ng/kg
paricalcitol 5 times a week for 8 weeks. Black 6

(C57BL/6) mice were used as control group
and injected with

placebo. Mouse Renal Tubular Epithelial Cells
(mRTECs) were used to define the molecular

mechanisms of paricalcitol.

Evaluation of the
effects of paricalcitol on LN

and molecular pathways
involved 5.

Paricalcitol reduces proteinuria and
anti-dsDNA antibodies and

alleviates LN.
Paricalcitol reverses anti-dsDNA

antibody-induced apoptosis through
the modulation of

NFκB/NLRP3/caspase-1/
IL-1β/IL-18 axis in mRTECs.

Yamamoto E. et al.,
2020 [112]

15 Act1−/− mice were fed with
0 IU/kg (low), 2 IU/kg (normal), or 10 IU/kg

(high) of
cholecalciferol for 9 weeks.

Effects of
cholecalciferol on the

development of SLE-like
characteristics 6.

Cholecalciferol
restriction promotes memory B cell

development and
production of autoantibodies

and immunoglobulins.

1 Proteinuria and antibodies were measured using Enzyme-Linked Immunosorbent Assay (ELISA). 2 Kidney
histology was assessed with Hematoxylin–Eosin (HE) and periodic acid-Shiff stains. 3 Kidney histology was
assessed by HE stains, and IgG and IgM were detected by immunofluorescence. Arthritis was assessed by HE
staining of hind paws. 4 Kidney histology was assessed by HE and Masson’s trichrome stains. C1q, C3, IgG,
and IgM deposition were determined through immunohistochemistry (IHC). NF-κB and MAPK were detected
using Western blot (WB). Proteinuria was measured with a commercial assay. 5 Proteinuria was assessed using
a bicinchoninic acid (BCA) protein assay kit (Thermo Scientific, Waltham, MA, USA). NFκB, NLRP3, caspase-1,
IL-1β, and IL-18 were detected using quantitative polymerase chain reaction (qPCR), Western blot (WB), ELISA,
and IHC, 6 Ig were measured using ELISA. Memory B cells were identified using flow cytometry.
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Table 3. Summary of observational and ex vivo studies regarding the role of VDR agonists, VDR
expression and SNPs, and calcidiol circulating levels in SLE pathogenesis and clinical aspects. The
most relevant methodological aspects of each study are summarized in the footnotes.

Authors and
Year

Study
Design Methods Endpoint Findings

Sun J. et al.,
2019 [113] Observational

Kidney biopsies from
20 patients with LN

and 5 controls 1.

Evaluation of VDR
expression in relation to
renal histology, activity
scores, and proteinuria.

Renal tissue from LN patients
exhibited lower VDR expression

compared to controls.
VDR expression was inversely

correlated with both the activity
index and the severity of

renal injury.

De Azevêdo
Silva, et al., 2013

[114]
Observational

DNA extracted using
salting out from whole

blood of 158 SLE
patients 2.

Assessment of the
relationship between

VDR polymorphisms and
risk of

SLE development.

No association between VDR
SNPs with SLE susceptibility has

been found. VDR
polymorphisms have been

associated with cutaneous and
immunological alterations,

arthritis, anti-dsDNA antibodies,
nephritic disorders, and

photosensitivity.

Yu Q. et al., 2019
[115]

Ex vivo

Immortalized
human podocytes

(HPCs) stimulated with
IgG isolated from LN

patients in presence or
absence of 100 nM

calcitriol 3.

Determination of the
effects of calcitriol

treatment on
podocyte injury.

IgG from LN patients induces
podocyte injury in HPCs, which
is alleviated by treatment with

calcitriol.

Observational

Renal biopsies and
serum samples from 25

LN patients and 7
controls were used to
determine autophagy
and calcidiol levels 4.

Evaluation of the
relationship between
circulating calcidiol

levels and number of
autophagosomes in

renal biopsies.

Autophagy is activated in renal
tissue of LN patients, and it is

correlated with calcidiol levels.

Linker-Israeli M.
et al., 2001 [116] Ex vivo

PBMCs isolated from
65 female SLE

patients and matched
healthy controls 5.

Evaluation of the effects
of calcitriol and other

synthetic analogues on
cell phenotype,

proliferation, and IgG
production.

Calcitriol and synthetic
analogues reduce
proliferation and

IgG production and induce B cell
apoptosis.

Ritterhouse L.
et al., 2011 [117] Observational

Serum samples and
PBMCs of 32 female

SLE patients and
matched controls 6.

Evaluation of the
relationship between
calcidiol levels, B cell

hyperactivity, and
autoantibody production.

Low levels of calcidiol are
related with increased B cell

activation.

1 Histological analysis was performed using HE staining, while VDR expression was detected using IHC. 2 VDR
polymorphisms were analyzed using polymerase chain reaction (PCR) with fluorogenic allele-specific probes.
3 IgGs were isolated from serum using a ProteinIso Protein G Resin kit (TransGen Biotech, Beijing, China).
Podocyte injury induced by autophagy was evaluated using WB for autophagy-associated proteins. 4 Autophagy
was assessed by counting the number of autophagosomes through transmission electron microscopy (TEM)
of renal biopsies, while calcidiol levels were detected in serum by an electrochemiluminescence immunoassay
on serum samples. 5 PBMCs were isolated using Ficoll–Hypaque density gradients. Cellular subpopulations
and apoptosis were analyzed using flow cytometry. PBMCs were cultured, and the supernatant was collected
and analyzed for IgG presence through ELISA. 6 Plasma calcidiol levels were measured through an enzyme
immunoassay, while autoantibodies were analyzed using an indirect immunofluorescent assay. PBMCs were
isolated with Ficoll–Hypaque, and B cell activation was assessed using flow cytometry.

Back in 1992, Lemire J.M. et al. reported a decreased degree of proteinuria, autoan-
tibody titers, and skin lesions in calcitriol-treated MRL/1 mice, an animal model of SLE,
compared to untreated mice [107]. Despite these findings, no significant effects of calcitriol
on proteinuria and on autoantibody production have been reported [107]. Additionally,
the impact of vitamin D on renal pathology remains controversial, with conflicting re-
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sults across studies. Indeed, a study on a New Zealand Black × New Zealand White F1
(NZB × W F1) murine model described aggravation of kidney histology in female mice
treated with cholecalciferol, the inactive form of vitamin D [108]. More recently, Freitas
et al., in pristane-induced lupus (PIL) mice, did not evidence effects of calcitriol on protein-
uria, IgM and IgG deposition, and kidney histology compared to unsupplemented mice,
suggesting the incapacity of vitamin D to alleviate renal injury [109]. Interestingly, benefi-
cial effects have also been reported about the use of VDR agonists in LN. In 2022, Li X. et al.
described attenuation of this condition in calcitriol-treated MRL/lpr mice. In particular, by
suppressing the NF-κB and MAPK pathways, calcitriol mitigates inflammatory responses
and ameliorates renal injury in lupus-prone mice [110].

Paricalcitol (9-nor-1,25-diydroxyvitamin D) treatment of Murphy Roths
Large/lymphoproliferation (MRL/lpr) mice improves pathological renal alterations and
decreases proteinuria and anti-dsDNA antibody levels. VDR activation can reduce anti-
dsDNA antibody-induced apoptosis through the inhibition of NF-κB/NLRP3 inflamma-
some activation, thereby ameliorating renal pathology [111].

VDR activation and effectiveness are essential for eliciting responses to VDR agonists
as potential treatments for SLE and LN, highlighting the importance of assessing its expres-
sion in relevant tissues. For instance, renal tubular epithelial cells derived from patients
affected by active LN display decreased VDR expression, which inversely correlates with
injury severity [113]. Moreover, VDR polymorphisms, which could impair its activation,
have been associated with nephritic disorders and photosensitivity [114].

Another potential mechanism by which vitamin D may protect against renal damage is
through the regulation of autophagy, which contributes to SLE pathogenesis by promoting
survival of self-reactive B cells [118]. Indeed, it has been reported that vitamin D can reduce
autophagy of LN-patient-derived IgG in human podocytes [115]; however, this study was
performed on a small cohort, and these findings are not corroborated elsewhere.

Given the contribution of activated T cells, B cells, monocytes, and NK cells to SLE
pathogenesis, the immunomodulatory properties of vitamin D may ameliorate disease
course. In Act1-knockout mouse, cholecalciferol restriction (0 IU/kg, low) increased
memory B cells compared to mice supplemented with high-dose cholecalciferol (10 IU/kg)
for 9 weeks. Moreover, the low-cholecalciferol group showed elevated IgG levels, anti-
dsDNA antibodies, and IgG deposition in the glomeruli [112]. Considering the excessive
autoantibody production by B cells under low-vitamin D conditions, in vitro studies on
PBMCs of SLE patients have shown that calcitriol, the active form of vitamin D, and other
synthetic analogues can reduce cellular proliferation, immunoglobulin production, and the
frequency of both T and B cells [116]. Moreover, reduced vitamin D levels in SLE patients
have been related to enhanced B cell activation, suggesting a potential role of vitamin D
deficiency in B cell hyperactivation and autoantibody production [117]. Due to the potential
effects of vitamin D in SLE pathogenesis, several clinical trials have also been proposed for
this condition, as reported in Table 4.
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Table 4. Summary of the clinical studies regarding the effects of cholecalciferol supplementation
on disease activity and immunological features in SLE patients. The most relevant methodological
aspects of each study are summarized in the footnotes.

Trial Name Trial Design Study
Population Treatment Primary

Endpoint Findings

VITALUP
(NCT01413230) [119]

Open-label
single-arm
prospective
clinical trial.

20 female SLE
patients with

hypovitaminosis D.
No controls have

been
enrolled.

100,000 IU/week for
4 weeks

followed by
100,000 IU/month
cholecalciferol for 6

months. Patients
were evaluated at
baseline, month 2,
and month 6 after
supplementation.

Immunological
profile of B and T

cells and gene
expression

profile of PBMCs 1.

Treatment reduces
memory B cells and

anti-dsDNA antibodies as
well as Th1 and

Th17 cells.

Cholecalciferol
Supplementation on

Disease Activity,
Fatigue and Bone

Mass on Juvenile SLE
(NCT01892748)

[120,121]

Randomized
placebo-

Controlled trial.

40 female
juvenile SLE

patients. No controls
have been enrolled.

Oral
cholecalciferol at

50,000 IU/week or
placebo for 6 months.

Effects of
cholecalciferol

supplementation on
disease activity,

fatigue, and bone
mass 2.

Treatment
significantly improves

disease activity scores at
6 months compared to

baseline, reduces fatigue
at 6 months, and
increases bone

trabecular number
at 6 months.

Vitamin D3 in SLE
(NCT00710021) [122]

Multicenter,
randomized,
double-blind,

placebo-
controlled phase

2 study.

48 SLE
patients with stable
disease. No controls

have been
enrolled.

2000 IU (low dose), or
4000 IU (high dose)

of oral cholecalciferol
or placebo daily for

12 weeks.

Effects on
expression of
IFN-inducible

genes 3.

No significant reduction
in IFN signature has been

reported in the
supplemented groups.

1 PBMC subsets were characterized on whole blood using flow cytometry. Anti-dsDNA antibodies were detected
using ELISA. Variables were compared at baseline, at month 2, and at month 6 after the start of vitamin D
supplementation. 2 Subjects were evaluated at baseline, at 3 months, and at 6 months. Disease activity was
assessed using the Systemic Lupus Erythematosus Disease Activity Index (SLEDAI) and the European Consensus
Lupus Activity Measurement (ECLAM). Fatigue was assessed by a questionnaire adapted from the Fatigue
Severity Scale. Bone mass and trabecular number were evaluated at the tibial site using a 3-Dimensional High-
Resolution Peripheral Quantitative Computed Tomography (3D HR-pQCT) device. 3 Expression of IFN-inducible
genes at week 12 was assessed using TaqMan Reverse Transcription PCR (RT-PCR) on whole blood.

A study on a cohort of 20 female patients supplemented with cholecalciferol at a dose
of 100,000 IU/week for 4 weeks followed by 100,000 IU/month for 6 months (NCT01413230)
showed a significant reduction in the frequency of class-switched memory B cells after
2 months and of memory B cells at 6 months. Moreover, the authors found an increased
percentage of both resting and activated memory Tregs at 2 and 6 months, along with
a decrease in Th1 cells, CD8+ T cells, and Th17 cells, compared to the placebo group [119].
Another study in a Portuguese cohort of 24 patients reported decreased levels of Th17 cells
and increased levels of Tregs after 6 months of supplementation [123].

In a randomized placebo-controlled trial (NCT01892748), 40 female juvenile SLE
patients were supplemented with either 50,000 IU/week of cholecalciferol, the inactive
form of vitamin D, or placebo for 6 months. At the conclusion of the study, the group
receiving cholecalciferol showed an improved Systemic Lupus Erythematosus Disease
Activity Index (SLEDAI), better global fatigue score, and reduced positivity to anti-dsDNA
antibodies [120]. Given the reported reduction in bone density and strength in juvenile
SLE patients, the same cohort was also evaluated for bone microarchitecture. The results
revealed a significant increase in trabecular number, while bone mineral density remained
unaffected [121].

In a randomized double-blind placebo-controlled clinical trial of 48 SLE patients
(NCT00710021), cholecalciferol supplementation did not significantly decrease IFN signa-
ture, defined by the expression levels of IFN-induced genes related to disease activity [122].
However, the supplemented dose, the reduced number of patients and the limited duration
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of the study may not have been sufficient to provide conclusive results; therefore, further
studies regarding the supplementation of vitamin D in SLE should be performed. Moreover,
since sex hormones influence disease pathogenesis and treatment response [124], their
effects should be taken into consideration when designing interventional studies.

5.4. Type 1 Diabetes Mellitus

T1D is an autoimmune disorder in which immune-mediated destruction of pancreatic
β cells leads to the loss of endogenous insulin production, thereby necessitating replace-
ment therapy. In particular, macrophages, CD8+ T, Th1, and Th17 cell infiltration in
pancreatic islets, as well as Tregs dysfunction, contribute to disease pathogenesis [125].
Many experimental studies (Table 5) and clinical interventional studies (Table 6) have been
performed to investigate the effects of VDR agonists in T1D.

Table 5. Summary of experimental studies on murine models of T1D about the effects of vitamin
D on disease onset, immunological features, and β cell function. The most relevant methodological
aspects of each study are summarized in the footnotes.

Author and Year Population and
Intervention Endpoint Findings

Giulietti et al.,
2004 [126]

68 non-obese diabetic (NOD) mice
fed with vitamin D-depleted diet vs.

69 control NOD mice fed with
2200 IU/kg/day vitamin

D-supplemented diet for 100 days.
From 100 days of age, mice were fed

with supplemented diet until
250 days of age.

Investigation of the effects
of vitamin D deficiency on

T1D onset 1.

Vitamin D deficiency
anticipates diabetes onset

and increases severity.
Increased CD4+ abd CD8+

cells and decreased Tregs
infiltration have been

reported in the thymus of
female mice.

Lai X. et al., 2022
[127]

NOD mice were intraperitoneally
injected with adenovirus

carrying Cathepsin G (CatG) or
Short-Hairpin RNA against CatG

(sh-CatG) twice a week for 8 weeks.
Mice were fed with 2200 IU/kg/day
vitamin D-supplemented diet for 28
days. Control NOD mice were fed

with diet containing the dietary
requirements of vitamin D.

Investigation of the effects
of vitamin D

supplementation on CatG
expression, CD4+ cell
activation, and β cell

function 2.

Vitamin D
supplementation

downregulates CatG
expression, decreases CD4+

cell activation, improves β
cell function, and
inhibits apoptosis.

Martens P. et al.,
2022 [128]

93 female NOD mice were fed with
either cholecalciferol-sufficient diet
(control diet) or diet supplemented

with 400 IU/day or 800 IU/day
cholecalciferol until 25 weeks of age.

Evaluation of the effects of
different doses of

cholecalciferol
supplementation on

disease onset and
immunological profile 3.

800 IU/day
supplementation decreases

T1D development and
increases FOXP3+ Tregs

and IL-10-secreting CD4+ T
cell frequency.

1 T1D onset was assessed measuring the levels of glucose in urine and blood samples two times a week. Thymuses
from mice at 100 days of age were removed and dispensed into single-cell suspensions, and cell subtypes were
analyzed using flow cytometry. 2 Pancreatic tissue was embedded in paraffin, while mononuclear cells were
isolated using Percoll gradient. PBMCs were isolated using the Ficoll–Hypaque technique. CD4+ T cells were
sorted from pancreatic mononuclear cells using magnetic beads coated with anti-CD4 antibody. CD4+ T cell
activation was analyzed using flow cytometry. Proteins were isolated from pancreatic tissues and cells using
radioimmunoprecipitation assay lysis buffer with protease inhibitor. β cell apoptosis was assessed by measuring
the protein levels of B cell lymphoma 2 (BCL-2), BCL-2-Associated X protein (BAX), cleaved caspase-3, and
cleaved caspase-9 using the WB technique. β cell function was assessed measuring serum C-peptide levels using
ELISA. 3 T1D onset was evaluated measuring urine and blood glucose concentrations. Spleen, pancreatic lymph
nodes, and mesenteric lymph nodes single-cell suspensions were isolated by mechanical disruption of tissues at 8
and 25 weeks of age. Cell subsets were analyzed using flow cytometry.
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Table 6. Summary of the interventional studies on T1D patients regarding the effects of vitamin D
supplementation on immunological landscape, β cell function, glycated hemoglobin, and calcidiol
levels. The most relevant methodological aspects of each study are summarized in the footnotes.

Study Design Study Population and
Treatment Primary Endpoint Findings

Prospective, multicenter,
open-label,

randomized.
(ADVENT, NCT02407899)

[129].

301 T1D patients randomized to (I)
metformin with or

without insulin (conventional therapy,
CT, n = 99),

(II) CT plus saxagliptin (n = 100), or
(III) CT plus saxagliptin plus 2000 IU

cholecalciferol/day (n = 102) for
24 months.

Evaluation of β cell function
measured by C-peptide levels

1.

Improvement in β cell function loss
between supplemented and

conventional therapy groups,
especially in patients with high
Glutamic Acid Decarboxylase
Autoantibody (GADA) levels.

Multicenter, randomized,
double-blind, placebo-
controlled trial [130].

109 T1D patients received three
intralymphatic injections with 4 µg

Diamyd® on days 30, 60, and 90 and
2000 IU/day oral vitamin D for 4

months (n = 57) or placebo in place of
each treatment (n = 52).

Last study visit was performed at month
15.

Changes in serum
C-peptide levels over the 2 h

period after a mixed-meal
tolerance test (MMTT) 2.

No differences in C-peptide levels
between baseline and 15-month

visit were reported.

Controlled
clinical trial [131].

133 young T1D patients
randomized to cholecalciferol at 2000

IU/day (n = 103) or
placebo (n = 30) for 12 weeks.

Measurement of
glycated hemoglobin (HbA1c)

3.

Minimal effects on glycemic control
have been reported.

Randomized, double-blind,
placebo-

controlled study [132].

35 new-onset T1D patients
randomized to 2000 IU

cholecalciferol (n = 17) or
placebo (n = 18) for 18 months.

Evaluation of
cytokines,

chemokines, HbA1c, and
C-peptide levels as well as

Tregs
frequency 4.

C-peptide levels increased at
12 months from diagnosis, and the
decline was reduced at 18 months
compared to controls. Increase in

Tregs frequency was reported after
12 months. No differences in HbA1c

levels have been identified.

Prospective, randomized,
double-blind, placebo-

controlled trial
(NCT01390480) [133].

30 juvenile T1D patients
supplemented weekly with

cholecalciferol (corresponding to
70 IU/kg/day) or placebo for

12 months.

Evaluation of changes in
frequency and function of

Tregs 5.

Tregs frequency did not differ
between baseline and month 12.
Suppressive function of Tregs

increased at month 12.

Cross-sectional study [134].
141 juvenile T1D patients

supplemented with 1000 IU/day
cholecalciferol.

Evaluation of the
effects of vitamin D

supplementation on glycemic
status 6.

Supplementation significantly
increases serum calcidiol levels and

reduces HbA1c at final visit.
Calcidiol levels inversely correlate

with insulin requirement.

1 Absolute change in fasting C-peptide levels from baseline to month 24 was compared between the two treatment
groups and the conventional therapy group. A mixed model for repeated measures used to analyze absolute
change was adjusted for age, sex, time, treatment-by-time interaction, baseline C-peptide, baseline C-peptide-
by-time interaction, baseline vitamin D concentration, insulin or metformin dosage, and diabetic ketoacidosis
(DKA). Stratification of patients according to GADA levels at baseline was used to assess treatment effects on β
cell function. 2 C-peptide levels were measured using a dual-sided chemiluminescence immunoassay. Changes
in stimulated C-peptide levels were assessed at 15 months versus baseline between the treatment and placebo
groups. 3 HbA1c levels were measured using high-performance liquid chromatography (HPLC). A paired t-test
was used to evaluate variables before and after treatment. Models were adjusted by age, sex, and time of T1D
onset. 4 HbA1c levels in whole blood were measured using HPLC. C-peptide levels were measured using an
immunofluorometric assay. Cytokines and chemokines from serum samples were measured using inflammatory
cytokine and chemokine bead array kits (Becton Dickinson, Franklin Lakes, NJ, USA). Tregs in PBMCs were
analyzed according to the manufacturer’s instructions (eBioscience, San Diego, CA, USA). Repeated-measures
analysis of variance was used to compare C-peptide and HbA1c levels in the treatment and placebo groups.
Pearson’s and multivariate regression analyses were used to correlate variables. 5 PBMCs were isolated from
whole blood using Histopaque density gradient. The absolute number of leukocytes was measured using a cell
counter, while Tregs analysis was performed using flow cytometry. Tregs and T effector cells were isolated
using a cell sorter. To assess the suppressive function of Tregs, T effector cells were cultivated in the presence
or absence of autologous Tregs and in the presence of irradiated PBMCs. T effector cells were stimulated with
CD3/CD28-coated microbeads, and proliferation was assessed by analyzing 3H-thymidine uptake. 6 Subjects
were analyzed at disease onset (T0, n = 64), at 12–24 months before last visit (T1, n = 124), and at last visit (T2). The
average time of supplementation was 17.0 ± 9.5 months at T1 and 17.7 ± 8.1 months at T2. HbA1c levels were
measured by HPLC. Calcidiol levels were measured by a direct competitive chemiluminescent immunoassay.
Variation between T1 and T2 was evaluated by a paired t test for repeated measures. Pearson’s correlation analysis
was used to correlate calcidiol levels to clinical parameters.
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Most pre-clinical studies investigating vitamin D in T1D have been conducted on
non-obese diabetic (NOD) mice (Table 5). In this model, early-life vitamin D deficiency has
been linked to an earlier onset and increased severity of T1D [126]. Interestingly, supple-
mentation of vitamin D to NOD mice improves glucose tolerance. It has been proposed
that supplementation downregulates CatG expression, a proteolytic enzyme involved in
the modulation of the inflammatory response and glucose homeostasis, thereby inhibiting
T cell activation and improving β cell function, as indicated by increased serum levels of
C-peptide [127]. Studies on NOD mice supplemented with 800 IU/day vitamin D show
that this treatment effectively delays T1D onset and reduces disease incidence. Moreover,
increased frequency of Tregs and IL-10-secreting CD4+ T cells has been reported [128],
highlighting the anti-inflammatory properties of vitamin D and its contribution to the
modulation of immune-mediated diseases such as T1D. Based on pre-clinical results in
mice, studies regarding the use of vitamin D as an adjuvant immunomodulatory therapy
in T1D patients have also been performed, as reported in Table 6. Overall, vitamin D sup-
plementation appears to enhance β cell function [129,132]; however, several studies fail to
show meaningful changes in C-peptide levels in treated versus untreated individuals [130].
Moreover, supplementation seems to increase Tregs frequency [132] as well as their sup-
pressive function [133]. Finally, in juvenile patients, vitamin D supplementation seems to
decrease insulin requirements [134]. Taken together, these findings suggest a potential role
of vitamin D as an adjuvant treatment in T1D.

6. Translational Gap Between Pre-Clinical Models and Human
Autoimmune Diseases

Even though pre-clinical models have provided promising evidence regarding the
immunomodulatory role of vitamin D, these findings do not translate into consistent clinical
benefits in human autoimmune diseases. Indeed, studies report modest or no effects of
vitamin D supplementation in autoimmune diseases; therefore, the clinical relevance of this
molecule in humans remains inconsistent. The discrepancy between human and murine
models highlights the limitations of translating pre-clinical studies to humans. Among
the reasons for this discrepancy, species-specific differences between human and murine
immune systems as well as differences in vitamin D signaling play a major role. For
instance, in human VDRE sequences are located in the promoter of the IL-1β gene, while
they are absent in rodents; therefore, IL-1β is not regulated by vitamin D in mice. This
highlights fundamental differences in the regulation of immune-related genes in mice
and humans [135]. Moreover, the distinct composition and regulation of the VDR gene
in mice and humans suggest that the same stimulus may lead to different outcomes in
the two species [136]. Additionally, genetic variability, including polymorphisms affecting
VDR or vitamin D-metabolizing enzymes in humans, as well as interindividual biological
and environmental factors, may increase the difficulties in translating animal studies in
humans. Moreover, differences in dosage and timing of supplementation may explain the
different findings reported in humans and mice. For instance, to reach sufficient blood
levels, mice require a daily intake of 1000 IU/kg of vitamin D [137], corresponding to
unrealistically high and potentially dangerous doses in humans, for whom daily intakes
of approximately 200–600 IU/day are generally recommended [138]. Furthermore, it is
essential to carefully control vitamin D dosage in humans to avoid the hypercalcemic side
effects, which are less pronounced or more easily tolerated in murine models [139].

Taken together, these considerations highlight the importance of cautiously interpreting
pre-clinical results, acknowledging species-specific mechanisms, and designing clinical studies
accounting for the human immune system’s complexity and biological heterogeneity.
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7. Conclusions
Evidence supports the role for vitamin D as a modulator of immune responses, with

known effects on T cell polarization and inflammatory signaling pathways. However, the
translation of these mechanistic insights into clinically meaningful benefits in autoimmune
diseases remains limited. At present, results are controversial, depicting the potential
immunomodulatory role of vitamin D in in vitro and in murine studies, without reaching
consistent results in most clinical trials. Differences between animal models and humans
should be taken into consideration while analyzing the effects of a particular compound.
In humans, low vitamin D levels have been widely associated with disease activity and
severity across multiple autoimmune diseases. However, interventional trials on vitamin D
supplementation have given inconsistent results, considering clinical endpoints. Impor-
tantly, mechanistic evidence in pre-clinical models relies on the use of different forms of
vitamin D or other VDR agonists, while clinical studies frequently rely on cholecalciferol
supplementation at different dosages and schedules.

These considerations highlight the limitations of the current literature. First, as previ-
ously stated, the term “vitamin D” is frequently used imprecisely, encompassing biologi-
cally distinct compounds, which are not always specified and may have a different mecha-
nism of action or bioavailability. Second, observational studies on vitamin D deficiency may
not account for the potential confounding induced by reduced sunlight exposure, latitude,
chronic inflammation, or medications taken by study participants. Moreover, clinical trials
are highly heterogeneous regarding supplementation dose, duration, baseline vitamin D
status, outcome measures, and statistical power, thus limiting comparability across studies
and reducing the ability to detect clinically meaningful effects. Finally, improvement in
immunological or molecular markers in pre-clinical models does not reliably predict the
long-term clinical outcomes in the context of complex diseases, underscoring the gap be-
tween experimental outcomes and disease modifications. Taken together, current evidence
does not support the benefits of vitamin D supplementation as a disease-modifying agent.
Rather, vitamin D may be considered to correct deficiency and potentially modulate disease
susceptibility or progression, particularly in early or pre-clinical stages.

Based on all the abovementioned considerations, future studies should aim to stan-
dardize supplementation strategies and trial designs accounting for disease heterogeneity,
vitamin D metabolism, genetic background, and immune phenotype.
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1,24,25(OH)3D3 1,24,25-Trihydroxycholecalciferol
24,25(OH)2D3 24,25-Dihydroxycholecalciferol
3D HR-pQCT 3-Dimensional High-Resolution Peripheral Quantitative Computed Tomography
Ab Antibody
ACPA Anti-Citrullinated Protein Antibodies
anti-C1q Anti-Complement Component 1q
anti-dsDNA Anti-Double-Strand DNA
AP-1 Activator Protein 1
ARR Annualized Relapse Rate
BACH BTB Domain And CNC Homolog 1
BALB Bagg’s Albino
BAX BCL2 Associated X, Apoptosis Regulator (Bax)
BBB Blood–Brain Barrier
BCA Bicinchoninic Acid
BCL-2 B Cell Lymphoma 2
C57BL/6 Black 6
CatG Cathepsin G
CD Cluster Differentiation
CIS Clinically Isolated Syndrome
CNS Central Nervous System
CRP C-Reactive Protein
CT Conventional Therapy
CTLA-4 Cytotoxic T-Lymphocyte Antigen 4
CUA Combined Unique Active
CYP Cytochrome P450
CYP27B1 1α-Hydroxylase
DCs Dendritic Cells
DKA Diabetic Ketoacidosis
EAE Experimental Autoimmune Encephalomyelitis
ECLAM European Consensus Lupus Activity Measurement
EDSS Expanded Disability Status Scale
ERK Extracellular-Signal-Regulated Kinases
F Female
FOXP3 Forkhead Box P3
FSMC Fatigue Scale for Motor and Cognitive Functions
GADA Glutamic Acid Decarboxylase Autoantibodies
GATA-3 GATA Binding Protein 3
Gfi1 Growth Factor Independent 1 Transcriptional Repressor
GM-CSF Granulocyte–Macrophage Colony-Stimulating Factor
HbA1c Glycated Hemoglobin
HE Hematoxylin–Eosin
HPCs Immortalized Human Podocytes
HPLC High-Performance Liquid Chromatography
IBD Inflammatory Bowel Disease
IFN Interferon
Ig Immunoglobulin
IHC Immunohistochemistry
IKKβ Inhibitor Of Nuclear Factor Kappa B Kinase Subunit Beta
IL Interleukin
IRF4 Interferon Regulatory Factor 4
IU International Units
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IκBα
Nuclear Factor Of Kappa Light Polypeptide Gene Enhancer in B cells
Inhibitor Alpha

JAK Janus Kinase
JNK c-Jun N-Terminal Kinase
LILRB4 Leukocyte Immunoglobulin-Like Receptor Subfamily B member 4
LN Lupus Nephritis
LPS Lipopolysaccharide
M Male
MAPK Mitogen-Activated Protein Kinase
mDCs Myeloid-Derived DCs
MHC Major Histocompatibility Complex
miR Micro-RNA
MMTT Mixed-Meal Tolerance Test
MRI Magnetic Resonance Imaging
MRL/lpr Murphy Roths Large/lymphoproliferation
mRTECs Mouse Renal Tubular Epithelial Cells
MS Multiple Sclerosis
MTX Methotrexate
NEDA-3 No Evidence of Disease Activity-3
NF-κB Nuclear Factor Kappa-Light-Chain-Enhancer of Activated B Cells
NFAT Nuclear Factor of Activated T cells
NLRP3 NLR Family Pyrin Domain Containing 3
NOD Non-Obese Diabetic
NZB × W F1 New Zealand Black x New Zealand White F1
PAMPs Pathogen-Associated Molecular Patterns
PBMCs Peripheral Blood Mononuclear Cells
PCR Polymerase Chain Reaction
PD-L1 Programmed Death-Ligand 1
pDCs Plasmacytoid DCs
PIL Pristane-induced Lupus
PTH Parathyroid Hormone
qPCR Quantitative Polymerase Chain Reaction
RA Rheumatoid Arthritis
RF Rheumatoid Factor
RRMS Relapsing–Remitting Multiple Sclerosis
RT-PCR Reverse Transcription Polymerase Chain Reaction
RXR Retinoid-X-Receptor
sh-CatG Short-Hairpin RNA against CatG
SLE Systemic Lupus Erythematosus
SLEDAI Systemic Lupus Erythematosus Disease Activity Index
SNPs Single Nucleotide Polymorphisms
SOCS Suppressor of Cytokine Signaling
STAT Signal Transducer and Activator of Transcription
T1D Type 1 Diabetes Mellitus
T2w T2-weighted
tDCs Tolerogenic DCs
TEM Transmission Electron Microscopy
TGF Transforming Growth Factor
Th T Helper Cells
TLR Toll-Like Receptors
TNF Tumor Necrosis Factor
Tregs Regulatory T Cells
UV Ultraviolet
VDBP Vitamin D Binding Protein
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VDR Vitamin D Receptor
VDR−/− hTNFtg VDR Knockout Human Tumor Necrosis Factor α Transgenic
VDREs Vitamin D Response Elements
WB Western Blot
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