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Abstract - The discoveries that activated macrophages produce 1α,25-dihydroxyvitamin D3 (1α,25-(OH)2D3), and that immune
system cells express the vitamin D receptor (VDR), suggested that the vitamin D endocrine system influences immune system
function. In this review, we compare and contrast how 1α,25-(OH)2D3 synthesis and degradation is regulated in kidney cells and
activated macrophages, summarize data on hormone receptor function and expression in lymphocytes and myeloid lineage cells, and
discuss how locally-produced 1α,25-(OH)2D3 may activate a negative feed-back loop at sites of inflammation. Studies of immunity
in humans and animals lacking VDR function, or lacking vitamin D, are reviewed to gain insight into the immunological functions of
the vitamin D endocrine system. The strong associations between poor vitamin D nutrition, particular VDR alleles, and susceptibility
to chronic mycobacterial infections, together with evidence that 1α,25-(OH)2D3 served as a vaccine adjuvant enhancing antibodymediated immunity, suggest a model wherein high levels of 1α,25-(OH)2D3-liganded VDR transcriptional activity may promote the
CD4+ T helper 2 (Th2) cell-mediated and mucosal antibody responses to cutaneous antigens in vivo. We also review a diverse and
rapidly growing body of epidemiological, climatological, genetic, nutritional and biological evidence indicating that the vitamin D
endocrine system functions in the establishment and/or maintenance of immunological self tolerance. Studies done in animal models
of multiple sclerosis (MS), insulin-dependent diabetes mellitus (IDDM), inflammatory bowel disease (IBD), and transplantation
support a model wherein the 1α,25-(OH)2D3 may augment the function of suppressor T cells that maintain self tolerance to organspecific self antigens. The recent progress in infectious disease, autoimmunity and transplantation has stimulated a gratifying
renaissance of interest in the vitamin D endocrine system and its role in immunological health.
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INTRODUCTION
The vitamin D endocrine system is one of the most
sensitive and complex biological systems that terrestrial
vertebrates use to sense sunlight. Until two decades ago,
the human vitamin D endocrine system was recognized
only for it’s regulation of Ca2+ and phosphorous
homeostasis and skeletal formation and maintenance
(100). New evidence showing that activated macrophages
produce the hormone 1α,25-dihydroxyvitamin D3 (1α,25(OH)2D3) (2,3,4), and that the nuclear vitamin D receptor
(VDR) is present in immune system cells (27,199,208),
suggested new immunological functions for the lightsensing vitamin D endocrine system.
This article will provide background information on the
synthesis and degradation of the vitamin D hormone,
1α,25-(OH)2D3 and the structure and function of the VDR.
1
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It will then review recent advances in our understanding of
how the vitamin D endocrine system regulates infectious
disease, autoimmune disease, and transplantation
tolerance, emphasizing insights into the molecular basis for
these immunological functions of 1α,25-(OH)2D3. Many
reviews on the subject of vitamin D and the immune
system have been published (9,32,38,44,101,102,
103,104,137,138,139,150,151,153,155,157,171,221,258, 264).
Therefore, this article will not attempt to provide a
comprehensive review of the literature on vitamin D and
the immune system, particularly as regards in vitro
investigations of the hormone's immunological functions.
Rather, it will focus on the insights gained through the
study of vitamin D and immune system function in vivo,
and attempt to integrate the evidence into cohesive models
describing how 1α,25-(OH)2D3 regulates immune system
function. The article will close with a discussion of
unresolved issues that warrant continued active
investigation.

THE VITAMIN D HORMONE AND
ITS NUCLEAR VITAMIN D RECEPTOR
Biosynthesis and degradation of 1α,25-(OH)2D3
Terrestrial vertebrates acquire vitamin D3 mainly
through exposure of skin to sunlight (108). There is a
common misconception that fortified foods and vitamins
supply adequate vitamin D (274). However, some of these
sources provide the plant secosteroid, vitamin D2, which
has less vitamin D activity than vitamin D3 (263). In
addition, the vitamin D dose supplied by these sources is
insufficient to prevent bone loss (109). The amount of
vitamin D required to fulfill it's immunological functions is
not known and may be significantly higher than the
amount required for mineral ion homeostasis and bone
health (272). Most importantly though, only vitamin D3
derived from sunlight exposure can contribute to vitamin
D3 stores (mainly in muscle and adipose tissue) and thus

supply vitamin D for future use. Dietary vitamin D is
transported to the liver via the chylomicron remnant, where
it is rapidly and completely metabolized. Thus, dietary
sources provide an inconstant and usually meager supply
of vitamin D that cannot be stored for the future. In
addition, if highly localized vitamin D metabolism is
required for the immunological functions of vitamin D (see
below), then stored vitamin D, acquired through sunlight
exposure, may be very important for immunological
health.
Exposure of skin to sunlight catalyzes the first step in
vitamin D3 biosynthesis. Ultraviolet B (UVB) photons
(290-320 nm) rupture the 9-10 bond of 7dehydrocholesterol, generating pre-vitamin D3, which
spontaneously isomerizes to vitamin D3 (Fig. 1). The solar
radiation intensity, which varies with latitude and season,
determines the cutaneous vitamin D synthesis rate, and
hence vitamin D nutrition (108). In Boston (42ºN), vitamin
D synthesis rates in skin exposed to mid-day sun are
negligible from November through February, because the
UVB photons do not have enough energy to mediate the
photolysis reaction. The higher the latitude, the greater is
the period of negligible vitamin D synthesis, and hence, the
higher is the probability that vitamin D insufficiency will
occur. The cutaneous vitamin D synthesis rate also
decreases with increasing skin pigmentation, advancing
age, clothing and sunscreen use (108).
Two enzymatic activation steps are required to produce
1α,25-(OH)2D3, the biologically active vitamin D hormone
(35, 110, 183). The three hydroxylase enzymes that carry
out the metabolic activation and degradation of vitamin D3
are all mitochondrial enzymes belonging to the
cytochrome P450 superfamily of hydroxylase enzymes
(192). The vitamin D binding protein (DBP), encoded by
the Gc locus (group-specific component of plasma a2globulin), transports vitamin D3 to the liver (121). The liver
constitutively expresses the CYP2D25 gene encoding the
vitamin D3-25-hydroxylase (25-OHase) that catalyzes the

Fig. 1
Vitamin D3 metabolism (81,121). Biologically inert vitamin D3, derived mainly from the UVB light catalyzed photolysis of 7dehydrocholesterol in the skin, is C-25 hydroxylated in the liver and C-1 hydroxylated in the kidney and other tissues to generate the
biologically active hormone 1α,25-(OH)2D3. The enzymes vitamin D3-25-hydroxylase (25-OHase) and 25-hydroxyvitamin D3-1-ahydroxylase (1α-OHase) catalyze the metabolic activation of vitamin D3. The enzyme 1α,25-dihydroxyvitamin D3-24-hydroxylase (24OHase) catalyzes the first step in 1α,25-(OH)2D3 inactivation.
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C-25 hydroxylation of vitamin D3 (111). Therefore, the
vitamin D3 delivered to the liver is rapidly converted into
25-hydroxyvitamin D3 (25-(OH)D3).
The blood 25-(OH)D3 level is widely used as an
indicator of vitamin D nutrition (273). The 25-(OH)D3 is
the most abundant vitamin D metabolite, reflecting the
quantity of vitamin D impinging on the liver from the diet,
the skin and storage sites. The blood 25-(OH)D3 also has a
relatively long half-life, approximately 15-30 days. Since
sunlight exposure is the main vitamin D source, and
sunlight availability and intensity vary seasonally, the 25(OH)D3 also varies seasonally, reaching a peak in early fall
and a nadir in early spring (108). The combination of
abundance, variability, and accessibility make the blood
25-(OH)D3 measurements particularly useful for
assessment of nutritional status.
The liver exports 25-(OH)D3 bound to DBP. The
secosteroid-carrier complex enters the renal proximal
tubules via cubilin binding and megalin-mediated
endocytosis (106,283). A tightly-regulated kidney enzyme,
25-hydroxyvitamin D3-1α-hydroxylase (1α-OHase),
catalyzes the rate-limiting C-1 hydroxylation step in 1α,25(OH)2D3 synthesis (192). The CYP27B1 gene encoding the
1α-OHase has been cloned (255). Loss-of-function
mutations in this gene cause the inherited disorder vitamin
D-dependent rickets type 1 (VDDR-1), which can be
corrected by administering 1α,25-(OH)2D3 (125,129,246,
279). The 1,25-(OH)2D3 circulates in blood bound to the
DBP at a concentration typically between 0.01-0.1 nmol/l
(36).
The metabolic inactivation of 1α,25-(OH)2D3 also
occurs in the kidney, as well as in other target tissues such
as intestine and bone (121). It begins with a C-24
hydroxylation to 1α,24,25-trihydroxyvitamin D3 catalyzed
by 1α,25-dihydroxyvitamin D3-24-hydroxylase (24OHase) (192). Catabolism continues with further
oxidation, hydroxylation, side-chain cleavage to the C-23
alcohol, and finally oxidation to the excreted, water soluble
C-23 carboxylic acid, calcitroic acid. The CYP24A1 gene
encoding the 24-OHase was cloned from rat kidney cells
(189). A CYP24A1-null mouse has been generated; it had
high 1α,25-(OH)2D3 levels confirming the role of the 24OHase in hormone catabolism (245).
Regulation of 1,25(OH)2D3 biosynthesis and degradation
Feedback regulation mechanisms govern systemic
hormone synthesis and degradation, such that the blood
1α,25-(OH)2D3 levels are nearly invariant (105). In the
intact animal, the parathyroid glands sense low serum
calcium levels and release parathyroid hormone. The
parathyroid hormone binds to a receptor on kidney cells,
initiating a cAMP signaling cascade that stimulates
CYP27B1 gene transcription by means of four cAMPresponsive elements in the promoter (132). The enhanced

03-34 Mar

3

CYP27B1 gene transcription leads to increased 1α,25(OH)2D3 synthesis and rising serum calcium levels. The
rising serum 1α,25-(OH)2D3 levels activate VDRdependent feed-back loops that repress CYP27B1 gene
transcription (132,255), and stimulate CYP24A1 gene
transcription, slowing hormone synthesis and accelerating
hormone degradation. It is noteworthy that the CYP27B1
promoter has sequences corresponding to canonical AP-1,
AP-2, Sp1 and NF-κB elements, suggesting that its
regulation is very complex and possibly distinct in different
cell types (132).
Vitamin D receptor (NR1I1) structure and function
The VDR is an ancient member of the superfamily of
nuclear receptors for steroid hormones. The VDR forms a
heterodimer complex with the retinoid X receptor (RXR)
and functions as a ligand-activated transcription regulator
(31,61,73,100). Like the other steroid hormone receptor
family members, the VDR exhibits a modular structure. It
has an N-terminal DNA-binding domain linked by a
flexible hinge region to a C-terminal ligand-binding
domain that includes the RXR dimerization interface. The
RXR-VDR complex regulates gene expression through
vitamin D responsive elements (VDRE) in the promoters
of 1α,25-(OH)2D3-responsive genes (31,61,73,100). The
VDRE is composed of two hexameric half-sites, arranged
as direct repeats, separated by three random base pairs. For
example, the VDRE in the osteopontin promoter, one of
the highest affinity elements known, had the sequence
GGTTCACGAGGTTCA (181,260). The CYP24A1 gene
actually has two VDRE in the promoter (126).
High resolution crystal structures have been reported
for the DNA-binding domain bound to a VDRE (236), and
for the holo VDR ligand-binding domain (lacking residues
165-215) (226). The protein core of the VDR DNAbinding domain is organized into two zinc-nucleated
modules (Fig. 2A). The half-site recognition helix formed
by residues on the C-terminal side of the first zinc finger
inserts directly into the major groove of the VDRE halfsite. The adjacent C-terminal extension imparts additional
specificity (113). A nuclear localization signal is located
between the two zinc fingers (112). The VDR ligandbinding domain has an activation helix that undergoes a
major conformational change upon ligand binding (Fig.
2B). The re-positioning of the activation helix allows the
VDR-RXR complex to recruit VDR interacting proteins
termed co-activators that promote chromatin remodeling,
recruitment of RNA polymerase II holoenzyme, and gene
transcription (47,148,213) (Fig. 2C).
The VDR subdomains important for DNA binding,
hormone binding, dimerization, and transactivation are
mostly conserved in all vertebrate species studied,
including fish, frog, chicken, mouse, rat and human
(146,252). The expression of a highly conserved VDR in

4

C.E. Hayes et al..

species that span a considerable evolutionary distance
suggests that this receptor has pleiotrophic functions
coordinating the availability of light, interpreted
biologically as 1α,25-(OH)2D3 abundance, with a variety of
biological processes. The classical functions of the VDR
are regulation of blood calcium and phosphate
concentrations and bone metabolism through control of
gene expression in the intestine, bone, kidney, and
parathyroid gland (31,61,73,100).
Allelic variants of the chromosome 12 VDR gene occur
naturally in the human population (267,280,294). The
natural variants are distinguishable by the sensitivity of the
DNA to the restriction endonucleases FokI (VDRf), ApaI
(VDRa), BsmI (VDRb) and TaqI (VDRt), with the lower
case letter denoting the presence of the endonuclease site.
The FokI restriction enzyme detects a start codon
polymorphism (231). The VDRf allele uses the first start
codon and encodes a VDR that is three amino acids longer
than the VDRF allele, which uses the second start codon
(124). The VDRf allele was transcriptionally less active
(124,280). The BsmI and ApaI enzymes detect intronic
polymorphisms, whereas the TaqI enzyme detects a silent
base change in codon 352 (168,267,280). These three
polymorphisms are clustered near the 3' end of the VDR
gene. They are in strong linkage disequilibrium with a
singlet (A) repeat in exon 9 that results in long (L) and
short (S) alleles (168,267,280). The VDRL allele was
transcriptionally more active than the VDRS allele (280). In
European and Asian populations, the three common
haplotypes involving the 3' end polymorphisms were
baTL, BAtS, and bATL, with the BAtS haplotype being
transcriptionally less active (267,280).

VITAMIN D METABOLISM AND VITAMIN D
RECEPTOR EXPRESSION IN IMMUNE
SYSTEM CELLS
Vitamin D metabolism in immune system cells
In 1982-83, two seminal discoveries introduced a new
era in vitamin D research, the study of the vitamin D
Fig. 2
Structure and function of the VDR. Panel A) the
VDR core DNA-binding domain has a darkly-shaded DNA
half-site recognition helix on the C-terminal side of the first of
two zinc finger motifs (236). The lightly-shaded residues form
a C-terminal extension that is involved in DNA response
element discrimination. Panel B) the VDR ligand-binding
domain, represented as a ribbon diagram, complexed with
1α,25-(OH)2D3 (226). The position of the shaded helix (H14
in the Protein Data Base entry 1DB1; H12 in ref. 226) is ligand
dependent and critical for co-activator binding and
transactivation function. The image was created with Accelrys
WebLabViewer Lite (version 3.2 for Macintosh OS 9). Panel
C) the RXR-VDR-ligand complex recruits co-activator
proteins and the RNA polymerase II holoenzyme to activate
transcription (47, 61).
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endocrine system's immunological functions. Two research
groups found evidence of VDR expression in
hematopoietic cells (27, 199, 208). Moreover, a third
research group reported that pulmonary alveolar
macrophages from sarcoidosis patients synthesized 1α,25(OH)2D3, which was the first report of extra-renal 1α,25(OH)2D3 synthesis (2,3,4). Together, these observations
suggested that beyond the established functions of the
hormone in mineral ion homeostasis and bone biology,
locally produced 1α,25-(OH)2D3 might perform regulatory
functions in immune system cells.
The enzymes that catalyze 1α,25-(OH)2D3 synthesis
and degradation in kidney cells and sarcoid macrophages
are identical, but these cells differ significantly in how the
enzyme levels are regulated, and therefore in hormone
production. The renal and sarcoid macrophage 1α-OHases
had similar affinity and specificity for 25-hydroxylated
substrates (2,4) and identical cDNA sequences (193).
However, the 1α,25-(OH)2D3 suppressed its own synthesis
in kidney cells, but not in sarcoid macrophages (105). In
addition, in macrophages but not in kidney cells, interferongamma (IFN-γ) treatment stimulated a 6-fold increase in the
CYP27B1 transcripts encoding the 1α-OHase (193). This
IFN-γ-mediated increase in CYP27B1 transcripts was also
observed in macrophages from other granulomatous
diseases (21) and from normal tissue (65,105,293).
A second significant difference between kidney cells
and activated macrophages relates to 1α,25-(OH)2D3
degradation. In kidney cells, the 1α,25-(OH)2D3 induced
the CYP24A1 transcripts encoding the 24-OHase, thereby
increasing the hormone’s degradation (192). In contrast,
the 1α,25-(OH)2D3 did not induce CYP24A1 transcripts in
the IFN-γ-activated macrophages (2,4). Instead, the IFN-γ
triggered activation of the signal transducer and activator of
transcription 1 (STAT1), the STAT1 sequestered the VDR,
and without the VDR, transactivation of the CYP24A1
promoter via the tandem VDRE did not occur (67, 271).
Thus in IFN-γ-activated macrophages, the CYP24A1 gene
was resistant to 1α,25-(OH)2D3-mediated induction.
The IFN-γ-activated macrophages can produce 1α,25(OH)2D3 at a very high rate, because they have a high ratio
of the 1α-OHase to the 24-OHase. This high 1α,25(OH)2D3 synthetic capability led to the hypothesis that the
1α,25-(OH)2D3 produced locally by activated
macrophages might perform immunoregulatory functions
at sites of inflammation (218) (Fig. 3A). High level 1α,25(OH)2D3 synthesis may only occur in activated
macrophages that have some minimum level of 25(OH)D3 substrate for the 1α-OHase. Individuals with low
sunlight exposure may have a 25-(OH)D3 level that is too
low to support high level 1α,25-(OH)2D3 synthesis by
activated macrophages, which may compromise the
postulated hormone-dependent immunoregulatory feed
back loop.
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Immunological phenotype of 1α-OHase-mutant humans
and animals
The immune system functions of 1α,25-(OH)2D3 in vivo
are not well understood. One approach to understanding
these functions is to examine immune dysfunction in
humans and animals lacking the 1α-OHase. Humans with
loss-of-function mutations in CYP27B1 have the disease
VDDR-1, due to insufficient 1α,25-(OH)2D3 synthesis
(125,129,246,279). In mice, a targeted disruption of the
CYP27B1 gene generated an animal model of VDDR-1
(56,195). The humans and mice with VDDR-1 are normal
at birth, but develop hypocalcemia, hypophosphatemia,
secondary hyperparathyroidism, skeletal deformities, and
reproductive problems as a consequence of very low serum
1α,25-(OH)2D3. The CYP27B1-null mice developed
enlarged lymph nodes and had decreased numbers of
peripheral CD4+ and CD8+ T cells (195). These
immunological abnormalities were not observed in humans
or rodents lacking VDR function (see below), so they may
not relate directly to lack of 1α,25-(OH)2D3-VDR function.
The CYP27B1-null mice did not spontaneously develop
autoimmune disease, so a loss-of-function mutation in
CYP27B1 was not sufficient to precipitate autoimmune
disease. The relative susceptibility of these mice to infection
or to induced autoimmunity has not been investigated. A
CYP24A1-null mouse has been generated (245), but the
immunological phenotype of the mutant has not been
reported.
VDR expression in immunologically relevant cells
Reports that the VDR was expressed in hematopoietic
cells (27, 199, 208) contributed to the hypothesis that
locally-produced 1α,25-(OH)2D3 may perform regulatory
functions in immune system cells at the site of inflammation
(218) (Fig. 3A). The VDR was expressed constitutively in
myeloid lineage cells (27,199,208), in particular monocytes,
dendritic cells (DC), microglia, and astrocytes (Table 1 and
references therein). Mature, mitotically active, medullary
thymocytes also constitutively expressed the VDR
(205,207), consistent with the possibility that the 1α,25(OH)2D3 may perform some functions in these cells.
Mature, peripheral T lymphocytes significantly
increased their VDR expression after activation. For
example, VDR expression increased from 1800 to 8700
molecules/cell when resting murine CD4+ T cells
underwent activation (134). High level VDR gene
expression was demonstrated in activated murine CD4+ T
helper (Th) type-1 and type-2 cells (177) and CD8+ T cells
(270). Similarly, activated human CD4+ and CD8+ T cells
expressed the VDR (206), as did activated human B
lymphocytes (166,167,208,209). In rheumatoid arthritis
patients, the lymphocytes expressed the VDR without
further in vitro activation, suggesting they had undergone
activation in vivo (154,257).

6

C.E. Hayes et al..
Table 1

VDR expression in immunologically relevant cells

Cell Type

Species

Analytical Method

References

Myeloid lineage cells
Monocytes
Dendritic cells

human
human

Ligand binding and sedimentation
Ligand binding and sedimentation

(27,208)
(33)

Lymphocytes
B cells, activated
Thymocytes, mature medullary
T cells, activated

human
rat
human

(208,209,278)
(205,206,207)
(27,207,208,291)

CD4+ T cells, activated
CD4+ T cells, activated
CD4+ Th1 cells, activated
CD4+ Th2 cells, activated
CD8+ T cells, activated
CD8+ T cells, activated
T cells, rheumatoid arthritis

human
mouse
mouse
mouse
human
mouse
human

Ligand binding and sedimentation
Ligand binding and sedimentation
Ligand binding and sedimentation;
immunochemistry; PCR of cDNA
Ligand binding and sedimentation
Ligand binding and sedimentation; immunochemistry
Ligand binding and sedimentation; PCR of cDNA
Ligand binding and sedimentation; PCR of cDNA
Ligand binding and sedimentation
Ligand binding and sedimentation; immunochemistry
Ligand binding and sedimentation

(206)
(270)
(29,177)
(134,177)
(206)
(270)
(209)

CNS
Astrocytes
Glial cells
Neurons
Neurons
Oligodendrocytes

rat
hamster
hamster
rat
rat

Immunochemistry
Autoradiography
Autoradiography
Immunochemistry
In situ hybridization; immunochemistry

(136)
(251)
(251)
(34,136,211,277)
(17)

The VDR expression data suggest that myeloid cells
would be constitutively 1α,25-(OH)2D3 responsive, but
lymphocytes would be responsive only after activation. It is
important to note that as monocytes differentiated into
macrophages, they increased their 1α,25-(OH)2D3
production, but decreased their VDR expression (133). This
observation suggests that at the site of an inflammation, the
activated macrophages may produce hormone that acts via
a paracrine rather than an autocrine pathway to regulate
nearby lymphocytes. In B lymphocytes activated through
the B cell antigen receptor and CD40 in the presence of
interleukin (IL)-4, the 1α,25-(OH)2D3 induced expression
of the CYP24A1 gene encoding the 24-OHase that degrades
the hormone (166, 167). Thus, activated B cells might
inactivate the locally-produced 1α,25-(OH)2D3. Therefore,
the activated T lymphocytes expressing high levels of the
VDR and lacking the 24-OHase might be important targets
of locally-produced 1α,25-(OH)2D3 (Fig. 3A).
Immunological phenotype of VDR-mutant humans and
animals
There is a widely-held and often articulated belief that
the major immunological functions of 1α,25-(OH)2D3 are
to inhibit cytokine synthesis by myeloid lineage cells and
Th1 cells. The in vitro experiments that support this belief
are summarized in Table 2 (myeloid cell studies) and Table
3 (T lymphocyte studies). In particular, it is commonly
stated that 1α,25-(OH)2D3 inhibits IL-12 mRNA synthesis
by antigen-presenting cells and also IFN-γ synthesis by Th1

cells, and in combination, these activities diminish the Th1
cell-mediated responses (139). However, the in vitro data
are often conflicting, for example IL-1 and tumor necrosis
factor-alpha (TNF-α) (Table 2), or cannot be reproduced in
vivo, for example IL-12 (Table 2) and IFN-γ (Table 3).
Consequently, a clear understanding of the
immunological functions of the vitamin D endocrine
system must be derived from studies done in vivo.
Studies of immune function in humans and animals
lacking VDR function have provided important insights
into the immunological functions of 1α,25-(OH)2D3.
Mutations in the VDR gene cause hereditary vitamin Dresistant rickets (HVDRR). The HVDRR patients had
normal myeloid and lymphoid cell development, as
determined by analysis of the cells populating the bone
marrow, blood, and peripheral lymphoid organs (128,176).
However, the HVDRR patients had frequent and severe
episodes of infection (128). This result suggests that
abnormalities do exist with respect to the innate and/or
adaptive immune responses to infection when VDR
function is impaired.
Like the HVDRR patients, mice lacking VDR function
due to a targeted disruption of exon 2 had normal myeloid
and lymphoid cell development (289). A flow cytometric
analysis of neutrophils, macrophages, T cells, B cells, and
natural killer cells in the bone marrow, thymus, spleen, and
mesenteric lymph node showed no differences between the
VDR-null and wild-type mice (289). A second study
reported that the VDR-null and wild-type mice did not differ
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as regards myelopoiesis, macrophage IL-12 synthesis, the
Th1 or Th2 cell fate of CD4+ T cells stimulated with
antibodies to the CD3 component of the T cell receptor
(TCR) complex plus antibodies to the CD28 co-stimulatory
molecule, or the amount of Th1 cell IFN-γ synthesis (188).
However, the VDR-null mice had impaired production of
the Th1-promoting factor IL-18, a decreased Th1 cell
proliferative response to CD3 and CD28 stimulation in the
presence of exogenous IL-12, and decreased expression of
STAT4, a Th1 cell transcription factor. Together, these
results suggested that a functional VDR was essential for
Th1 cell development (188). A third study reported no
abnormalities of myelopoiesis or lymphopoiesis in the
VDR-null mice, but noted a moderately lower proliferative
response to CD3 stimulation in the VDR-null T cells (159).
In addition, the VDR-null macrophages had normal
phagocytosis and killing responses, but decreased
chemotactic responses. Importantly, correcting the
hypocalcemia of the VDR-null mice fully restored the
macrophage chemotactic response, so this particular defect
was a direct consequence of hypocalcemia, not the VDR
mutation (159). Taken together, these definitive in vivo
experiments in VDR-null mice contradicted a large number
of in vitro studies reporting that 1α,25-(OH)2D3 inhibited
IFN-γ and IL-12 mRNA synthesis and inhibited Th1
development.

VITAMIN D AND INFECTION
Vitamin D deficiency, VDR polymorphism, and frequency
of infection
Vitamin D deficiency has long been correlated with a
high incidence of infection, suggesting that this deficiency
may enhance susceptibility to infection. The strongest
Fig. 3
Immunological functions of 1α,25-(OH)2D3.
Panel A) locally-produced 1α,25-(OH)2D3 may limit
inflammation (218). IFN-γ-activated macrophages synthesize
1α,25-(OH)2D3 at a high rate if there is sufficient 25-(OH)D3
substrate to saturate the 1α-OHase active sites (2,3,4,
21,65,67,131,193,216,217). The activated, VDR-expressing T
lymphocytes adjacent to the 1α,25-(OH)2D3-producing
macrophages may respond to the elevated hormone through
altered gene expression and function. Possible activated T cell
responses to the elevated 1α,25-(OH)2D3 might be increased
apoptosis or decreased IL-2 and chemokine synthesis. The
activated B lymphocytes may inactivate the 1α,25(OH)2D3,
since they express the 24-OHase (166,167). Panel B) the
1α,25-(OH)2D3 enhanced the Th2 cell response to cutaneous
antigens, as evidence by increased IL-4, IL-5, and IL-10
synthesis (60). Panel C) the 1α,25-(OH)2D3 1α,25-(OH)2D3
1α,25-(OH)2D3 may inhibit autoimmunity and transplanted
tissue rejection by enhancing suppressor T (Ts) cell function.
Whether the hormone acts directly on the VDR-expressing
T cells or the antigen-presenting cell (APC), or both, is
unknown.
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Th1 cell-mediated responses to tuberculin antigens in an
Indian population (235). This allele was also associated
with a low risk of chronic M. tuberculosis infection and
chronic hepatitis B virus infection in Gambians, implying
association with a Th1 cell-mediated response to these
agents (22,23). Similarly, the less active VDRf allele was
associated with a low risk of chronic M. malmoense
infection in UK patients, again suggesting a Th1 cell
response (83). Together, these results imply that the less
active VDRt and VDRf alleles in some way facilitated a
strong, protective Th1 cell-mediated immune response.
A particularly interesting study involved M. leprae
infection in Calcutta, India (229). The infections were
classified as tuberculoid or lepromatous leprosy.
Tuberculoid leprosy patients made a strong, protective Th1
lymphocyte-driven immune response to the bacterial
pathogen, so they developed mild skin lesions with
tuberculoid granulomata containing very few bacilli (285).
Lepromatous leprosy patients made a strong but poorly
protective Th2 lymphocyte-driven humoral immune
response to the pathogen, so they developed severe skin
lesions with bacilli-laden macrophages. The less active

evidence of this relationship involves mycobacterial
diseases (24,57). Low serum 25-(OH)D3 levels have been
linked to increased susceptibility to M. tuberculosis and M.
leprae infection (45,58,87,281). Conversely, vitamin D and
sunlight were used successfully to treat mycobacterial
diseases before anti-mycobacterial drugs became available
(22). Additional studies showed that children with vitamin
D-deficiency rickets suffered frequent infections and had a
decrease in T lymphocytes (287). These results are
consistent with the report that human HVDRR patients
suffered frequent infections (128). These correlations
suggest that vitamin D supports the immune defenses
against mycobacterial diseases.
If there is enough vitamin D to support an immune
response against mycobacterial diseases, it appears that
subtle differences in VDR function may determine the
quality of that response. The evidence suggesting this
possibility is comprised of correlations between VDR locus
polymorphisms and the type of anti-mycobacterial
immune response that is made. A Th1 cell-mediated
response is protective against mycobacterial (and viral)
diseases. The less active VDRt allele was associated with
Table 2

1,25-(OH)2D3-mediated control of myeloid cell cytokines

Cytokine

Cells

Species

Regulation

References

IL-1
IL-1

Peripheral blood MC
Peripheral blood MC

human
human

(28)
(172,265)

IL-6
TNF-α
TNF-α

Peripheral blood MC
HL-60 cells, U937 cells
Peripheral blood monocytes,
peritoneal macrophages
Peripheral blood MC
RAW264.7 cells
Activated macrophages

human
human
human

enhancement in vitro
inhibition in vitro and
in vivo
inhibition in vivo
enhancement in vitro
inhibition in vitro

(172)
(204,248)
(50,173)

human
mouse
mouse

inhibition in vivo
inhibition in vitro
no effect in vivo

(172)
(54,143)
(188)

TNF-α
IL-12
IL-12

MC: mononuclear cells

Table 3

1,25-(OH)2D3-mediated control of T lymphocyte cytokines

Gene

Cells

Species

Regulation

References

IL-2
IL-2
IL-2
IFN-γ
IFN-γ
IFN-γ
IFN-γ
GM-CSF
GM-CSF
Osteopontin
FasL

Antigen-stimulated T lymphocyte hybridomas
Mitogen-stimulated peripheral blood MC
Peripheral blood mononuclear cells
Mitogen-stimulated peripheral blood MC
Jurkat T cells
Activated Th1 cells
Peripheral blood mononuclear cells
Mitogen-stimulated peripheral blood MC
Jurkat T cells
Osteoblast
T hybridoma cells

mouse
human
human
human
human
mouse
human
human
human
mouse
mouse

inhibition in vitro
inhibition in vitro
no effect in vivo
inhibition in vitro
inhibition in vitro
no effect in vivo
no effect in vivo
inhibition in vitro
inhibition in vitro
stimulation
inhibition in vitro

(29,139)
(209,222,225,264)
(172)
(173,175,219,225)
(54)
(39,43,177,188)
(172)
(219,259)
(261,262)
(181)
(48)

MC: mononuclear cells
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VDRt allele was associated with tuberculoid leprosy
(presumably a protective Th1 cell response), whereas the
more active VDRT allele was associated with lepromatous
leprosy (presumably a non-protective Th2 cell response).
Thus, the VDR genotype may have influenced the Th1 or
Th2 cell lineage choice of newly-activated CD4+ T cells
specific for cutaneous M. leprae antigens, with the more
transcriptionally active alleles possibly favoring the Th2 cell
lineage (Fig. 3B). It is important to note that the association
between theVDR genotype and tuberculosis, hepatitis B, and
M. leprae infection was stronger in subjects with limited
serum 25-(OH)D3 levels than in subjects with substantial
serum 25-(OH)D3 levels (24,235,281,294). In this manner
the genetic risk factor, VDR genotype, appeared to combine
with an environmental risk factor, insufficient sunlight, to
generate the phenotype of susceptibility to infection.
1α,25-(OH)2D3 as a vaccine adjuvant
Further evidence that vitamin D may enhance
immunity to infection derives from studies of 1α,25(OH)2D3 as a possible vaccine adjuvant (59). When mice
were immunized with hepatitis B surface protein, and
1α,25-(OH)2D3 was applied to the skin at the
immunization site, or included directly in the vaccine
innoculum, the hormone increased the mucosal IgG1 and
IgA responses to hepatitis antigen about 3-fold (60).
Similar findings were reported for Haemophilus influenzae
type b oligosaccharide-protein conjugate immunization
(71). Consistent with the increased IgG1 and IgA
responses, the 1α,25-(OH)2D3-treated animals developed a
higher frequency of IL-4, IL-5 and IL-10-producing Th2
cells in the lymph nodes draining the subcutaneous
immunization site than the controls. These in vivo results
refute the idea (derived from in vitro studies) that the
1α,25-(OH)2D3 abrogated Th2 function and reduced IgG
responses (122,140). Moreover, the results are consistent
with the mycobacterial disease studies described above,
and reinforce a model wherein a high level of 1α,25(OH)2D3-liganded VDR transcriptional activity may
promote newly activated CD4+ T cells to adopt the Th2 cell
fate in response to cutaneous antigens (Fig. 3B). The
common mucosal immune system is integral to the host
defense mechanisms that protect mucosal surfaces from
colonization with infectious agents.
Experiments done in vitro have confirmed the ability of
1α,25-(OH)2D3 to promote CD4+ Th2 cell development
under some circumstances (30). CD4+ T cells were
increasingly driven to the Th2 cell fate, rather than the Th1
cell fate, when they were stimulated with antibodies to
CD3 and to CD28 in the presence of 1α,25-(OH)2D3. The
Th2 cell fate was characterized by GATA-3 and c-maf gene
expression, and IL-4-, IL-5- and IL-10-production. Details
of the mechanism underlying this hormone action are not
yet known.
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1α,25-(OH)2D3-induced anti-mycobacterial activity in
macrophages
The resistance of human peripheral blood monocytederived macrophages to M. tuberculosis infection has been
studied in vitro (242). The 1α,25-(OH)2D3 treatment
increased the membrane assembly of a functional
NADPH-dependent phagocyte oxidase, which increased
superoxide anion production and decreased M.
tuberculosis growth. This vitamin D activity appeared to
occur independently of VDR-mediated de novo
transcription from a classical VDRE. Instead, it involved a
rapid activation of the class I phosphatidylinositol 3-kinase.
Other investigators have implicated protein-protein
interactions between the VDR and this phosphatidylinositol 3-kinase in control of monocyte differentiation in
vitro (107). These in vitro studies suggest that a novel nongenomic signaling pathway may mediate some effects of
1α,25-(OH)2D3 on monocyte differentiation and
macrophage function. However, detailed studies documenting
the importance of the proposed non-genomic signaling
pathway in vivo will be needed to confirm this pathway’s
physiological relevance.
In summary, there is considerable evidence that 1α,25(OH)2D3 and the VDR have important biological functions
as regards the immune response to infectious disease. The
associations between vitamin D nutrition, particular VDR
alleles, and susceptibility or resistance to mycobacterial
and viral infections indicates a likely causal relationship
between VDR function as a ligand-activated transcription
regulator and innate and adaptive immunity to infections.
The intriguing studies on M. leprae disease phenotypes
(229) and 1α,25-(OH)2D3 as a vaccine adjuvant (60)
suggest that high levels of 1α,25(OH)2D3-liganded VDR
transcriptional activity may promote the CD4+ Th2 cellmediated and mucosal antibody responses to cutaneous
antigens in vivo (Fig. 3B).

VITAMIN D AND AUTOIMMUNE DISEASE
A diverse and rapidly growing body of evidence
indicates that the vitamin D endocrine system has an
important but poorly understood role in the establishment
and/or maintenance of immunological self tolerance.
Seminal studies demonstrated that administering 1α,25(OH)2D3 inhibited disease induction in animal models of
thyroiditis (74), experimental autoimmune encephalomyelitis (EAE), a model of multiple sclerosis (MS)
(39,142), systemic lupus erythematosis (144), psoriasis
(69), insulin-dependent diabetes mellitus (IDDM) (160),
and both collagen-induced arthritis and Lyme arthritis (40).
The immune responses in these animal models of
autoimmune diseases vary with respect to immune
response type, target tissue, and autoantigens, indicating
that the vitamin D endocrine system may be regulating an
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immunological process that is common to all of these
models. For example, locally-produced 1α,25-(OH)2D3
from activated macrophages may be acting on nearby
VDR+ T lymphocytes in a negative feed-back loop that
resolves an inflammatory response before self tolerance
mechanisms fail and autoimmunity results (Fig. 3).
Multiple sclerosis
The striking geographic distribution of MS suggested
to others (84) and to us the possibility of a link between
sunlight, vitamin D and MS risk (101,102). MS disease
prevalence increased with increasing latitude in both
hemispheres from a low of 1-2 cases per 105 population
near the equator, to a high of >200 cases per 105 population
at latitudes >50o (1). Among latitude-associated variables,
average December solar radiation correlated most strongly
(r = -0.8) with MS prevalence, implying that sunlight might
be protective in MS (1). Three recent reports have
reinforced this possibility. In the United States, individuals
with the highest residential and occupational sunlight
exposure had the lowest risk of mortality from MS (odds
ratio 0.24) and highest risk of mortality from melanoma
(odds ratio 1.38) (76). The lower MS risk among
individuals with high sunlight exposure was independent
of country of origin, age, sex, race and socioeconomic
status (47). Importantly, immigration from a low to a high
solar radiation region reduced MS risk in populations that
carried MS-susceptibility genes (68). For example, Irish
immigrants to Hobart, Australia (42.8ºS) had a 5-fold
higher MS prevalence than Irish immigrants to
Queensland, Australia (25.1ºS), regardless of age at
migration (97). In Australia, there was a higher negative
correlation between MS prevalence and UVB radiation (r
= -0.91) than the positive correlation between UVB
radiation and malignant melanoma (r = 0.75 for males; r =
0.8 for females) (269).
Additional evidence for a link between sunlight,
vitamin D, and decreased MS severity comes from studies
on seasonal variations in MS disease. Disease onset and
exacerbations frequently occurred in the spring
(18,86,120,284), when vitamin D supplies were lowest.
When the seasonal variation in MS lesion frequency (16)
was compared to serum 25-(OH)D3 levels for individuals
living in the same German town, it was clear that lesion
frequency peaked about two months after the nadir of
serum 25-(OH)D3, and serum 25-(OH)D3 peaked about
two months before the nadir of lesion frequency (70). This
important temporal correlation points to a possible cause
and effect relationship between lack of vitamin D and
increased MS severity (70).
If the seasonal variations in MS disease onset and
severity (16,18,86,120,284) are related to vitamin D3
supplies derived from sunlight, as we suggested (101, 102),
then the seasonal variations in MS disease provide an

important insight into vitamin D metabolism and immune
system function. The serum 1α,25-(OH)2D3 level does not
vary seasonally (105), so the hormone supplied by the
serum may not be the most as regards immune system
function. However, the stored vitamin D3 and the serum
25-(OH)D3 levels do vary seasonally. Thus, it may be that
highly localized 1α,25-(OH)2D3 synthesis, supported by
the stored vitamin D3 (acquired through sunlight exposure)
and/or serum 25-(OH)D3, is essential for immunological
health.
A few nutritional studies also point to a link between
vitamin D and MS. Fish is a good vitamin D source, and
MS prevalence was lower along the Norwegian coast than
it was inland (253), which has been attributed to a high fish
diet along the coast (84,253). Furthermore, two small,
uncontrolled, non-blinded trials have suggested that fish oil
consumption may lower MS severity and exacerbations
(85,182). The nutritional status of the MS patients in these
trials as regards vitamin D or other nutrients was not
determined before or after fish oil supplementation. In the
context of vitamin D nutrition, it is noteworthy that vitamin
D insufficiency was common in MS patients. The serum
25-(OH)D3 level was insufficient (<50 nmol/l) in 69% of
MS patients (179), and these patients had significantly
reduced bone mass, and increased bone loss and fracture
rates compared to age- and sex-matched controls (51).
These findings indicate that significant vitamin D
insufficiency of long duration may exist in most MS
patients.
Genetic studies have correlated variant alleles of genes
involved in vitamin D metabolism with MS disease. Such
correlations may imply a causal relationship between the
genotype and the MS-susceptible phenotype. No
associations between MS and VDR, CYP27B1, or Gc
allelic variations were found in Canadians (247), but the
Gc-1f allele was associated with MS in Icelanders (10), and
the VDRb allele was associated with MS in the Japanese
(77). The VDRb allele and the major histocompatibility
complex (MHC) DPB1*0501 allele commonly occurred
together in MS patients (180). Similar results were reported
for a large North American pedigree of Pennsylvania
Dutch extraction in which MS segregated as an autosomal
dominant trait (275). In this important study, all seven MS
patients and none of the eleven unaffected family members
had the MHC DR15,DQ6 genotype together with a
candidate susceptibility locus on Chromosome 12p12. The
markers D12S1715 and GATA63D01 delineated the 18
centimorgan region encompassing the proposed
Chromosome 12p12 susceptibility locus (275). Although
the VDR gene was not considered in this study, it should be
pointed out that the VDR gene is in the delineated region.
Thus, the Pennsylvania Dutch study may be a second
example of particular MHC and VDR genotypes
combining to influence MS susceptibility. How the genes
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may interact is not known. However, based on the known
function of MHC class II molecules in antigen presentation
and the known high level VDR expression in activated
CD4+ T cells, it is tempting to speculate that the interacting
genes may influence which peptides are presented to the
CD4+ T cells and what fate the T cells follow after
encountering the peptides during thymic development (e.g.
during central tolerance induction) or during peripheral
immune responses.
Very strong support for the concept that the vitamin D
endocrine system has an important role in the
establishment and/or maintenance of immunological self
tolerance derives from studies on EAE. Immunizing
rodents with spinal cord homogenate or myelin basic
protein (MBP) induces a progressively paralytic
autoimmune disease with strong similarities to MS (190).
The biologically active hormone, 1α,25-(OH)2D3, partially
inhibited EAE morbidity and mortality in MBP-primed
SJL/J mice (142). Moreover, 1α,25-(OH)2D3 pretreatment
completely blocked EAE induction in MBP-primed
B10.PL mice (39). Further, 1α,25-(OH)2D3 treatment
rapidly reversed the paralytic symptoms of mice with
severe acute EAE (178). Together these experiments
indicate that 1α,25-(OH)2D3 is a profoundly important
EAE inhibitor.
The mechanisms by which the vitamin D endocrine
system may influence MS or EAE are not known. The
1α,25-(OH)2D3 prevented EAE in CD8-null mice (164)
but not VDR-null mice (165), indicating that the VDR is
necessary, but CD8+ T cells are not necessary for the
inhibition mechanism. The lower the dietary calcium level,
the higher was the 1α,25-(OH)2D3 dose needed to
completely prevent EAE symptoms, suggesting a role for
calcium in the disease inhibition mechanism (41). MS is
thought to develop when CD4+ Th1 lymphocytes initiate
an abnormal autoimmune response to a neural protein,
causing mononuclear cell infiltration, demyelination,
oligodendrocyte loss and axonal degeneration (7).
Similarly, neural protein-specific CD4+ Th1 lymphocytes
producing IFN-γ are pathogenic in EAE (292). For these
reasons, current research in the EAE model has focused on
the possible involvement of VDR+CD4+ T cells as targets
of 1α,25-(OH)2D3 action.
Many previous in vitro studies conducted on peripheral
blood mononuclear cells reported that 1α,25-(OH)2D3
addition inhibited antigen- and mitogen-induced T cell
proliferation through IL-2 downregulation (8,28,29,122,
123,134,140,141,152,161,209,222,223,224,225,230,237,2
54,264) and cell cycle arrest (223,225). This inhibitory
effect appeared to be a direct action on T cells, because the
1α,25-(OH)2D3 also inhibited the proliferation of highly
purified T cells that were stimulated with antibodies to
CD3 and to CD28 (170,173,174). In addition, the hormone
inhibited mitogen-induced IFN-γ synthesis in vitro
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(54,170,173,219,225). The molecular basis for 1α,25(OH)2D3-mediated repression of IL-2 secretion has been
studied in a transient transfection system. When an IL-2
promoter-reporter construct and a VDR construct were
transiently transfected into Jurkat T cells, and the cells were
stimulated in the presence of 1α,25-(OH)2D3, the liganded
VDR-RXR heterodimers blocked the formation of the
NFATp and Fos-Jun protein dimers that are involved in
activating the IL-2 promoter (8). Together, these in vitro
studies fostered the idea that 1α,25-(OH)2D3 inhibited
CD4+ Th1 cell proliferation and IFN-γ synthesis, and this
mechanism accounted for the hormoneís ability to inhibit
EAE (139).
Our laboratory has been interested in the mechanisms
by which the vitamin D endocrine system controls EAE.
We reported that activated CD4+ Th1 and Th2 cells
expressed the VDR, so both could be hormone targets
(177). When we tested the CD4+ Th1 cell inhibition
hypothesis in vivo, the results did not support it (177). The
B10.PL mice pretreated with 1α,25-(OH)2D3 did not
develop EAE when they were primed with MBP, but
contrary to the Th1 inhibition hypothesis, the lymph nodes
of these mice had a high frequency of CD4+ Th1 cells that
proliferated and produced IFN-γ in response to MBP. In
addition, when MBP-specific, IFN-γ-producing CD4+ Th1
cells were subjected to 1α,25-(OH)2D3 treatment in vitro,
the IFN-γ synthesis did not decline. Finally, when MBPspecific, IFN-γ-producing CD4+ Th1 cells were transferred
into unprimed recipient mice, the 1α,25-(OH)2D3
treatment did not inhibit their ability to cause EAE. Thus,
our in vivo results in the EAE model ruled out a simple
mechanism of 1α,25-(OH)2D3-mediated inhibition of
CD4+ Th1 cell proliferation and IFN-γ synthesis.
Studies done with human cells have reinforced the
conclusion that the 1α,25-(OH)2D3 has no direct effect on
IFN-γ synthesis in T cells. Firstly, the 1α,25-(OH)2D3 did
not inhibit IFN-γ secretion from highly purified human T
cell lines that were stimulated with antibodies to CD3 and
to CD28 (174). Secondly, when healthy human volunteers
were dosed with 1α,25-(OH)2D3, it had no effect on the IL-2
or IFN-γ produced by their peripheral blood mononuclear
cells (172). Thus, in vivo studies in mice and humans
indicate that 1α,25-(OH)2D3 does not inhibit T cell IFN-γ
synthesis.
A second hypothesis was that the 1α,25-(OH)2D3 might
influence CD4+ T cells to follow a Th2 cell fate, which was
observed in vitro (30, 82) and under some circumstances in
vivo (40,59,60). We used the adoptive transfer of TCR
transgenic cells specific for MBP to trace the fate of the
MBP-specific T cells in B10.PL mice. When the recipients
of the TCR-transgenic cells were treated with 1α,25(OH)2D3 and immunized with MBP, they did not develop
EAE. No increase in Th2 cell IL-4 transcripts, either in the
lymph nodes or in the CNS, accompanied 1α,25-(OH)2D3-
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mediated prevention of EAE in these mice (177). Similarly,
Th2 cell generation did not accompany 1,25-(OH)2D3mediated prevention of EAE in myelin oligodendrocyte
glycoprotein-primed Biozzi AB/H mice (162). Others
showed that the 1α,25-(OH)2D3 prevented EAE in mice fed
a low calcium diet and immunized with MBP, but no
increase in Th2 cell IL-4 transcripts occurred in these mice
(41). Furthermore, the 1α,25-(OH)2D3 was only slightly
less protective in IL-4-null mice than in wild-type controls
(42). Thus, studies from three laboratories have ruled out
1,25-(OH)2D3-mediated enhancement of Th2 development
as an obligatory step in the EAE inhibition mechanism.
A third hypothesis was that the 1α,25-(OH)2D3 might
inhibit DC maturation, resulting in decreased CD4+ Th1 cell
priming. This hypothesis derived from in vitro studies
showing that 1α,25-(OH)2D3 inhibited DC maturation in
bone marrow or peripheral blood cell cultures
supplemented with granulocyte macrophage colony
stimulating factor (GM-CSF) and IL-4 (26,37,93,200,201).
The criteria of DC immaturity were retention of high
mannose receptor levels and endocytic activity, and failure
to up-regulate CD40, CD80, CD83, CD86 and class II
MHC molecules, and to activate T cells in mixed
lymphocyte culture. The DC derived from the 1α,25(OH)2D3 supplemented cultures retained the capacity to
produce IL-10 upon activation (37,200). Further, 1α,25(OH)2D3 treatment in vitro decreased costimulatory
molecule expression (49), inhibited IL-12 production
(37,54,137,200), and promoted apoptosis (200). Compared
with wild-type animals, VDR-null mice had an increase in
mature DC in lymph nodes but not in spleen (92). We
reasoned that if the 1α,25-(OH)2D3 directly prevented DC
maturation and subsequent priming of Th1 cells, then the
hormone should prevent EAE in mice that expressed a
transgenic TCR specific for MBP, whether or not these mice
had other T and B lymphocytes. However, we found that the
1α,25-(OH)2D3 did not inhibit EAE in TCR-transgenic
B10.PL mice that had a non-functional Rag-1 gene,
although it inhibited MBP-induced EAE in TCR-transgenic
B10.PL mice that had a functional Rag-1 gene (177). These
data do not rule out an indirect effect of 1α,25-(OH)2D3 on
DC, but they are not consistent with a simple mechanism
whereby the 1α,25-(OH)2D3 acts directly on immature DC
to prevent their maturation. Our results suggest that Rag-1dependent T or B lymphocytes are necessary for 1α,25(OH)2D3-mediated inhibition of EAE. Thus, it is possible
that the hormone acts on a Rag-1-dependent cell, and this
cell subsequently influences DC function.
Additional studies from our laboratory examined the
fate of unprimed, MBP-specific, TCR-transgenic T cells
that were transferred into 1α,25-(OH)2D3- or placebotreated B10.PL mice prior to MBP priming (177). In the
placebo-treated mice that had severe acute EAE, activated,
IFN-γ-producing, TCR-transgenic T cells were detected in

the lymph nodes and in the central nervous system (CNS).
In the 1α,25-(OH)2D3-treated mice without EAE signs,
activated, IFN-γ-producing, TCR-transgenic T cells were
detected in the lymph nodes but not in the CNS. These
results suggest that in this EAE model, CNS resident or
recruited cells participated in the mechanism whereby the
1α,25-(OH)2D3 inhibited EAE induction. These CNS
resident or recruited cells might be the Rag-1-dependent,
CD4+TCRab+ regulatory T cells that suppressed the
activation of neural peptide-specific T cells in the CNS
(191,268). Thus, our working model postulates that the
1α,25-(OH)2D3 treatment may augment the function of
these CNS resident or recruited suppressor T cells that
maintain self tolerance to neural proteins in the CNS by
suppressing neural antigen-specific CD4+ Th1 cell
activation, possibly by influencing the antigen-presenting
cell (177) (Fig. 3C).
Our laboratory has also studied the process by which
1α,25-(OH)2D3 reversed EAE (178). Mice with severe
acute EAE (complete hind limb paralysis) were randomized
to receive 1α,25-(OH)2D3 or placebo treatment. The
hormone-treated animals began walking with a wobbly gate
at 3 days post treatment, whereas placebo-treated mice
remained paralyzed. A histopathological examination at 3
days post treatment showed the hormone-treated mice had
a 50% decrease in white matter and meningeal
inflammation. A flow cytometric analysis at 1-2 days post
treatment showed that the hormone-treated mice had 70%
fewer CD11b+ cells per spinal cord sample than the
placebo-treated mice (178). Gene expression studies at 1
day post treatment have shown that the decline in CD11b+
cells was attributable to a 1α,25-(OH)2D3-mediated
decrease in the chemokines that attract these cells (L.
Pedersen, F. Nashold and C. Hayes, submitted to ?).
Together, these data clearly showed that the 1α,25-(OH)2D3
contributed to the resolution of inflammation in mice with
established EAE by reducing the burden of CD11b+
inflammatory cells. Others confirmed that 1α,25-(OH)2D3
treatment rapidly improved clinical EAE disease in the
Lewis rat model (80). These investigators reported
hormone-mediated inhibition of CD4, MHC class II and
type II nitric oxide synthase expression in the posterior areas
of the CNS. They hypothesized that the 1α,25-(OH)2D3
may directly inhibit the type II nitric oxide synthase
promoter in microglia and astrocytes.
Transforming growth factor-β1 (TGF-β1) is widely
recognized as an anti-inflammatory cytokine that may play
an important role in immunological self tolerance (210).
The possibility that this cytokine participates in 1α,25(OH)2D3-mediated inhibition of EAE has been considered.
We reported that 1α,25-(OH)2D3 treatment prior to EAE
induction enhanced TGF-β1 transcripts in the lymph nodes,
but we were unable to detect an enhancement of TGF-β1
proteins (43). Similarly, we reported that 1α,25-(OH)2D3
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treatment after EAE induction enhanced TGF-β1
transcripts in the CNS (43). However, we were unable to
detect an enhancement of TGF-β1, TGF-β1, TGF-β2 or
TGF-b3 proteins, or their receptors, in spinal cord samples
from 1α,25-(OH)2D3 compared to placebo-treated mice
with EAE (C. Hayes, K. Flanders, F. Nashold, M. Rude and
K. Spach, unpublished). Other investigators found no effect
of short-term 1α,25-(OH)2D3 treatment on TGF-β1
transcripts in the CNS (80). Thus, the possibility that TGFβ1 participates in 1α,25-(OH)2D3-mediated inhibition of
EAE remains an unsettled question.
Diabetes
Like MS, there is compelling evidence from
epidemiological, genetic, nutritional, and immunological
studies for a link between sunlight, vitamin D and IDDM
risk. Firstly, IDDM incidence increased with increasing
latitude in Europe (78,88,94,212,228,266,282),
Scandanavia (6,55,186), China (145) and Canada (290).
Furthermore, IDDM incidence varied inversely with solar
radiation exposure (203), establishing a link between
sunlight and IDDM risk. Vitamin D insufficiency may exist
in most IDDM patients, as evidenced by their lower mean
1α,25-(OH)2D3 concentrations and higher molar ratios of
24,25-(OH)2D3 to 25-(OH)D3 compared to healthy controls
(11,20,75,185,227). Low bone density has also been
reported in IDDM patients, but the interpretation of this
observation is controversial (202). Most significantly, large
population-based studies have shown that high dietary
vitamin D supplementation in infancy correlated with a
significantly reduced risk of IDDM in later life
(95,99,116,184,249). Thus, there is a solid correlation
between inadequate vitamin D nutrition and elevated
IDDM risk.
A possible causal relationship between inadequate
vitamin D endocrine system function and increased IDDM
susceptibility is further strengthened by genetic studies
correlating variant VDR alleles with IDDM. The VDRb
allele was implicated in IDDM susceptibility in Indian
Asians (163), Germans (72,196,197) and Taiwanese (46).
In the Dalmatian population of south Croatia, the VDRt
allele was a risk factor for IDDM (241). In Japanese
families, the VDRF genotype was associated with IDDM
(19,288). In French families, the VDRt allele was associated
with a high risk for severe diabetic retinopathy (256). To
date, no Gc (130) or CYP27B1 (198) polymorphisms have
been associated with IDDM. Thus, in Indian, German,
Taiwanese, Japanese and French families, associations
between VDR alleles and IDDM susceptibility have been
reported, and in one report, a gender-specific association
was observed (96).
The basis for a protective role of 1α,25-(OH)2D3 in
IDDM has been studied in the non-obese diabetic (NOD)
mouse, which develops IDDM spontaneously and is widely
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used as an IDDM model (15). A seminal study reported that
treatment of NOD mice with 1α,25-(OH)2D3 prevented
pancreatic insulitis (158). These investigators subsequently
reported that 1α,25-(OH)2D3 treatment also reduced the
incidence of IDDM in NOD mice (160). It is significant that
the NOD macrophages had a defect in 1α,25-(OH)2D3
synthesis (194), which may be related to the IDDM disease
prone phenotype of NOD mice. This result strongly
suggests that a negative feed-back loop initiated by
activated macrophage 1α,25-(OH)2D3 synthesis has some
role in protection from IDDM (Fig. 3A). A second
postulated role for 1α,25-(OH)2D3 in IDDM is reducing the
vulnerability of pancreatic islet cells to a cytotoxic T cellmediated attack (220). Yet another mechanism was
suggested by data showing that the 1α,25-(OH)2D3mediated prevention of IDDM in NOD mice was
accompanied by an increase in Th2 cell IL-4 production and
a decrease in Th1 cell IFN-γ production in response to
pancreatic autoantigens, both in the pancreas and in the
peripheral lymph nodes (194). The dominance of the IL-4
response suggests that the hormone may have stimulated
the pancreatic autoantigen-specific T cells to follow the Th2
cell fate (Fig. 3B). It is noteworthy that the 1α,25-(OH)2D3
treatment did not stimulate ovalbumin-specific T cells to
follow the Th2 cell fate in NOD mice, indicating that the
mechanism for the immune deviation effect was complex
and autoantigen specific. A final mechanism considered
was induction of suppressor cells. One group found that the
protection against IDDM afforded by 1α,25-(OH)2D3
treatment of NOD mice appeared to be independent of
suppressor cells (44). However, another group showed that
treatment of NOD mice with 1α,25-dihydroxy-16,23Zdiene-26,27-hexafluoro-19-nor vitamin D3, an analog of
1α,25-(OH)2D3, inhibited IDDM (91). In this study, no
marked development of Th2 cells was noted. Rather, the
analog enhanced the function of CD4+CD25+CD38+
suppressor T cells. These suppressor T cells inhibited
activation of CD4+ T cells specific for pancreatic proteins in
the pancreatic lymph node but not in the spleen. This result
is similar to our finding that 1α,25-(OH)2D3 enhanced the
function of Rag-1-dependent cells that inhibited activation
of CD4+ T cells specific for neural proteins in the CNS but
not in the spleen in mice immunized to induce EAE (177).
Together, these results from two disparate systems point to
a role for suppressor T cells in the mechanism whereby the
vitamin D endocrine system supports immunological self
tolerance (Fig. 3C). These suppressor T cells may function
within the tissues that express their cognate self epitopes.
Other autoimmune diseases
There is some evidence for a link between sunlight,
vitamin D, and reduced risk of the inflammatory bowel
diseases (IBD), Crohn’s disease and ulcerative colitis
(UC), although the evidence is much less compelling than
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the evidence for such a link in MS or IDDM. IBD is a
chronic inflammatory disease of the gastrointestinal tract
with an uncertain etiology. The key pathological
mechanism in IBD appears to involve a dysregulated
immune response to gastrointestinal tract antigens (119).
There are some reports that IBD risk varies with latitude.
The death rates from Crohn's disease and UC were high in
England, Germany and the Scandinavian countries, and
low in Mediterranean countries (214,244). In Europe, the
Crohn’s disease rate was 80% higher in the northern than
in the southern countries (238). Furthermore, both Crohn's
disease and UC appeared to be more frequent in the
northern than in the southern United States (244). The IBD
risk reportedly also varies by occupation, with indoor work
increasing the risk (52,243), and by season, with symptom
onset mainly in the winter (169). These correlations may
signal a relationship between low sun exposure and IBD
risk. Hypovitaminosis D and low bone mineral density
have been documented in IBD patients (63,98,117,118,
127,135,233,234,239,276). The interpretation of the
relationship between IBD, hypovitaminosis D, and bone
mineral density is complex, because IBD disturbs nutrient
absorption, and some of the drugs use to treat IBD have
effects on bone mineral density. Small dietary studies have
shown that fish oil supplements lessened the clinical IBD
symptoms in UC patients (14, 250). These studies are also
difficult to interpret, because there are several antiinflammatory components of fish oil, and no further
information is available on which of them may be
beneficial in IBD. Finally, an IBD susceptibility locus was
mapped to Chromosome 12 (53,64,232). Genetic fine
mapping of the Chromosome 12 IBD susceptiblity locus
showed that the less active VDRt allele was associated with
Crohn’s disease in German families (156) and in a larger
sample of Europeans (240).
The combined geographic, ecological, nutritional, and
genetic evidence led us to hypothesize that high sunlight
exposure or supplemental vitamin D3 might reduce IBD
risk by increasing the immunoregulatory functions of
1α,25-(OH)2D3. We explored this possibility experimentally using the dextran sodium sulfate-induced colitis
model in C3H/HeJ mice (149). We found that 1,25(OH)2D3 pre-treatment reduced colon histopathology by
61% in the acute colitis phase of IBD (C. Hayes and F.
Nashold, unpublished). Moreover, when 1α,25-(OH)2D3
was administered to mice with chronic dextran sodium
sulfate-induced colitis, the hormone treatment reduced
colon histopathology by 40% (Hayes and Nashold,
unpublished). Others reported that 1α,25-(OH)2D3
treatment reduced spontaneous colitis in IL-10-knockout
mice (42), but had no effect on spontaneous colitis in IL-2knockout mice (25). Thus, experiments in animal models
of IBD are beginning to document a protective effect of
1α,25-(OH)2D3 in IBD.

Other autoimmune diseases may also be vitamin Dresponsive. In murine Lyme arthritis and collagen-induced
arthritis, we found that dietary 1α,25-(OH)2D3
supplementation minimized or prevented arthritis
symptoms (40). In addition, when given to mice with early
arthritis symptoms, dietary 1α,25-(OH)2D3 supplementation prevented symptom progression. Others reported a
weak association between the VDRb allele and early onset
rheumatoid arthritis in Spanish women (79). Patients with
arthritis-associated MHC alleles and VDR alleles had the
earliest disease onset. Similarly, for the autoimmune
disease spontaneous lupus erythematosis, theVDRb allele
was associated with lupus in Chinese patients (114). Also,
adding 1α,25-(OH)2D3 to peripheral blood cells from lupus
patients inhibited the spontaneous immunoglobulin
synthesis by these cells (147). Finally, the 1α,25-(OH)2D3
inhibited lupus in MRL/1 mice (144). No further
information on these suggestive links between vitamin D
and arthritis or lupus is yet available.

VITAMIN D AND TRANSPLANTATION
Research into the immunoregulatory activities of 1α,25(OH)2D3 suggested to us and to others that 1α,25-(OH)2D3
(or its analogs) might inhibit the rejection of transplanted
tissue. The effects of 1α,25-(OH)2D3 in tissue
transplantation are reviewed here. The effects of its analogs
in tissue transplantation have been reviewed previously
(157).
Heart transplantation
We tested the hypothesis that 1α,25-(OH)2D3 might
delay the rejection of transplanted tissue in a cardiac
allograft model system (115). Neonatal murine heart tissue
was transplanted into MHC-incompatible recipient mice.
Administering 1α,25-(OH)2D3 to the recipient mice
prolonged the heart allograft survival from 13 to 51 days,
compared to the placebo-treated mice. The 1α,25-(OH)2D3
was more efficacious than cyclosporine in prolonging graft
survival. Similar results were obtained in a rat heart allograft
model (115). Prolonged graft survival was achieved without
an increase in susceptibility to fungal or viral infection and
without hypercalcemia (40). These results indicated that the
1α,25-(OH)2D3 might be a clinically useful immunomodulatory agent in human organ transplantation.
Kidney transplantation
Because the kidney is the major site of 1α,25-(OH)2D3
synthesis, kidney transplant patients commonly receive
supplementary 1α,25-(OH)2D3 to maintain mineral ion
homeostasis and skeletal integrity. This clinical practice
afforded the opportunity to investigate the effect of the
supplementary hormone on renal allograft survival in
humans. A case-control study showed that the 1α,25-
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(OH)2D3 treatment significantly prolonged the function of
the transplanted kidney (12,187). One possible mechanism
for prolonging renal graft function might be a hormonemediated decrease in intra-graft fibrosis (13). In rodent renal
transplant models, the 1α,25-(OH)2D3 treatment reduced
the amount of bioactive TGF-β1 protein in the renal lysates,
which would be expected to reduce fibrosis. The treatment
also increased the formation of a complex between Smad3,
a downstream mediator of TGF-β1 signaling (62), and the
VDR. The finding of decreased TGF-β1 protein and
increased Smad3-VDR complex formation is somewhat
puzzling, because one might have expected the decrease in
TGF-β1 protein to yield a decrease in active Smad3. Others
reported that formation of a Smad3-VDR complex
increased the ligand-induced VDR transactivation function
(286). Clearly, further investigation will be required to
understanding crosstalk between the TGF-b and the VDR
pathways and how it may influence renal allograft survival.
Pancreatic islet transplantation
Interesting information has also come from studies
exploring a combination of 1α,25-(OH)2D3 and the
immunosuppressive drug mycophenolate mofetil for
prolonging pancreatic islet allograft survival (5, 89, 90). The
1α,25-(OH)2D3 treatment alone delayed islet allograft
rejection in 50% of the recipients. However, the combined
1α,25-(OH)2D3 plus mycophenolate mofetil treatment
induced long-term tolerance to the allografts. The
investigators implicated an increased frequency of
transferable CD4+CD25+ suppressor T cells and changes in
CD11c+ DC function as part of the tolerogenic mechanism.
The DC recruited to the allograft in the tolerant mice
displayed lower levels of the co-stimulatory molecules
CD40, CD80 and CD86, secreted less IL-12p75, and
elicited a lower T cell-mediated IFN-γ response than the DC
recruited to the allograft in the acutely rejecting mice. It
remains to be elucidated whether the target of the 1α,25(OH)2D3 action in this system was the suppressor T cell or
the DC cell or both. However, the conclusion that the
mechanism of 1α,25-(OH)2D3 action in this system
involves CD4+CD25+ suppressor T cells is reminiscent of
results obtained in autoimmune disease models as
illustrated in Fig. 3C.
Liver transplantation
The ability of 1α,25-(OH)2D3 to prolong liver allograft
survival has also been studied (215). Rats were treated with
1α,25-(OH)2D3 prior to transplantation, and graft survival
and cytokine indicators of an immune response were
measured. The 1α,25-(OH)2D3 prolonged the liver allograft
survival as evidenced by a decrease in the release of liver
enzymes into the serum. The hormone treatment also
reduced the intra-graft IL-2 and IL-12 concentrations, while
increasing the IL-4 and IL-10 concentrations. These data
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suggest a possible shift to a Th2-mediated immune response
as illustrated in Fig. 3B.

SUMMARY
A renaissance of interest in the immunological functions
of the vitamin D endocrine system has been stimulated by
recent progress in the areas of infectious disease,
autoimmune disease, and transplantation. It is clear that
considerable additional experimentation in these emerging
research areas will be required to develop detailed
mechanistic understandings of how 1α,25-(OH)2D3
influences immunity. Good evidence indicates that the IFNγ-activated macrophage functions as a source of 1α,25(OH)2D3 at sites of inflammation, provided there is
sufficient 25-OH-D3 to supply substrate to the 1α-OHase.
However, we do not yet know exactly which immune
system cells are the targets of this highly localized hormone
synthesis, or how the 1α,25-(OH)2D3 alters the functions of
those cells. The decreasing VDR expression in the activated
macrophages, together with the increasing VDR expression
in activated T and B lymphocytes, suggests that the locallyproduced 1α,25-(OH)2D3 probably functions in a paracrine
rather than autocrine regulatory loop. Studies on vitamin D
deficiency and VDR-mutant humans and rodents indicate
that the vitamin D endocrine system is essential for effective
immune responses to infectious agents, but not for
lymphopoiesis or myelopoiesis. There are indications that a
high level of the 1α,25-(OH)2D3 and transcriptionally active
VDR alleles may enhance the development of strong Th2
cell-mediated responses, but mechanistic details of how this
may occur are lacking. A wide variety of epidemiological,
genetic, nutritional and biological studies done in humans
and rodents are pointing to an important role for the vitamin
D endocrine system in maintaining immunological self
tolerance. The most encouraging studies in this regard
showed that supplementary vitamin D in childhood
correlated with a much reduced IDDM incidence in
adulthood. Once again, the mechanisms underlying the
1α,25-(OH)2D3-mediated enhancement of self tolerance,
and tolerance to allografts, are not yet clear. The
mechanisms may relate to a paracrine feed-back loop
resolving inflammation, or influence over the differentiation
fate of activated CD4 T cells, or to enhancement of
suppressor T cell functions, or all of these. It will be exciting
to see the progress made in these rapidly developing areas
when the subject of vitamin D and the immune system is
next reviewed.
Acknowledgments – We wish to thank Dr. John J. Marchalonis (Tucson
Univ., AR) for the opportunity to write this review, and Dr. Jean-Yves
Sgro (Biotechnology Center, University of Wisconsin-Madison) for
generously providing Fig. 2B. We are indebted to Dr. Bill Woodward
(Department of Human Biology and Nutritional Sciences, University of
Guelph) and Dr. G. Kerr Whitfield (Department of Biochemistry,

16

C.E. Hayes et al..

University of Arizona) for carefully reading the manuscript and
providing insightful comments. Finally, we wish to acknowledge the
National Multiple Sclerosis Society for providing grant RG-3107-A-2 to
support our research.

REFERENCES
1. Acheson, E.D., Bachrach, C.A. and Wright, F.M., Some comments
on the relationship of the distribution of multiple sclerosis to latitude,
solar radiation and other variables. Acta Psych. Scandanavia 1960,
35 (Suppl. 147): 132-147.
2. Adams, J.S. and Gacad, M.A., Characterization of 1 alphahydroxylation of vitamin D3 sterols by cultured alveolar
macrophages from patients with sarcoidosis. J. Exp. Med. 1985, 161:
755-765.
3. Adams, J.S., Sharma, O.P., Gacad, M.A. and Singer, F.R.,
Metabolism of 25-hydroxyvitamin D3 by cultured pulmonary
alveolar macrophages in sarcoidosis. J. Clin. Invest. 1983, 72: 18561860.
4. Adams, J. S., Singer, F.R., Gacad, M.A., Sharma, O.P., Hayes, M.J.,
Vouros, P. and Holick, M.F., Isolation and structural identification of
1,25-dihydroxyvitamin D3 produced by cultured alveolar
macrophages in sarcoidosis. J. Clin. Endocrinol. Metabol. 1985, 60:
960-966.
5. Adorini, L., Penna, G., Casorati, M., Davalli, A.M. and Gregori, S.,
Induction of transplantation tolerance by 1,25-dihydroxyvitamin D3.
Transplant. Proc. 2001, 33: 58-59.
6. Akerblom, H.K. and Reunanen, A., The epidemiology of insulindependent diabetes mellitus (IDDM) in Finland and in northern
Europe. Diab. Care 1985, 8(Suppl. 1): 10-16.
7. Al-Omaishi, J., Bashir, R. and Gendelman, H.E., The cellular
immunology of multiple sclerosis. J. Leukoc. Biol. 1999, 65: 444452.
8. Alroy, I., Towers, T.L. and Freedman, L.P., Transcriptional repression
of the interleukin-2 gene by vitamin D3: direct inhibition of
NFATp/AP-1 complex formation by a nuclear hormone receptor.
Mol. Cell. Biol. 1995, 15: 5789-5799.
9. Amento, E.P., Vitamin D and the immune system. Steroids 1987, 49:
55-72.
10. Arnason, A., Jensson, O., Skaftadottir, I., Birgisdottir, B.,
Gudmundsson, G. and Johannesson, G., HLA types, GC protein and
other genetic markers in multiple sclerosis and two other
neurological diseases in Iceland. Acta Neurol. Scand. 1980,
62(Suppl. 78): 39-40.
11. Arreola, F., Paniagua, R., Diaz-Bensussen, S., Urquieta, B., LopezMontano, E., Partida-Hernandez, G. and Villalpando, S., Bone
mineral content, 25-hydroxycalciferol and zinc serum levels in
insulin-dependent (type I) diabetic patients. Arch. Invest. Med.
Mexico 1990, 21: 195-199.
12. Aschenbrenner, J.K., Hullett, D.A., Heisey, D. M., Pirsch, J.D.,
Sollinger, H.W. and Becker, B.N., 1,25-Dihydroxyvitamin D3 (1,25(OH)2D3) has salutary effects on renal allograft function.
Transplantation 2000, 69: S229.
13. Aschenbrenner, J.K., Sollinger, H.W., Becker, B.N. and Hullett,
D.A., 1,25-(OH)2D3 Alters the transforming growth factor beta
signaling pathway in renal tissue, J. Surg. Res. 2001, 100: 171-175.
14. Aslan, A. and Triadafilopoulos, G., Fish oil fatty acid
supplementation in active ulcerative colitis: a double-blind, placebocontrolled, crossover study. Am. J. Gastroenterol. 1992, 87: 432-437.
15. Atkinson, M.A. and Leiter, E.H., The NOD mouse model of type 1
diabetes: as good as it gets? Nat. Med. 1999, 5: 601-604.
16. Auer, D.P., Schumann, E.M., Kumpfel, T., Gossl, C. and
Trenkwalder, C., Seasonal fluctuations of gadolinium-enhancing
magnetic resonance imaging lesions in multiple sclerosis. Ann.

Neurol. 2000, 47: 276-277.
17. Baas, D., Prufer, K., Ittel, M.E., Kuchler-Bopp, S., Labourdette, G.,
Sarlieve, L.L. and Brachet, P., Rat oligodendrocytes express the
vitamin D3 receptor and respond to 1,25-dihydroxyvitamin D3. Glia
2000, 31: 59-68.
18. Bamford, C.R., Sibley, W.A. and Thies, C., Seasonal variation of
multiple sclerosis exacerbations in Arizona. Neurology 1983, 33:
697-701.
19. Ban, Y. and Taniyama, M., Vitamin D receptor gene polymorphisms
in Hashimoto's thyroiditis. Thyroid 2001, 11: 607-608.
20. Baumgartl, H.J., Standl, E., Schmidt-Gayk, H., Kolb, H.J., Janka,
H.U. and Ziegler, A.G., Changes of vitamin D3 serum concentrations
at the onset of immune-mediated type 1 (insulin-dependent) diabetes
mellitus. Diab. Res. 1991, 16: 145-148.
21. Bell, N.H., Renal and nonrenal 25-hydroxyvitamin D-1alphahydroxylases and their clinical significance. J. Bone Miner. Res.
1998, 13: 350-353.
22. Bellamy, R., Evidence of gene-environment interaction in
development of tuberculosis. Lancet 2000, 355: 588-589.
23. Bellamy, R., Ruwende, C., Corrah, T., McAdam, K.P., Thursz, M.,
Whittle, H.C. and Hill, A.V., Tuberculosis and chronic hepatitis B
virus infection in Africans and variation in the vitamin D receptor
gene. J. Infect. Dis. 1999, 179: 721-724.
24. Bellamy, R.J. and Hill, A.V., Host genetic susceptibility to human
tuberculosis. Novartis Found. Symp. 1998, 217: 3-13-23.
25. Bemiss, C.J., Mahon, B.D., Henry, A., Weaver, V. and Cantorna,
M.T., Interleukin-2 is one of the targets of 1,25-dihydroxyvitamin D3
in the immune system. Arch. Biochem. Biophys. 2002, 402: 249-254.
26. Berer, A., Stockl, J., Majdic, O., Wagner, T., Kollars, M., Lechner, K.,
Geissler, K. and Oehler, L., 1,25-Dihydroxyvitamin D3 inhibits
dendritic cell differentiation and maturation in vitro. Exp. Hematol.
2000, 28: 575-583.
27. Bhalla, A.K., Amento, E.P., Clemens, T.L., Holick, M.F. and Krane,
S.M., Specific high-affinity receptors for 1,25-dihydroxyvitamin D3
in human peripheral blood mononuclear cells: presence in
monocytes and induction in T lymphocytes following activation. J.
Clin. Endocrinol. Metabol. 1983, 57: 1308-1310.
28. Bhalla, A.K., Amento, E.P. and Krane, S.M., Differential effects of
1,25-dihydroxyvitamin D3 on human lymphocytes and
monocyte/macrophages: inhibition of interleukin-2 and
augmentation of interleukin-1 production. Cell Immunol. 1986, 98:
311-322.
29. Bhalla, A.K., Amento, E.P., Serog, B. and Glimcher, L.H., 1,25Dihydroxyvitamin D3 inhibits antigen-induced T cell activation. J.
Immunol. 1984, 133: 1748-1754.
30. Boonstra, A., Barrat, F.J., Crain, C., Heath, V.L., Savelkoul, H.F. and
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.
31. Bouillon, R., Carmeliet, G., Daci, E., Segaert, S. and Verstuyf, A.,
Vitamin D metabolism and action. Osteoporos. Int. 1998, 8: S13S19.
32. Bouillon, R., Verstuyf, A., Branisteanu, D., Waer, M. and Mathieu,
C., [Immune modulation by vitamin D analogs in the prevention of
autoimmune diseases]. Verh. K. Acad. Geneeskd. Belg. 1995, 57:
371-385; discussion 385-377.
33. Brennan, A., Katz, D.R., Nunn, J.D., Barker, S., Hewison, M.,
Fraher, L.J. and O'Riordan, J.L., Dendritic cells from human tissues
express receptors for the immunoregulatory vitamin D3 metabolite,
dihydroxycholecalciferol. Immunology 1987, 61: 457-461.
34. Brewer, L.D., Thibault, V., Chen, K.C., Langub, M.C., Landfield,
P.W. and Porter, N.M., Vitamin D hormone confers neuroprotection
in parallel with downregulation of L-type calcium channel
expression in hippocampal neurons. J. Neurosci. 2001, 21: 98-108.
35. Brommage, R. and DeLuca, H.F., Evidence that 1,25-

03-34 Mar

The immune functions of vitamin D

36.

37.

38.
39.

40.
41.

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.
52.

dihydroxyvitamin D3 is the physiologically active metabolite of
vitamin D3. Endocr. Rev. 1985, 6: 491-511.
Calgas, A.E., Gray, R.W. and LeMain, J., The simultaneous
measurement of vitamin D metabolites in plasma: studies in healthy
adults and in patients with calcium nephrolithiasis. J. Lab. Clin. Med.
1978, 91: 840.
Canning, M.O., Grotenhuis, K., de Wit, H., Ruwhof, C. and
Drexhage, H.A., 1-alpha,25-Dihydroxyvitamin D3 (1,25(OH)2D3)
hampers the maturation of fully active immature dendritic cells from
monocytes. Eur. J. Endocrinol. 2001, 145: 351-357.
Cantorna, M.T., Vitamin D and autoimmunity: is vitamin D status an
environmental factor affecting autoimmune disease prevalence?
Proc. Soc. Exp. Biol. Med. 2000, 223: 230-233.
Cantorna, M.T., Hayes, C.E. and DeLuca, H.F., 1,25Dihydroxyvitamin D3 reversibly blocks the progression of relapsing
encephalomyelitis, a model of multiple sclerosis. Proc. Natl. Acad.
Sci. USA 1996, 93: 7861-7864.
Cantorna, M.T., Hayes, C.E. and DeLuca, H.F., 1,25Dihydroxycholecalciferol inhibits the progression of arthritis in
murine models of human arthritis. J. Nutr. 1998, 128: 68-72.
Cantorna, M.T., Humpal-Winter, J. and DeLuca, H.F., Dietary
calcium is a major factor in 1,25-dihydroxycholecalciferol
suppression of experimental autoimmune encephalomyelitis in mice.
J. Nutr. 1999, 129: 1966-1971.
Cantorna, M.T., Munsick, C., Bemiss, C. and Mahon, B.D., 1,25Dihydroxycholecalciferol prevents and ameliorates symptoms of
experimental murine inflammatory bowel disease. J. Nutr. 2000,
130: 2648-2652.
Cantorna, M.T., Woodward, W.D., Hayes, C.E. and DeLuca, H.F.,
1,25-dihydroxyvitamin D3 is a positive regulator for the two antiencephalitogenic cytokines TGF-beta 1 and IL-4. J. Immunol. 1998,
160: 5314-5319.
Casteels, K., Waer, M., Bouillon, R., Depovere, J., Valckx, D.,
Laureys, J. and Mathieu, C., 1,25-Dihydroxyvitamin D3 restores
sensitivity to cyclophosphamide-induced apoptosis in non-obese
diabetic (NOD) mice and protects against diabetes. Clin. Exp.
Immunol. 1998, 112: 181-187.
Chan, T.Y., Vitamin D deficiency and susceptibility to tuberculosis.
Calcif. Tissue Int. 2000, 66: 476-478.
Chang, T.J., Lei, H.H., Yeh, J.I., Chiu, K.C., Lee, K.C., Chen, M.C.,
Tai, T.Y. and Chuang, L.M., Vitamin D receptor gene
polymorphisms influence susceptibility to type 1 diabetes mellitus in
the Taiwanese population. Clin. Endocrinol. Oxford 2000, 52: 575580.
Chiba, N., Suldan, Z., Freedman, L.P. and Parvin, J.D., Binding of
liganded vitamin D receptor to the vitamin D receptor interacting
protein coactivator complex induces interaction with RNA
polymerase II holoenzyme. J. Biol. Chem. 2000, 275: 10719-10722.
Cippitelli, M., Fionda, C., Di Bona, D., Di Rosa, F., Lupo, A., Piccoli,
M., Frati, L. and Santoni, A., Negative regulation of CD95 ligand
gene expression by vitamin D3 in T lymphocytes. J. Immunol. 2002,
168: 1154-1166.
Clavreul, A., D'Hellencourt C.L., Montero-Menei, C., Potron, G. and
Couez, D., Vitamin D differentially regulates B7.1 and B7.2
expression on human peripheral blood monocytes. Immunology
1998, 95: 272-277.
Cohen, M.L., Douvdevani, A., Chaimovitz, C. and Shany, S.,
Regulation of TNF-alpha by 1alpha,25-dihydroxyvitamin D3 in
human macrophages from CAPD patients. Kidney Int. 2001, 59: 6975.
Cosman, F., Nieves, J., Komar, L., Ferrer, G., Herbert, J., Formica,
C., Shen, V. and Lindsay, R., Fracture history and bone loss in
patients with MS. Neurology 1998, 51: 1161-1165.
Cucino, C. and Sonnenberg, A., Occupational mortality from
inflammatory bowel disease in the United States 1991-1996. Am. J.

03-34 Mar

17

Gastroenterol. 2001, 96: 1101-1105.
53. Curran, M.E., Lau, K.F., Hampe, J., Schreiber, S., Bridger, S.,
Macpherson, A.J., Cardon, L.R., Sakul, H., Harris, T.J., Stokkers, P.,
Van Deventer, S.J., Mirza, M., Raedler, A., Kruis, W., Meckler, U.,
Theuer, D., Herrmann, T., Gionchetti, P., Lee, J., Mathew, C. and
Lennard-Jones, J., Genetic analysis of inflammatory bowel disease in
a large European cohort supports linkage to chromosomes 12 and 16.
Gastroenterology 1998, 115: 1066-1071.
54. D'Ambrosio, D., Cippitelli, M., Cocciolo, M.G., Mazzeo, D., Di
Lucia, P., Lang, R., Sinigaglia, F. and Panina-Bordignon, P.,
Inhibition of IL-12 production by 1,25-dihydroxyvitamin D3.
Involvement of NF-kappaB downregulation in transcriptional
repression of the p40 gene. J. Clin. Invest. 1998, 101: 252-262.
55. Dahlquist, G. and Mustonen, L., Childhood onset diabetes--time
trends and climatological factors. Int. J. Epidemiol. 1994, 23: 12341241.
56. Dardenne, O., Prud'homme, J., Arabian, A., Glorieux, F.H. and StArnaud, R., Targeted inactivation of the 25-hydroxyvitamin D31(alpha)-hydroxylase gene (CYP27B1) creates an animal model of
pseudovitamin D-deficiency rickets. Endocrinology 2001, 142:
3135-3141.
57. Davies, P. and Grange, J., The genetics of host resistance and
susceptibility to tuberculosis. Ann. NY Acad. Sci. 2001, 953: 151156.
58. Davies, P.D., Brown, R.C. and Woodhead, J.S., Serum
concentrations of vitamin D metabolites in untreated tuberculosis.
Thorax 1985, 40: 187-190.
59. Daynes, R.A. and Araneo, B.A., The development of effective
vaccine adjuvants employing natural regulators of T-cell lymphokine
production in vivo. Ann. NY Acad. Sci. 1994, 730: 144-161.
60. Daynes, R.A., Enioutina, E.Y., Butler, S., Mu, H.H., McGee, Z.A.
and Araneo, B.A., Induction of common mucosal immunity by
hormonally immunomodulated peripheral immunization. Infect.
Immun. 1996, 64: 1100-1109.
61. DeLuca, H. F. and Zierold, C., Mechanisms and functions of vitamin
D. Nutr. Rev. 1998, 56: S4-10; discussion S 54-75.
62. Derynck, R., Zhang, Y. and Feng, X.H., Smads: transcriptional
activators of TGF-beta responses. Cell 1998, 95: 737-740.
63. Driscoll, R.H. Jr., Meredith, S.C., Sitrin, M. and Rosenberg, I.H.,
Vitamin D deficiency and bone disease in patients with Crohn's
disease. Gastroenterology 1982, 83: 1252-1258.
64. Duerr, R.H., Barmada, M.M., Zhang, L., Davis, S., Preston, R.A.,
Chensny, L.J., Brown, J.L., Ehrlich, G.D., Weeks, D.E. and Aston,
C.E., Linkage and association between inflammatory bowel disease
and a locus on chromosome 12. Am. J. Hum. Genet. 1998, 63: 95100.
65. Dusso, A., Brown, A. and Slatopolsky, E., Extrarenal production of
calcitriol. Semin. Nephrol. 1994, 14: 144-155.
66. Dusso, A.S. and Brown, A.J. Mechanism of vitamin D action and its
regulation. Am. J. Kidney Dis. 1998, 32: S13-24.
67. Dusso, A.S., Kamimura, S., Gallieni, M., Zhong, M., Negrea, L.,
Shapiro, S. and Slatopolsky, E., Gamma-interferon-induced
resistance to 1,25-(OH)2D3 in human monocytes and macrophages:
a mechanism for the hypercalcemia of various granulomatoses. J.
Clin. Endocrinol. Metabol. 1997, 82: 2222-2232.
68. Ebers, G.C. and Sadovnick, A.D., The role of genetic factors in
multiple sclerosis susceptibility. J. Neuroimmunol. 1994, 54: 1-17.
69. el-Azhary, R.A., Peters, M.S., Pittelkow, M.R., Kao, P.C. and Muller,
S.A., Efficacy of vitamin D3 derivatives in the treatment of psoriasis
vulgaris: a preliminary report. Mayo Clin. Proc. 1993, 68: 835-841.
70. Embry, A.F., Snowdon, L.R. and Vieth, R., Vitamin D and seasonal
fluctuations of gadolinium-enhancing magnetic resonance imaging
lesions in multiple sclerosis. Ann. Neurol. 2000, 48: 271-272.
71. Enioutina, E.Y., Visic, D., McGee, Z.A. and Daynes, R.A., The
induction of systemic and mucosal immune responses following the

18

72.

73.
74.

75.

76.

77.

78.

79.

80.

81.
82.

83.

84.

85.
86.
87.

C.E. Hayes et al..
subcutaneous immunization of mature adult mice: characterization
of the antibodies in mucosal secretions of animals immunized with
antigen formulations containing a vitamin D3 adjuvant. Vaccine
1999, 17: 3050-3064.
Fassbender, W.J., Goertz, B., Weismuller, K., Steinhauer, B., Stracke,
H., Auch, D., Linn, T. and Bretzel, R.G., VDR gene polymorphisms
are overrepresented in german patients with type 1 diabetes
compared to healthy controls without effect on biochemical
parameters of bone metabolism. Horm. Metabol. Res. 2002, 34: 330337.
Feldman, D., Vitamin D, parathyroid hormone and calcium: a
complex regulatory network. Am. J. Med. 1999, 107: 637-639.
Fournier, C., Gepner, P., Sadouk, M. and Charreire, J., In vivo
beneficial effects of cyclosporin A and 1,25-dihydroxyvitamin D3 on
the induction of experimental autoimmune thyroiditis. Clin.
Immunol. Immunopathol. 1990, 54: 53-63.
Frazer, T.E., White, N.H., Hough, S., Santiago, J.V., McGee, B.R.,
Bryce, G., Mallon, J. and Avioli, L.V., Alterations in circulating
vitamin D metabolites in the young insulin-dependent diabetic. J.
Clin. Endocrinol. Metabol. 1981, 53: 1154-1159.
Freedman, D.M., Dosemeci, M. and Alavanja, M.C., Mortality from
multiple sclerosis and exposure to residential and occupational solar
radiation: a case-control study based on death certificates. Occup.
Environ. Med. 2000, 57: 418-421.
Fukazawa, T., Yabe, I., Kikuchi, S., Sasaki, H., Hamada, T.,
Miyasaka, K. and Tashiro, K., Association of vitamin D receptor
gene polymorphism with multiple sclerosis in Japanese. J. Neurol.
Sci. 1999, 166: 47-52.
Garancini, P., Gallus, G., Calori, G., Formigaro, F. and Micossi, P.,
Incidence and prevalence rates of diabetes mellitus in Italy from
routine data: a methodological assessment. Eur. J Epidemiol. 1991,
7: 55-63.
Garcia-Lozano, J.R., Gonzalez-Escribano, M.F., Valenzuela, A.,
Garcia, A. and Nunez-Roldan, A., Association of vitamin D receptor
genotypes with early onset rheumatoid arthritis. Eur. J.
Immunogenet. 2001, 28: 89-93.
Garcion, E., Sindji, L., Nataf, S., Brachet, P., Darcy, F. and MonteroMenei, C.N., Treatment of experimental autoimmune
encephalomyelitis in rat by 1,25-dihydroxyvitamin D3 leads to early
effects within the central nervous system. Acta Neuropathol. Berlin
2003, 105: 438-448.
Garcion, E., Wion-Barbot, N., Montero-Menei, C.N., Berger, F. and
Wion, D., New clues about vitamin D functions in the nervous
system. Trends Endocrinol. Metabol. 2002, 13: 100-105.
Gehring, S., Schlaak, M. and van der Bosch, J., A new in vitro model
for studying human T cell differentiation: T(H1)/T(H2) induction
following activation by superantigens. J. Immunol. Meth. 1998, 219:
85-98.
Gelder, C.M., Hart, K.W., Williams, O.M., Lyons, E., Welsh, K.I.,
Campbell, I.A. and Marshall, S.E., Vitamin D receptor gene
polymorphisms and susceptibility to Mycobacterium malmoense
pulmonary disease. J. Infect. Dis. 2000, 181: 2099-2102.
Goldberg, P., Multiple sclerosis: vitamin D and calcium as
environmental determinants of prevalance (a viewpoint). Part 1:
sunlight, dietary factors and epidemiology. Intn. Environ. Stud. 1974,
6: 19-27.
Goldberg, P., Fleming, M.C. and Picard, E.H., Multiple sclerosis:
decreased relapse rate through dietary supplementation with calcium,
magnesium and vitamin D. Med. Hypot. 1986, 21: 193-200.
Goodkin, D.E. and Hertsgaard, D., Seasonal variation of multiple
sclerosis exacerbations in North Dakota. Arch. Neurol. 1989, 46:
1015-1018.
Grange, J.M., Davies, P.D., Brown, R.C., Woodhead, J.S. and
Kardjito, T., A study of vitamin D levels in Indonesian patients with
untreated pulmonary tuberculosis. Tubercle 1985, 66: 187-191.

88. Green, A., Gale, E.A. and Patterson, C.C., Incidence of childhoodonset insulin-dependent diabetes mellitus: the EURODIAB ACE
study. Lancet 1992, 339: 905-909.
89. Gregori, S., Casorati, M., Amuchastegui, S., Smiroldo, S., Davalli, A.
and Adorini, L., Transplantation tolerance by 1,25-dihydroxyvitamin
D3-induced costimulation blockade. Transplant. Proc. 2001, 33:
219-220.
90. Gregori, S., Casorati, M., Amuchastegui, S., Smiroldo, S., Davalli,
A.M. and Adorini, L., Regulatory T cells induced by 1alpha,25dihydroxyvitamin D3 and mycophenolate mofetil treatment mediate
transplantation tolerance. J. Immunol. 2001, 167: 1945-1953.
91. Gregori, S., Giarratana, N., Smiroldo, S., Uskokovic, M. and
Adorini, L., A 1alpha,25-dihydroxyvitamin D3 analog enhances
regulatory T-cells and arrests autoimmune diabetes in NOD mice.
Diabetes 2002, 51: 1367-1374.
92. Griffin, M.D., Lutz, W., Phan, V.A., Bachman, L.A., McKean, D.J.
and Kumar, R., Dendritic cell modulation by 1alpha,25
dihydroxyvitamin D3 and its analogs: a vitamin D receptordependent pathway that promotes a persistent state of immaturity in
vitro and in vivo. Proc. Natl. Acad. Sci. USA 2001, 98: 6800-6805.
93. Griffin, M.D., Lutz, W.H., Phan, V.A., Bachman, L.A., McKean,
D.J. and Kumar, R., Potent inhibition of dendritic cell differentiation
and maturation by vitamin D analogs. Biochem. Biophys. Res.
Commun. 2000, 270: 701-708.
94. Group, D.E.R.I., Geographic patterns of childhood insulindependent diabetes mellitus. Diabetes 1988, 37: 1113-1119.
95. Group, E.S., Vitamin D supplement in early childhood and risk for
type I (insulin-dependent) diabetes mellitus. The EURODIAB
substudy 2 study group. Diabetologia 1999, 42: 51-54.
96. Gyorffy, B., Vasarhelyi, B., Krikovszky, D., Madacsy, L., Tordai, A.,
Tulassay, T. and Szabo, A., Gender-specific association of vitamin D
receptor polymorphism combinations with type 1 diabetes mellitus.
Eur. J. Endocrinol. 2002, 147: 803-808.
97. Hammond, S.R., English, D.R. and McLeod, J.G., The age-range of
risk of developing multiple sclerosis: evidence from a migrant
population in Australia. Brain 2000, 123: 968-974.
98. Harries, A.D., Brown, R., Heatley, R.V., Williams, L.A., Woodhead,
S. and Rhodes, J., Vitamin D status in Crohn's disease: association
with nutrition and disease activity. Gut 1985, 26: 1197-1203.
99. Harris, S., Can vitamin D supplementation in infancy prevent type 1
diabetes? Nutr. Rev. 2002, 60: 118-121.
100. Haussler, M.R., Whitfield, G.K., Haussler, C.A., Hsieh, J.C.,
Thompson, P.D., Selznick, S.H., Dominguez, C.E. and Jurutka, P.W.,
The nuclear vitamin D receptor: biological and molecular regulatory
properties revealed. J. Bone Miner. Res. 1998, 13: 325-349.
101. Hayes, C.E., Vitamin D: a natural inhibitor of multiple sclerosis.
Proc. Nutr. Soc. 2000, 59: 531-535.
102. Hayes, C.E., Cantorna, M.T. and DeLuca, H.F., Vitamin D and
multiple sclerosis. Proc. Soc. Exp. Biol. Med. 1997, 216: 21-27.
103. Hewison, M., Vitamin D and the immune system. J. Endocrinol.
1992, 132: 173-175.
104. Hewison, M., Gacad, M.A., Lemire, J. and Adams, J.S., Vitamin D
as a cytokine and hematopoetic factor. Rev. Endocrin. Metabol.
Disord. 2001, 2: 217-227.
105. Hewison, M., Zehnder, D., Bland, R. and Stewart, P.M., 1alphaHydroxylase and the action of vitamin D. J. Mol. Endocrinol. 2000,
25: 141-148.
106. Hilpert, J., Wogensen, L., Thykjaer, T., Wellner, M., Schlichting, U.,
Orntoft, T. F., Bachmann, S., Nykjaer, A. and Willnow, T.E.,
Expression profiling confirms the role of endocytic receptor megalin
in renal vitamin D3 metabolism. Kidney Int. 2002, 62: 1672-1681.
107. Hmama, Z., Nandan, D., Sly, L., Knutson, K.L., Herrera-Velit, P. and
Reiner, N.E., 1alpha,25-dihydroxyvitamin D3-induced myeloid cell
differentiation is regulated by a vitamin D receptorphosphatidylinositol 3-kinase signaling complex. J. Exp. Med. 1999,

03-34 Mar

The immune functions of vitamin D
190: 1583-1594.
108. Holick, M.F., Environmental factors that influence the cutaneous
production of vitamin D. Am. J. Clin. Nutr. 1995, 61: 638S-645S.
109. Holick, M.F., Vitamin D requirements for humans of all ages: New
increased requirements for women and men 50 years and older.
Osteoporos Int. 1998, 8: S24-S29.
110. Holick, M.F., Schnoes, H.K. and DeLuca, H.F., Identification of
1,25-dihydroxycholecalciferol, a form of vitamin D3 metabolically
active in the intestine. Proc. Natl. Acad. Sci. USA 1971, 68: 803-804.
111. Hosseinpour, F. and Wikvall, K., Porcine microsomal vitamin D3 25hydroxylase (CYP2D25). Catalytic properties, tissue distribution and
comparison with human CYP2D6. J. Biol. Chem. 2000, 275: 3465034655.
112. Hsieh, J.C., Shimizu, Y., Minoshima, S., Shimizu,N., Haussler, C.A.,
Jurutka, P.W. and Haussler, M.R., Novel nuclear localization signal
between the two DNA-binding zinc fingers in the human vitamin D
receptor. J. Cell. Biochem. 1998, 70: 94-109.
113. Hsieh, J.C., Whitfield, G.K., Oza, A.K., Dang, H.T., Price, J.N.,
Galligan, M.A., Jurutka, P.W., Thompson, P.D., Haussler, C.A. and
Haussler, M.R., Characterization of unique DNA-binding and
transcriptional-activation functions in the carboxyl-terminal
extension of the zinc finger region in the human vitamin D receptor.
Biochemistry 1999, 38: 16347-16358.
114. Huang, C.M., Wu, M.C., Wu, J.Y. and Tsai, F.J., Association of
vitamin D receptor gene BsmI polymorphisms in Chinese patients
with systemic lupus erythematosus. Lupus 2002, 11: 31-34.
115. Hullett, D.A., Cantorna, M.T., Redaelli, C., Humpal-Winter, J.,
Hayes, C.E., Sollinger, H.W. and Deluca, H.F., Prolongation of
allograft survival by 1,25-dihydroxyvitamin D3. Transplantation
1998, 66: 824-828.
116. Hypponen, E., Laara, E., Reunanen, A., Jarvelin, M.R. and Virtanen,
S.M., Intake of vitamin D and risk of type 1 diabetes: a birth-cohort
study. Lancet 2001, 358: 1500-1503.
117. Issenman, R.M., Bone mineral metabolism in pediatric
inflammatory bowel disease. Inflamm. Bowel Dis. 1999, 5: 192-199.
118. Jahnsen, J., Falch, J.A., Mowinckel, P. and Aadland, E., Vitamin D
status, parathyroid hormone and bone mineral density in patients
with inflammatory bowel disease. Scand. J. Gastroenterol. 2002, 37:
192-199.
119. Jawaheer, D., Seldin, M.F., Amos, C.I., Chen, W.V., Shigeta, R.,
Monteiro, J., Kern, M., Criswell, L.A., Albani, S., Nelson, J.L.,
Clegg, D.O., Pope, R., Schroeder, H.W. Jr., Bridges, S.L. Jr., Pisetsky,
D.S., Ward, R., Kastner, D.L., Wilder, R.L., Pincus, T., Callahan,
L.F., Flemming, D., Wener, M.H. and Gregersen, P.K., A
genomewide screen in multiplex rheumatoid arthritis families
suggests genetic overlap with other autoimmune diseases. Am. J.
Hum. Genet. 2001, 68: 927-936.
120. Jin, Y.P., de Pedro-Cuesta, J., Soderstrom, M. and Link, H., Incidence
of optic neuritis in Stockholm, Sweden, 1990-1995: II. Time and
space patterns. Arch. Neurol. 1999, 56: 975-980.
121. Jones, G., Strugnell, S.A. and DeLuca, H.F., Current understanding
of the molecular actions of vitamin D. Physiol. Rev. 1998, 78: 11931231.
122. Jordan, S.C., Lemire, J.M., Sakai, R.S., Toyoda, M. and Adams, J.S.,
Exogenous interleukin-2 does not reverse the immunoinhibitory
effects of 1,25-dihydroxyvitamin D3 on human peripheral blood
lymphocyte immunoglobulin production. Mol. Immunol. 1990, 27:
95-100.
123. Jordan, S.C., Toyoda, M., Prehn, J., Lemire, J.M., Sakai, R. and
Adams, J.S., 1,25-Dihydroxyvitamin-D3 regulation of interleukin-2
and interleukin-2 receptor levels and gene expression in human T
cells. Mol. Immunol. 1989, 26: 979-984.
124. Jurutka, P.W., 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. and Haussler, M.R., The polymorphic N terminus in human

03-34 Mar

19

vitamin D receptor isoforms influences transcriptional activity by
modulating interaction with transcription factor IIB. Mol.
Endocrinol. 2000, 14: 401-420.
125. Kato, S., Genetic mutation in the human 25-hydroxyvitamin D3
1alpha-hydroxylase gene causes vitamin D-dependent rickets type I.
Mol. Cell. Endocrinol. 1999, 156: 7-12.
126. Kerry, D.M., Dwivedi, P.P., Hahn, C.N., Morris, H.A., Omdahl, J.L.
and May, B.K., Transcriptional synergism between vitamin Dresponsive elements in the rat 25-hydroxyvitamin D3 24hydroxylase (CYP24) promoter. J. Biol. Chem. 1996, 271: 2971529721.
127. Kirchgatterer, A., Wenzl, H.H., Aschl, G., Hinterreiter, M., Stadler,
B., Hinterleitner, T.A., Petritsch, W. and Knoflach, P., Examination,
prevention and treatment of osteoporosis in patients with
inflammatory bowel disease: recommendations and reality. Acta
Med. Austriaca 2002, 29: 120-123.
128. Kitajima, I., Maruyama, I., Matsubara, H., Osame, M. and Igata, A.,
Immune dysfunction in hypophosphatemic vitamin D-resistant
rickets: immunoregulatory reaction of 1 alpha(OH) vitamin D3. Clin.
Immunol. Immunopathol. 1989, 53: 24-31.
129. Kitanaka, S., Murayama, A., Sakaki, T., Inouye, K., Seino, Y.,
Fukumoto, S., Shima, M., Yukizane, S., Takayanagi, M., Niimi, H.,
Takeyama, K. and Kato, S., No enzyme activity of 25hydroxyvitamin D3 1alpha-hydroxylase gene product in
pseudovitamin D deficiency rickets, including that with mild clinical
manifestation. J. Clin. Endocrinol. Metabol. 1999, 84: 4111-4117.
130. Klupa, T., Malecki, M., Hanna, L., Sieradzka, J., Frey, J., Warram, J.
H., Sieradzki, J. and Krolewski, A.S., Amino acid variants of the
vitamin D-binding protein and risk of diabetes in white Americans of
European origin. Eur. J. Endocrinol. 1999, 141: 490-493.
131. Koeffler, H.P., Reichel, H., Bishop, J.E. and Norman, A.W., gammaInterferon stimulates production of 1,25-dihydroxyvitamin D3 by
normal human macrophages. Biochem. Biophys. Res. Commun.
1985, 127: 596-603.
132. Kong, X.F., Zhu, X.H., Pei, Y.L., Jackson, D.M. and Holick, M.F.,
Molecular cloning, characterization and promoter analysis of the
human 25-hydroxyvitamin D3-1alpha-hydroxylase gene. Proc. Natl.
Acad. Sci. USA 1999, 96: 6988-6993.
133. Kreutz, M., Andreesen, R., Krause, S.W., Szabo, A., Ritz, E. and
Reichel, H., 1,25-dihydroxyvitamin D3 production and vitamin D3
receptor expression are developmentally regulated during
differentiation of human monocytes into macrophages. Blood 1993,
82: 1300-1307.
134. Lacey, D.L., Axelrod, J., Chappel, J.C., Kahn, A.J. and Teitelbaum,
S.L., Vitamin D affects proliferation of a murine T helper cell clone.
J. Immunol. 1987, 138: 1680-1686.
135. Lamb, E.J., Wong, T., Smith, D.J., Simpson, D.E., Coakley, A.J.,
Moniz, C. and Muller, A.F., Metabolic bone disease is present at
diagnosis in patients with inflammatory bowel disease. Aliment
Pharmacol. Ther. 2002, 16: 1895-1902.
136. Langub, M.C., Herman, J.P., Malluche, H.H. and Koszewski, N.J.,
Evidence of functional vitamin D receptors in rat hippocampus.
Neuroscience 2001, 104: 49-56.
137. Lemire, J., 1,25-Dihydroxyvitamin D3--a hormone with
immunomodulatory properties. Z. Rheumatol. 2000, 59: 24-27.
138. Lemire, J.M., Immunomodulatory role of 1,25-dihydroxyvitamin
D3. J. Cell. Biochem. 1992, 49: 26-31.
139. Lemire, J.M., Immunomodulatory actions of 1,25-dihydroxyvitamin
D3. J. Ster. Biochem. Mol. Biol. 1995, 53: 599-602.
140. Lemire, J.M., Adams, J. ., Kermani-Arab, V., Bakke, A.C., Sakai, R.
and Jordan, S.C. ,1,25-Dihydroxyvitamin D3 suppresses human T
helper/inducer lymphocyte activity in vitro. J. Immunol. 1985, 134:
3032-3035.
141. Lemire, J.M., Adams, J.S., Sakai, R. and Jordan, S.C., 1 alpha,25dihydroxyvitamin D3 suppresses proliferation and immunoglobulin

20

C.E. Hayes et al..

production by normal human peripheral blood mononuclear cells. J.
Clin. Invest. 1984, 74: 657-661.
142. Lemire, J.M. and Archer, D.C., 1,25-dihydroxyvitamin D3 prevents
the in vivo induction of murine experimental autoimmune
encephalomyelitis. J. Clin. Invest. 1991, 87: 1103-1107.
143. Lemire, J.M., Archer, D.C. and Reddy, G.S., 1,25-Dihydroxy-24OXO-16ene-vitamin D3, a renal metabolite of the vitamin D analog
1,25-dihydroxy-16ene-vitamin D3, exerts immunosuppressive
activity equal to its parent without causing hypercalcemia in vivo.
Endocrinology 1994, 135: 2818-2821.
144. Lemire, J.M., Ince, A. and Takashima, M., 1,25-Dihydroxyvitamin
D3 attenuates the expression of experimental murine lupus of MRL/l
mice. Autoimmunity 1992, 12: 143-148.
145. Li, X.H., Li, T.L., Yang, Z., Liu, Z.Y., Wei, Y.D., Jin, S.X., Hong, C.,
Qin, R.L., Li, Y.Q., Dorman, J.S., Laporte, R.E. and Wang, K.A., A
nine-year prospective study on the incidence of childhood type 1
diabetes mellitus in China. Biomed. Environ. Sci. 2000, 13: 263-270.
146. Li, Y.C., Bergwitz, C., Juppner, H. and Demay, M.B., Cloning and
characterization of the vitamin D receptor from Xenopus laevis.
Endocrinology 1997, 138: 2347-2353.
147. Linker-Israeli, M., Elstner, E., Klinenberg, J.R., Wallace, D.J. and
Koeffler, H.P., Vitamin D3 and its synthetic analogs inhibit the
spontaneous in vitro immunoglobulin production by SLE-derived
PBMC. Clin. Immunol. 2001, 99: 82-93.
148. MacDonald, P.N., Baudino, T.A., Tokumaru, H., Dowd, D.R. and
Zhang, C., Vitamin D receptor and nuclear receptor coactivators:
crucial interactions in vitamin D-mediated transcription. Steroids
2001, 66: 171-176.
149. Mahler, M., Bristol, I.J., Leiter, E.H., Workman, A.E., Birkenmeier,
E.H., Elson, C.O. and Sundberg, J.P., Differential susceptibility of
inbred mouse strains to dextran sulfate sodium-induced colitis. Am.
J. Physiol. 1998, 274: G544-551.
150. Manolagas, S.C., Hustmyer, F.G. and Yu, X.P., 1,25Dihydroxyvitamin D3 and the immune system. Proc. Soc. Exp. Biol.
Med. 1989, 191: 238-245.
151. Manolagas, S.C., Hustmyer, F.G. and Yu, X.P., Immunomodulating
properties of 1,25-dihydroxyvitamin D3. Kidney Int. Suppl. 1990, 29:
S9-16.
152. Manolagas, S.C., Provvedini, D.M., Murray, E.J., Tsoukas, C.D. and
Deftos, L.J., The antiproliferative effect of calcitriol on human
peripheral blood mononuclear cells. J. Clin. Endocrinol. Metabol.
1986, 63: 394-400.
153. Manolagas, S.C., Provvedini, D.M. and Tsoukas, C.D., Interactions
of 1,25-dihydroxyvitamin D3 and the immune system. Mol. Cell.
Endocrinol. 1985, 43: 113-122.
154. Manolagas, S.C., Werntz, D.A., Tsoukas, C.D., Provvedini, D.M.
and Vaughan, J.H., 1,25-Dihydroxyvitamin D3 receptors in
lymphocytes from patients with rheumatoid arthritis. J. Lab. Clin.
Med. 1986, 108: 596-600.
155. Manolagas, S.C., Yu, X.P., Girasole, G. and Bellido, T., Vitamin D
and the hematolymphopoietic tissue: a 1994 update. Semin. Nephrol.
1994, 14: 129-143.
156. Martin, K., Radlmayr, M., Borchers, R., Heinzlmann, M. and
Folwaczny, C., Candidate genes colocalized to linkage regions in
inflammatory bowel disease. Digestion 2002, 66: 121-126.
157. Mathieu, C. and Adorini, L., The coming of age of 1,25dihydroxyvitamin D3 analogs as immunomodulatory agents. Trends
Mol. Med. 2002, 8: 174-179.
158. Mathieu, C., Laureys, J., Sobis, H., Vandeputte, M., Waer, M. and
Bouillon, R. ,1,25-Dihydroxyvitamin D3 prevents insulitis in NOD
mice. Diabetes 1992, 41: 1491-1495.
159. Mathieu, C., Van Etten, E., Gysemans, C., Decallonne, B., Kato, S.,
Laureys, J., Depovere, J., Valckx, D., Verstuyf, A. and Bouillon, R.,
In vitro and in vivo analysis of the immune system of vitamin D
receptor knockout mice. J. Bone Miner. Res. 2001, 16: 2057-2065.

160. Mathieu, C., Waer, M., Laureys, J., Rutgeerts, O. and Bouillon, R.,
Prevention of autoimmune diabetes in NOD mice by 1,25
dihydroxyvitamin D3. Diabetologia 1994, 37: 552-558.
161. Matsui, T., Nakao, Y., Koizumi, T., Nakagawa, T. and Fujita, T., 1,25Dihydroxyvitamin D3 regulates proliferation of activated Tlymphocyte subsets. Life Sci. 1985, 37: 95-101.
162. Mattner, F., Smiroldo, S., Galbiati, F., Muller, M., Di Lucia, P.,
Poliani, P.L., Martino, G., Panina-Bordignon, P. and Adorini, L.,
Inhibition of Th1 development and treatment of chronic-relapsing
experimental allergic encephalomyelitis by a non-hypercalcemic
analogue of 1,25-dihydroxyvitamin D3. Eur. J. Immunol. 2000, 30:
498-508.
163. McDermott, M.F., Ramachandran, A., Ogunkolade, B.W., Aganna,
E., Curtis, D., Boucher, B.J., Snehalatha, C. and Hitman, G.A.,
Allelic variation in the vitamin D receptor influences susceptibility to
IDDM in Indian Asians. Diabetologia 1997, 40: 971-975.
164. Meehan, T.F. and DeLuca, H.F., CD8+ T cells are not necessary for
1alpha,25-dihydroxyvitamin D3 to suppress experimental
autoimmune encephalomyelitis in mice. Proc. Natl. Acad. Sci. USA
2002, 99: 5557-5560.
165. Meehan, T.F. and DeLuca, H.F., The vitamin D receptor is necessary
for 1alpha,25-dihydroxyvitamin D3 to suppress experimental
autoimmune encephalomyelitis in mice. Arch. Biochem. Biophys.
2002, 408: 200-204.
166. Morgan, J.W., Kouttab, N., Ford, D. and Maizel, A.L., Vitamin Dmediated gene regulation in phenotypically defined human B cell
subpopulations. Endocrinology 2000, 141: 3225-3234.
167. Morgan, J.W., Morgan, D.M., Lasky, S.R., Ford, D., Kouttab, N. and
Maizel, A.L., Requirements for induction of vitamin D-mediated
gene regulation in normal human B lymphocytes. J. Immunol. 1996,
157: 2900-2908.
168. Morrison, N.A., Qi, J.C., Tokita, A., Kelly, P.J., Crofts, L., Nguyen,
T.V., Sambrook, P.N. and Eisman, J.A., Prediction of bone density
from vitamin D receptor alleles. Nature 1994, 367: 284-287.
169. Moum, B., Vatn, M.H., Ekbom, A., Aadland, E., Fausa, O., Lygren,
I., Stray, N., Sauar, J. and Schulz, T., Incidence of Crohn's disease in
four counties in southeastern Norway, 1990-93. A prospective
population-based study. The inflammatory bowel south-eastern
Norway (IBSEN) study group of gastroenterologists. Scand. J.
Gastroenterol. 1996, 31: 355-361.
170. Muller, K. and Bendtzen, K., Inhibition of human T lymphocyte
proliferation and cytokine production by 1,25-dihydroxyvitamin D3.
Differential effects on CD45RA+ and CD45R0+ cells.
Autoimmunity 1992, 14: 37-43.
171. Muller, K. and Bendtzen, K., 1,25-Dihydroxyvitamin D3 as a natural
regulator of human immune functions. J. Investig. Dermatol. Symp.
Proc. 1996, 1: 68-71.
172. Muller, K., Gram, J., Bollerslev, J., Diamant, M., Barington, T.,
Hansen, M.B. and Bendtzen, K., Down-regulation of monocyte
functions by treatment of healthy adults with 1 alpha,25
dihydroxyvitamin D3. Int. J. Immunopharmacol. 1991, 13: 525-530.
173. Muller, K., Haahr, P.M., Diamant, M., Rieneck, K., Kharazmi, A. and
Bendtzen, K., 1,25-Dihydroxyvitamin D3 inhibits cytokine
production by human blood monocytes at the post-transcriptional
level. Cytokine 1992, 4: 506-512.
174. Muller, K., Odum, N. and Bendtzen, K., 1,25-dihydroxyvitamin D3
selectively reduces interleukin-2 levels and proliferation of human T
cell lines in vitro. Immunol Lett. 1993, 35: 177-182.
175. Muscettola, M. and Grasso, G., Effect of 1,25-dihydroxyvitamin D3
on interferon gamma production in vitro, Immunol Lett. 1988, 17:
121-124.
176. Nagler, A., Merchav, S., Fabian, I., Tatarsky, I., Weisman, Y. and
Hochberg, Z., Myeloid progenitors from the bone marrow of patients
with vitamin D resistant rickets (type II) fail to respond to
1,25(OH)2D3, Br J Haematol. 1987, 67: 267-271.

03-34 Mar

The immune functions of vitamin D
177. Nashold, F.E., Hoag, K.A., Goverman, J. and Hayes, C.E., Rag-1dependent cells are necessary for 1,25-dihydroxyvitamin D3
prevention of experimental autoimmune encephalomyelitis, J
Neuroimmunol. 2001, 119: 16-29.
178. Nashold, F.E., Miller, D.J. and Hayes, C.E., 1,25-dihydroxyvitamin
D3 treatment decreases macrophage accumulation in the CNS of
mice with experimental autoimmune encephalomyelitis, J
Neuroimmunol. 2000, 103: 171-179.
179. Nieves, J., Cosman, F., Herbert, J., Shen, V. and Lindsay, R., High
prevalence of vitamin D deficiency and reduced bone mass in
multiple sclerosis, Neurology. 1994, 44: 1687-1692.
180. Niino, M., Kikuchi, S., Fukazawa, T., Yabe, I. and Tashiro, K.,
Estrogen receptor gene polymorphism in Japanese patients with
multiple sclerosis, J Neurol Sci. 2000, 179: 70-75.
181. Noda, M., Vogel, R.L., Craig, A.M., Prahl, J., DeLuca, H.F. and
Denhardt, D.T., Identification of a DNA sequence responsible for
binding of the 1,25-dihydroxyvitamin D3 receptor and 1,25dihydroxyvitamin D3 enhancement of mouse secreted
phosphoprotein 1 (SPP-1 or osteopontin) gene expression. Proc.
Natl. Acad. Sci. USA 1990, 87: 9995-9999.
182. Nordvik, I., Myhr, K.M., Nyland, H. and Bjerve, K.S., Effect of
dietary advice and n-3 supplementation in newly diagnosed MS
patients. Acta Neurol. Scand. 2000, 102: 143-149.
183. Norman, A.W., Myrtle, J.F., Midgett, R.J., Nowicki, H.G., Williams,
V. and Popjak, G., 1,25-dihydroxycholecalciferol: identification of
the proposed active form of vitamin D3 in the intestine. Science 1971,
173: 51-54.
184. Norris, J.M., Can the sunshine vitamin shed light on type 1 diabetes?
Lancet 2001, 358: 1476-1478.
185. Nyomba, B. ., Bouillon, R., Bidingija, M., Kandjingu, K. and De
Moor, P., Vitamin D metabolites and their binding protein in adult
diabetic patients. Diabetes 1986, 35: 911-915.
186. Nystrom, L., Dahlquist, G., Ostman, J., Wall, S., Arnqvist, H.,
Blohme, G., Lithner, F., Littorin, B., Schersten, B. and Wibell, L.,
Risk of developing insulin-dependent diabetes mellitus (IDDM)
before 35 years of age: indications of climatological determinants for
age at onset. Int. J. Epidemiol. 1992, 21: 352-358.
187. O'Herrin, J.K., Hullett, D.A., Heisey, D.M., Sollinger, H.W. and
Becker, B.N., A retrospective evaluation of 1,25-dihydroxyvitamin
D3 and its potential effects on renal allograft function. Am. J.
Nephrol. 2002, 22: 515-520.
188. O'Kelly, J., Hisatake, J., Hisatake, Y., Bishop, J., Norman, A. and
Koeffler, H.P., Normal myelopoiesis but abnormal T lymphocyte
responses in vitamin D receptor knockout mice. J. Clin. Invest. 2002,
109: 1091-1099.
189. Ohyama, Y., Noshiro, M. and Okuda, K., Cloning and expression of
cDNA encoding 25-hydroxyvitamin D3 24-hydroxylase. FEBS Lett.
1991, 278: 195-198.
190. Olitsky, P.K. and Yager, R.H., Experimental disseminated
encephalomyelitis in white mice. J. Exp. Med. 1949, 90: 213.
191. Olivares-Villagomez, D., Wang, Y. and Lafaille, J.J., Regulatory
CD4(+) T cells expressing endogenous T cell receptor chains protect
myelin basic protein-specific transgenic mice from spontaneous
autoimmune encephalomyelitis. J. Exp. Med. 1998, 188: 1883-1894.
192. Omdahl, J.L., Morris, H.A. and May, B.K., Hydroxylase enzymes of
the vitamin D pathway: expression, function and regulation. Annu.
Rev. Nutr. 2002, 22: 139-166.
193. Overbergh, L., Decallonne, B., Valckx, D., Verstuyf, A., Depovere,
J., Laureys, J., Rutgeerts, O., Saint-Arnaud, R., Bouillon, R. and
Mathieu, C., Identification and immune regulation of 25hydroxyvitamin D-1-alpha-hydroxylase in murine macrophages.
Clin. Exp. Immunol. 2000, 120: 139-146.
194. Overbergh, L., Decallonne, B., Waer, M., Rutgeerts, O., Valckx, D.,
Casteels, K.M., Laureys, J., Bouillon, R. and Mathieu, C., 1alpha,25dihydroxyvitamin D3 induces an autoantigen-specific T-helper 1/T-

03-34 Mar

21

helper 2 immune shift in NOD mice immunized with GAD65
(p524-543). Diabetes 2000, 49: 1301-1307.
195. Panda, D.K., Miao, D., Tremblay, M.L., Sirois, J., Farookhi, R.,
Hendy, G.N. and Goltzman, D., Targeted ablation of the 25hydroxyvitamin D1 alpha-hydroxylase enzyme: evidence for
skeletal, reproductive and immune dysfunction. Proc. Natl. Acad.
Sci. USA 2001, 98: 7498-7503.
196. Pani, M.A., Donner, H., Herwig, J., Usadel, K.H. and Badenhoop,
K., Vitamin D binding protein alleles and susceptibility for type 1
diabetes in Germans. Autoimmunity 1999, 31: 67-72.
197. Pani, M.A., Knapp, M., Donner, H., Braun, J., Baur, M.P., Usadel,
K.H. and Badenhoop, K., Vitamin D receptor allele combinations
influence genetic susceptibility to type 1 diabetes in Germans.
Diabetes 2000, 49: 504-507.
198. Pani, M.A., Regulla, K., Segni, M., Krause, M., Hofmann, S.,
Hufner, M., Herwig, J., Pasquino, A.M., Usadel, K.H. and
Badenhoop, K., Vitamin D 1alpha-hydroxylase (CYP1alpha)
polymorphism in Graves' disease, Hashimoto's thyroiditis and type 1
diabetes mellitus. Eur. J. Endocrinol. 2002, 146: 777-781.
199. Peacock, M., Johes, S., Clemens, T.L., Amento, E.P., Kunick, J.,
Krane, S.M. and Holick, M.F., High affinity 1,25-(OH)2vitamin D3
receptors in human monocyte-like cell line (U937) and a cloned
human T lymphocyte. In: Vitamin D: Chemical, Biochemical and
Clinical Endocrinology of Calcium Metabolism, Norman, A.W.,
Schaefer, K., Girgoleit, H.-G. and von Herrath, D. (eds.), Walter de
Gruyter, Berlin, 1982, pp. 83-85.
200. Penna, G. and Adorini, L., 1 Alpha,25-dihydroxyvitamin D3 inhibits
differentiation, maturation, activation and survival of dendritic cells
leading to impaired alloreactive T cell activation. J. Immunol. 2000,
164: 2405-2411.
201. Piemonti, L., Monti, P., Sironi, M., Fraticelli, P., Leone, B.E., Dal
Cin, E., Allavena, P. and Di Carlo, V., Vitamin D3 affects
differentiation, maturation and function of human monocyte-derived
dendritic cells. J. Immunol. 2000, 164: 4443-4451.
202. Piepkorn, B., Kann, P., Forst, T., Andreas, J., Pfutzner, A. and Beyer,
J., Bone mineral density and bone metabolism in diabetes mellitus.
Horm. Metabol. Res. 1997, 29: 584-591.
203. Ponsonby, A.L., McMichael, A. and van der Mei, I., Ultraviolet
radiation and autoimmune disease: insights from epidemiological
research. Toxicology 2002, 181-182: 71-78.
204. Prehn, J.L., Fagan, D.L., Jordan, S.C. and Adams, J.S., Potentiation
of lipopolysaccharide-induced tumor necrosis factor-alpha
expression by 1,25-dihydroxyvitamin D3. Blood 1992, 80: 28112816.
205. Provvedini, D.M., Deftos, L.J. and Manolagas, S.C., 1,25Dihydroxyvitamin D3 receptors in a subset of mitotically active
lymphocytes from rat thymus. Biochem. Biophys. Res. Commun.
1984, 121: 277-283.
206. Provvedini, D.M. and Manolagas, S.C., 1 Alpha,25dihydroxyvitamin D3 receptor distribution and effects in
subpopulations of normal human T lymphocytes. J. Clin.
Endocrinol. Metabol. 1989, 68: 774-779.
207. Provvedini, D.M., Rulot, C.M., Sobol, R.E., Tsoukas, C.D. and
Manolagas, S.C., 1 alpha,25-Dihydroxyvitamin D3 receptors in
human thymic and tonsillar lymphocytes. J. Bone Miner. Res. 1987,
2: 239-247.
208. Provvedini, D.M., Tsoukas, C.D., Deftos, L.J. and Manolagas, S.C.,
1,25-dihydroxyvitamin D3 receptors in human leukocytes. Science
1983, 221: 1181-1183.
209. Provvedini, D.M., Tsoukas, C.D., Deftos, L.J. and Manolagas, S.C.,
1 alpha,25-Dihydroxyvitamin D3-binding macromolecules in
human B lymphocytes: effects on immunoglobulin production. J.
Immunol. 1986, 136: 2734-2740.
210. Prud'homme, G.J. and Piccirillo, C.A., The inhibitory effects of
transforming growth factor-beta-1 (TGF-beta1) in autoimmune

22

C.E. Hayes et al..

diseases. J. Autoimmun. 2000, 14: 23-42.
211. Prufer, K. and Jirikowski, G.F., 1.25-Dihydroxyvitamin D3 receptor
is partly colocalized with oxytocin immunoreactivity in neurons of
the male rat hypothalamus. Cell. Mol. Biol. 1997, 43: 543-548.
212. Pyke, D.A., The geography of diabetes. Postgrad. Med. J. 1969,
Suppl: 796-801.
213. Rachez, C. and Freedman, L.P., Mechanisms of gene regulation by
vitamin D3 receptor: a network of coactivator interactions. Gene
2000, 246: 9-21.
214. Radhakrishnan, S., Zubaidi, G., Daniel, M., Sachdev, G.K. and
Mohan, A.N., Ulcerative colitis in Oman. A prospective study of the
incidence and disease pattern from 1987 to 1994. Digestion 1997,
58: 266-270.
215. Redaelli, C.A., Wagner, M., Tien, Y.H., Mazzucchelli, L., Stahel, P.,
Schilling,
M.K.
and
Dufour,
J.F.,
1
alpha,25Dihydroxycholecalciferol reduces rejection and improves survival in
rat liver allografts. Hepatology 2001, 34: 926-934.
216. Reichel, H., Koeffler, H.P., Barbers, R. and Norman, A.W.,
Regulation of 1,25-dihydroxyvitamin D3 production by cultured
alveolar macrophages from normal human donors and from patients
with pulmonary sarcoidosis. J. Clin. Endocrinol. Metabol. 1987, 65:
1201-1209.
217. Reichel, H., Koeffler, H.P. and Norman, A.W., Synthesis in vitro of
1,25-dihydroxyvitamin D3 and 24,25-dihydroxyvitamin D3 by
interferon-gamma-stimulated normal human bone marrow and
alveolar macrophages. J. Biol. Chem. 1987, 262: 10931-10937.
218. Reichel, H., Koeffler, H.P. and Norman, A.W., Production of 1
alpha,25-dihydroxyvitamin D3 by hematopoietic cells. Prog. Clin.
Biol. Res. 1990, 332: 81-97.
219. Reichel, H., Koeffler, H.P., Tobler, A. and Norman, A.W., 1 alpha,25Dihydroxyvitamin D3 inhibits gamma-interferon synthesis by
normal human peripheral blood lymphocytes. Proc. Natl. Acad. Sci.
USA 1987, 84: 3385-3389.
220. Riachy, R., Vandewalle, B., Belaich, S., Kerr-Conte, J., Gmyr, V.,
Zerimech, F., d'Herbomez, M., Lefebvre, J. and Pattou, F., Beneficial
effect of 1,25 dihydroxyvitamin D3 on cytokine-treated human
pancreatic islets. J. Endocrinol. 2001, 169: 161-168.
221. Rigby, W.F., The immunobiology of vitamin D. Immunol. Today
1988, 9: 54-58.
222. Rigby, W.F., Hamilton, B.J. and Waugh, M.G., 1,25Dihydroxyvitamin D3 modulates the effects of interleukin 2
independent of IL-2 receptor binding. Cell. Immunol. 1990, 125:
396-414.
223. Rigby, W.F., Noelle, R.J., Krause, K. and Fanger, M.W., The effects
of 1,25-dihydroxyvitamin D3 on human T lymphocyte activation and
proliferation: a cell cycle analysis. J. Immunol. 1985, 135: 22792286.
224. Rigby, W.F., Stacy, T. and Fanger, M.W., Inhibition of T lymphocyte
mitogenesis by 1,25-dihydroxyvitamin D3 (calcitriol) . J. Clin.
Invest. 1984, 74: 1451-1455.
225. Rigby, W.F., Yirinec, B., Oldershaw, R.L. and Fanger, M.W.,
Comparison of the effects of 1,25-dihydroxyvitamin D3 on T
lymphocyte subpopulations. Eur. J. Immunol. 1987, 17: 563-566.
226. Rochel, N., Wurtz, J.M., Mitschler, A., Klaholz, B. and Moras, D.,
The crystal structure of the nuclear receptor for vitamin D bound to
its natural ligand. Mol. Cell 2000, 5: 173-179.
227. Rodland, O., Markestad, T., Aksnes, L. and Aarskog, D., Plasma
concentrations of vitamin D metabolites during puberty of diabetic
children. Diabetologia 1985, 28: 663-666.
228. Rosenbauer, J., Herzig, P., von Kries, R., Neu, A. and Giani, G.,
Temporal, seasonal and geographical incidence patterns of type I
diabetes mellitus in children under 5 years of age in Germany.
Diabetologia 1999, 42: 1055-1059.
229. Roy, S., Frodsham, A., Saha, B., Hazra, S.K., Mascie-Taylor, C.G.
and Hill, A.V., Association of vitamin D receptor genotype with

leprosy type. J. Infect. Dis. 1999, 179: 187-191.
230. Saggese, G., Federico, G., Balestri, M. and Toniolo, A., Calcitriol
inhibits the PHA-induced production of IL-2 and IFN-gamma and
the proliferation of human peripheral blood leukocytes while
enhancing the surface expression of HLA class II molecules. J.
Endocrinol. Invest. 1989, 12: 329-335.
231. Saijo, T., Ito, M., Takeda, E., Huq, A.H., Naito, E., Yokota, I., Sone,
T., Pike, J.W. and Kuroda, Y., A unique mutation in the vitamin D
receptor gene in three Japanese patients with vitamin D-dependent
rickets type II: utility of single-strand conformation polymorphism
analysis for heterozygous carrier detection. Am. J. Hum. Genet.
1991, 49: 668-673.
232. Satsangi, J., Parkes, M., Louis, E., Hashimoto, L., Kato, N., Welsh,
K., Terwilliger, J.D., Lathrop, G.M., Bell, J.I. and Jewell, D.P., Two
stage genome-wide search in inflammatory bowel disease provides
evidence for susceptibility loci on chromosomes 3, 7 and 12. Nat.
Genet. 1996, 14: 199-202.
233. Scharla, S.H., Minne, H.W., Lempert, U.G., Leidig, G., Hauber, M.,
Raedsch, R. and Ziegler, R., Bone mineral density and calcium
regulating hormones in patients with inflammatory bowel disease
(Crohn's disease and ulcerative colitis). Exp. Clin. Endocrinol. 1994,
102: 44-49.
234. Schulte, C., Dignass, A.U., Mann, K. and Goebell, H., Reduced bone
mineral density and unbalanced bone metabolism in patients with
inflammatory bowel disease. Inflamm. Bowel Dis. 1998, 4: 268-275.
235. Selvaraj, P., Kurian, S.M., Uma, H., Reetha, A.M. and Narayanan,
P.R., Influence of non-MHC genes on lymphocyte response to
Mycobacterium tuberculosis antigens and tuberculin reactive status
in pulmonary tuberculosis. Indian J. Med. Res. 2000, 112: 86-92.
236. Shaffer, P.L. and Gewirth, D.T., Structural basis of VDR-DNA
interactions on direct repeat response elements. EMBO J. 2002, 21:
2242-2252.
237. Shiozawa, S., Shiozawa, K., Tanaka, Y. and Fujita, T., 1 alpha,25Dihydroxyvitamin D3 inhibits proliferative response of T- and Blymphocytes in a serum-free culture. Int. J. Immunopharmacol.
1987, 9: 719-723.
238. Shivananda, S., Lennard-Jones, J., Logan, R., Fear, N., Price, A.,
Carpenter, L. and van Blankenstein, M., Incidence of inflammatory
bowel disease across Europe: is there a difference between north and
south? Results of the European Collaborative Study on
Inflammatory Bowel Disease (EC-IBD). Gut 1996, 39: 690-697.
239. Silvennoinen, J., Relationships between vitamin D, parathyroid
hormone and bone mineral density in inflammatory bowel disease.
J. Intern. Med. 1996, 239: 131-137.
240. Simmons, J.D., Mullighan, C., Welsh, K.I. and Jewell, D.P., Vitamin
D receptor gene polymorphism: association with Crohn's disease
susceptibility. Gut 2000, 47: 211-214.
241. Skrabic, V., Zemunik, T., Situm, M. and Terzic, J., Vitamin D
receptor polymorphism and susceptibility to type 1 diabetes in the
Dalmatian population. Diab. Res. Clin. Pract. 2003, 59: 31-35.
242. Sly, L.M., Lopez, M., Nauseef, W.M. and Reiner, N.E., 1alpha,25Dihydroxyvitamin D3-induced monocyte antimycobacterial activity
is regulated by phosphatidylinositol 3-kinase and mediated by the
NADPH-dependent phagocyte oxidase. J. Biol. Chem. 2001, 276:
35482-35493.
243. Sonnenberg, A., Occupational distribution of inflammatory bowel
disease among German employees. Gut 1990, 31: 1037-1040.
244. Sonnenberg, A. and Wasserman, I.H., Epidemiology of
inflammatory bowel disease among U.S. military veterans.
Gastroenterology 1991, 101: 122-130.
245. St-Arnaud, R., Arabian, A., Travers, R., Barletta, F., Raval-Pandya,
M., Chapin, K., Depovere, J., Mathieu, C., Christakos, S., Demay,
M.B. and Glorieux, F.H., Deficient mineralization of
intramembranous bone in vitamin D-24-hydroxylase-ablated mice is
due to elevated 1,25-dihydroxyvitamin D and not to the absence of

03-34 Mar

The immune functions of vitamin D
24,25-dihydroxyvitamin D. Endocrinology 2000, 141: 2658-2666.
246. St-Arnaud, R., Messerlian, S., Moir, J.M., Omdahl, J.L. and
Glorieux, F.H., The 25-hydroxyvitamin D 1-alpha-hydroxylase gene
maps to the pseudovitamin D-deficiency rickets (PDDR) disease
locus. J. Bone Miner. Res. 1997, 12: 1552-1559.
247. Steckley, J.L., Dyment, D.A., Sadovnick, A.D., Risch, N., Hayes, C.
and Ebers, G.C., Genetic analysis of vitamin D related genes in
Canadian multiple sclerosis patients. Canadian Collaborative Study
Group. Neurology 2000, 54: 729-732.
248. Steffen, M., Cayre, Y., Manogue, K.R. and Moore, M.A., 1,25Dihydroxyvitamin D3 transcriptionally regulates tumour necrosis
factor mRNA during HL-60 cell differentiation. Immunology 1988,
63: 43-46.
249. Stene, L.C., Ulriksen, J., Magnus, P. and Joner, G., Use of cod liver
oil during pregnancy associated with lower risk of type I diabetes in
the offspring. Diabetologia 2000, 43: 1093-1098.
250. Stenson, W.F., Cort, D., Rodgers, J., Burakoff, R., DeSchryverKecskemeti, K., Gramlich, T.L. and Beeken, W., Dietary
supplementation with fish oil in ulcerative colitis. Ann. Intern. Med.
1992, 116: 609-614.
251. Stumpf, W.E., Bidmon, H.J., Li, L., Pilgrim, C., Bartke, A.,
Mayerhofer, A. and Heiss, C., Nuclear receptor sites for vitamin Dsoltriol in midbrain and hindbrain of Siberian hamster (Phodopus
sungorus) assessed by autoradiography. Histochemistry 1992, 98:
155-164.
252. Suzuki, T., Suzuki, N., Srivastava, A.S. and Kurokawa, T.,
Identification of cDNAs encoding two subtypes of vitamin D
receptor in flounder, Paralichthys olivaceus. Biochem. Biophys. Res.
Commun. 2000, 270: 40-45.
253. Swank, R.L., Lerstad, O., Strom, A. and Backer, J., Multiple sclerosis
in rural Norway: Its geographic and occupational incidence in
relation to nutrition. New Engl. J. Med. 1952, 246: 721-728.
254. Takeuchi, A., Reddy, G.S., Kobayashi, T., Okano, T., Park, J. and
Sharma, S., Nuclear factor of activated T cells (NFAT) as a molecular
target for 1alpha,25-dihydroxyvitamin D3-mediated effects. J.
Immunol. 1998, 160: 209-218.
255. Takeyama, K., Kitanaka, S., Sato, T., Kobori, M., Yanagisawa, J. and
Kato, S., 25-Hydroxyvitamin D3 1alpha-hydroxylase and vitamin D
synthesis. Science 1997, 277: 1827-1830.
256. Taverna, M.J., Sola, A., Guyot-Argenton, C., Pacher, N., Bruzzo, F.,
Slama, G., Reach, G. and Selam, J.L., Taq I polymorphism of the
vitamin D receptor and risk of severe diabetic retinopathy.
Diabetologia 2002, 45: 436-442.
257. Tetlow, L.C., Smith, S.J., Mawer, E.B. and Woolley, D.E., Vitamin D
receptors in the rheumatoid lesion: expression by chondrocytes,
macrophages and synoviocytes. Ann. Rheum. Dis. 1999, 58: 118-121.
258. Thomasset, M., [Vitamin D and the immune system]. Pathol. Biol
Paris 1994, 42: 163-172.
259. Tobler, A., Miller, C.W., Norman, A.W. and Koeffler, H.P., 1,25Dihydroxyvitamin D3 modulates the expression of a lymphokine
(granulocyte-macrophage
colony-stimulating
factor)
posttranscriptionally. J. Clin. Invest. 1988, 81: 1819-1823.
260. Toell, A., Polly, P. and Carlberg, C., All natural DR3-type vitamin D
response elements show a similar functionality in vitro. Biochem. J.
2000, 352(Pt 2): 301-309.
261. Towers, T.L. and Freedman, L.P., Granulocyte-macrophage colonystimulating factor gene transcription is directly repressed by the
vitamin D3 receptor. Implications for allosteric influences on nuclear
receptor structure and function by a DNA element. J. Biol. Chem.
1998, 273: 10338-10348.
262. Towers, T.L., Staeva, T.P. and Freedman, L.P., A two-hit mechanism
for vitamin D3-mediated transcriptional repression of the
granulocyte-macrophage colony-stimulating factor gene: vitamin D
receptor competes for DNA binding with NFAT1 and stabilizes cJun. Mol. Cell. Biol. 1999, 19: 4191-4199.

03-34 Mar

23

263. Trang, H.M., Cole, D.E., Rubin, L.A., Pierratos, A., Siu, S. and Vieth,
R., Evidence that vitamin D3 increases serum 25-hydroxyvitamin D
more efficiently than does vitamin D2. Am. J. Clin. Nutr. 1998, 68:
854-858.
264. Tsoukas, C.D., Provvedini, D.M. and Manolagas, S.C., 1,25dihydroxyvitamin D3: a novel immunoregulatory hormone. Science
1984, 224: 1438-1440.
265. Tsoukas, C.D., Watry, D., Escobar, S.S., Provvedini, D.M., Dinarello,
C.A., Hustmyer, F.G. and Manolagas, S.C., Inhibition of interleukin1 production by 1,25-dihydroxyvitamin D3. J. Clin. Endocrinol.
Metabol. 1989, 69: 127-133.
266. Tuomilehto, J., Podar, T., Brigis, G., Urbonaite, B., Rewers, M.,
Adojaan, B., Cepaitis, Z., Kalits, I., King, H., LaPorte, R. and et al.,
Comparison of the incidence of insulin-dependent diabetes mellitus
in childhood among five Baltic populations during 1983-1988. Int. J.
Epidemiol. 1992, 21: 518-527.
267. Uitterlinden, A.G., Fang, Y., Bergink, A.P., van Meurs, J.B., van
Leeuwen, H.P. and Pols, H.A., The role of vitamin D receptor gene
polymorphisms in bone biology. Mol. Cell. Endocrinol. 2002, 197:
15-21.
268. Van de Keere, F. and Tonegawa, S., CD4(+) T cells prevent
spontaneous experimental autoimmune encephalomyelitis in antimyelin basic protein T cell receptor transgenic mice. J. Exp. Med.
1998, 188: 1875-1882.
269. van der Mei, I.A., Ponsonby, A.L., Blizzard, L. and Dwyer, T.,
Regional variation in multiple sclerosis prevalence in Australia and
its association with ambient ultraviolet radiation. Neuroepidemiology
2001, 20: 168-174.
270. Veldman, C.M., Cantorna, M.T. and DeLuca, H.F., Expression of
1,25-dihydroxyvitamin D3 receptor in the immune system. Arch.
Biochem. Biophys. 2000, 374: 334-338.
271. Vidal, M., Ramana, C.V. and Dusso, A.S., Stat1-vitamin D receptor
interactions antagonize 1,25-dihydroxyvitamin D transcriptional
activity and enhance stat1-mediated transcription. Mol. Cell. Biol.
2002, 22: 2777-2787.
272. Vieth, R., Vitamin D nutrition and its potential health benefits for
bone, cancer and other conditions. J. Nutr. Envir. Med. 2001, 11:
275-291.
273. Vieth, R. and Carter, G., Difficulties with vitamin D nutrition
research: objective targets of adequacy, and assays for 25hydroxyvitamin D. Eur. J. Clin. Nutr. 2001, 55: 221-222; discussion
306-227.
274. Vieth, R. and Fraser, D., Vitamin D insufficiency: no recommended
dietary allowance exists for this nutrient. Can. Med. Assoc. J. 2002,
166: 1541-1542.
275. Vitale, E., Cook, S., Sun, R., Specchia, C., Subramanian, K., Rocchi,
M., Nathanson, D., Schwalb, M., Devoto, M. and RohowskyKochan, C., Linkage analysis conditional on HLA status in a large
North American pedigree supports the presence of a multiple
sclerosis susceptibility locus on chromosome 12p12. Hum. Mol.
Genet. 2002, 11: 295-300.
276. Vogelsang, H., Ferenci, P., Woloszczuk, W., Resch, H., Herold, C.,
Frotz, S. and Gangl, A., Bone disease in vitamin D-deficient patients
with Crohn's disease. Dig. Dis. Sci. 1989, 34: 1094-1099.
277. Walbert, T., Jirikowski, G.F. and Prufer, K., Distribution of 1,25dihydroxyvitamin D3 receptor immunoreactivity in the limbic
system of the rat. Horm. Metabol. Res. 2001, 33: 525-531.
278. Walter, R.M. Jr., Freake, H.C., Iwasaki, J., Lynn, J. and MacIntyre, I.,
Specific binding of 1,25 dihydroxyvitamin D3 in lymphocytes.
Metabolism 1984, 33: 240-243.
279. Wang, J.T., Lin, C.J., Burridge, S.M., Fu, G.K., Labuda, M., Portale,
A.A. and Miller, W.L., Genetics of vitamin D 1alpha-hydroxylase
deficiency in 17 families. Am. J. Hum. Genet. 1998, 63: 1694-1702.
280. Whitfield, G.K., Remus, L.S., Jurutka, P.W., Zitzer, H., Oza, A.K.,
Dang, H.T., Haussler, C.A., Galligan, M.A., Thatcher, M.L., Encinas

24

C.E. Hayes et al..

Dominguez, C. and Haussler, M.R., Functionally relevant
polymorphisms in the human nuclear vitamin D receptor gene. Mol.
Cell. Endocrinol. 2001, 177: 145-159.
281. Wilkinson, R.J., Llewelyn, M., Toossi, Z., Patel, P., Pasvol, G.,
Lalvani, A., Wright, D., Latif, M. and Davidson, R.N., Influence of
vitamin D deficiency and vitamin D receptor polymorphisms on
tuberculosis among Gujarati Asians in west London: a case-control
study. Lancet 2000, 355: 618-621.
282. Williams, D.R., Epidemiological and geographic factors in diabetes.
Eye 1993, 7 (Pt 2): 202-204.
283. Willnow, T.E. and Nykjaer, A., Pathways for kidney-specific uptake
of the steroid hormone 25-hydroxyvitamin D3. Curr. Opin. Lipidol.
2002, 13: 255-260.
284. Wuthrich, R. and Rieder, H.P., The seasonal incidence of multiple
sclerosis in Switzerland. Eur. Neurol. 1970, 3: 257-264.
285. Yamamura, M., Uyemura, K., Deans, R.J., Weinberg, K., Rea, T.H.,
Bloom, B.R. and Modlin, R.L., Defining protective responses to
pathogens: cytokine profiles in leprosy lesions. Science 1991, 254:
277-279.
286. Yanagisawa, J., Yanagi, Y., Masuhiro, Y., Suzawa, M., Watanabe, M.,
Kashiwagi, K., Toriyabe, T., Kawabata, M., Miyazono, K. and Kato,
S., Convergence of transforming growth factor-beta and vitamin D
signaling pathways on SMAD transcriptional coactivators. Science
1999, 283: 1317-1321.
287. Yener, E., Coker, C., Cura, A., Keskinoglu, A. and Mir, S.,
Lymphocyte subpopulations in children with vitamin D deficient
rickets. Acta Paediatr. Jpn. 1995, 37: 500-502.

288. Yokota, I., Satomura, S., Kitamura, S., Taki, Y., Naito, E., Ito, M.,
Nisisho, K. and Kuroda, Y., Association between vitamin D receptor
genotype and age of onset in juvenile Japanese patients with type 1
diabetes. Diab. Care 2002, 25: 1244.
289. Yoshizawa, T., Handa, Y., Uematsu, Y., Takeda, S., Sekine, K.,
Yoshihara, Y., Kawakami, T., Arioka, K., Sato, H., Uchiyama, Y.,
Masushige, S., Fukamizu, A., Matsumoto, T. and Kato, S., Mice
lacking the vitamin D receptor exhibit impaired bone formation,
uterine hypoplasia and growth retardation after weaning. Nat. Genet.
1997, 16: 391-396.
290. Young, T.K., Szathmary, E.J., Evers, S. and Wheatley, B.,
Geographical distribution of diabetes among the native population of
Canada: a national survey. Soc. Sci. Med. 1990, 31: 129-139.
291. Yu, X.P., Mocharla, H., Hustmyer, F.G. and Manolagas, S.C.,
Vitamin D receptor expression in human lymphocytes. Signal
requirements and characterization by Western blots and DNA
sequencing. J. Biol. Chem. 1991, 266: 7588-7595.
292. Zamvil, S.S., Mitchell, D.J., Moore, A.C., Kitamura, K., Steinman,
L. and Rothbard, J.B., T-cell epitope of the autoantigen myelin basic
protein that induces encephalomyelitis. Nature 1986, 324: 258-260.
293. Zehnder, D., Bland, R., Williams, M.C., McNinch, R.W., Howie,
A.J., Stewart, P.M. and Hewison, M., Extrarenal expression of 25hydroxyvitamin D3-1 alpha-hydroxylase. J. Clin. Endocrinol.
Metabol. 2001, 86: 888-894.
294. Zmuda, J.M., Cauley, J.A. and Ferrell, R.E., Molecular
epidemiology of vitamin D receptor gene variants. Epidemiol. Rev.
2000, 22: 203-217.

At what date the paper has been sent to the 1st reviewer ? (= Reception date)
-Some Key words please
Figs already published ? We need a written permission of the publ. Houses.
p 12 : underlined : to.... ?
p 13: underlined : twice ?
The final quality of the figs will be as the original one.

03-34 Mar

