D-Hormone and the Immune System
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ABSTRACT. D-hormone [1,25(0H), D,] is an important immune system regulator that has been shown to inhibit devel-

opment of autoimmune diseases including experimental inflammatory bowel disease (IBD), rheumatoid
arthritis (RA), multiple sclerosis (MS), and type 1 diabetes. Paradoxically, other immune mediated diseases
(experimental asthma) and immunity to infectious organisms were not found to be affected by D-hormone
treatment. The effectiveness of D-hormone treatment of autoimmune diseases is due to inhibition of the
development and function of Thl cells and the induction of other Th cells including Th2 cells. We report
results of microarray analysis of colons from D-hormone treated mice with experimental IBD. Two hundred
thirty-nine genes were inhibited and 298 genes were upregulated in the colon by D-hormone treatment of
mice with IBD. Of interest was the D-hormone mediated inhibition of 3 tumor necrosis factor-o. (TNF-¢,
lipopolysaccharide-induced TNF-a factor, and TNF receptor) related genes in the colon. It is likely that the
effectiveness of D-hormone treatment of experimental autoimmunity is due in part to the inhibition of the
TNF family of genes. D-hormone is a selective regulator of the immune system, and the outcome of D-hor-
mone treatment depends on the nature (infectious disease, asthma, autoimmune disease, etc.) of the immune

response. (J Rheumatol 2005;32 Suppl 76:11-20)
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The discovery of the vitamin D receptor (VDR) in the
cells of the immune system and the fact that activated
dendritic cells produce the vitamin D hormone' suggested
that vitamin D could have immunoregulatory properties.
VDR, a member of the nuclear hormone receptor super-
family, was identified in mononuclear cells, dendritic cells,
antigen-presenting cells, and activated T lymphocytes.

A physiological role for vitamin D in the immune sys-
tem is suggested by the presence of the VDR in primary
lymphoid organs. The primary lymphoid organs (bone
marrow and thymus) are the centers where the immune
system develops and differentiates>®. However, VDR
knockout (KO) mice have normal thymuses, normal
myelopoiesis of the bone marrow, and no overt abnor-
malities in other immune system compartments®.
Recently it has been shown that when activated, the VDR
knockout mouse has overactive and inflammatory T
cells; moreover, in animals susceptible to inflammatory
bowel disease (IBD), this results in a fulminating form of
IBD?. The function of VDR in the primary lymphoid tis-
sues is not known, but arguably there is a role of the D-
hormone in regulating the processes occurring there.
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IMMUNE SYSTEM

TUMOR NECROSIS FACTOR
ANIMAL DISEASE MODELS

VITAMIN D AND AUTOIMMUNITY

Autoimmune diseases are disecases where the immune sys-
tem’s ability to discriminate between self- and non-self
tissue fails. People with diseases like multiple sclerosis
(MS), arthritis, and IBD have T cells that target self and
drive the immune system to induce inflammation in the
peripheral tissues. The causes of the inappropriate
immune attacks are not known; however, it is clear that
both genetic and environmental factors contribute to the
etiology of these diseases.

T cells have been shown to be central for the pathology
of autoimmune disease. Specifically, type 1 helper (Thl)
cells, which secrete interferon-y (IFN-y) and tumor necro-
sis factor-o. (TNF-o) have been shown to transfer
autoimmune disease in mice. Treatments that can direct-
ly or indirectly block Thl cell function are eftective for
suppressing autoimmunity. Type 2 helper cells (Th2)
secrete interleukin 4 (IL.-4), which inhibits the differenti-
ation of Thl cells. Other regulatory T cells produce trans-
forming growth factor-p1 (TGF-B1) or IL-10, which also
inhibit Thl effector cell function.

Vitamin D status has been linked to autoimmune dis-
eases in humans. Recently a large population study
(Nurses Health Study I and IT) showed that women in the
highest quintile of vitamin D intake had a 40% reduced
rate of developing MS®. Similarly, vitamin D intake was
inversely associated with rheumatoid arthritis in the
Women’s lowa Health Study, which contained data from
29,368 women’. Experimentally it has been shown that
vitamin D deficiency exacerbates both IBD and MS in
animals®?. Further, D-hormone has been shown to sup-
press experimental MS and IBD in mice®®. Interestingly,
D-hormone has been shown to effectively inhibit autoim-
munity even when animals were vitamin D sufficient.
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Tuble 1. In vivo effects of D-hormone in mice with targeted gene deletions.

Genotype Effects of D-hormone Experimental Models References
Tested
Wildtype Suppressed MS, lupus, IBD, 5.8.9,16,17
arthritis, type-1 diabetes
IL-4 KO Reduced MS 11
VDR KO No effect MS 12
IL-2 KO No effect IBD 13
IL-10 KO Suppressed IBD 9

IN VIVO TARGETS OF D-HORMONE

In vivo targets of the D-hormone in experimental MS
include a number of inflammatory cytokines (Table 1). D-
hormone treatment of mice with experimental MS result-
ed in inhibition of lymphocyte accumulation in the lymph
nodes'’. Mice treated with the D-hormane had fewer cells
secreting TNF-o. and IFN-y'". In addition, D-hormone
treatment increased the level of 1L-4 and TGF-1 produced
in the animals'®. The ability to produce IL-4 is important
for the function of D-hormone, since D-hormone treat-
ment was ineffective for suppressing experimental MS in
mice that were deficient in IL-4 (IL-4 KO, Table 1)!'. As
expected, D-hormone was ineffective at inhibiting experi-
mental MS in VDR KO animals'?. Vitamin D deficiency
accelerated the development of IBD in IL-10 KO mice,
and colitis symptoms in IL-10 KO mice were suppressed
by D-hormone treatment (Table 1)°. Conversely, the coli-
tis that develops in IL-2 KO mice was unaffected by vita-
min D status!3. In addition, colitis in IL-2 KO mice was
not suppressed by D-hormone treatment (Table 1)!*. The
net result of D-hormone treatment in experimental
autoimmunity includes decreased symptoms, which paral-
lel the reduced production of Thl associated cytokines
and TNF-qo, and a concomitant increase in cytokines that
correspond to the resolution of inflammation and
decreased severity of autoimmunity. IL-4 and IL-2 pro-
duction have been shown to be crucial for the effectiveness
of D-hormone in experimental autoimmunity. Overall,
the action of D-hormone in vivo functions to suppress
autoimmunity by inhibiting Th1 cell associated responses
and increasing Th2 and other regulatory T cell processes.

NOVEL D-HORMONE TARGETS IN THE COLON
OF MICE WITH EXPERIMENTAL IBD

When D-hormone targets were probed in experimental
IBD, results were consistent with previous findings:
Untreated vitamin D deficient IL-10 KO mice developed
more severe [BD, as shown by larger small intestine/body
weight ratios (9.0 + 0.6%) compared to the D-hormone
treated 1L-10 KO mice (6.5 £ 0.7%). Based on the high
expression of TNF-a in the colons of 1L-10 KO mice
(data not shown), microarray analysis was done using
colon tissue. Microarray analysis was performed exactly
as described'* and repeated once using total RNA from

different mice {Tables 2 and 3). The inclusion criteria for
genes reported were (1) the gene was up- or downregulat-
ed 2-fold or more in one of the experiments, (2) the gene
was up- or downregulated by 1.3-fold or more in the sec-
ond experiment in the same direction as the first, and (3)
the microarray spot for the gene had a combined median
fluorescent intensity (median green fluorescence median
background + median red fluorescence median back-
ground) of more than 100 on both array replicates. Two
hundred thirty-nine downregulated (Table 2) and 298
upregulated (Table 3) potential targets of the D-hormone
were identified using these criteria.

Table 4 shows the results for 6 genes. The expression of
VDR is known to be positively regulated by the D-hor-
mone. As expected, D-hormone treatment of the IL-10
KO mouse increased the expression of VDR mRNA in
the colons of D-hormone treated mice. Interestingly,
calmodulin and calcium binding protein A6 (calcyclin) are
expressed in colonic tissue, and it seems reasonable that
vitamin D would increase expression of these calcium reg-
ulators. Three genes (TNF-q, lipopolysaccharide-induced
TNF-a factor, and TNF receptor) involved in the regula-
tion of TNF-o were inhibited by D-hormone in the
colons of IL-10 KO mice. The inhibition of these TNF-a
related genes by D-hormone correlated with decreased
severity of colitis in D-hormone treated IL-10 KO mice.
Elevated TNF-a secretion has been shown to play a role
in Crohn’s disease, and treatments that inhibit TNF-o
secretion have been shown to be effective for treating IBD
in humans.

D-HORMONE SELECTIVELY REGULATES
IMMUNE FUNCTION

Clearly, D-hormone is a potent suppressor of autoim-
mune diseases. Based on the ability of the D-hormone to
suppress autoimmunity and to prolong allograft survival,
scientists have labeled it “immunosuppressive”. However,
the effect of the D-hormone on immune function has not
been shown to be broadly immunosuppressive. D-hor-
mone treatment was tested for an effect on the ability of
a host to fight an infection with Candida albicans or
Herpes simplex virus'’. Mice were treated with the D-
hormone at levels previously shown to be effective at pro-
longing allograft transplants'®. As controls, mice were
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. Genes downregulated by D-hormone in whole colon tissue of 1L-10 knockout mice. *The ratio is the inverse of the average of the median

ies of red fluorescence over green fluorescence. Negative ratios represent the factor by which genes were inhibited by D-hormone treat-

\ll values are the means of 2 independent experiments.
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Accession
No.
X02339
D16313
X97817
AJ243590
AF030896
M68489
D87902
AF069953
AF164119
M33151
AF171100
124118
AF109918
AF218249

AF133093

102844
(M%1000

U20372

M93275
(U76306
AF159090
AF139221
M81445
AF097512
1U08354

U47543

046923
58888
129468
D86725
Us1014
AF039663
M55412
AJ222969
U89906
M60778
AF126427

D14883

AF162768

[U43186

X59300

Name

CD3 antigen delta polypeptide
Krtl-15

SemaSa

Drg2

1 kappa B epsilon

Thymidine kinase 1
ADP-ribosylation factor §
Gng3

Binder of Rho GTPase 3
Histocompatibility 2 L region
LPS-induced TNF-alpha factor (LITAF)
TNF alpha-induced protein 2
Tomm40

Atpénl

Host cell factor C1

INM_011824 Cysteine knot 1, BMP antagonist ]

CD22 antigen
Somatostatin receptor 3

Calcium channel beta 3 subunit

INM_010601 K+ voltage-gated channel subfamily H, 3

Adipose differentiation related protein
Solute carrier family 6, member 2

MHC psoriasis candidate gene
Immunoglobulin kappa chain variable 28
Gap junction membrane protein beta 2
Peroxisomal biogenesis factor 14
Melanocortin 5 receptor

Ngfi-A binding protein 2

(NM_010739 Lymphocyte antigen 64

G protein-coupied receptor 19
SH3 domain protein 3
Cofilin 2 muscle

Mini ch N deficient 2

Peptidase 4

Prominin

Guanine nucleotide binding protein alpha q
Periaxin

Alpha-methylacyl-CoA racemase

Integrin alpha L

Mab-21-like 2

Kail

INM_013863 Bcl2-associated athanogene 3

EST AF007010

Map3k2
GABA-A receptor subunit gamma 3

Ratio* Intensities|

-1.65
-1.66
-1.66
17
174
-1.76
-1.76
177
177
-1.78
18
182
-1.82
-1.84
-1.85
-1.85
-1.88
-1.88

-1.89

-1.9
-1.92
-1.92
-1.93
-1.94
-1.95
-1.95
-1.97
-1.98
-1.98
-2.01
-2.02
-2.06
-2.06
-2.08
-2.08
-2.08

-2.08

-2.1
-2.11
-2.11
-2.12
-2.13
-2.13

Combined
Median
318
891
753
1074
384
736
10399
632
3346
26765
4392
734
815
997
1476
1126
1366
750
2965
307
666
1100
811
843
480
875
1076
514
17424
701
259
750
490
738
571
379
854
263
950
721
2997
530
18153
257

570

136962 Metaxin -2.14 612
115447 nuclear ribonucleoprotein polypeptide A -2.16 1982
(U97079 US small nuclear ribonucleoprotein 116 k =216 1216
X65493 Intercellular adhesion molecule 2 -2.16 263
X57796 TNF receptor superfamily, 1A -2.16 1829
AB026805 Synaptotagmin § -2.17 225
AF108214 Eukaryotic translation initiation factor 3,84  -2.17 433
D28599 Chondroitin sulfate proteoglycan 2 -2.19 698
AF087680 Valyl-tRNA synthetase 2 =22 2346
142384 Fibroblast growth factor inducible 15 -2.21 379
NM_011390 Solute carrier family 12 member 7 =222 2043
M38337 Milk fat globule-EGF factor 8 protein -2.23 1952
M23109  Coagulation factor IX =223 681
43844 Cyclin D3 -2.27 1382
U89489 LIM domain binding 2 -2.27 332
'AB000713 Claudin 4 =229 460
INM_019692 GTP-binding protein Roc2 <232 2589
J03928 Phosphofructokinase, liver, B-type -2.33 2013
[AF192558 Mitochondrial carrier homolog 1 -2.34 275
AB019003 CFTR/MRP, member 5a -2.34 431
'NM_011176 Suppression of tumorigenicity 14 -2.36 2183
'U73198 GDI gammma -2.38 147
222923 Procollagen type IX alpha 2 -2.38 465
AF126798 Fatty acid desaturase 2 -2.39 548
X02611 ‘Tumor necrosis factor alpha -2.4 362
[AF297082  Guanylate cyclase 1, soluble alpha 3 -2.43 298
[AB041568 Hypothetical protein MNCb-1213 -243 2911
(AB016424 RNA binding motif protein 3 247 415
AF026481 Eukaryotic translation initiation factor -2.47 628
U20780 Ubiquitinating enzyme E2 -249 477
AF216306 Down syndrome critical region gene ¢ =25 249
AJ230108  Annexin AS -2.51 342
U96963 Diaphanous homolog 1 -2.52 705
Y07915 Ets variant gene 6 (TEL oncogene) -2.54 563
J02809 Growth associated protein 43 -2.54 2081
Y13832 Maternally expressed gene 3 -256 371
Y15443 T ppressing ferable fragmem 3~ -2.58 230
X75832 Glycine receptor alpha 1 subunit -2.59 443
AF111715  Acyl-malonyl condensing enzyme =26 380
D87898 ADP-ribosylation factor 1 -26 360
(U85786 Sodium channel voltage-gated type I beta -2.62 417
M27073 Protein phosphatase 1 catalytic subunit -2.63 496
IAF026123  Synaptojanin 2 -2.63 248
INM_019560 Syntaxin 1 b-like -2.64 506
U95607 Hsp40 homolog subfamily B member 3 -2.65 532
INM_013569 K+ voltage-gated channel subfamily H, 2 -2.65 434
AF134238  Placental protein 6 <265 277
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