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Abstract: Multiple sclerosis (MS) is a chronic demyelinating disease of the central nervous system
and is caused by an aberrant immune response to myelin sheath. Disease-modifying medications,
which mainly aim to suppress such aberrant immune response, have significantly improved MS
treatment. However, the disease severity continues to worsen. In contrast, progressively more
data suggest that 1,25-dihydroxyvitamin D or 1,25(OH);,D, i.e., the active vitamin D, suppresses the
differentiation of potentially pathogenic T cells associated with MS, enhances the differentiation of
regulatory T cells that suppress the pathogenic T cells, and promotes remyelination. These novel
1,25(0OH),D functions have encouraged investigators to develop vitamin D as a potential therapy for
MS. However, because of the hypercalcemia that is associated with high 1,25(OH),D concentrations,
supplementation of native vitamin D has been a major focus in clinical trials for the treatment of
MS, but such trials have produced mixed data. In this article, we will review current progress in
the supplementation of different vitamin D forms for the treatment of experimental autoimmune
encephalomyelitis (i.e., an MS animal model) as well as MS. Furthermore, we will review alternative
strategies that our laboratory and others are pursuing in an attempt to circumvent the hurdles that
are hampering the effective use of vitamin D as a potential therapy for MS.

Keywords: multiple sclerosis; experimental autoimmune encephalomyelitis; vitamin D; 1,25(0OH),D;
hypercalcemia

1. Introduction

Multiple sclerosis (MS) is a chronic demyelinating disease of central nervous system (CNS)
and afflicts 2.5 million individuals worldwide [1]. The prevalence and incidence are still increasing
worldwide. Compelling evidence suggest that the disease is caused by an aberrant immune response
to myelin sheath. Such an aberrant immune response damages myelin sheath and causes secondary
loss of neurons, eventually leading to disability and even death. So far, disease-modifying medications,
which aim to suppress inflammation in CNS, have significantly delayed disease progression, reduced
disease severity, and improved life quality among MS patients. However, the disease severity continues
to worsen. Therefore, development of novel therapeutic strategies is necessary.

Based on the studies of experimental autoimmune encephalomyelitis (EAE, which is a major
universally accepted MS animal model), major primary pathogenic T cells in MS include Th1 and Th17
cells [2,3] and major predominant protective T cells include regulatory T (Treg) cells such as FoxP3*
and IL-10* Treg cells. In this regard, data from studies of EAE in our laboratory and others have shown
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that 1,25-dihydroxyvitamin D or 1,25(0OH),D, i.e., the active vitamin D, suppresses the differentiation
of Th1 and Th17 cells [4,5] but enhances the differentiation of Treg cells such as FoxP3* and IL-10" Treg
cells [6-8]. Hence, 1,25(0OH);D can theoretically stop the worsening of MS severity by suppressing
pathogenic T cells.

In addition, recent data suggest that a major reason for the worsening of MS severity is the
failure of remyelination [9]. Further analyses have demonstrated that the remyelination failure is
mainly due to a failure in the differentiation of oligodendrocyte progenitor cells (OPCs) into mature
oligodendrocytes but not a failure in the migration and proliferation of OPCs because abundant OPCs
can be seen at demyelinated lesions in CNS [10-12]. In this regard, 1,25(OH),;D has been shown
to enhance remyelination by promoting the differentiation of OPCs [10,13]. Hence, in addition to
potentially stopping the worsening of MS severity by suppressing pathogenic T cells, 1,25(OH),D can
theoretically promote recovery from MS by enhancing remyelination.

In summary, the aforementioned previous findings strongly support the notion that vitamin D
supplementation can be a potential therapy for MS. In this article, we will review the progress in the
study of vitamin D supplementation for the treatment of MS and EAE, hurdles that are hampering the
progress of this field, as well as potential strategies that may help to circumvent such hurdles.

2. Vitamin D Metabolism

Vitamin D can be obtained from dietary sources. Food has two forms of vitamin D, i.e., vitamin
D2 and vitamin D3. Vitamin D2 comes from plants and vitamin D3 comes from animals. However,
the most important source of vitamin D in an individual is skin, where vitamin D is synthesized from
7-dehydrocholesterol through UV-B irradiation. In the classical pathway of vitamin D metabolism,
the skin-derived vitamin D is first converted to 25-hydroxyvitamin D or 25(OH)D by 25-hydroxylase in
liver. 25(OH)D is further metabolized to 1,25(OH), D in kidney by 25-hydroxyvitamin D 1a-hydroxylase
(1a-hydroxylase) [14]. 1,25(OH),D executes its biological functions by binding to vitamin D receptor
(VDR) and is eventually converted into biologically inactive calcitroic acid by 24-hydroxylase [15].

With respect to 25-hydroxylase, different types are present in different tissues [14]. However,
liver is the major tissue that contains 25-hydroxylase. Even in liver, there are also several types of
25-hydroxylase such as CYP2R1 and CYP27A1. CYP2R1 was identified in the microsomal fraction of
mouse liver and CYP27A1 was identified in mitochondria. Previous data demonstrated that CYP2R1
knockout and CYP2R1/CYP27A1 double knockout mice only displayed approximately 50% reduction
in serum 25(OH)D levels. These data indicate that CYP2R1 is the major but not the only enzyme that
converts vitamin D into 25(OH)D and that 25-hydroxylases in tissues other than liver also contribute
to serum 25(OH)D levels. Interestingly, the CYP2R1/CYP27A1 double knockout mice still maintained
normal serum levels of 1,25(OH),D [16]. Because even a 50% reduction in serum 25(OH)D levels do not
affect serum 1,5(0OH),D levels, the regulation of 25-hydroxylation should not be a major concern [14].

In contrast to 25-hydroxylase, of which there are several types, CYP27B1 is the only enzyme that
has been shown to have 1x-hydroxylase activity [14]. Consistently, humans with genetic mutations in
CYP27B1 have pseudovitamin D-deficient rickets due to inadequate 1,25(OH),D production [17,18].
Based on these findings, it can be stated that CYP27B1 has a major role in the production of 1,25(0OH),D.
In addition, it has been well established that 1a-hydroxylase in kidney is the major if not the sole
contributor for the circulating levels of 1,25(0OH),D. As a consequence, patients with kidney failure are
deficient in circulating 1,25(OH), D. In kidney, 1&-hydroxylase is regulated primarily by three hormones:
i.e., parathyroid hormone (PTH), fibroblast growth factor 23 (FGF23), and 1,25(0OH),D. PTH stimulates,
but FGF23 and 1,25(OH),;D inhibits the expression of 1x-hydroxylase [19-21]. Besides kidney, in
1980, Turner et al. for the first time reported in vitro synthesis of 1,25(OH),D by calvarial cells [22],
suggesting the presence of extra renal 1c-hydroxylase. Now, it is well established that 1c-hydroxylase
is expressed in cells of many tissues such as those cells in the immune system [23,24]. Studies of
tissue-specific knockout and overexpression of CYP27B1 have substantiated the importance of these
extra-renal 1x-hydroxylases. Results of these studies demonstrate that tissue-resident 1x-hydroxylase
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is indeed critical for the integrity of tissue functions [25,26]. Importantly, there are differences in the
regulation of extra renal compared to renal 1x-hydroxylase. This will be discussed further below.
Moreover, it appears that regulatory mechanisms of these extra-renal 1x-hydroxylases differ among
tissues [14,23]. In summary, the aforementioned studies suggest that tissue-specific regulation of
la-hydroxylase is necessary for maintaining functional integrity of a tissue.

Similar to CYP27B1 that is the only known la-hydroxylase, CYP24Al is the only known
24-hydroxylase. As mentioned above, 24-hydroxylase degrades 1,25(OH),D into biologically inactive
calcitroic acid. In humans, inactivating genetic mutations in CYP24A1 have been identified in children
patients with idiopathic infantile hypercalcemia. These patients were highly sensitive to vitamin D
supplementation. Upon vitamin D supplementation, these patients presented with hypercalcemia,
hypercalciuria, nephrocalcinosis, as well as reduced serum levels of PTH and 24,25(OH),D [27].
These previous data suggest that the major function of CYP24A1 is to prevent the toxic effects of
1,25(OH),D. Since CYP24A1 is expressed in all tissues, it is probable that appropriate regulation of
CYP24A1 is necessary for maintaining the optimal levels of 1,25(OH),D in a tissue. From a clinical
standpoint, the finding that 1,25(OH),D stimulates the activity of CYP24A1 may explain in part why
large doses of 1,25(0OH),D are required for a suitable localized effect, such as in the CNS of MS patients
(see below).

3. Association of Vitamin D Status with MS Incidence and Disease Activity

As early as 1974, the work by Goldberg [28] showed that the incidence of MS was inversely related
to the degree of sunlight exposure. Since sunlight exposure is the major source of vitamin D, it was
hypothesized that curtailed supply of vitamin D is associated with a high risk of MS. Such hypothesis
has driven the investigations on the potential association between vitamin D status and the incidence
and disease activity of MS. Currently available data appear to suggest that the levels of serum vitamin
D, determined as serum levels of 25(OH)D, affect the risk of MS and also modify the disease activity in
MS patients [29]. These previous association studies prompted further investigations that assessed
the role of vitamin D in the treatment of MS. In the following sections, we will review the results of
ongoing investigation of vitamin D supplementation as a potential therapy for MS.

4. Preclinical Studies on the Role of Supplementations of Different Vitamin D Forms in
Demyelinating Diseases

4.1. Role of 1,25(0OH),D Supplementation in the Treatment of EAE

As mentioned above, preclinical studies suggest that 1,25(OH),D has at least three biological
functions that can potentially halt the progression and promote the recovery of MS. Such potentially
therapeutic functions for MS include 1,25(OH),D’s ability to suppress the differentiation of Th1 and
Th17 cells [4,5], enhance the differentiation of Treg cells such as FoxP3* and IL-10" Treg cells [6-8],
and promote remyelination [10,13]. The next question is whether 1,25(OH),D can effectively execute
these functions in animals induced for EAE. In 1991, it was demonstrated that intraperitoneal
administration of 0.1 ug but not 0.05 pug 1,25(0OH),D every other day beginning three days before
EAE induction reduced the incidence and severity of paralytic disease [30]. A subsequent study
further showed that 1,25(0OH),D at one initial intraperitoneal dose of 300 ng followed by a daily diet
of 20 ng, when initiated at disease onset, prevented the progression of paralytic disease. In addition,
this therapeutic effect is reversible because removal of the treatment led to a relapse of the disease [31].
Another observation in the above studies was that the preventive and therapeutic doses of 1,25(0OH),D
were associated with hypercalcemia. The authors discussed that “the hypercalcemia induced by the
dosages of 1,25(OH), D required to produce optimal immunosuppression would restrict the use of the
hormone for potential clinical immunosuppressive therapy” [30,31].

To further determine the therapeutic effect of 1,25(0OH),D supplementation for EAE, Cantorna et
al. used three different protocols to study the role of 1,25(0OH),D supplementation in EAE [32]. In the
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first protocol, 1,25(0OH),D (daily diet 50 ng in female mice and 200 ng in male mice) was administered
the day before EAE induction and was found to completely prevent the onset of paralytic disease.
In the second protocol, 1,25(OH),;D (an initial intraperitoneal dose of 300 ng followed by a daily
diet of 50 ng) was initiated at the first paralytic symptoms and was found to ameliorate paralytic
symptoms and histopathology scores. In the third protocol, 1,25(OH),D (the same dose as the second
protocol) was administered at the peak of paralytic disease and was found to rapidly attenuate the
paralytic disease. Calcium levels were also slightly increased in the 1,25(OH),D-treated mice [32].
In addition, using VDR knockout mice, Meehan et al. showed that VDR was necessary for 1,25(OH),D
to suppress EAE. A problem in this study was that the 1,25(OH),;D dose used also caused severe
hypercalcemia [33]. The aforementioned data suggest that 1,25(OH),D supplementation, through
VDR, may not only prevent the induction of EAE but also ameliorate established paralytic disease.
However, therapeutically effective 1,25(OH),D supplementation is associated with hypercalcemia,
which is still a matter of concern.

In addition to the finding that therapeutically effective 1,25(OH),D supplementation is often
associated with hypercalcemia, calcium supplementation was also found to suppress EAE [34]. For this
reason, it has been suggested that hypercalcemia may be essential for the 1,25(0OH),D-mediated
suppression of EAE [35]. However, using low calcium diet, Cantorna et al. showed that 1,25(OH),D
supplementation could significantly ameliorate EAE without causing hypercalcemia [34]. In another
study, Nashold et al. reported that 1,25(OH),D3 at one initial intraperitoneal dose of 100 ng followed
by a daily diet of 50 ng, when administered at the peak of paralytic disease, significantly reversed
the disease progression. Importantly, this supplementation protocol did not cause hypercalcemia
either [36]. An interpretation of the above-mentioned data is that 1,25(OH),D supplementation,
if carefully designed, can suppress EAE without causing hypercalcemia.

4.2. Role of Supplementation of Native Vitamin D in the Treatment of EAE

As mentioned above, previous studies suggest that direct systemic supplementation of 1,25(OH),D
can readily cause hypercalcemia. Since hypercalcemia can cause serious consequences in humans,
finding the optimal 1,25(OH),;D dose in humans can be challenging, if not impossible. For this
reason, researchers have sought to investigate native vitamin D (i.e., a 1,25[OH],D precursor) in
animals because it is much safer than 1,25(OH),;D. Spach et al. investigated mice that were fed with
dietary native vitamin D at an amount three time higher than commercial laboratory mouse diet for
4 weeks and then induced for EAE. When compared to the mice fed with no vitamin D, the vitamin
D-fed mice experienced significantly reduced severity of paralytic disease only in female but not
male mice [37]. Interestingly, the authors observed that the vitamin D-supplemented female but not
male mice showed significant increase in 1,25(OH),D levels in spinal cords after the EAE induction.
In contrast, female and male mice with or without the vitamin D supplementation had comparable
serum levels of 1,25(OH),D (hence no hypercalcemia) [37]. The data suggest that the ability to maintain
a therapeutic level of 1,25(OH),D in CNS during the active disease is critical for protection from the
paralytic disease. In addition, the vitamin D supplementation did not confer the protection against
EAE in ovariectomized female mice. Moreover, in male mice, even a hypercalcemia dose of native
vitamin D supplementation did not confer the protection against EAE. Therefore, the data suggest
that female hormone is important for the maintenance of a locally high 1,25(OH),D levels in the CNS
during the active disease [37]. In a follow-up study from the above-mentioned group [38], Nashold
et al. showed that low-level repletion of 173-estradiol (E2), which did not prevent EAE induction,
restored the vitamin D-mediated resistance to EAE in ovariectomized female mice but did not have
any effects in male mice. Interestingly, their data demonstrated that ovariectomized female mice,
following the vitamin D supplementation, showed comparable spinal cord 1,25(0OH),D concentrations
independent of the E2 repletion. This data suggests that the sole increase of spinal cord 1,25(0OH),D
concentrations is not sufficient to confer protection against EAE. The authors also observed that the
E2 repletion significantly enhanced the VDR expression in inflamed CNS only in the presence of the
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vitamin D supplementation. Considering this fact, the authors speculated that E2 synergized with
1,25(0OH);,D in inflamed CNS to suppress EAE by enhancing 1,25(OH),D-mediated enhancement of
VDR expression [38]. The above findings strongly suggest that gender difference should be considered
while vitamin D supplementation is evaluated for the treatment of MS.

In another study, Adzemovic et al. reported that juvenile/adolescent rats supplemented with
regular native vitamin D diet for 4 to 5 weeks before EAE induction and those supplemented
with vitamin D-deprived diet displayed comparable severity of paralytic disease [39]. Whereas
juvenile/adolescent rats supplemented with native vitamin D at an amount fivefold higher than the
regular vitamin D dose, when compared with those supplemented with regular vitamin D diet or
vitamin D-deprived diet, displayed significant reduction in the severity of paralytic disease following
EAE induction. Interestingly, the protective effect of vitamin D at the amount fivefold higher than the
regular vitamin D diet was not observed in adult rats. These data may suggest that vitamin D doses
higher than those in regular diet is required for disease suppression. In addition, the data also suggest
that high dose vitamin D supplementation at adult stage may not be effective in suppressing the
severity of paralytic disease. However, in the above study, there was a shortcoming in the experimental
design pertaining to the timing of EAE induction. In the rats that received vitamin D supplementation
at juvenile/adolescent stage, EAE was induced at 8 weeks of age. Whereas in the rats that received
the vitamin D supplementation at adult age, EAE was induced at a much older age (20 weeks) [39].
Relevance of the above findings with respect to humans needs to be explored further, as most of MS
patients are adults.

It is important to mention that, although supplementation of native vitamin D is safer than that
of 1,25(OH),D, supplementation of such native vitamin D at extremely high doses may still cause
hypercalcemia that can result in serious consequences. In a recent study, Hausler et al. showed that
mice supplemented with a standard dose of native vitamin D (i.e., 1500 IU/kg food), when compared
with those supplemented with low dose of native vitamin D (i.e., <5 IU/kg food), showed comparable
severity of paralytic disease. However, when the vitamin D dose increased by 50 folds (i.e., 75,000 IU/kg
food), the mice displayed significantly increased severity of paralytic disease, which was accountable
to hypercalcemia [40].

5. Role of Vitamin D Supplementation in MS

5.1. Effects of Supplementation of Native Vitamin D on Disease Activity in MS Patients

Based on previous animal studies, 1,25(0OH),D supplementation can readily cause hypercalcemia,
whereas supplementation of native vitamin D is relatively safe. Therefore, while assessing native
vitamin D supplementation in MS animal models, investigators also studied supplementation of
native vitamin D in MS patients. In as early as 1986, such vitamin D supplementation, in combination
with calcium and magnesium, was initially evaluated for the treatment of MS [41]. Because of the
findings that 1,25(OH), D has at least three biological functions that are potentially beneficial to MS
patients, recent clinical investigations began to focus on randomized, placebo-controlled studies to
assess the role of supplementation of native vitamin D in the treatment of MS. In one study, using the
data from a 96-week randomized and placebo-controlled trial that was initially designed to assess the
effect of oral vitamin D3 supplementation (20,000 IU/week) on bone mineral density in MS patients,
Kampman et al. reported a modified analysis. This modified post hoc analysis included 35 patients in
the vitamin D3 group and 33 in the placebo group. The goal of this analysis was to evaluate potential
therapeutic effect of the vitamin D3 supplementation on MS [42]. The results showed that there was
no significant difference between groups in annualized relapse rate, expanded disability status scale,
MS functional composite components, grip strength, or fatigue [42]. In another study, Soilu-Hanninen
etal. performed a one-year study of vitamin D3 supplementation as an add-on treatment to IFN-31b in
MS patients [43]. The study compared 34 MS patients who received an oral supplementation of vitamin
D3 (20,000 IU once a week) with 32 MS patients who received a placebo. Their data showed that the
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vitamin D supplementation reduced the numbers of T2 lesions (p = 0.286) and T1 enhancing lesions
(p = 0.004). In addition, the vitamin D supplementation reduced disability accumulation (p = 0.071)
and improved timed tandem walk (p = 0.076). However, there were no significant differences in
adverse events and annual relapse rate. The authors concluded that vitamin D3 supplementation,
as an add-on treatment to IFN-31b, reduced magnetic resonance imaging (MRI) disease activity in
MS patients [43]. In the third study, Stein et al. performed a six-month clinical trial [44]. This trial
included 11 MS patients who received an oral supplementation of vitamin D2 (an initial dose of
6000 IU twice daily and subsequently adjusted to maintain 25[OH]D levels at 130-175 nM) and 12 MS
patients who received a placebo. In addition, all patients received 1000 IU vitamin D daily. Their data
showed that no significant treatment differences were detected in the primary MRI endpoints [44].
In the fourth study, Mosayebi et al. performed a six-month trial in which 26 MS patients received
300,000 IU/month of vitamin D3 via intramuscular injection and 33 MS patients received a placebo.
This trial showed no significant treatment differences in terms of expanded disability status scale and
number of gadolinium-enhancing lesions [45]. Hence, these earlier randomized, placebo-controlled
clinical trials do not provide reproducible data in support of the use of vitamin D supplementation for
the treatment of MS.

The above-described earlier randomized, placebo-controlled trials may have several drawbacks
such as relatively small sample size, insufficient dose, or short length. In this regard, recently
published clinical trials tried to overcome these insufficiencies. For instance, Camu et al. studied 63
relapse-remitting MS (RRMS) patients who received an oral vitamin D supplementation (100,000 IU
every other week) for 96 weeks and 66 RRMS patients who received a placebo (CHOLINE) [46].
This intervention did not meet the primary outcome, i.e., mean annualized relapse rate. However,
for the patients who completed the 2-year follow-up (45 with vitamin D and 45 with placebo), the vitamin
D treatment led to significant reductions in annualized relapse rate (p = 0.012), new hypointense
T1-weighted lesions (p = 0.025), volume of hypointense T1-weighted lesions (p = 0.031), and progression
of expanded disability status scale (p = 0.026) [46]. In a multicenter randomized controlled clinical trial
(EVIDIMS) [47], Dorr et al. compared high dose vitamin D supplementation (20,400 IU, every other
day) with those of low dose vitamin D (400 IU, every other day) as an add-on treatment to IFN-f1b
in patients with RRMS or clinically isolated syndrome. Fifty-three patients were randomized (28 in
high dose group and 25 in low dose group) and 41 patients completed the 18-month study. The data
showed that there were no differences between the two groups regarding relapse rates, disability
progression, T2-weighted lesion development, contrast-enhancing lesion development, and brain
atrophy [47]. In another study (SOLAR) [48], Hupperts et al. investigated an oral supplementation of
high dose vitamin D as an add-on treatment to IFN-f31a in RRMS patients for 48 weeks. This study
randomized 229 patients in which 113 patients received a daily supplementation of 14,007 IU vitamin
D and 116 patients received a placebo. The data showed that there were no significant differences
between the two groups in “no evidence of disease activity” (primary outcome). However, patients
in the vitamin D group had better MRI outcomes for combined unique active lesions (p = 0.0045)
and change from baseline in total volume of T2 lesions (p = 0.035) [48]. Notwithstanding the MRI
results, data from previous comprehensive randomized, placebo-controlled clinical trials failed to show
positive effects on the symptomatology of MS, which is the required endpoint for a successful therapy.

5.2. Role of Supplementation of Native Vitamin D in Potentially Pathogenic T Cells in MS Patients

While being evaluated for its potential role in MS disease activity, vitamin D supplementation has
also been investigated for its effects on the control of potentially pathogenic T cells. Since IL-17 * CD4*
T cells have been shown to be the major pathogenic cell subset in EAE, IL-17 has been intensively
studied in MS patients. In a study of 94 RRMS patients in which 47 patients received a supplementation
of 50,000 IU vitamin D3 every five days for 12 weeks and 47 patients received a placebo, Toghianifar et
al. reported that the vitamin D3 supplementation appeared to abrogate the non-significant increase
of serum IL-17 levels observed in the placebo group [49]. Similar results were seen in another study
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reported by Golan et al. in which 21 MS patients received 800 IU/day of vitamin D3 (low dose) and
24 MS patients received 4370 IU/day (high dose). At 3 months after the intervention, a significant
increase in serum IL-17 levels was observed in the low dose group, which was not seen in the high dose
group [50]. In addition, this study did not observe a significant difference in the serum levels of IFN-y
between the low dose and the high dose vitamin D groups. In this respect, Th1 cells, which secrete
IFN-y, are also an important pathogenic T cell subset in MS patients [2]. In contrast, in a study in which
30 RRMS patients received 20,000 IU/week of vitamin D supplementation and 29 received a placebo
for 12 months. Aivo et al. reported that there was an increase in the serum IL-17A levels compared
to baseline in the vitamin D group (p = 0.0666) while the serum IL-17 levels remain similar in the
placebo group (p = 0.5243) [51]. In another study, 19 MS patients received 10,400 IU/day of vitamin
D supplementation (high dose) and 21 received 800 IU/day (low dose) for 6 months [52]. From this
study, Sotirchos et al. reported that the high dose vitamin D supplementation significantly reduced the
percentages of IL-17CD4* T cells (p = 0.016), CD161*CD4" T cells (p = 0.03), and effector memory
CD4" T cells (p = 0.021), but increased the percentages of central memory CD4* T cells (p = 0.018)
and naive CD4" T cells (p = 0.04). These effects were not seen in the low-dose group [52]. In the
SOLAR trial in which 30 RRMS patients received 7000 IU/day of vitamin D for 4 weeks followed by
14,000 IU/day up to week 48 and 23 received a placebo, Muris et al. reported no differences in the
percentages of IL-17*CD4* T cells between the vitamin D3 (p = 0.59) and placebo (p = 0.96) groups [53].
In an earlier study in which 15 RRMS patient were supplemented with 20,000 IU/day vitamin D3 for
12 weeks [54], Smolders et al. did not observe significant differences in the percentages of CD4*IL-17*
and CD4*IFN-y* cells before and after the treatment. These results, while not dramatic, are sufficiently
positive to justify further exploration into the effects of vitamin D supplementation on potentially
pathogenic T cells at local levels such as in the immune system and CNS of MS patients.

5.3. Effects of Supplementation of Native Vitamin D on Potentially Immune Regulatory Mechanisms in
MS Patients

Treg cells and their associated cytokines (e.g., TGF- and IL-10) are critical in the control of
MS [6,55-57]. In one study, mentioned above, Golan et al. showed that there were no differences
in the serum levels of IL-10 between the high dose (4370 IU/day) and the low dose (800 IU/day)
vitamin D groups [50]. In another study, mentioned above, Avio et al. reported a significant increase
in the serum levels of latency activated peptide of TGF-f (p = 0.0249) in MS patients who were
treated with vitamin D but not those who were treated with placebo (TGF-f is a cytokine used by
Treg cells to execute immune regulatory functions) [51]. In addition, this study also showed a mild
increase in serum IL-10 levels in the vitamin D-treated patients, which was however not significant
(p = 0.1466). In contrast, serum IL-10 levels were non-significantly decreased in the placebo-treated
patients (p = 0.2503) [51]. In the SOLAR trial mentioned above, Muris et al. evaluated the effects
of the high vitamin D supplementation on various regulatory cell subsets [53]. In both vitamin
D and placebo groups, the authors did not see significant increase in the percentages of various
regulatory cell subsets including CD4*CD25*CD127~ natural Treg (nTreg), CD4*CD25"FoxP3" nTreg,
CD4"CD25"CD127~FoxP3" nTreg, CD4*CD25*CD127~CD39" nTreg, CD4"CD25*CD127~CD45RA™~
memory nTreg, CD4*IL-10* induced Treg (iTreg), CD19*IL-10" regulatory B cells (Breg) [53]. Finally,
in the earlier study mentioned above in which 15 RRMS patients were supplemented with 20,000 IU/day
vitamin D3 for 12 weeks [54], Smolders et al. reported that the vitamin D supplementation led to
a significant increase in the percentage of CD4*IL-10" cells. These results are again sufficiently
interesting to warrant the pursuit of the effects of vitamin D supplementation on immune cells at local
levels, such as in the immune system and CNS of MS patients.

5.4. Role of Metabolic Disorders in the Supplementation of Native Vitamin D for the Treatment of MS

An increasing amount of evidence suggests that disordered lipid metabolism in both peripheral
tissues and CNS is associated with MS pathogenesis [58,59]. One report showed that serum levels
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of low-density lipoprotein and total cholesterol inversely correlated with cognitive function of MS
patients [60]. Although we did not find any studies that investigated the effects of vitamin D
supplementation on lipid metabolism in MS patients, it is worth discussing this type of studies in
other settings such as diabetes. We reason that findings of these studies in other settings may shed
light on future similar studies in MS patients. One study investigated blood lipid levels in type 2
diabetes patients at baseline, 3 months, and 6 months following vitamin D supplementation at a daily
dose of either 4000 IU or 6000 IU. This study reported significant decrease in total cholesterol and
triglycerides in the patients who received 6000 IU vitamin D for 6 months [61]. However, when adjusted
for the confounders, the observations were not significant anymore. In another study, Ponda et al.
performed a randomized, placebo-controlled trial in which 151 vitamin D insufficient adults (defined
as serum 25[OH]D levels < 20 ng/mL) received either 50,000 IU of vitamin D3 weekly or a placebo
for 8 weeks. Data from this study showed that the vitamin D supplementation did not improve lipid
profile [62]. In the third study, Kane et al. performed an eighteen-week randomized, double-blind,
placebo-controlled clinical trial among 26 individuals who had insufficient serum 25(OH)D levels
(<25 ng/mL). All the individuals, when entering the study, received a daily supplementation of 1000 IU
vitamin D. Subsequently, the vitamin D dose was first adjusted at week 6 to 2000 IU/day if serum
25(OH)D levels were not greater than 25 ng/mL for those individuals whose baseline serum 25(OH)D
levels were less than 20 ng/mL or if serum 25(OH)D levels were not increased by at least 25% for those
individuals whose baseline serum 25(OH)D levels were 21-25 ng/mL. The dose was further adjusted at
week 12 if the above-mentioned 25(OH)D levels were still not met. As a result, vitamin D3 was titrated
to 1000 IU/day in 15/26 (58%), 2000 IU/day in 10/26, and 3000 IU/day in 1/26 individuals. Data from the
above study showed that serum levels of free but not total 25(OH)D levels inversely correlated with
serum levels of triglycerides and low density lipoproteins cholesterol (LDLC) [63]. In the fourth study,
Schwetz et al. performed a post hoc analysis of a single-center, double-blind, placebo-controlled clinical
trial in which two hundred individuals who had arterial hypertension and serum 25(OH)D levels less
than 75 nmol/L were randomized to 2800 IU/day of vitamin D or placebo for 8 weeks. Among the
two hundred patients, one hundred sixty-three patients (79 in vitamin D group and 84 in placebo
group) had lipid data and these individuals were included in the analysis. The analysis showed that
the vitamin D supplementation significantly increased total cholesterol, triglycerides, very low-density
lipoproteins (VLDL), low density lipoproteins (LDL), high-density lipoprotein (HDL), triglycerides,
apolipoprotein B (ApoB), LDL-ApoB, ApoCll, ApoClll, phospholipids, and ApoE [64]. Considering
the different impacts of vitamin D supplementation on lipid metabolism that were observed under
different pathological settings, impact of vitamin D supplementation on lipid metabolism in MS
patients should be carefully evaluated.

5.5. Role of HLA in the Supplementation of Native Vitamin D for the Treatment of MS

In the past, genome-wide association studies (GWAS) have revealed over 200 genetic loci that
are firmly associated with MS susceptibility [65]. Among all these association studies, the major
histocompatibility (MHC) gene, HLA-DRBI, has been consistently observed across all populations
studied [65]. Additional findings suggest that the genetic association is affected by environmental
factors [65]. To understand the influence of vitamin D on the genetic association of MS, Ramgopalan
et al. analyzed the entire genomic sequence of the HLA-DRB1, HLA-DQA1, and HLA-DQB1 genes
as well as 5 Kb upstream from the transcriptional start sites of these genes that contained promoter
regions. Their analysis revealed only one potential vitamin D-responsive element (VDRE) that was
located in the proximal promoter region immediately 5’ to the transcriptional start site of HLA-DRB1.
Further experiments confirmed that the identified VDRE element was functional and that addition of
1,25(OH), D led to a significant increase in the cell surface expression of HLA-DRB1 specifically and only
in HLA-DRB1*15-bearing cells [66]. This data provides strong evidence that 1,25(OH),D can directly
modify the expression of HLA-DRB1*15 molecule that has linkage to MS [67]. However, the implication
of 1,25(OH),D-mediated modification of HLA-DRB1*15 expression requires further investigation.
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5.6. Role of Microbiota in the Supplementation of Native Vitamin D for the Treatment of MS

The role of microbiota in the pathogenesis and treatment of paralytic disease has been investigated
in animals. In one study, the microbiota was modulated through antibiotic treatment in mice that
spontaneously developed EAE. The data showed that microbiota modulation before disease onset
prevented the disease development. However, microbiota modulation after disease onset did not affect
the ongoing disease [68]. In another study, Cignarella et al. reported that animals with intermittent
fasting, when compared to those with a normal diet, showed ameliorated paralytic disease following
EAE induction [69]. In addition, in the fasting animals, there was an enrichment of Lactobacillaceae,
Bacterioidaceae, and Prevotellaceae families in gut microbiota. Subsequently, the author transplanted
fecal microbiome from intermittent fasting mice or normal diet mice into recipient mice that were
depleted of microbiota. The mice were then induced for EAE. Their data showed that the fecal
microbiome from intermittent fasting mice, but not that from normal diet mice, significantly meliorated
paralytic disease in the recipient mice [69]. In summary, the above-mentioned data suggest that the
alteration of microbiota changes the susceptibility to EAE induction but has minimal effect on ongoing
paralytic disease in animals.

In humans, a recent systemic review suggests that there is no significant difference in microbiota
diversity between MS patients and normal healthy controls [70]. However, taxonomic differences in
microbiota were noticed. These taxonomic differences indicate a potential role of gut bacteria in MS
pathogenesis. In addition, the potential impact of vitamin D supplementation on microbiota in humans
was also investigated. In one randomized, placebo-controlled study, 26 vitamin D-insufficient (defined
as serum 25[OH] levels < 50 nmol/L), overweight or obese (BMI > 25 kg/m?) otherwise healthy adults
were recruited [71]. Among the 26 adults, fourteen adults received vitamin D (100,000 IU of loading dose
followed by 4000 IU/day for 16 weeks) and 12 adults received a placebo. Fecal microbiota at baseline
and week 16 were collected for analysis. The analysis did not see significance in microbiome -diversity
between the two groups at baseline and week 16. However, the adults in the vitamin D group had
a higher abundance of genus Lachnospira and a lower abundance of genus Blautia. Furthermore,
the adults with 25(OH)D > 75 nmol/L, when compared to those with 25(OH)D < 50 nmol/L, had a higher
abundance of genus Coprococcus and had a lower abundance of genus Ruminococcus [71]. In another
study, in which 20 adults with vitamin D insufficiency (defined as serum 25[OH]D levels < 30 ng/mL)
were provided with 600, 4000, or 10,000 IU/day of oral vitamin D3. Stool samples at baseline and week 8
were collected for the analysis of gut microbiota. The data showed that the vitamin D supplementation
led to a dose-dependent increase in bacteria associated with amelioration of inflammatory bowel disease
activity [72]. In addition to healthy subjects, the impact of vitamin D supplementation (5000 IU/day for
90 days) on microbiota in MS patients was also studied [73]. Data from this study showed a lower
abundance of otherwise operational bacterial unit Faecalibacterium in MS patients. The vitamin
D-treated MS patients had an increase in the Akkermansia, Faecalibacterium, and Coprococcus genera.
The authors hence concluded that vitamin D supplementation was associated with differences or
changes in microbiota [73]. In summary, recent studies show that vitamin D supplementation has
effects on the composition of microbiota. However, future studies are warranted to understand how
the microbiota changes affect the therapeutic outcome of vitamin D supplementation in MS patients.

6. Potential Strategies to Circumvent the Hurdles Facing the Clinical Application of Vitamin D in
MS Patients

Previous clinical trials of supplementation with native vitamin D have so far failed to produce
the expected outcomes. One of the major barriers is hypercalcemia that can be caused by high doses
of 1,25(0OH),D as well as extreme high doses of native vitamin D. Hence, strategies that can achieve
therapeutic 1,25(OH), D levels without concomitantly causing hypercalcemia are needed.
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6.1. Role of Low Calcemic 1,25(0OH),;D Analogues in EAE

One potential strategy to achieve the therapeutic levels of 1,25(0OH), D without hypercalcemia is to
find a 1,25(0OH), D analogue that has the desired 1,25(OH),D function but does not cause hypercalcemia.
So far, many 1,25(OH),D low calcemic analogues have been described [74,75]. However, very few of
these low calcemic analogues have been studied for their potential therapeutic effects on EAE and
MS. In 1995, Slatopolsky et al. reported that 19-Nor-1,25(0OH), D, (Paricalcitol) effectively suppressed
secondary hyperparathyroidism in uremic rats in the absence of hypercalcemia [76]. To evaluate
the role of paricalcitol in the prevention of EAE induction, Zorzella-Pezavento et al. showed that
epicutaneous administration of either 1,25(OH),D or paricalcitol at 0.1 ug every other day beginning
on day 1 after EAE induction, combined with epicutaneous administration of MOGgs.55 (150 pg)
on day 3 and day 11, effectively ameliorated EAE [77]. Although the 1,25(OH),D administration
significantly increased serum calcium levels, the paricalcitol administration only moderately (not
significantly) increased serum calcium levels. However, an issue in this study was that the epicutaneous
administration of MOGg3s.55 (150 pg) alone was not included in this study. The inclusion of MOGs3s.55
alone in this experimental setting is important for distinguishing the role of MOG3s.55 administration
from the 1,25(OH),;D administration. The reason is that the same group reported previously that the
MOGss.55 administration alone via intraperitoneal route significantly ameliorated EAE, which could
not be distinguished from the combined administration of MOGss.55 and 1,25(0OH),D [78]. Therefore,
whether Paricalcitol alone can prevent the EAE induction requires further investigation.

In 2005, Daniel et al. reported another 1,25(OH),D analogue, i.e., 22-ene-25-oxa-vitamin D
(ZK156979). They showed that ZK156979 within the range from 107> to 107! mol/L dose-dependently
suppressed the secretion of IFN-y, TNF-«, and IL-13, but dose-dependently enhanced the secretion of
IL-4 and IL-10 in peripheral blood mononuclear cells stimulated by phytohemagglutinin [79]. This same
group later reported that the ZK156979 at the range from 0.1-2.0 pug/kg did not cause hypercalcemia.
Whereas 1,25(0OH),D at 0.2 ug/kg caused hypercalcemia. In addition, the ZK156979, administered at
2.0 ug/kg 2 h before or 3 days after the induction of acute colitis, significantly ameliorated experimental
colitis by preventing body weight loss, reducing clinical scores, decreasing colon weight, increasing
colon length, and mitigating macroscopic and histological scores. In addition, the ZK156979 treatment
also decreased the expressions of IFN-y, TNF-«, and myeloperoxidase (MPO) and T-box transcription
factor (T-bet) but increased the expressions of IL-4 and IL-10 in colon tissues [80]. However, it is
unknown whether the ZK156979 has a therapeutic effect on EAE without causing hypercalcemia.

The mechanisms by which 1,25(OH),D analogues selectively spare hypercalcemia are not
completely understood. It was proposed that the low calcemic mechanism of 22-oxa-1,25(OH), D3
(OCT), one 1,25(0OH),D analogue, is due to its low affinity for human vitamin D binding protein
(DBP). Because of such a low affinity for DBP, OCT, when compared to 1,25(0OH),D, has a shorter
half-life (2.5 + 0.3 h versus 7.0 + 0.6 h), a higher proportion of free form in serum, and more rapid
clearance from circulation [74]. It was proposed that, due to such a rapid clearance rate, the OCT
was unable to increase intestinal calcium transport and bone mineral mobilization. Whereas the
Paricalcitriol has a binding affinity for DBP and circulating half-life that are the same as 1,25(OH),D [81].
The mechanisms underlying the low calcemic property of Paricalcitol are not known. In summary,
although many 1,25(0OH), D analogues have been described, the mechanisms by which these analogues
spare hypercalcemia and still maintain other biological functions are not fully understood. It is possible
that the biological functions other than calcium and phosphorous metabolisms of these analogues may
not be the same as 1,25(OH),;D, which can be the reason that these analogues have not been proven to
be effective for the treatment of EAE and MS.

6.2. Targeted Delivery of Therapeutic 1,25(OH),D Doses Specifically to a Tissue to Circumvent Hypercalcemia

In contrast, our laboratory has approached the hypercalcemia issue based on the previous
report that 1,25(OH),;D levels in CNS but not those in serum inversely correlated with disease
severity in animals induced for EAE [37]. These data suggest that sufficient 1,25(OH),;D levels
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in a tissue but not those in serum are critical for protecting the tissue from immune-mediated
inflammation. For this reason, our group has developed several strategies that are able to
target therapeutic 1,25(0OH),D doses specifically to a tissue for the treatment of tissue-specific
immune-mediated diseases without causing hypercalcemia [6,82,83]. With respect to the treatment of
MS, we engineered dendritic cells (DCs) to overexpress 1o-hydroxylase and pulsed such engineered
DCs with a myelin antigen [6]. Such myelin antigen-pulsed 1x-hydroxylase-overexpressing DCs
were then intravenously administered into animals that were induced for EAE. We showed that such
la-hydroxylase-overexpressing DCs, when administered at the first sign of paralytic symptoms,
ameliorated the progression of paralytic disease without causing hypercalcemia. In addition,
such 1a-hydroxylase-overexpressing DCs augmented the induction of CD3*Foxp3™* T cells in draining
lymph nodes. Furthermore, such 1a-hydroxylase-overexpressing DCs did not show any therapeutic
effects in mice that were depleted of FoxP3* Treg cells before EAE induction. The data suggest that the
lo-hydroxylase-overexpressing DCs suppress EAE by augmenting the induction of Foxp3™ Treg cells
in vivo [6]. In summary, our tissue-specific targeting of therapeutic 1,25(0OH),D doses can potentially
be a novel therapy for MS.

With respect to the potential mechanisms underlying the 1x-hydroxylase-overexpressing DCs,
firstly, the 1a-hydroxylase is the physiological enzyme that converts 25(OH)D into 1,25(0OH),D [84].
Hence, overexpression of the 1a-hydroxylase in DCs will enhance the DCs’s ability to de novo
convert 25(OH)D into 1,25(OH),D. Because it has been well established that DCs home specifically
into lymphoid tissues [85-88], we reason that such 1x-hydroxylase-overexpressing DCs will home
specifically into lymphoid tissue. Inside the lymphoid tissues, such 1x-hydroxylase-overexpressing
DCs can de novo synthesize locally high concentrations of 1,25(OH);D from 25(OH)D. Such a local de
novo synthesis is essential because it will reduce the possibility of increasing systemic 1,25(OH),D
levels, thereby circumventing hypercalcemia. In addition, 25(OH)D is the major vitamin D form in
blood and as discussed above its levels can be easily raised through supplementation of native vitamin
D to provide sufficient substrate for the overexpressed 1x-hydroxylase.

Secondly, we reason that the de novo synthesized local 1,25(OH),D can act on T cells through
paracrine action and can also act on the engineered DCs and other DCs through intracrine/autocrine
and paracrine actions. In this respect, it has been shown that 1,25(OH),D acts on T cells to augment
their expressions of regulatory molecules such as Foxp3 [7,89] and IL-10 [90]. In addition, 1,25(OH),D
has also been shown to tolerize DCs [91,92]. Based on the above two findings, it is conceivable that
such 1x-hydroxylase-overexpressing DCs may act on T cells to augment the induction of Treg cells and
may also augment the induction of Treg cells through tolerizing DCs. Moreover, we reason that the
de novo synthesized 1,25(0OH),D achieves the above effects through VDR. To support this reasoning,
it has been shown that 1,25(OH),D augments the expression of Foxp3 by binding to VDRE in Foxp3
gene [7]. In addition, 1,25(OH),D relies on VDR to induce tolerogenicity in human DCs because such
tolerogenicity cannot be induced in DCs from VDR” mice [92]. With respect to the role of VDR in
the 1,25(0OH),;D-augmented IL-10 secretion, it has been shown that L-10 gene contains VDRE [93]
and that, in macrophages, knockdown of VDR by siRNA abrogates the 1,25(0OH),D-augmented IL-10
secretion [94].

Thirdly, if the 1a-hydroxylase-overexpressing DCs do not carry a specific antigen, the specificity
of the newly induced Treg cells are diverse and are not specific for demyelinating CNS. To increase
the specificity of the newly induced Treg cells for demyelinating CNS, we propose to pulse such
la-hydroxylase-overexpressing DCs with myelin antigens that are released in demyelinating CNS
of MS patients. The rationale is that the myelin antigen-pulsed 1x-hydroxylase-overexpressing DCs
will act specifically on T cells with T cell receptors that bind to myelin antigens (i.e., myelin-specific T
cells). As a result, the 1a-hydroxylase-overexpressing DCs will induce mostly myelin specific Treg
cells that can then specifically target demyelinating CNS in MS patients. We reason that, following
in vivo administration, such myelin-specific Treg cells, similar to other immune cells, can travel to CNS
during active MS because of the ongoing local inflammation. However, different from the immune
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cells that are not specific for myelin antigens, myelin-specific Treg cells can recognize and suppress
the DCs that present myelin antigens. Because in demyelinating CNS, the myelin antigen-presenting
DCs are required for activating myelin-specific pathogenic T cells that are responsible for the ongoing
demyelinating inflammation, the suppression of the myelin antigen-presenting DCs blocks the activation
of the myelin-specific pathogenic T cells and hence stops the progression of demyelinating inflammation.

Based on the above discussion, one may argue that the function of myelin-specific Treg cells can also
be augmented through Foxp3 gene delivery in targets. However, the 1a-hydroxylase-overexpressing
DCs have at least three advantages. Firstly, the augmented induction of Foxp3* Treg cells by the
la-hydroxylase-overexpressing DCs occurs in vivo. In this respect, direct overexpression of Foxp3
may be achieved in T cells through in vitro manipulation. However, in vitro generated Foxp3*
Treg cells, following in vivo administration, still face the challenge of potential conversion into
pathogenic T cells (i.e., instability of in vitro generated Foxp3™* Treg cells) [95-97]. Secondly, to avoid
generalized immune suppression, Treg cells need to be specific for demyelinating CNS. In this respect,
the 1o-hydroxylase-overexpressing DCs can achieve this goal by in vivo augmenting the induction of
myelin-specific Treg cells in one step and is easy to implement. If the direct overexpression of Foxp3
in target cells is used, it is necessary to generate myelin-specific T cells in vitro first. Subsequently,
the myelin-specific T cells are overexpressed for Foxp3 via gene delivery. Therefore, the direct
overexpression of Foxp3 in target cells is time consuming. Thirdly, because 1,25(OH),D also enhances
IL-10 expression, the 1x-hydroxylase-overexpressing DCs augment the induction of not only Foxp3*
Treg cells but also IL-10* Treg cells. Whereas, direct overexpression of Foxp3 will only enhance Foxp3
expression in target cells.

7. Future Directions

Despite confounding issues of hypercalcemia, data from preclinical studies have clearly
demonstrated that supplementation of 1,25(0OH),D, if carefully designed, significantly ameliorates
EAE without causing hypercalcemia. However, finding the optimal 1,25(OH),D doses in humans if
not impossible can be challenging. In the past, supplementation of native vitamin D, because of its
relatively safe profile, were intensively investigated in animals and humans. In MS animal models,
supplementation of native vitamin D reveals several confounding issues such as differential responses
based on gender and age. In addition, studies in animal models also revealed other potential factors
that may affect the efficacy of vitamin D supplementation for MS treatment such as metabolic disorders,
microbiota disorders, and genetic risk alleles. In human MS patients, supplementation of native
vitamin D has so far generated mixed outcomes. Therefore, strategies that can achieve therapeutic
1,25(0OH),D doses without concomitantly causing hypercalcemia are warranted.

To circumvent the hypercalcemia problem, two potential such strategies have been so far proposed:
one is low calcemic 1,25(OH),D analogues and the other is tissue-specific targeting of therapeutic
1,25(0OH),D doses. Low calcemic 1,25(OH),D analogues have been intensively investigated for the
treatment of other diseases such as secondary hyperparathyroidism. Due to unknown mechanisms
underlying the low calcemic property, 1,25(OH),D analogues may also have other biological functions
that are different from 1,25(OH),D. It is, therefore, not surprising that there is so far no definitive
data to show that these 1,25(0OH),D analogues work for EAE and MS. Hence, the role of 1,25(OH),D
analogues in EAE and MS requires further investigation. In contrast, studies in EAE have clearly
demonstrated that the tissue-specific targeting of therapeutic 1,25(OH),D doses is very promising.
Therefore, the tissue-specific targeting of therapeutic 1,25(OH),D doses should be considered for further
development into a potential novel therapy for MS. In addition, the confounding issues mentioned
above, i.e., metabolic disorders, microbiota disorders, and genetic risk alleles, should also be considered
in the future studies of the tissue-specific targeting of therapeutic 1,25(OH),D.
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8. Conclusions

1,25(OH),D, if carefully dosed, significantly ameliorates EAE without causing hypercalcemia.
However, finding the optimal 1,25(OH),D doses in humans is an approach that does not have
a satisfactory benefit to risk ratio. Multiple randomized, placebo-controlled clinical trials of
supplementation of high dose native vitamin D, although having a safe profile, so far failed to
provide reproducible efficacy. Low calcemic 1,25(OH),;D analogues have not been definitively shown
to be effective for the treatment of EAE and MS. One caveat in the vitamin D supplementation for
the treatment of MS is the revelation that 1,25(OH),D levels in CNS but not those in serum inversely
correlate with disease activity in animals induced for EAE. This revelation provides a strong rationale for
tissue-specific targeting of 1,25(OH),D. In this regard, preclinical studies on tissue-specific targeting of
1,25(0OH),D have produced promising results and do so safely. Hence, up until now the tissue-specific
targeting appears to be the approach that can take the full advantage of the remarkable immunological
and regenerative properties of 1,25(OH),D for the treatment of MS.
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