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Simple Summary: The pathogenesis of autoimmune diseases etiology is still mostly unclear and
probably arises from an interplay between common/rare genetic variants and environmental factors
that act as triggers. Vitamin D and its pathways have been repeatedly associated with the onset of
autoimmune diseases. Vitamin D exerts its functions by binding to the Vitamin D receptor (VDR); the
complex Vitamin D/ VDR regulates many biological functions, including immune responses. In this
review, we summarize and discuss data analyzing the possible involvement of the four best studied
VDR gene polymorphisms in the pathogenesis of autoimmune conditions, with the aim of better
understanding these mechanisms and shedding light on what needs to be further investigated.

Abstract: The vitamin D/Vitamin D receptor (VDR) axis is crucial for human health as it regulates
the expression of genes involved in different functions, including calcium homeostasis, energy
metabolism, cell growth and differentiation, and immune responses. In particular, the vitamin
D/VDR complex regulates genes of both innate and adaptive immunity. Autoimmune diseases are
believed to arise from a genetic predisposition and the presence of triggers such as hormones and
environmental factors. Among these, a role for Vitamin D and molecules correlated to its functions
has been repeatedly suggested. Four single nucleotide polymorphisms (SNPs) of the VDR gene,
Apal, Bsml, Taql, and Fokl, in particular, have been associated with autoimmune disorders. The
presence of particular VDR SNP alleles and genotypes, thus, was observed to modulate the likelihood
of developing diverse autoimmune conditions, either increasing or reducing it. In this work, we
will review the scientific literature suggesting a role for these different factors in the pathogenesis
of autoimmune conditions and summarize evidence indicating a possible VDR SNP involvement
in the onset of these diseases. A better understanding of the role of the molecular mechanisms
linking Vitamin D/VDR and autoimmunity might be extremely useful in designing novel therapeutic
avenues for these disorders.

Keywords: VDR; Vitamin D; SNP; autoimmunity; Apal; Bsml; Taql; FokI; multiple sclerosis; systemic
lupus erythematosus

1. Introduction
1.1. Vitamin D and VDR

Vitamin D is a micronutrient with a fundamental role in human health. It is produced
in the skin from 7-dehydrocholesterol after exposure to ultraviolet B radiation (wavelength:
290-315 nm) and, only partially (20%), can be obtained from diet (cod-liver oil, salmon, tuna,
trout, liver, eggs, etc.). The biologically active form of Vitamin D is 1,25-dihydroxyvitamin
D3 [1,25-(OH), D3] (calcitriol), which is produced through progressive hydroxylation in
the liver and kidneys; however, hydroxylation can be performed in other tissues and cells,
including epithelial cells, parathyroid glands, and macrophages. The hydroxylation process
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is modulated by tumor necrosis factor « (INF«x) and interferon y (IFNYy) cytokines [1].
1,25-(OH);D;3 is a secosteroid hormone that exerts its function through binding to the
vitamin D receptor (VDR) [2,3]. VDR was identified in 1974 [4,5] and is responsible for
the activation of the genomic pathway of 1,25-(OH)2D3. Briefly, upon binding Vitamin
D, VDR becomes a ligand for an activated, DNA-binding transcription factor, which
generates an active signal transduction complex. Such a complex includes a Vitamin
D/VDR heterodimer and the retinoid X receptor (RXR), and it translocates into the cell
nucleus where it recognizes the vitamin D responsive elements (VDREs) positioned in the
DNA sequence of Vitamin D-regulated genes [6,7]. It has nevertheless to be underlined that
a potential non-genomic activity of the VDR that could cause transcription-independent
responses in cells has been hypothesized as well [8]. The nearly ubiquitous expression of
VDR suggests that the Vitamin D/ VDR axis regulates genes involved in different functions:
calcium homeostasis [9], energy metabolism, cell growth and differentiation, and immune
responses [10-12]. In particular, VDR regulates genes of innate and adaptive immunity [13].

1.2. Vitamin D/VDR and Autoimmunity

Low levels of Vitamin D, together with genetic variations within the VDR gene, have
been associated with susceptibility to different conditions, including neurodegenerative
diseases [14], neurodevelopmental diseases [15], frailty in elders [16], and, particularly,
autoimmune diseases [7,17]. This review will focus on the possible role played by Vitamin D
in the pathogenesis of autoimmune conditions. Autoimmune disorders are believed to arise
from a genetic predisposition interacting with triggers including hormones, infections, and
environmental factors [18]. A role for Vitamin D in the regulation of innate and adaptive
immune responses was suggested by the discovery that VDR is expressed by almost all
immune cells (activated CD4+ and CD8+ T cells, B cells, neutrophils, antigen-presenting
cells (APC), dendritic cells, and macrophages). Notably, Vitamin D was described to inhibit
the production of pro-inflammatory cytokines IL-1, IL-6, IL-12, and TNF« and increase that
of the anti-inflammatory cytokine IL-10 by monocytes and to modulate the differentiation
and maturation of dendritic cells [19,20]. Vitamin D, thus, may interact directly with
dendritic cells, influencing both their migration and their ability to initiate and functionally
differentiate T lymphocytes, triggering and modulating immune responses [21]. Vitamin D
can also promote the proliferation and function of immunosuppressive Treg cells [22] and
plays a role in Th1/Th2 balance, limiting inflammation and autoimmunity [23]. Importantly,
this vitamin also modulates the functions of Th17 cells, a T cell subset of pivotal importance
in autoimmunity [24], down-regulating the release of the proinflammatory cytokines IL-2,
INF-y, IL-21, and IL-17 [25]. Finally, Vitamin D inhibits the differentiation of B lymphocytes
into plasma cells and antibody production and greatly reduces the formation of B memory
cells and immunoglobulin secretion by activated B cells [26] (Figure 1).

1.3. VDR Gene Structure and Principal Polymorphisms

The VDR gene is located on chromosome 12q13.11 and comprises 14 exons. In the
promoter region lies exon 1, which has six variants (from a to f), important for alternative
splicing; in the coding region are present exons 2-9, common for all 14 transcripts [27].
Only three different isoforms have been described in human cells:

VDRA: start site in exon 2, 427 amino acids, 48 kDa;

VDRBI: start site in exon 1d, 477 amino acids, 54 kDa;

a shorter isoform with higher transcriptional activity is created by a FokI single nu-
cleotide polymorphism (SNP) that creates a translation initiation codon [28]: 424 amino
acids, 47 kDa.

The VDR gene harbors more than 900 allelic variants [29], a fraction of which is be-
lieved to interfere with Vitamin D function. We will focus on the most investigated of these
allelic variants. In intron 8/exon 9, at the 3’ end of the VDR gene, there are three adjacent
SNPs that have been extensively studied in correlation with different pathologies: rs1544410
+63980 (Bsml, C > T(B > b)), rs7975232 + 64978 (Apal, A > C (A > a)), and rs731236 (Tagl +
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65058 (T > C (T > t)). Initially detected by the restriction fragment length polymorphism
(RFLP) technique, the VDR genotype was identified by the presence (b, a, and t) or absence
(B, A, and T) of the Bsml, Apal, and Tagl cleavage sites [15]. Another important SNP already
mentioned above is rs2228570 (FokI + 30920 C > T(F > f)), located in exon 2. The T-to-C
substitution eliminates the first ATG translation initiation site, determining a final protein
of 424 amino acids instead of the 427 amino acids of the wild-type product. This shorter
form is characterized by augmented transcriptional activation [28] (Figure 2).
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Figure 1. Regulation of immune processes by the axis Vitamin D/VDR. Up arrows: increase, down
arrow: decrease. Created with BioRender.com.
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Figure 2. VDR gene structure. The most common SNPs, FokI (rs2228570), Bsml (rs1544410), Apal
(rs7975232), and Tagl (rs731236), are shown. Created with BioRender.com.

Bsml and Apal SNPs are associated with decreased stability of mRNA and lower
expression levels; Taql, near the exon-intron boundary, might affect splicing and thus VDR
translation [30] (Table 1) (Figure 2).
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Table 1. VDR gene Tagql, Bsml, Apal, and FokI SNP positions, descriptions, and effects.

VDR SNP Position Description Effect
Tagl (rs731236) +65,058, intronic T>C(T<t) Affects splicing and VDR translation
BsmlI (rs1544410) +63,980, intronic C<T(B>b) Decreases mRNA stability
Apal (rs7975232) +64,978, intronic A>C(A>a) Decreases mRNA stability
FokI (rs2228570) +30,920, exon 2 C>T (<o Start loss

The genetic models used to study Apal, Bsml, Fokl, and Tagl are summarized in Table 2.

Table 2. Description of the genetic models used to study Tagl, Bsmi, Apal, and FokI SNPs.

Genetic Model Apal Bsml FokI Taql
Dominant CC+ACvs. AA TT + CT vs. CC TT + CT vs. CC CC+CTvs. TT
Recessive CCvs. AC+AA TT vs. CT + CC TT vs. CT + CC CCvs. CT+TT

Heterozygote ACvs. AA CT vs. CC CT vs. CC CTvs. TT
Homozygote CCvs. AA/AAvs.CC  TTvs. CC/CCvs. TT TT vs. CC/CCvs. TT CCvs. TT/TT vs. CC
Allelic Cvs. A/Avs.C Tvs.C/Cvs. T Tvs.C/Cvs. T Cvs. T/Tvs. C

2. VDR Polymorphisms and Principal Autoimmune Diseases
2.1. Multiple Sclerosis

Multiple sclerosis (MS) is a chronic autoimmune demyelinating disease of the central
nervous system (CNS) characterized by the loss of sensory and motor function and major
clinical disabilities [31]. MS affects 2 million people worldwide. As with other immune-
mediated disorders, MS has a complex pathophysiology that involves genetic susceptibility
and unknown environmental triggers [32]. The major genetic risk factor for MS is the
HLA-DRB1*15 allele [33,34], but over 200 minor genetic risk variants, all SNPs, have now
been described [35].

VDR SNPs have been widely investigated in MS. A meta-analysis [36] analyzed a
total of 4013 MS cases and 4218 controls in 24 case-control studies. The results indicate
no association between Bsml, Apal, Taql, and Fokl among overall populations of Asians
and Caucasians; the A allele of Apal alone resulted in being associated with MS risk in
Asian populations (596 MS cases/731 HC) (p = 0.005, OR = 1.27, 95% CI = 1.07-1.50).
Another meta-analysis [37], which included 3758 cases and 3992 HC of European and
Asian origin, indicated an involvement of Tagl under the heterozygote model (CT vs.
TT) (p < 0.0001, OR = 1.27, 95% CI = 1.01-1.59). A third meta-analysis [38] analyzed
nine case-control studies for an overall population of 1206 MS Iranian cases and 1402
Iranian HC. Tagl was studied in 721 MS cases and 696 HC cases. A significant negative
association with MS susceptibility emerged under the homozygote (TT vs. CC) genetic
model (p = 0.04, OR = 0.28, 95% CI = 0.08-0.94). Apal was evaluated in 721 MS cases and
696 HC cases. The allelic genetic model revealed a significant association between the
A allele and a decreased risk of MS, A vs. C (p < 0.01, OR = 0.54, 95% CI = 0.37-0.79),
the same under the homozygote genetic model (AA vs. CC) (p < 0.01, OR = 0.28, 95%
CI = 0.14-0.59). Fokl was evaluated in 576 MS cases and 738 HC, but no association with
MS risk emerged under all the genetic models (an explanation of the genetic models
used is reported in Table 2). Similarly, BsmI, evaluated in 738 MS patients and 738 HC,
revealed no association with MS susceptibility. Finally, a study performed in 641 Italian
MS patients and 558 HC showed a protective role against MS risk for the VDR Tagl T
allele-HLA-DRB1*15+ haplotype (p = 9.5 x 107°; OR = 2.52; 95% CI = 1.56-4.06) and, on
the contrary, an increased risk of developing MS associated with the -DRB1*15-VDR Tagl
C haplotype. Tagl TT genotype was also protective in HLA-DRB1*15-positive subjects
(p = 0.004; OR = 0.53; 95% CI = 0.33-0.83) [39] (Table 3). In summary, multiple pieces of
evidence support a role for the Tagl VDR SNP in MS susceptibility.
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2.2. Behcet'’s Disease

Behcet’s disease (BD) is a chronic autoimmune multisystemic disorder. It is an in-
flammatory vasculopathy with an unknown etiology. A strong genetic correlation with the
human leukocyte antigen (HLA)*B51 allele has been described [40]. A higher prevalence of
the disease is present in the Middle East, the Far East, and the Mediterranean [41]. Much
attention has been paid to the possible correlation between BD and VDR SNPs. A recent
meta-analysis took into consideration seven independent studies for a total of 478 cases and
666 HC [42]. Pooled results indicated a significant association between Apal and BD risk
in all populations: allelic model (A vs. C) (p = 0.001, OR = 1.382, 95% CI = 1.142-1.672). A
more noticeable effect was found in the Caucasian subgroup: homozygote model (AA vs.
CC) (p =0.008, OR = 2.616, 95% CI = 1.284-5.329), suggesting a correlation between the Apal
AA genotype and BD development. Bsml, Tagl, and FokI polymorphisms were not corre-
lated with BD in overall analyses, but strong relationships were found in ethnicity-based
subgroups. For Bsml, an association with BD risk was observed in Caucasians (200 BD cases,
200 HC) under the allelic model: C vs. T (p = 0.04, OR = 1.34, 95% CI = 1.014-1.770) and
under the recessive model: CC vs. CT + TT (p = 0.047, OR = 1.561, 95% CI = 1.006-2.421).
For Tagl (Table 3), a protective role was found among Africans (188 cases, 239 HC) under
the allelic model T vs. C (p = 0.034, OR = 0.742, 95% CI = 0.563-0.978). Similarly, FokI was
associated with BD in Africans (176 cases, 197 HC) under the allelic model T vs. C (p < 0.001,
OR = 0.548, 95% CI = 0.405-0.741) and the dominant model TT + CT vs. CC (p = 0.001,
OR = 0.326, 95% CI = 0.171-0.622) (Table 3).

The possible VDR SNP involvement in Behcet’s disease susceptibility needs to be
investigated in larger cohorts of various ethnicities, as the results of the meta-analysis we
summarized were based on a relatively small sample size of cases and controls.

2.3. Systemic Lupus Erythematosus (SLE)

Systemic lupus erythematosus (SLE) is an autoimmune, multifactorial disease caused
by a combination of genetic susceptibility and environmental factors [43]. Genome-wide
association studies (GWAS) revealed more than 40 genetic loci associated with susceptibility
to SLE, among them VDR [44]. A recent meta-analysis by Yang et al. [45] evaluated
the results of 19 papers: 6 concerning Apal (rs7975232), 15 concerning Bsml (rs1544410),
12 concerning Fokl (rs2228570), and 4 concerning Tagl (rs731236). Overall, 2663 patients
and 3252 control subjects of different ethnicities were studied. Results showed that Apal
(rs7975232) was correlated with SLE susceptibility in the overall populations (AA vs.
CC: OR = 1.374, 95% CI: 1.115-1.692, p = 0.003; AA + AC vs. CC: OR = 1.342, 95% CI:
1.139-1.583, p < 0.01), and in particular in Caucasian (AA vs. CC: OR = 1.329, 95% CI:
1.016-1.740, p = 0.038) and Asian (AA + AC vs. CC: OR = 1.351, 95% CI: 1.043-1.749,
p = 0.023) patients. Moreover, a higher-risk link between Apal (rs7975232) polymorphism
and SLE susceptibility was detected to be present in females (AA vs. CC: OR =1.392, 95%
CI =1.049-1.849, p = 0.022). In contrast, no correlation between BsmI (rs1544410) and SLE
susceptibility was observed in the overall populations, but stratification by race allowed
to detect significant associations both for Caucasians (913 SLE cases/1271 HC) (CC vs.
CT + TT: OR = 0.734, 95% CI: 0.593-0.909, p = 0.005; C vs. T: OR = 0.865, 95% CI: 0.760-0.983,
p = 0.026) and Africans (241 SLE cases/245 HC) (CC + CT vs. TT: OR = 2.935, 95% CI:
1.944-4.430, p < 0.01; C vs. T: OR = 1.898, 95% CI: 1.458-2.470, p < 0.01). FokI (rs2228570)
was associated with SLE susceptibility in African populations alone (441 cases/445 HC)
(CCvs. CT + TT: OR = 2.424, 95% CI: 1.673-3.512, p < 0.01; C vs. T: OR = 1.720, 95% CI:
1.417-2.087, p < 0.01; CC vs. TT: OR = 3.154, 95% CI: 2.083-4.774, p < 0.01; CC + CT vs. TT:
OR = 1.803, 95% CI: 1.363-2.384, p < 0.01). Finally, no association between Tagl (rs731236)
and SLE was reported (Table 3).

The involvement of VDR SNPs, especially Apal, in SLE susceptibility seems to be
demonstrated by these results, but the exact mechanism by which these VDR SNPs play
a role in the pathogenesis of SLE needs to be further investigated. The observed sex-
associated differences will need to be better clarified as well.
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2.4. Type 1 Diabetes

Type 1 diabetes (T1D) is a chronic T-cell-mediated autoimmune disease characterized
by the destruction of -cells in pancreatic islets of Langerhans that results in insulin
deficiency and hyperglycemia [46]. T1D affects more than half a million individuals in the
world, and almost 90,000 children have a T1D diagnosis each year [47]. T1D is a polygenic
disease, with multiple predisposing and protective alleles interacting with each other [48].
Numerous association studies of VDR polymorphisms and T1D have been conducted. A
meta-analysis [49] included 23 papers overall. Analyzed individually, none of the Bsml,
Apal, Tagl, or FokI SNPs resulted in associations with T1D risk. A protective role against T1D
was found instead for the BsmI-Apal-Taql b-A-T (T-A-T) haplotype (p = 0.007, OR = 0.639,
95% CI = 0.460-0.887).

A more recent meta-analysis [50] included 39 papers. Fokl was analyzed in 3723 T1D
cases and 5578 HC. The pooled results showed no significant association with the overall
population. However, ethnicity-based subgroup analyses revealed an association with
T1D in Europeans (1960 T1D cases/3715 HC) under the dominant model (TT + CT vs.
CC) (p=0.05, OR = 0.86, 95% CI = 0.74-1.00) and heterozygote contrast (CT vs. CC)
(p =0.04, OR = 0.86, 95% CI = 0.75-0.99). In Africans (312 cases/220 HC), an increased
T1D susceptibility was found under all genetic models: dominant (TT + CT vs. CC)
(p =0.008, OR = 2.06, 95% CI = 1.20-3.53), recessive (TT vs. CT + CC) (p = 0.04, OR = 2.14,
95% CI = 1.03-4.43), allelic model (T vs. C) (p = 0.02, OR = 1.17, 95% CI = 1.06-2.97),
homozygote (TT vs. CC) (p = 0.004, OR = 3.11, 95%CI = 1.44-6.69), and heterozygote (CT
vs. CC) (p=0.01, OR = 1.81, 95% CI = 1.13-2.91). Tagl was investigated in 1837 T1D cases
and 1895 HC and was not associated with T1D risk. Bsml was investigated in 4826 T1D
patients and 7159 HC patients and was not found to be associated with either T1D or HC
under all genetic models for the overall population. Analyses of ethnicity-based subgroups,
though, showed a role for Bsml in T1D in American populations (463 T1D cases/479 HC):
dominant model (TT + CT vs. CC) (p = 0.004, OR = 0.57, 95% CI = 0.39-0.84), recessive
model (TT vs. CT + CC) (p = 0.02, OR = 0.62, 95% CI = 0.41-0.94), allelic model (T vs.
C) (p <0.001, OR = 0.66, 85% CI = 0.54-0.81), homozygote model (IT vs. CC) (p = 0.003,
OR = 0.52, 95% CI = 0.34-0.80). Finally, Apal was analyzed in 2436 T1D cases and 4074 HC,
and no associations were found with T1D (Table 3).

To summarize, even if no significant association of VDR gene SNPs with TIDM
risk was detected in the overall population, subgroup analysis showed the presence of
significant associations between Fokl and Bsml polymorphisms and T1DM risk in the
African and American populations.

2.5. Celiac Disease

Celiac disease (CD) is an autoimmune disease that occurs in genetically predisposed
individuals. The main genetic risk factor is the presence of the HLA-DQ2-HLA-DQS alleles.
CD is characterized by a massive pro-inflammatory immune response against certain
parts of gluten and the intestinal tissue itself, resulting in structural changes. The clinical
manifestations are broad and include extra-intestinal symptoms [51]. CD patients have
lower Vitamin D levels but higher levels of 1,25-(OH),;D3 than HC patients [52]. A recent
review [53] collected data from four papers that investigated VDR SNPs in CD (176 CD
and 402 HC). Fokl T allele was associated with a higher CD risk (p = 0.02, OR =1.52,
95% CI = 1.06-2.18), whereas Apal, Bsml, and Tagl SNPs were not associated with CD
(Table 3).

2.6. Vitiligo

Vitiligo is an autoimmune chronic skin disease affecting 0.5-2% of the population [54]
and characterized by depigmentation due to selective melanocyte loss in the affected areas
of the skin.

The lesions evolve over time and are typically distributed in an acro-facial pattern
(periorificial facial and hands/feet involvement) or scattered symmetrically over the entire
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body. The etiopathogenesis of vitiligo is still unknown, but it is believed that the initial event
is an intrinsic defect of melanocytes that leads to oxidative stress, local inflammation, and
activation of the innate immune response, which generate melanocyte-specific cytotoxicity
in the presence of genetic predisposition.

Zhang ]JZ [55] evaluated possible associations between Apal, Bsml, Tagl, and FokI
VDR SNPs, serum 25 (OH)D, and the risk of vitiligo by analyzing 17 articles. For the
Apal SNP, the meta-analysis was applied to a population of 1250 cases and 1400 HC. A
significant statistical association was observed under the dominant genetic model (CC + AC
vs. AA, p=0.007, OR =1.41, 95% CI = 1.10-1.80), the recessive genetic model (CC vs.
AC + AA,p=0.01,0R =4.10, 95% CI = 1.36-12.35), and the allelic model (C vs. A, p = 0.005,
OR =1.87,95% CI = 1.21-2.90). No association was found between the other VDR SNPs,
Bsml, Taql, and Fokl, and vitiligo.

A more recent meta-analysis [56] analyzed 13 papers. A protective role for the Apal A
allele (1048 cases and 1058 HC) (p = 0.016, OR = 0.721, 95% CI = 0.553-0.940) and the BsmI
C allele (849 cases and 843 HC) (p = 0.015, OR = 0.812, 95% CI = 0.686-0.961) was detected
in Asiatic populations alone (Table 3). These results highlight once again the importance of
stratification by ethnicity when doing such studies.

2.7. Psoriasis

Psoriasis is an autoimmune, chronic, inflammatory, and multisystemic disease that
affects predominantly the skin and joints. It is caused by the same complex interplay
between genetic and environmental factors as other autoimmune conditions [57]. A meta-
analysis [58] analyzed the results of 18 case-control studies. Apal, Bsml, Fokl, and Tagl
SNPs were not associated with psoriasis susceptibility, but the authors stated that more
case-control studies are needed to shed light on VDR SNPs involvement with psoriasis.
A previous meta-analysis [59] indicated a possible role for Tagl in Caucasian populations
(205 cases and 550 HC) (TT genotype, p = 0.046, OR = 1.29, 95% CI = 1.00-1.66) but not in
Asians. (Table 3). To summarize, more data are needed as the possible positive association
of Tagl with psoriasis in Caucasians is based on a relatively small cohort of subjects.

2.8. Rheumatoid Arthritis (RA)

RA is a common autoimmune disease characterized by the production of autoantibod-
ies, chronic synovial inflammation, and progressive destruction and deformity of joints [60].
Genetic factors contribute to about 50-65% of the RA risk [61]. Several association stud-
ies between VDR gene polymorphisms and RA risk yield conflicting results. A recent
meta-analysis [62] included the results of 23 studies.

FokI SNP was analyzed in 2170 cases and 2452 HC. The pooled OR detected a protective
association between FokI SNP and susceptibility to RA under the dominant model (TT + CT
vs. CC, p <0.001, OR = 0.74, 95% CI = 0.60-0.92), the TT vs. CC model (p < 0.001, OR = 0.66,
95% CI = 0.54-0.81), and the CT vs. CC model (p < 0.001, OR = 0.85, 95% CI = 0.73-0.98), but
not the allelic (C vs. T) and recessive model (TT vs. CT + CC). There were some differences
between different ethnic groups, as no associations were found between Africans and Arabs.

Taql SNP was analyzed overall in 1334 cases and in 1560 HC in studies conducted in Eu-
ropeans, Asians, and Africans. Pooled results showed no associations between Taql SNP and
RA risk. However, subgroup analyses revealed a protective role of Tagl in Africans (339 RA
cases/383 HC): dominant model (CC + CT vs. TT) (p = 0.01, OR = 0.50, 95% CI = 0.29-0.85),
recessive model (CC vs. CT + TT) (p < 0.001, OR = 0.44, 95% CI = 0.25-0.79), allelic (C
vs. T) (p = 0.001, OR = 0.57, 95% CI = 0.37-0.88), CC vs. TT (p < 0.001, OR = 0.32,
95% CI =0.15-0.72), CT vs. TT (p < 0.001, OR = 0.57, 95% CI = 0.38-0.87). Similar re-
sults were obtained in Arab populations (191 RA cases /246 HC): recessive model (CC vs.
CT +TT) (p = 0.01, OR = 0.53, 95% CI = 0.32-0.87) and CC versus TT (p = 0.03, OR = 0.43,
95% CI = 0.20-0.94). No associations were found either in European or Asian cohorts.

Bsml SNP was studied in an overall population of 2153 cases and 2326 HC that in-
cluded Europeans, Asians, and Africans. Pooled results revealed no significant association
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between Bsml and the risk of RA. Analyses conducted in ethnic subgroups showed a
positive association in Africans (541 RA cases/532 HC) under all genetic models: dominant
model (TT + CT vs. CC) (p = 0.01, OR = 1.82, 95% CI: 1.14-2.88), recessive model (TT vs.
CT +CC) (p=0.01, OR = 1.77, 95% CI = 1.13-2.78), allelic (T vs. C) (p < 0.001, OR = 1.59,
95% CI =1.14-2.23), TT vs. CC (p = 0.01, OR = 2.40, 95% CI = 1.22-4.71), and CT vs. CC
(p=0.02, OR = 1.45, 95% CI = 1.04-2.01). No associations were found between the BsmI
SNP and RA risk in Europeans, Asians, or Arabs.

Apal SNP was studied in a total of 1191 cases and 1415 HC, and the polymorphism was
significantly associated with RA risk only under the AC vs. AA model (p = 0.01, OR = 0.76,
95% CI = 0.61-0.94).

FokI and Tag I VDR SNPs, thus, were significantly associated with the risk of develop-
ing RA both in overall and subgroup analyses. A post-2020 study [63] confirmed FokI SNP
involvement in RA risk in the Serbian population. Finally, a study on Italians [64] (191 RA
patients and 246 HC) confirmed a protective role for the Tagl CC genotype against RA risk
(p =0.045, OR = 0.55, 95% CI = 0.31-0.99) (Table 3). Tagl involvement in the pathogenesis of
RA, thus, seems to be confirmed by several studies.

2.9. Systemic Sclerosis

Systemic sclerosis (SS) is a systemic autoimmune rheumatic disease characterized by
endothelial dysfunction, leading to small vessel vasculopathy, fibroblast dysfunction, and
subsequent fibrosis of the skin and viscera and immune dysregulation [65]. VDR SNPs were
investigated only in two studies that gave conflicting results. Kamal et al. found that Apal
and Tagl SNPs were not associated with SS in a very small cohort of Egyptian subjects (30 SS
patients and 60 healthy controls) [66]. Li et al. studied 8 VDR SNPs (Tagl, FokI, Apal, Bsml,
rs11574010 (Cdx2), rs739837 (Bgll), rs757343 (Tru9l), and rs11168267) in 100 SS patients
and 100 Han Chinese HC; results showed that SS risk was higher in Apal SNP AA + AC
genotype carriers than in CC genotype carriers (dominant model). Similarly, CT + TT
genotypes of the VDR BglI (rs739837) polymorphism were associated with increased risk of
5SS when compared to the CC genotype (dominant model) [67] (Table 3). These results are
based on extremely small cohorts and need to be confirmed in ampler studies.

2.10. Sjogren Syndrome

Primary Sjogren syndrome (SjS) is a chronic and systemic autoimmune disease charac-
terized by lymphocytic infiltrates of the exocrine organs, including the lacrimal, salivary,
and parotid glands, leading to dryness symptoms, parotid enlargement, fatigue, and
pain [68]. Notably, 30-40% of SjS patients will develop systemic manifestations such as
skin, joints, muscles, kidneys, liver, lungs, heart, and peripheral and central nervous system
abnormalities [69]. As is the case with all other autoimmune diseases, the etiology of SjS is
complex and is believed to stem from the interaction between genetic factors and various
environmental triggers, such as viral infections [70]. A few studies have been conducted
in order to verify the possible involvement of VDR polymorphisms in SjS. A study that
involved 105 patients and 93 HC did not find any association between Bsml, Tagl, Apal, and
FokI VDR SNPs and SjS susceptibility [71]. These results were confirmed by a more recent
study conducted on 195 SjS patients and 246 HC patients from Italy [64]. It nevertheless has
to be underlined that very few subjects were tested; analyses in ampler cohorts are needed.

2.11. Hashimoto’s Thyroiditis (HT) and Grave’s Disease (GD)

Hashimoto’s thyroiditis (HT) is a chronic autoimmune lymphocytic thyroiditis due
to the loss of self-tolerance against thyroid antigens that cause hypothyroidism [72]. HT
is one of the most frequent organ-specific autoimmune diseases, affecting up to 5% of the
population [73]. As for other autoimmune disorders, accumulating evidence indicates
that HT is triggered by a synergistic contribution of genetic and environmental factors. A
meta-analysis [74] evaluated the association between VDR SNPs and HT development in
11 articles, including 1338 overall HT cases and 1303 HC.
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FokI was evaluated in 978 HT patients and 938 HC patients. Pooled results showed a sig-
nificant association under the allelic model C vs. T (p = 0.010, OR = 1.44, 95% CI = 1.09-1.91)
and dominant model (CC vs. TT + CT) (p = 0.019, OR = 1.72, 95% CI = 1.09-2.71) but not
under other genetic models. The pooled results did not observe any correlations between
Bsml, Apal, and Tagl SNPs and HT susceptibility.

One study was published after the publication of this meta-analysis [75] and confirmed
those results. One hundred twenty-one patients (suffering from either HT or Grave’s
disease) and 117 H were analyzed. An association between CC and CT FokI genotypes and
susceptibility to autoimmune thyroid diseases (p = 0.03, OR = 3.75; 95% CI, 1.16-12.16, and
p = 0.04; OR = 3.41; 95% CI, 1.03-11.28, respectively) was noticed. In particular, the CC
genotype was associated with HT risk (p = 0.04, OR = 3.38, 95% CI = 1.04-11). In this case,
the confirmation of Fokl involvement in HT risk is quite interesting.

Grave’s disease is another common T-cell-mediated autoimmune hyperthyroidism
characterized by the presence of autoantibodies directed toward the thyroid-stimulating
hormone receptor (TSHR), resulting in an excessive production of thyroid hormones [76].
Results of a meta-analysis that included 1820 GD patients and 2066 HC of Caucasian and
Asian origin showed that Apal, Bsml, and FokI VDR SNPs were associated with GD in
Asians (300 GD/295 HC, 300 GD/297 HC, 219 GD/240 HC) under an allelic model (A vs.
C:p=0.02, OR =1.31; 95% CI, 1.04-1.67; C vs. T: p = 0.007, OR = 1.58; 95% CI, 1.13-2.22;
and C vs. T: p = 0.009, OR = 1.68; 95% CI: 1.14-2.59), respectively [77]. None of the VDR
SNPs were associated with GD risk in Caucasians (Table 3). It is interesting that the FokI
C allele was associated with both HT and GD; this suggests the presence of a common
molecular basis for these two thyroid autoimmune diseases.
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Table 3. The table summarizes the principal results for VDR SNPs Taql, Bsml, Apal, and FokI SNPs involvement in autoimmune diseases.
Disease Apal (Cases/Controls) Etnicity Bsml (Cases/Controls) Etnicity FokI (Cases/Controls), Etnicity Tagl (Cases/Controls), Etnicity Ref.
risk protection risk protection risk protection risk protection
A vs. C (596/731) Asians [36]
A,
AA vs. CC TTI(m./ 696) [38]
(721/696) Tranian ranian
. . T, TT (in
Multlple sclerosis HLADRB1*15+) [’;9]
(641/558) .
Italians
CTvs. TT
(3758/3992) [37]
overall
Avs. C Cvs. T Tvs.C Tvs. C
;3 (478/666) overall CCvs.CT+TT TT + CT vs. CC )
Behcet's disease )" U o (237/230) (200/200) (176/197) (188/239) [42]
X . . Africans
Caucasians Caucasians Africans
AA vs. CC (1320/1736) CCvs. CT+TTL,
Cuvs. T, Cvs. T,
Systemic 1 overall CC + CT ve. TT CCuvs. CT + 1T, CCuvs TT
YSTRIIIC JUPUS AA vs. CC females . Cvs. T (913/1271) > [45]
erythematosus (241/245) . CC+CTvs. TT
AA vs. CC (759/1019) . Caucasians
. Africans (441/445)
Caucasians i
Africans
TT + CT vs. CC TT + CT vs. CC
TT vs. CT+CC TTvs. CT + CC TT +CT vs. CC
. Tvs.C Tvs. C CT vs. CC
Type 1 diabetes TTvs. CC TT vs. CC (2077,/3849) [50]
(463/479) CT vs. CC Europeans
Americans (312/220) Africans
Celiac disease T (176/402) [53]
CC+ ACvs. AA
CCvs. AC + AA
Cvs. A [55]
Vitiligo (1250/1400)
Avs. C
(1048,/1058) Cvs.AT (849/863) [56]
! sians
Asians
Psoriasis TT (205/550) [58]

Caucasians
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Table 3. Cont.
Disease Apal (Cases/Controls) Etnicity Bsml (Cases/Controls) Etnicity FokI (Cases/Controls), Etnicity Tagql (Cases/Controls), Etnicity Ref.
CC+CTvs. TT
CCvs.CT+TT
TT vs. CT + CC cove T
. ” AC vs. AA T¥ v (C:C TT (2170/2452), (CBEQV%;T) .
eumatol (1191/1451) CT vs. CC overall .
arthritis Africans
(541/532) CCvs. CT + TT
Africans CC.vs 1T
(560/623)
Arabs
CC (191/246) )
Italians [64]
Cvs. T
Hashimoto’s CCvs. TT +CT [74]
thyroiditis (978/938) overall
CC (121/117) [75]
Grave's disease A vs. C (300/295) Asians Cvs. T (300/297) Cvs. T (219/240) [77]

Asians

Asians
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3. Discussion

Autoimmune diseases are believed to be associated with a yet only partially under-
stood genetic basis, and multiple genes are probably involved in the predisposition to each
disease in a modest way [78]. Moreover, autoimmune conditions are believed to arise from
an interplay between genetic and environmental factors.

The aim of this narrative review was to explore and discuss the possible role played
by VDR and its four more widely investigated SNPs (Apal, Bsml, Taql, and FokI) in the
pathogenesis of autoimmune diseases. The genetics of VDR are of particular significance
for multifactorial diseases since the vitamin D/VDR axis itself is highly dependent on
environmental factors such as diet and sun exposure. The four SNPs of VDR influence the
function of the Vitamin D/VDR complex in multiple ways: Apal and FokI modulate serum
Vitamin D concentrations [79], Tagl impacts VDR expression [39], and Bsml influences
INF-y production by PBMC [80]. The biological effects of these SNPs, though, are still
mostly unknown and need to be explored further. VDR SNPs were found to be associated
with the pathogenesis of most of the autoimmune diseases reviewed here, and some risk
and/or protective SNP alleles and genotypes appear to be shared by different autoimmune
disorders. Thus, the Apal A allele and AA genotype are risk factors shared by Multiple
Sclerosis, Behcet’s disease, and Systemic lupus erythematosus. On the contrary, the FokI T
allele and TT genotype seem to be protective factors for Bechet’s disease, Type I diabetes
mellitus, and rheumatoid arthritis. The results of many of these case-control studies are
often discordant [36,38]. This may be due to small sample sizes, low statistical power, the
probable presence of false positive results, extensive ethnic variations, and interactions with
other genetic or environmental factors. Probably because of this last reason, contrasting
results have often been found in different ethnic-based subgroups. It also has to be under-
lined that reported associations in ethnic subgroups by some meta-analyses are based on
very small sample sizes after stratification; this could introduce bias due to low statistical
power [42]. Finally, we are aware that this review has some limitations, including biases in
the literature search and selection.

4. Conclusions

We suggest designing future case-control studies taking into consideration only homo-
geneous populations from racial and ethnic points of view to better clarify the contribution
of VDR SNPs to autoimmune diseases in different populations. Genotype distributions,
in fact, may vary by ancestry at many loci. We would also recommend that future studies
analyze the synergistic contribution of the VDR SNPs to autoimmune disease suscepti-
bility by studying not only single SNPs alone but also haplotypes as well (see, e.g., [49]).
Moreover, much effort will need to be spent in order to identify the mechanistic/functional
effect of every SNP that contributes to the risk and prognosis of diseases. We also urge the
publication of negative results to have a more complete picture of the real involvement
of such genetic polymorphisms in the risk of autoimmune diseases and to decrease the
incidence of false positive results.

Author Contributions: Conceptualization, C.A., ER.G. and M.C.; writing—original draft preparation
and review and editing, C.A., ER.G., E.B., M.Z. and M.C; supervision, ER.G. and M.C. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Italian Ministry of Health [Ricerca Corrente 2023] and
was also partially supported by grants from Fondazione Alessandro and Vincenzo Negroni Prati
Morosini and Fondazione Romeo and Enrica Invernizzi.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: No new data were created or analyzed in this study.

Conflicts of Interest: The authors declare no conflict of interest.



Biology 2023, 12,916 13 of 16

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Bikle, D.D. Vitamin D: Production, Metabolism and Mechanisms of Action. In Endotext; Feingold, K.R., Anawalt, B., Blackman,
M.R., Boyce, A., Chrousos, G., Corpas, E., de Herder, W.W., Dhatariya, K., Dungan, K., Hofland, J., et al., Eds.; MDText.com, Inc.:
South Dartmouth, MA, USA, 2021.

Pike, J.W. Vitamin D3 receptors: Structure and function in transcription. Annu. Rev. Nutr. 1991, 11, 189-216. [CrossRef] [PubMed]
Christakos, S.; Raval-Pandya, M.; Wernyj, R.P; Yang, W. Genomic mechanisms involved in the pleiotropic actions of 1,25-
dihydroxyvitamin D3. Biochem. J. 1996, 316 Pt 2, 361-371. Correction in Biochem. ]. 1996, 318 Pt 3, 1079. [CrossRef] [PubMed]
Brumbaugh, PF; Haussler, M.R. 1 Alpha,25-dihydroxycholecalciferol receptors in intestine. 1. Association of 1 alpha,25-
dihydroxycholecalciferol with intestinal mucosa chromatin. J. Biol. Chem. 1974, 249, 1251-1257. [CrossRef] [PubMed]
Brumbaugh, P.F.; Haussler, M.R. 1 Alpha,25-dihydroxycholecalciferol receptors in intestine. II. Temperature-dependent transfer
of the hormone to chromatin via a specific cytosol receptor. J. Biol. Chem. 1974, 249, 1258-1262. [CrossRef] [PubMed]

Bizzaro, G.; Antico, A.; Fortunato, A.; Bizzaro, N. Vitamin D and Autoimmune Diseases: Is Vitamin D Receptor (VDR)
Polymorphism the Culprit? Isr. Med. Assoc. |. IMA] 2017, 19, 438—443.

Haussler, M.R.; Jurutka, PW.; Mizwicki, M.; Norman, A.W. Vitamin D receptor (VDR)-mediated actions of 1c,25(OH),vitamin Ds:
Genomic and non-genomic mechanisms. Best Pract. Res. Clin. Endocrinol. Metab. 2011, 25, 543-559. [CrossRef]

Hii, C.S.; Ferrante, A. The Non-Genomic Actions of Vitamin D. Nutrients 2016, 8, 135. [CrossRef]

Veldurthy, V.; Wei, R.; Oz, L.; Dhawan, P.; Jeon, Y.H.; Christakos, S. Vitamin D, calcium homeostasis and aging. Bone Res. 2016,
4,16041. [CrossRef]

Muller, V.; de Boer, R.]J.; Bonhoeffer, S.; Szathmary, E. An evolutionary perspective on the systems of adaptive immunity. Biol. Rev.
Camb. Philos. Soc. 2018, 93, 505-528. [CrossRef]

Vanherwegen, A.S.; Gysemans, C.; Mathieu, C. Vitamin D endocrinology on the cross-road between immunity and metabolism.
Mol. Cell. Endocrinol. 2017, 453, 52-67. [CrossRef]

Cortes, M.; Chen, M.J; Stachura, D.L.; Liu, S.Y.; Kwan, W.; Wright, F; Vo, L.T.; Theodore, L.N.; Esain, V.; Frost, LM.; et al.
Developmental vitamin D availability impacts hematopoietic stem cell production. Cell Rep. 2016, 17, 458-468. [CrossRef]
Zenata, O.; Vrzal, R. Fine tuning of vitamin D receptor (VDR) activity by post-transcriptional and post-translational modifications.
Oncotarget 2017, 8, 35390-35402. [CrossRef]

Agliardi, C.; Guerini, ER.; Zanzottera, M.; Bolognesi, E.; Meloni, M.; Riboldazzi, G.; Zangaglia, R.; Sturchio, A.; Casali, C.; Di
Lorenzo, C.; et al. The VDR FoklI (rs2228570) polymorphism is involved in Parkinson’s disease. J. Neurol. Sci. 2021, 428, 117606.
[CrossRef]

Guerini, ER.; Bolognesi, E.; Chiappedi, M.; Mensi, M.M.; Fumagalli, O.; Rogantini, C.; Zanzottera, M.; Ghezzo, A.; Zanette, M.;
Agliardi, CM.; et al. Vitamin D Receptor Polymorphisms Associated with Autism Spectrum Disorder. Autism Res. 2020, 13,
680-690. [CrossRef]

Arosio, B.; Guerini, ER.; Costa, A.S.; Dicitore, A.; Ferri, E.; Mari, D.; Torresani, E.; Clerici, M.; Cesari, M.; Vitale, G. Vitamin D
Receptor Polymorphisms in Sex-Frailty Paradox. Nutrients 2020, 12, 2714. [CrossRef]

Mazur, A.; Fraczek, P.; Tabarkiewicz, J. Vitamin D as a Nutri-Epigenetic Factor in Autoimmunity-A Review of Current Research
and Reports on Vitamin D Deficiency in Autoimmune Diseases. Nutrients 2022, 14, 4286. [CrossRef]

Agmon-Levin, N.; Theodor, E.; Segal, R.M.; Shoenfeld, Y. Vitamin D in systemic and organ-specific autoimmune diseases. Clin.
Rev. Allergy Immunol. 2013, 45, 256-266. [CrossRef]

Almerighi, C.; Sinistro, A.; Cavazza, A.; Ciaprini, C.; Rocchi, G.; Bergamini, A. 1Alpha,25-dihydroxyvitamin D3 inhibits
CD40L-induced pro-inflammatory and immunomodulatory activity in human monocytes. Cytokine 2009, 45, 190-197. [CrossRef]
Piemonti, L.; Monti, P,; Sironi, M.; Fraticelli, P.; Leone, B.E.; Dal Cin, E.; Allavena, P.; Di Carlo, V. Vitamin D3 affects differentiation,
maturation, and function of human monocyte-derived dendritic cells. J. Immunol. 2000, 164, 4443-4451. [CrossRef] [PubMed]
Bscheider, M.; Butcher, E.C. Vitamin D immunoregulation through dendritic cells. Immunology 2016, 148, 227-236. [CrossRef]
Gregori, S.; Casorati, M.; Amuchastegui, S.; Smiroldo, S.; Davalli, A.M.; Adorini, L. Regulatory T cells induced by 1 alpha,25-
dihydroxyvitamin D3 and mycophenolate mofetil treatment mediate transplantation tolerance. J. Immunol. 2001, 167, 1945-1953.
[CrossRef]

Boonstra, A.; Barrat, EJ.; Crain, C.; Heath, V.L.; Savelkoul, H.E; O’Garra, 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, 4974-4980. [CrossRef] [PubMed]

Tang, ].; Zhou, R; Luger, D.; Zhu, W.; Silver, P.B.; Grajewski, R.S.; Su, S.B.; Chan, C.C.; Adorini, L.; Caspi, R.R. Calcitriol suppresses
antiretinal autoimmunity through inhibitory effects on the Th17 effector response. J. Immunol. 2009, 182, 4624-4632. [CrossRef]
Jeffery, L.E.; Burke, F.; Mura, M.; Zheng, Y.; Qureshi, O.S.; Hewison, M.; Walker, L.S.; Lammas, D.A.; Raza, K.; Sansom, D.M.
1,25-Dihydroxyvitamin D3 and IL-2 combine to inhibit T cell production of inflammatory cytokines and promote development of
regulatory T cells expressing CTLA-4 and FoxP3. |. Immunol. 2009, 183, 5458-5467. [CrossRef]

Rolf, L.; Muris, A.H.; Hupperts, R.; Damoiseaux, J. Vitamin D effects on B cell function in autoimmunity. Ann. N. Y. Acad. Sci.
2014, 1317, 84-91. [CrossRef]

Jehan, F; d"Alésio, A.; Garabédian, M. Exons and functional regions of the human vitamin D receptor gene around and within
the main 1a promoter are well conserved among mammals. |. Steroid Biochem. Mol. Biol. 2007, 103, 361-367. [CrossRef]


https://doi.org/10.1146/annurev.nu.11.070191.001201
https://www.ncbi.nlm.nih.gov/pubmed/1654066
https://doi.org/10.1042/bj3160361
https://www.ncbi.nlm.nih.gov/pubmed/8687373
https://doi.org/10.1016/S0021-9258(19)42968-2
https://www.ncbi.nlm.nih.gov/pubmed/4360685
https://doi.org/10.1016/S0021-9258(19)42969-4
https://www.ncbi.nlm.nih.gov/pubmed/4360686
https://doi.org/10.1016/j.beem.2011.05.010
https://doi.org/10.3390/nu8030135
https://doi.org/10.1038/boneres.2016.41
https://doi.org/10.1111/brv.12355
https://doi.org/10.1016/j.mce.2017.04.018
https://doi.org/10.1016/j.celrep.2016.09.012
https://doi.org/10.18632/oncotarget.15697
https://doi.org/10.1016/j.jns.2021.117606
https://doi.org/10.1002/aur.2279
https://doi.org/10.3390/nu12092714
https://doi.org/10.3390/nu14204286
https://doi.org/10.1007/s12016-012-8342-y
https://doi.org/10.1016/j.cyto.2008.12.009
https://doi.org/10.4049/jimmunol.164.9.4443
https://www.ncbi.nlm.nih.gov/pubmed/10779743
https://doi.org/10.1111/imm.12610
https://doi.org/10.4049/jimmunol.167.4.1945
https://doi.org/10.4049/jimmunol.167.9.4974
https://www.ncbi.nlm.nih.gov/pubmed/11673504
https://doi.org/10.4049/jimmunol.0801543
https://doi.org/10.4049/jimmunol.0803217
https://doi.org/10.1111/nyas.12440
https://doi.org/10.1016/j.jsbmb.2006.12.057

Biology 2023, 12,916 14 of 16

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

Jurutka, PW.; Remus, L.S.; Whitfield, G.K.; Thompson, P.D.; Hsieh, J.C.; Zitzer, H.; Tavakkoli, P.; Galligan, M.A.; Dang, H.T.;
Haussler, C.A; et al. The polymorphic N terminus in human vitamin D receptor isoforms influences transcriptional activity by
modulating interaction with transcription factor IIB. Mol. Endocrinol. 2000, 14, 401-420. [CrossRef]

Usategui-Martin, R.; De Luis-Roman, D.-A.; Fernandez-Gémez, ].M.; Ruiz-Mambrilla, M.; Pérez-Castrillén, J.-L. Vitamin D
Receptor (VDR) Gene Polymorphisms Modify the Response to Vitamin D Supplementation: A Systematic Review and Meta-
Analysis. Nutrients 2022, 14, 360. [CrossRef]

Hussain, T.; Naushad, S.M.; Ahmed, A.; Alamery, S.; Mohammed, A.A.; Abdelkader, M.O.; Alkhrm, N.A.N. Association of
vitamin D receptor Taql and Apal genetic polymorphisms with nephrolithiasis and end stage renal disease: A meta-analysis.
BMC Med. Genet. 2019, 20, 193. [CrossRef]

Karussis, D. The diagnosis of multiple sclerosis and the various related demyelinating syndromes: A critical review. J. Autoimmun.
2014, 48-49, 134-142. [CrossRef]

Browne, P; Chandraratna, D.; Angood, C.; Tremlett, H.; Baker, C.; Taylor, B.V.; Thompson, A.]. Atlas of Multiple Sclerosis 2013: A
growing global problem with widespread inequity. Neurology 2014, 83, 1022-1024. [CrossRef]

Olerup, O.; Hillert, J. HLA class II-associated genetic susceptibility in multiple sclerosis: A critical evaluation. Tissue Antigens
1991, 38, 1-15. [CrossRef]

Haines, ].L.; Terwedow, H.A.; Burgess, K.; Pericak-Vance, M.A.; Rimmler, J.B.; Martin, E.R.; Oksenberg, ].R.; Lincoln, R.; Zhang,
D.Y,; Banatao, D.R; et al. Linkage of the MHC to familial multiple sclerosis suggests genetic heterogeneity. The Multiple Sclerosis
Genetics Group. Hum. Mol. Genet. 1998, 7, 1229-1234. [CrossRef]

International Multiple Sclerosis Genetics Consortium. Multiple sclerosis genomic map implicates peripheral immune cells and
microglia in susceptibility. Science 2019, 365, eaav7188. [CrossRef]

Zhang, Y].; Zhang, L.; Chen, S.Y.; Yang, G.J.; Huang, X.L.; Duan, Y.; Yang, L.].; Ye, D.Q.; Wang, J. Association between VDR
polymorphisms and multiple sclerosis: Systematic review and updated meta-analysis of case-control studies. Neurol. Sci. 2018,
39, 225-234. [CrossRef]

Imani, D.; Razi, B.; Motallebnezhad, M.; Rezaei, R. Association between vitamin D receptor (VDR) polymorphisms and the risk of
multiple sclerosis (MS): An updated meta-analysis. BMC Neurol. 2019, 19, 339. [CrossRef] [PubMed]

Mohammadi, A.; Azarnezhad, A.; Khanbabaei, H.; Izadpanah, E.; Abdollahzadeh, R.; Barreto, G.E.; Sahebkar, A. Vitamin
D receptor genetic polymorphisms and the risk of multiple sclerosis: A systematic review and meta-analysis. Steroids 2020,
158,108615. [CrossRef] [PubMed]

Agliardi, C.; Guerini, ER,; Saresella, M.; Caputo, D.; Leone, M.A.; Zanzottera, M.; Bolognesi, E.; Marventano, I.; Barizzone, N.;
Fasano, M.E,; et al. Vitamin D receptor (VDR) gene SNPs influence VDR expression and modulate protection from multiple
sclerosis in HLA-DRB1*15-positive individuals. Brain Behav. Immun. 2011, 25, 1460-1467. [CrossRef]

Kiafar, M.; Faezi, S.T.; Kasaeian, A.; Baghdadi, A.; Kakaei, S.; Mousavi, S.A.; Nejadhosseinian, M.; Shahram, F.; Ghodsi, S.Z,;
Shams, H.; et al. Diagnosis of Behget’s disease: Clinical characteristics, diagnostic criteria, and differential diagnoses. BMC
Rheumatol. 2021, 5, 2. [CrossRef]

Davatchi, F.; Chams-Davatchi, C.; Shams, H.; Shahram, F.; Nadji, A.; Akhlaghi, M.; Faezi, T.; Ghodsi, Z.; Sadeghi Abdollahi, B.;
Ashofteh, F.; et al. Behcet’s disease: Epidemiology, clinical manifestations, and diagnosis. Expert. Rev. Clin. Immunol. 2017, 13,
57-65. [CrossRef]

Wu, M,; Lij, L; Tian, L.; Liu, D; Jian, J.; Zhou, Y.; Xu, Y. 5Apal, Taql, Fokl, and Bsml polymorphisms and the susceptibility of
Behcet’s disease: An updated meta-analysis. Immunol. Res. 2022, 70, 781-792. [CrossRef]

Zandman-Goddard, G.; Solomon, M.; Rosman, Z.; Peeva, E.; Shoenfeld, Y. Environment and lupus-related diseases. Lupus 2012,
21, 241-250. [CrossRef] [PubMed]

Rullo, O.].; Tsao, B.P. Recent insights into the genetic basis of systemic lupus erythematosus. Ann. Rheum. Dis. 2013, 72 (Suppl. 2),
1i56-ii61. [CrossRef]

Yang, S.K.; Liu, N.; Zhang, W.J.; Song, N.; Yang, ].P.; Zhang, H.; Gui, M. Impact of Vitamin D Receptor Gene Polymorphism on
Systemic Lupus Erythematosus Susceptibility: A Pooled Analysis. Genet. Test. Mol. Biomark. 2022, 26, 228-238. [CrossRef]

van Belle, T.L.; Coppieters, K.T.; von Herrath, M.G. Type 1 diabetes: Etiology, immunology, and therapeutic strategies. Physiol.
Rev. 2011, 91, 79-118. [CrossRef] [PubMed]

Diaz-Valencia, P.A.; Bougneres, P.; Valleron, A.J. Global epidemiology of type 1 diabetes in young adults and adults: A systematic
review. BMC Public Health 2015, 15, 255. [CrossRef] [PubMed]

Pociot, E; McDermott, M.E. Genetics of type 1 diabetes mellitus. Genes. Immun. 2002, 3, 235-249. [CrossRef]

Tizaoui, K.; Kaabachi, W.; Hamzaoui, A.; Hamzaoui, K. Contribution of VDR polymorphisms to type 1 diabetes susceptibility:
Systematic review of case-control studies and meta-analysis. . Steroid Biochem. Mol. Biol. 2014, 143, 240-249. [CrossRef]

Zhai, N.; Bidares, R.; Makoui, M.H.; Aslani, S.; Mohammadji, P; Razi, B.; Imani, D.; Yazdchi, M.; Mikaeili, H. Vitamin D receptor
gene polymorphisms and the risk of the type 1 diabetes: A meta-regression and updated meta-analysis. BMC Endocr. Disord.
2020, 20, 121. [CrossRef]

Taylor, A.K.; Lebwohl, B.; Snyder, C.L.; Green, PH.R. Celiac Disease. In GeneReviews®; Adam, M.P,, Mirzaa, G.M., Pagon, R.A,,
Wallace, S.E., Bean, L.J.H., Gripp, KW., Amemiya, A., Eds.; University of Washington: Seattle, DC, USA, 2008.


https://doi.org/10.1210/mend.14.3.0435
https://doi.org/10.3390/nu14020360
https://doi.org/10.1186/s12881-019-0932-6
https://doi.org/10.1016/j.jaut.2014.01.022
https://doi.org/10.1212/WNL.0000000000000768
https://doi.org/10.1111/j.1399-0039.1991.tb02029.x
https://doi.org/10.1093/hmg/7.8.1229
https://doi.org/10.1126/science.aav7188
https://doi.org/10.1007/s10072-017-3175-3
https://doi.org/10.1186/s12883-019-1577-y
https://www.ncbi.nlm.nih.gov/pubmed/31878897
https://doi.org/10.1016/j.steroids.2020.108615
https://www.ncbi.nlm.nih.gov/pubmed/32097613
https://doi.org/10.1016/j.bbi.2011.05.015
https://doi.org/10.1186/s41927-020-00172-1
https://doi.org/10.1080/1744666X.2016.1205486
https://doi.org/10.1007/s12026-022-09306-8
https://doi.org/10.1177/0961203311426568
https://www.ncbi.nlm.nih.gov/pubmed/22065092
https://doi.org/10.1136/annrheumdis-2012-202351
https://doi.org/10.1089/gtmb.2021.0167
https://doi.org/10.1152/physrev.00003.2010
https://www.ncbi.nlm.nih.gov/pubmed/21248163
https://doi.org/10.1186/s12889-015-1591-y
https://www.ncbi.nlm.nih.gov/pubmed/25849566
https://doi.org/10.1038/sj.gene.6363875
https://doi.org/10.1016/j.jsbmb.2014.03.011
https://doi.org/10.1186/s12902-020-00575-8

Biology 2023, 12,916 150f 16

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Corazza, G.R,; Di Sario, A.; Cecchetti, L.; Tarozzi, C.; Corrao, G.; Bernardi, M.; Gasbarrini, G. Bone mass and metabolism in
patients with celiac disease. Gastroenterology 1995, 109, 122-128. [CrossRef]

Shree, T.; Banerjee, P; Senapati, S. A meta-analysis suggests the association of reduced serum level of vitamin D and T-allele of Fok1
(rs2228570) polymorphism in the vitamin D receptor gene with celiac disease. Front. Nutr. 2023, 9, 996450. [CrossRef] [PubMed]
Picardo, M.; Dell’Anna, M.L.; Ezzedine, K.; Hamzavi, I.; Harris, J.E.; Parsad, D.; Taieb, A. Vitiligo. Nat. Rev. Dis. Prim. 2015,
1, 15011. [CrossRef] [PubMed]

Zhang, ].Z.; Wang, M.; Ding, Y.; Gao, F,; Feng, Y.Y.; Yakeya, B.; Wang, P.; Wu, X.J.; Hu, EX,; Xian, J.; et al. Vitamin D receptor
gene polymorphism, serum 25-hydroxyvitamin D levels, and risk of vitiligo: A meta-analysis. Medicine 2018, 97, e11506.
[CrossRef] [PubMed]

Lee, Y.H.; Song, G.G. Association between vitamin D receptor polymorphisms and vitiligo susceptibility: An updated meta-
analysis. J. Cosmet. Dermatol. 2023, 22, 969-979. [CrossRef] [PubMed]

Menter, A.; Gottlieb, A.; Feldman, S.R.; Van Voorhees, A.S.; Leonardi, C.L.; Gordon, K.B.; Lebwohl, M.; Koo, ]J.Y.; Elmets, C.A.;
Korman, N.]J.; et al. Guidelines of care for the management of psoriasis and psoriatic arthritis: Section 1. Overview of psoriasis
and guidelines of care for the treatment of psoriasis with biologics. J. Am. Acad. Dermatol. 2008, 58, 826-850. [CrossRef]

Li, J.; Sun, L.; Sun, J.; Yan, M. Pooling analysis regarding the impact of human vitamin D receptor variants on the odds of psoriasis.
BMC Med. Genet. 2019, 20, 161. [CrossRef]

Lee, Y.H. Vitamin D receptor Apal, Taql, Bsml, and FokI polymorphisms and psoriasis susceptibility: An updated meta-analysis.
Clin. Exp. Dermatol. 2019, 44, 498-505. [CrossRef]

McInnes, 1.B.; Schett, G. The pathogenesis of rheumatoid arthritis. N. Engl. |. Med. 2011, 365, 2205-2219. [CrossRef]

Orozco, G.; Barton, A. Update on the genetic risk factors for rheumatoid arthritis. Expert. Rev. Clin. Immunol. 2010, 6, 61-75.
[CrossRef]

Bagheri-Hosseinabadi, Z.; Imani, D.; Yousefi, H.; Abbasifard, M. Vitamin D receptor (VDR) gene polymorphism and risk of
rheumatoid arthritis (RA): Systematic review and meta-analysis. Clin. Rheumatol. 2020, 39, 3555-3569. [CrossRef]

Despotovi¢, M.; Jevtovi¢ Stoimenov, T.; Stojanovi¢, S.; Basi¢, J.; Kundali¢, J.; Pordevi¢, B.; Randelovi¢, M.; Pavlovi¢, D. Association
of vitamin D receptor genetic variants with bone mineral density and inflammatory markers in rheumatoid arthritis. Clin. Biochem.
2021, 87, 26-31. [CrossRef]

Latini, A.; De Benedittis, G.; Perricone, C.; Colafrancesco, S.; Conigliaro, P.; Ceccarelli, F.; Chimenti, M.S.; Novelli, L.; Priori, R.;
Conti, F; et al. VDR Polymorphisms in Autoimmune Connective Tissue Diseases: Focus on Italian Population. J. Immunol. Res.
2021, 2021, 5812136. [CrossRef] [PubMed]

Bairkdar, M.; Rossides, M.; Westerlind, H.; Hesselstrand, R.; Arkema, E.V.; Holmqvist, M. Incidence and prevalence of systemic
sclerosis globally: A comprehensive systematic review and meta-analysis. Rheumatology 2021, 60, 3121-3133. [CrossRef] [PubMed]
Kamal, A.; Gamal, S.M,; Elgengehy, FT.; Alkemary, A.K.; Siam, I. Association of VDR Apal and Taql Gene Polymorphisms with
the Risk of Scleroderma and Behget’s Disease. Immunol. Investig. 2016, 45, 531-542. [CrossRef] [PubMed]

Li, J.; Chen, S.-Y;; Liu, H.-H.; Yin, X.-D.; Cao, L.-T; Xu, ].-H.; Li, XM,; Ye, D.Q.; Wang, J. Associations of Vitamin D Receptor Single
Nucleotide Polymorphisms with Susceptibility to Systemic Sclerosis. Arch. Med. Res. 2019, 50, 368-376. [CrossRef]

Fox, R.I; Howell, F.V,; Bone, R.C.; Michelson, P. Primary Sjogren syndrome: Clinical and immunopathologic features. Semin.
Arthritis Rheum. 1984, 14, 77-105. [CrossRef]

Shiboski, C.H.; Baer, A.N.; Shiboski, S.C.; Lam, M.; Challacombe, S.; Lanfranchi, H.E.; Schiedt, M.; Shirlaw, P.; Srinivasan, M.;
Umehara, H.; et al. Natural History and Predictors of Progression to Sjogren’s Syndrome Among Participants of the Sjogren’s
International Collaborative Clinical Alliance Registry. Arthritis Care Res. 2018, 70, 284-294. [CrossRef]

Nikolov, N.P; Illei, G.G. Pathogenesis of Sjogren’s syndrome. Curr. Opin. Rheumatol. 2009, 21, 465-470. [CrossRef]

Zilahi, E.; Chen, ].Q.; Papp, G.; Szant6, A.; Zeher, M. Lack of association of vitamin D receptor gene polymorphisms/haplotypes
in Sjogren’s syndrome. Clin. Rheumatol. 2015, 34, 247-253. [CrossRef]

Ragusa, F.; Fallahi, P; Elia, G.; Gonnella, D.; Paparo, S.R.; Giusti, C.; Churilov, L.P.; Ferrari, S.M.; Antonelli, A. Hashimotos’
thyroiditis: Epidemiology, pathogenesis, clinic and therapy. Best. Pract. Res. Clin. Endocrinol. Metab. 2019, 33, 101367. [CrossRef]
Kamyshna, LI.; Pavlovych, L.B.; Malyk, 1.V.; Kamyshnyi, A.M. 25-OH Vitamin D blood serum linkage with VDR gene
polymorphism (rs2228570) in thyroid pathology patients in the West-Ukrainian population. J. Med. Life 2021, 14, 549-556.
[CrossRef] [PubMed]

Wang, X.; Cheng, W.; Ma, Y.; Zhu, J. Vitamin D receptor gene FoklI but not Taql, Apal, Bsml polymorphism is associated with
Hashimoto’s thyroiditis: A meta-analysis. Sci. Rep. 2017, 7, 41540. [CrossRef] [PubMed]

Zarrin, R.; Bagheri, M.; Mehdizadeh, A.; Ayremlou, P; Faghfouri, A.H. The association of FokI and Apal polymorphisms in
vitamin D receptor gene with autoimmune thyroid diseases in the northwest of Iran. Med. J. Islam. Repub. Iran. 2018, 32, 4.
[CrossRef] [PubMed]

Prabhakar, B.S.; Bahn, R.S.; Smith, T.J. Current perspective on the pathogenesis of Graves’ disease and ophthalmopathy. Endocr.
Rev. 2003, 24, 802-835. [CrossRef]

Zhou, H.; Xu, C.; Gu, M. Vitamin D receptor (VDR) gene polymorphisms and Graves’ disease: A meta-analysis. Clin. Endocrinol.
2009, 70, 938-945. [CrossRef]

Gregersen, PK.; Olsson, L.M. Recent advances in the genetics of autoimmune disease. Annu. Rev. Immunol. 2009, 27, 363-391.
[CrossRef]


https://doi.org/10.1016/0016-5085(95)90276-7
https://doi.org/10.3389/fnut.2022.996450
https://www.ncbi.nlm.nih.gov/pubmed/36741989
https://doi.org/10.1038/nrdp.2015.11
https://www.ncbi.nlm.nih.gov/pubmed/27189851
https://doi.org/10.1097/MD.0000000000011506
https://www.ncbi.nlm.nih.gov/pubmed/30024533
https://doi.org/10.1111/jocd.15474
https://www.ncbi.nlm.nih.gov/pubmed/36254395
https://doi.org/10.1016/j.jaad.2008.02.039
https://doi.org/10.1186/s12881-019-0896-6
https://doi.org/10.1111/ced.13823
https://doi.org/10.1056/NEJMra1004965
https://doi.org/10.1586/eci.09.72
https://doi.org/10.1007/s10067-020-05143-y
https://doi.org/10.1016/j.clinbiochem.2020.10.006
https://doi.org/10.1155/2021/5812136
https://www.ncbi.nlm.nih.gov/pubmed/34977255
https://doi.org/10.1093/rheumatology/keab190
https://www.ncbi.nlm.nih.gov/pubmed/33630060
https://doi.org/10.1080/08820139.2016.1180302
https://www.ncbi.nlm.nih.gov/pubmed/27409400
https://doi.org/10.1016/j.arcmed.2019.09.006
https://doi.org/10.1016/0049-0172(84)90001-5
https://doi.org/10.1002/acr.23264
https://doi.org/10.1097/BOR.0b013e32832eba21
https://doi.org/10.1007/s10067-014-2639-6
https://doi.org/10.1016/j.beem.2019.101367
https://doi.org/10.25122/jml-2021-0101
https://www.ncbi.nlm.nih.gov/pubmed/34621381
https://doi.org/10.1038/srep41540
https://www.ncbi.nlm.nih.gov/pubmed/28134349
https://doi.org/10.14196/mjiri.32.4
https://www.ncbi.nlm.nih.gov/pubmed/29977872
https://doi.org/10.1210/er.2002-0020
https://doi.org/10.1111/j.1365-2265.2008.03413.x
https://doi.org/10.1146/annurev.immunol.021908.132653

Biology 2023, 12,916 16 of 16

79. Li, K, Shi, Q; Yang, L.; Li, X,; Liu, L.; Wang, L.; Li, Q.; Wang, G.; Li, C.Y.; Gao, T.W. The association of vitamin D receptor gene
polymorphisms and serum 25-hydroxyvitamin D levels with generalized vitiligo. Br. |. Dermatol. 2012, 167, 815-821. [CrossRef]

80. Shimada, A.; Kanazawa, Y.; Motohashi, Y.; Yamada, S.; Maruyama, T.; Ikegami, H.; Awata, T.; Kawasaki, E.; Kobayashi, T.;
Nakanishi, K.; et al. Evidence for association between vitamin D receptor Bsml polymorphism and type 1 diabetes in Japanese.
J. Autoimmun. 2008, 30, 207-211. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1111/j.1365-2133.2012.11132.x
https://doi.org/10.1016/j.jaut.2007.09.002

	Introduction 
	Vitamin D and VDR 
	Vitamin D/VDR and Autoimmunity 
	VDR Gene Structure and Principal Polymorphisms 

	VDR Polymorphisms and Principal Autoimmune Diseases 
	Multiple Sclerosis 
	Behcet’s Disease 
	Systemic Lupus Erythematosus (SLE) 
	Type 1 Diabetes 
	Celiac Disease 
	Vitiligo 
	Psoriasis 
	Rheumatoid Arthritis (RA) 
	Systemic Sclerosis 
	Sjögren Syndrome 
	Hashimoto’s Thyroiditis (HT) and Grave’s Disease (GD) 

	Discussion 
	Conclusions 
	References

