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Abstract

This review offers insight into the complex interplay between cytokines and vitamin
D, with focus on its role in systemic lupus erythematosus (SLE) pathogenesis. It offers
a helpful resource for researchers and clinicians seeking to better understand and
treat SLE and related autoimmune conditions. The pathogenesis of SLE is complex
and involves a wide range of cytokines, primarily of the Th2 type; these cytokines
mediate hyperactivity in B lymphocytes and antibody production. Notably, vitamin
D is found to suppress the activity of critical Thl7-related cytokines like IL-23
and IL-6, which is pivotal for Th17 cell development and function. This ultimately
leads to reduced IL-17 production, an increase in regulatory T lymphocytes, and
subsequent secretion of IL-10. Supplementation with vitamin D is seen to have
positive effects on SLE, leading to lower disease activity scores, decreased levels of

autoantibodies, and a reduction of fatigue.
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Introduction

Systemic Lupus Erythematosus
(SLE) is a multifactorial autoimmune
disease characterized by dysregulated
immune responses against self-antigens,
leading to chronicinflammationandtissue
damage in multiple organ systems [1].
Among the diverse cellular components
involved in SLE pathogenesis, T helper
17 (Th17) lymphocytes have emerged
as key mediators, contributing to
the inflammatory milieu through the
secretion of pro-inflammatory cytokines
such as interleukin-17 (IL-17) [2].

Vitamin D, traditionally
recognized for its crucial role in calcium
homeostasis and bone metabolism,
has garnered increasing attention for
its  immunomodulatory  properties.
Epidemiological studies have highlighted
an inverse association between vitamin
D levels and the risk of developing
autoimmune diseases, including SLE

[3-5]. Moreover, experimental evidence
suggests that vitamin D exerts regulatory
effects on immune cell function, including
the modulation of Th17 cell differentiation
and activity [6].

Despite growing interest in the
potential therapeutic implications of
vitamin D supplementation in SLE
management, the precise mechanisms
underlying its immunomodulatory effects
on Th17 lymphocytes remain incompletely
understood.

In this narrative review, we
aim to providle a comprehensive
synthesis of the literature exploring the
immunomodulatory potential of vitamin
D on Thl7 lymphocytes in SLE. We
will examine the cellular and molecular
mechanisms underlying vitamin
D-mediated regulation of Th17 cell
differentiation, effector functions, and
cytokine production.
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Vitamin D and autoimmune diseases

In the case of innate immunity, vitamin D acts on
the macrophage, which plays a key role in antimicrobial
defense [7]. The regulatory mechanisms are multiple;
1,25(0OH)2D3 or its analogs initiate the process of
differentiation of myeloid cells into macrophages [8,9].
Simultaneously, vitamin D influences the expression level
of [L-6, acting at the NF-kB level [10,11].

Chen et al. described the ability of vitamin D to
modulate toll-like receptor (TLR) signaling via SOCS1 and
miR-155. Recent findings related to the ability of vitamin
D receptor (VDR) to interact with other nuclear receptors
that exert anti-inflammatory action indicate the important
role of vitamin D in initiating and propagating autoimmune
phenomena [12].

Numerous studies have shown that vitamin D
deficiency is associated with many autoimmune diseases,
including rheumatoid arthritis [13], seronegative
spondyloarthropathies, SLE, systemic sclerosis, Sjogren’s
syndrome, psoriatic arthropathy, inflammatory bowel
diseases, multiple sclerosis, etc [14-18]. Although these
diseases have different pathogenesis, the common link is
the low level of vitamin D. The central role of the regulatory
element of vitamin D is given by the presence of the VDR
on all cell lines involved in immune defense [19].

An optimal level of vitamin D is also important
in maintaining fertility and the development of a normal
pregnancy [20,21]. One of the mechanisms by which
vitamin D performs these functions is the prevention of
endothelial cell activation by inflammatory cytokines
such as TNF-alpha. A few studies in mice showed the
modulatory role of vitamin D in angiotensin II production
and its indirect role in vasomotricity [22-24].

Doubelt et al. showed in a study of 125 patients
with ANCA-associated vasculitis that the vitamin D status
correlates with the severity of the disease and male gender
[25]. This draws attention to the fact that additional vitamin
D intake in these patients may have an adjuvant effect in
reducing the activation rate of endothelial cells.

Among autoimmune diseases, SLE has the highest
potential to develop a vitamin D deficiency, primarily
because these patients exhibit photosensitivity, which
hinders exposure to UV radiation. Other factors contributing
to a low level of vitamin D include lupus nephritis and
chronic use of glucocorticoids. There are controversies
discussing whether vitamin D deficiency is a cause or a
consequence of triggering autoimmune processes in SLE.
The consequence of vitamin D deficiency translates into
creating an environment conducive to the production of
pathogenic autoantibodies and excessive secretion of
inflammatory interleukins: IL-17, IL-23, etc. [26-30].

Several studies, including a meta-analysis conducted
by Franco et al., have highlighted the importance of the
active form of vitamin D in reducing proinflammatory
effects mediated by IL-17, IL-6, and IL-1beta. He also

demonstrated that vitamin D supplementation reduces the
titers of antinuclear antibodies in treatment-naive patients
with SLE, as well as the SLEDAI score [31,32]. Vitamin D
may have protective effects on renal function by reducing
the inflammatory infiltrate at the glomerular level and
immune complex deposition [33].

Vitamin D and Th17 in Systemic Lupus
Erythematosus

The dynamic interactions of cells in SLE are complex
and involve components of both the innate immune system
(macrophages, dendritic cells) and the adaptive immune
system (lymphocytes).

Vitamin D acts on both pathways because the
VDR is present on the surface of macrophages, Thl
lymphocytes, Th2 lymphocytes, Th17 lymphocytes, and
natural killer (NK) cells. The binding of vitamin D to its
receptor leads to the formation of a heterodimer with the
retinoid X receptor (RXR), a complex that recruits histone
acetylation enzymes. Thus, vitamin D has the ability to
act specifically on genes [34]. One of these consequences
is reflected in the blockade of dendritic cell maturation
and differentiation. In parallel, 25(OH)D promotes the
development of the M2 phenotype of IL-10-producing
macrophages with anti-inflammatory effects, as opposed
to M1 macrophages with a pro-inflammatory phenotype
[35]. Efforts over the years to elucidate the role of vitamin
D in regulating the immune response have concluded
the importance of negative selection of hyperreactive
lymphocytes. This effect is independent of the VDR gene
polymorphism, which applies even to SLE patients with a
vitamin D deficiency. Calcitriol acts intracellularly on the
GATA 3 and STAT6 signaling systems of Th2 lymphocytes,
negatively impacting the Th17 population, which expresses
interferon-gamma [36-38].

The binding of vitamin D to its receptor interrupts the
pro-inflammatory signal transmitted by NF-kB, resulting in
reduced secretion of IL-6, IL-1beta, and IFN-gamma. In
cases of SLE where peripheral blood mononuclear cells
(PBMC) have reduced VDR expression, there is a more
abundant population of T lymphocytes. Additionally, the
absence of vitamin D is associated with a more abundant
expression of MHC class II, CD40, and CD86, which are
essential cellular markers for the interaction between Thl,
Th2, and Th17 [34,39]. A meta-analysis involving 19,713
participants showed that both the pathogenesis of SLE and
atopic dermatitis have Thl, Th2, and Th17 lymphocytes as
the main effectors. As in SLE, in atopic dermatitis, patients
have a Th2 cytokine profile, but also high concentrations of
IL-12 and IL-22 as a result of Th17 activity [40,41].

The increased frequency of vitamin D deficiency
demonstrated by Thudi et al. among SLE patients may
explain the increased serum concentration of IL-17. IL-17
acts by promoting the recruitment and activation of various
immune cells, including neutrophils, macrophages and B
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cells, leading to increased production of autoantibodies
and immune complexes that deposit in organs such as the
kidneys, causing inflammation and organ damage [42,43].
The microenvironment created by IL-12, TNF-alpha, and
IL-6 is conducive to the development and maturation
of Th17. These cells are potent activators of synovial
fibroblasts in SLE and rheumatoid arthritis, leading to a
subsequent increase in the secretion of IL-6, IL-8, ICAM-
1, and G-CSF [44-46]. It has also been observed that [L-23,
an interleukin restricted to dendritic cells and macrophages,
is decreased in SLE patients with lymphopenia and renal
involvement. Other studies showed that active IL-23 can
also be increased in SLE [47,48]. These contradictory
results may suggest a mechanism of reciprocal potentiation
between lymphocytes and antigen-presenting cells
(macrophages or dendritic cells).

Vitamin D inhibits the development of Th17 and
Thl, probably through a mechanism that occurs before the
step involving STAT3 [40,49]. In parallel, vitamin D reduces
the expression of genes encoding for IL-6, IL-17, and IL-
23, thus preventing the conversion of CD4+ lymphocytes
into Th17, a fact confirmed by an animal study in which the
VDR was eliminated, and higher concentrations of IL-17
were expressed [27,50].

Regulatory T lymphocytes are CD4+ and
FoxP3+CD25(high)CD127(low). Initially, only CD25
was considered the defining marker of the regulatory T
lymphocyte phenotype [51]. Studies show contradictory
results regarding the number of these cells in autoimmune
diseases due to the lack of a precise marker for the Treg
phenotype. There are hypotheses that some autoimmune
diseases result from the conversion of Tregs into Thl7
lymphocytes via IL-2, and in the case of SLE, the level of
IL-17 is abnormally high. Dysfunction of these cells can
be explained by the fact that cells expressing FoxP3+ lose
CD25 expression [52,53].

The FoxP3+ gene has a VDR element in its
promoter region [54]. Marinho et al. observed that
vitamin D supplementation for 6 months increased FoxP3
expression in CD4+ T lymphocytes and increased the
Treg/Th17 ratio, clinically proven by the improvement
of the SLEDALI score [55-57]. Vitamin D also mediates
communication between the innate and adaptive immune
systems. It suppresses the activity of the promoter for the
key transcription factor RelB in dendritic cell maturation
[58,59]. As a result, a population of semi-mature dendritic
cells is obtained, expressing fewer MHC class II molecules
and costimulatory molecules. Dendritic cells derived from
monocytes in SLE patients who received vitamin D have
lower expression of genes for interferon-gamma [60].

An in vitro study on cell cultures, where dendritic
cells were alternatively activated by treatment with
dexamethasone for 5 days followed by dexamethasone
and lipopolysaccharide (LPS) on the 8th day, showed that
these cells had a different effect on naive T lymphocytes

and memory T lymphocytes after vitamin D treatment.
Naive T lymphocytes were polarized towards the IL-10-
producing Treg phenotype, while memory T lymphocytes
were directed towards a profile with reduced secretion of
IL-17 and IFN-gamma [32].

Vitamin D and IL-17 in Systemic Lupus
Erythematosus

SLE is characterized by the interconnected activity
of a wide range of cytokines, most of which originate from
Th2 lymphocytes. The action of these cytokines mediates
the hyperactivity of B lymphocytes and the production of
autoantibodies [26,61,62].

Interleukin-17 is a cytokine that has recently gained
attention in research regarding its contribution to the
pathology of SLE [63]. The sources of IL-17 are multiple;
the main subtypes of lymphocytes involved are Thl17
lymphocytes, and to a lesser extent, T gamma-delta and
alpha-beta double-negative lymphocytes. Th17 activity is
potentiated by a multitude of cytokines: IL-6, IL-21, IL-
Ibeta, TGF-beta, which in turn amplify the inflammation
cascade and the effects of IL-17 [26,50].

Recently, the importance of intestinal dysbiosis
in maintaining the inflammatory process in SLE has
been highlighted, especially the alteration of the ratio
between Firmicutes and Bacteroides species [64-66]. The
causes of imbalance in the intestinal flora are multiple,
including antibiotic consumption, viral infections with
cytomegalovirus, Epstein-Barr, hormonal influences,
hygiene, etc. vitamin D receptors (VDRs) in the
gastrointestinal tract may influence microbial composition
by modulating the immune response. VDR activation also
stimulates the production of antimicrobial peptides such as
cathelicidin and defensin, which are crucial for microbial
homeostasis. The active form of vitamin D promotes the
production of these peptides at the macrophage level,
further contributing to the regulation of the gut microbiota
and immune defense [67-69]. Experiments conducted on
murine models have shown that the intestinal mucosa of
female mice has a rich infiltrate of cells with the potential
to secrete 1L-17, IL-22, and IL-9 [70,71]. In addition, the
alteration of the physiological microbiome leads to the
impairment of intestinal barrier permeability, allowing the
penetration of antigenic particles into the bloodstream.
Supplementation with probiotics rich in Lactobacillus
species and vitamin D contributes to the formation of
tight junctions and maintains the integrity of the intestinal
barrier [72-74].

The complexity of cellular and molecular interactions
occurring in the autoimmune process necessitates the
investigation of molecular targets that could underlie the
immunological imbalance in SLE. It has been discovered
that these patients exhibit alteration in the STAT3
signaling pathway, resulting in abnormal IL-17 production
[75]. Additionally, certain non-coding messenger RNA
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molecules, including IncRNA and miRNA, can influence
STAT3 activity and signaling pathways mediated by
interferon, TGF-beta, and NF-kB [76].

The reverberating effect of pathological phenomena
in SLE is confirmed by oxidative stress resulting from
the action of proinflammatory cytokines, which, in turn,
activates caspases and cell death. IL-2 activates IL-17
production via Th17, which subsequently mediates the
inflammatory cascade triggered by IL-6, IL-1, and TNF-
alpha [77-79].

Vitamin D acts as a steroid hormone with
multiple roles in cell proliferation and growth, as well
as immunoregulatory properties. The activation of
ubiquitously present VDR suppresses NF-kB activity,
reduces IL-2 expression, decreases T lymphocyte
proliferation, and reduces the production of IL-6, IL-1, and
IL-17 [41,48,50]. Faraji et al. demonstrated that vitamin D
administration in lupus murine models modulates cytokine
production in favor of anti-inflammatory cytokines.
Stimulation of IL-4 attenuates the aberrant activity of helper
T lymphocytes [80,81]. Attenuation of the effects induced
by IL-2 and interferon-gamma contributes to maintaining
normal cognitive activity by neutralizing oxidative stress,
thus providing neuroprotection [82].

At the level of Th17 lymphocytes, 1,25(OH2D3 has
the ability to decrease interleukin-17 secretion and reduce
the activity of other effector molecules such as CCR6,
RORC, and ectonucleotidase CD39, while simultaneously
stimulating IL-10 production [48,55].

Hypovitaminosis D in SLE patients creates a
conducive environment for the pronounced expression of
IL-17. This has been confirmed by studies on both animal
and human models, showing that vitamin D supplementation
promotes a tolerogenic status by enhancing the activity
of regulatory T lymphocytes. IL-10 secreted by these
lymphocytes tempers the proinflammatory action of IL-17
and IL-6 [26].

Today, it is well-known that SLE is associated with
accelerated atherogenesis and cardiovascular risk [83].
Numerous opinions formulated in the literature on this
topic have agreed on the roles of Thl, Th17 lymphocytes,
and IL-17 via type I IFN in the activation of vascular
endothelium and the promotion of oxidized LDL cholesterol
deposition in the arterial wall. Imbalance in the ratio
between regulatory T lymphocytes and Th17 lymphocytes
results in reduced IL-10 production and abnormal increase
in IL-17 concentration, accelerating the proatherogenic
inflammatory process [36,84,85].

Although data regarding the role of cytokines IL-
6, IL-17, and IL-1 beta in atherosclerosis genesis in SLE
are still controversial, optimizing vitamin D levels in these
patients is a measure that can slow down the formation and
maturation of atheromatous plaques [86-88].

Last but not least, vitamin D has the capacity to
express its protective effects, even in lupus nephritis, a major

cause of mortality in these patients. Podocyte autophagy
is implicated in the pathogenesis of lupus nephritis (LN)
and is associated with both proteinuria and disease activity
[89]. Additionally, vitamin D exerts a protective effect
on podocyte injury in LN patients, mediated through the
regulation of autophagic processes [90]. The glomerular
filtration barrier, composed of podocytes, the glomerular
basement membrane, and endothelial cells coated with a
glycocalyx, exhibits a reduction in heparan sulfate (HS) in
proteinuric patients [91]. This reduction is linked to elevated
expression of the HS-degrading enzyme heparanase.
vitamin D receptor (VDR) binds to the heparanase promoter,
and treatment with 1,25-dihydroxyvitamin D3 (1,25-D3)
inhibits heparanase promoter activity [92,93]. In vitamin
D-deficient mice, proteinuria and increased heparanase
expression were observed, both of which were reversed
following 1,25-D3 treatment. Collectively, these findings
suggest that vitamin D reduces heparanase expression in
both in vitro and in vivo models of podocyte injury, likely
through direct regulation of heparanase promoter activity
[94,95].

The transient receptor potential cation channel C6
(TRPC®6), a slit diaphragm protein expressed by podocytes,
shows elevated expression in acquired proteinuric renal
disease. Studies by Sonneveld indicate that 1,25-D3
downregulates TRPC6 expression in injured podocytes
and animal models of focal segmental glomerulosclerosis
(FSGS) and 1,25-D3 deficiency. In the angiotensin II
nephritis (AN) rat model of FSGS, increased TRPC6
expression and proteinuria were significantly alleviated
by 1,25-D3 treatment. Furthermore, vitamin D has been
identified as a negative regulator of renin, and deficiency
of VDR is associated with upregulated expression of
angiotensinogen and AT1 receptors in renal tissues and
podocytes [88,96-98].

Administration of 1,25(0H)2D3 reduced the level of
deposited C3 at the glomerular level, anti-dsDNA antibody
levels, probably through the stimulation of phagocytosis
by macrophages. Its direct action on NF-kB inhibits the
formation and deposition of circulating immune complexes
and reduces the production of cytokines induced by IL-17
[99,100].

Vitamin D supplementation is often prescribed to
address deficiencies and support bone health, but its long-
term effects—both beneficial and adverse—extend beyond
its traditional role in calcium homeostasis. Chronic vitamin
D supplementation has been explored in autoimmune
conditions like multiple sclerosis, type 1 diabetes, and
rheumatoid arthritis. While some studies suggest that higher
vitamin D levels are associated with reduced disease activity
or lower risk of developing these conditions, long-term
randomized controlled trials show mixed results, indicating
that more research is needed. Researchers have not reached
a consensus regarding the optimal dosing regimen for
achieving these goals, and excessive supplementation
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can lead to adverse effects, particularly related to calcium
metabolism. Therefore, vitamin D supplementation should
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Dev Ctries. 2023;43:792-800.
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