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lmmunomodulatory Role of 1,25-Dihydroxyvitamin D3 
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Abstract The active vitamin D metabolite 1,25-dihydroxyvitamin D3 [1,25-D3] is thought to promote many of its 
actions through interaction with a specific intracellular receptor. The discovery of such receptors in monocytes and 
activated lymphocytes has led investigators to evaluate the role of the hormone on the immune system. The sterol 
inhibits lymphocyte proliferation and immunoglobulin production in a dose-dependent fashion. At a molecular level, 
1 ,25-D3 inhibits the accumulation of mRNA for IL-2, IFN-y, and GM-CSF. At a cellular level, the hormone interferes with 
T helper cell (Th) function, reducing Th-induction of immunoglobulin production by B cells and inhibiting the passive 
transfer of cellular immunity by Th-clones in vivo. The sterol promotes suppressor cell activity and inhibits the 
generation of cytotoxic and NK cells. Class II antigen expression on lymphocytes and monocytes is also affected by the 
hormone. 

When given in vivo, 1,25-D3 has been particularly effective in the prevention of autoimmune diseases such as 
experimental autoimmune encephalomyelitis and murine lupus but i t s  efficacy has been limited by i t s  hypercalcemic 
effect. Synthetic vitamin D3 analogues showing excellent 1 ,25-D3-receptor binding but less pronounced hypercalcemic 
effects in vivo have recently enhanced the immunosuppressive properties of the hormone in autoimmunity and 
transplantation. Q 1992 WiIey-Liss, Inc. 
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The classic role of the steroid hormone 1,25- 
dihydroxyvitamin D3 [1,25-D31 on calcium ho- 
meostasis has long been recognized. The sterol 
interacts stereospecifically with an intracellular 
receptor protein leading to gene-regulating func- 
tions mediating various biologic responses. The 
discovery of such receptors in various tissues 
has contributed to previously unsuspected ac- 
tions for the hormone. More than a decade ago, 
specific receptors for the sterol (VDR) were dis- 
covered in neoplastic cell lines [l l ;  soon, it was 
found that the proliferation of such cancer lines 
could not only be reduced in the presence of 
1,25-D3 but that these cells could acquire the 
characteristics of normal monocytes in vitro, 
leading to the first observations of anti-prolifer- 
ative and pro-differentiating effects of the active 
metabolite [21. Shortly thereafter, the VDR was 
identified in normal human peripheral blood 
mononuclear cells, monocytes and lymphocytes, 
the latter upon activation [3,4]. These findings 
were the starting point for the study of the 
potential immunomodulatory role of the hor- 
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mone. Over the years, various cellular and molec- 
ular actions of 1,25-D3 on the immune system 
have been described in vitro, but it is only re- 
cently that a potential application for the com- 
pound in vivo has been evaluated. A review of 
the properties of 1,25-D3 on immune functions 
in vitro will precede the summary of our current 
knowledge of the immunosuppressive actions of 
the sterol in vivo. 

1,25-D I HYD ROXWITAM I N D3 INTERACTION 
WITH CELLULAR IMMUNE FUNCTIONS IN 

VITRO 
Lymphocyte Proliferation 

As early as 1984, we [51 and others [6-81 first 
demonstrated that mitogen activation of lympho- 
cyte proliferation was inhibited in the presence 
of 1,25-D3 with maximal activity observed at 

M hormone concentration. Subsequent 
studies revealed that 1,25-D3-inhibition of T 
lymphocyte proliferation was associated with 
the prevention of cells to progress from the early 
G1 to the late G1 phase of the cell cycle [91. At a 
molecular level, 1,25-D3 suppressed mRNA lev- 
els for IL-2 [lo], interferon-? [ll] and GM-CSF 
[12]. While addition of IL-2 reversed some of the 
anti-proliferative effects of the hormone, exoge- 
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nous IL-2 could not reverse the inhibition of 
IFN-Y production or transferrin receptor expres- 
sion in the presence of 1,25-D3 despite cell entry 
into late GI and proliferation, suggesting an  
immunosuppressive effect dissociable from its 
anti-proliferative effect [ 131. Fractionation of T 
cells in to T helper cells (Th) and T suppressor 
cells (T,) revealed that, despite little difference 
in VDR expression between Th and T, [141, 
1,25-D3 inhibited the proliferation of Th but not 
T, cells [15,16]. Activation signals and cell cul- 
ture conditions have also influenced the antipro- 
liferative effect of 1,25-D3 [171. 

Helper Function 

Pre-incubation of Th with 1,25-D3 before co- 
culture experiments with B and T, revealed that 
1,25-D3 abrogated the inducing effect of Th on Ig 
synthesis by B cells [151. Exogenous IL-2 could 
restore the Th-directed Ig production by B cells 
[ 181. Additional evidence for a 1,25-D3-mediated 
inhibition of Th was provided by the ability of 
the sterol to inhibit a biological activity of an 
autoimmune Th clone, delayed-type hypersensi- 
tivity (DTH) (see Autoimmunity). By its ability 
to inhibit IL-2, IFN-y, and the transfer of DTH, 
a pattern characteristic of Th type 1 [191, the 
sterol could be selecting for this T helper sub- 
type. 

Suppressor Function 

The hormone appears to exert a “permissive” 
or even enhancing effect on suppressor activity. 
In co-cultures of B cells with T cell subsets, 
1,25-D3 did not reverse the suppression pro- 
vided by T, on Th-mediated Ig production by B 
cells [151. More evidence for a role of T, on the 
1,25-D3-inhibition of Ig production of unfraction- 
ated lymphocytes was suggested by the fact that 
only after T, were removed from the 1,25-D3- 
treated lymphocytes that restoration of Ig pro- 
duction was observed with exogenous IL-2 [ 181. 

In recent experiments, using the in vitro model 
of transplant compatibility, the mixed lympho- 
cyte reaction (MLR), the addition of 1,25-D3 to a 
primary MLR contributed to a significant en- 
hancement of suppressor cell activity [201. Ef- 
fector cells from a primary MLR incubated with 

M 1,25-D3 displayed up to 67% suppression 
of a fresh autologous MLR, an effect similar in 
magnitude to that of cyclosporine [211. 

Cytotoxic Function 

Cytotoxicity of NK and T cytotoxic cells can be 
regulated by 1,25-D3. Merino et al. [221 have 
shown that 1,25-D3, in a time- and dose-depen- 
dent fashion, could inhibit the generation of 
cytotoxic activity from cultured CD16-t periph- 
eral blood NK cells. The sterol, however, was 
unable to interfere with the cytotoxic function 
of NK cells already established, suggesting an 
inhibitory effect a t  the activation level. In the 
human MLR, we also found that 1,25-D3 could 
significantly inhibit the generation of cytotoxic 
cells [201. For both studies described, incubation 
of target cells with 1,25-D3 did not modify the 
lytic activity, suggesting that the hormone does 
not directly alter NK or T-cytotoxic cells effector 
functions, but rather interferes with the activa- 
tion or generation of such cells. 

B Cells 

In addition to the inhibition of Ig production 
by B cells mediated by Th, a direct effect of the 
sterol on B cell Ig production has been suggested 
using purified B cells [23] or B cells immortal- 
ized by Ebstein-Barr virus [24]. However, fur- 
ther indirect inhibition of B cell function could 
be mediated by monocytes/macrophages through 
IL-1 [251. At this time, the effect of 1,25-D3 on 
IL-4, a B-cell differentiating factor, has yet to be 
characterized. 

Antigen Expression and Monocyte/Macrophage 
Function 

In addition to the action of the sterol on 
cellular function, 1,25-D3 may exert additional 
immunomodulatory properties by affecting 
class-I1 antigen expression on cells of immune 
lineage. Monocytes/macrophages constitutively 
express MHC class I1 antigens (HLA-DR in hu- 
mans, Ia in mice). Initial observations using a 
murine monocyte/macrophage tumor cell line, 
WEHI-3, suggested an  enhancement of IFN-y- 
induced Ia expression 1261. However other inves- 
tigators have shown an opposite effect [27]. Re- 
cent studies have suggested that 1,25-D3 could 
reduce HLA-DR and CD4+ expression by mono- 
cytes while not affecting class I antigen expres- 
sion 1281. Our recent observations also revealed 
a reduction of class I1 antigen expression on 
lymphocytes from the MLR incubated with 
1,25-D3 with no reduction in class I antigen 
expression [201. Class I1 antigen expression was 
also reduced in a melanoma cell line incubated 
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in the presence of 1,25-D3 [291. Interestingly, 
the active metabolite could also inhibit the abil- 
ity of IFN-y to induce class I1 antigen expression 
on non “immune” cells such as non-trans- 
formed rat thyroid follicular epithelial cells and 
mouse testicular Leydig cells [30]. Enhance- 
ment of class I1 antigen expression is a common 
feature of autoimmunity and often precedes the 
onset of disease [311. These observations sug- 
gest that 1,25-D3, directly or through IFN-y, 
could not only reduce the antigenicity of cells of 
the immune system but could also reduce tissue 
antigenicity. The latter could then reduce the 
amplification of the immune response seen in 
various autoimmune disorders. 

Finally, the effect of 1,25-D3 on normal mono- 
cyte/macrophage function remains controver- 
sial. In addition to the effect of the hormone on 
class I1 antigen expression mentioned, mono- 
cytes incubated in the presence of 1,25-D3 can 
increase [27,32,331 or decrease [341 IL-1 secre- 
tion. The sterol can also preserve adherence and 
normal protein synthesis by monocytes during 
physiological stress [35] and can enhance in- 
tracellular killing of organisms [36]. Impaired 
phagocytic function of peritoneal macrophages 
of vitamin D deficient mice could be corrected by 
the administration of 1,25-D3 in vitro and in 
vivo [37]. These observations suggest that, in 
contrast to its immunosuppressive effect on lym- 
phocytes, 1,25-D3 may enhance monocyte/macro- 
phage function. 

Despite the discovery of VDR in almost all 
systems studied [38] and the effect of the hor- 
mone on immune cells in vitro, an immunomod- 
ulatory role for the hormone in pathologic condi- 
tions has yet to be defined. Contrary to the 
serum calcium elevating effect directly attrib- 
uted to 1,25-D3 in sarcoidosis [391, lymphoma 
[38], and anephric patients with end-stage renal 
disease [40], no systemic immunosuppression 
has been described in disease states so far. At 
best, it was suggested that higher concentra- 
tions of 1,25-D3 than circulating levels found at 
sites of inflammation may act in an  autocrinel 
paracrine fashion to modulate local lymphocyte 
function [ 17,27,41]. 

Of interest, the immunoregulatory properties 
of 1,25-D3 in vitro appear to be similar, in many 
respects, to cyclosporine [21]. Both compounds 
act preferentially on T lymphocytes during ini- 
tial activation by antigen. They both appear to 
select the T helper cell by inhibiting lymphokine 

production at a genomic level. The generation of 
cytotoxic and NK cells are both inhibited in the 
presence of both 1,25-D3 and cyclosporine, but 
neither seems to interfere with the function of 
such cells once generated. Finally, they both 
allow for enhancement or “sparing” of suppres- 
sor function, a key element in the efficacy of 
cyclosporine in tolerance of transplantation. 

IMMUNOSUPPRESSIVE PROPERTIES OF 
1,25-D3 IN VlVO (FIG. 1) 

In recent years, new therapeutic modalities 
have been proposed for the sterol. The availabil- 
ity of synthetic 1,25-D3 analogues with similar 
properties to the natural hormone but with less 
hypercalcemic effects have renewed the search 
for potential application for 1,25-D3 in vivo. As 
shown in the figure, the pro-differentiating ef- 
fect of the metabolite has led to administer the 
hormone to mice bearing lymphoproliferative 
neoplasms. The hormone could prolong survival 
of mice receiving injections of leukemic cell lines 
and exert an antimetastatic effect [421. The an- 
tiproliferative effect of the metabolite has con- 
tributed to the first recognized human applica- 
tion of non-phosphocalcemic actions of 1,25-D3 
in psoriasis (refer to Kragballe’s Prospect article 
in this issue). Finally and most recently, the 
immunosuppressive effect of 1,25-D3 has been 
studied in animal models of autoimmunity and 
transplantation. 

AUTOIMM U N ITY 

Three murine models of experimental autoim- 
munity have been studied so far for the immuno- 
modulatory properties of 1,25-D3: experimental 
autoimmune encephalomyelitis (model of hu- 
man multiple sclerosis), experimental systemic 
lupus erythematosus, and experimental autoim- 
mune thyroiditis. 

In experimental autoimmune encephalomyeli- 
tis (EAE), a clinical paralysis can be induced in 
susceptible animals within 12 to 15 days by the 
injection of a nervous tissue antigen (myelin 
basic protein [MBPI) in adjuvant. If the animals 
survive, a rise in antibody titer to MBP will be 
present within 2 to 4 weeks after immunization. 
We found that the administration of 0.1 pg 
1,25-D3 intraperitoneally (I.P.) every other day 
for 15 days, starting three days prior to immuni- 
zation, significantly prevented the development 
of EAE [43]. The rise in antibody titer to MBP 
was also abrogated. Treatment with the hor- 
mone inhibited histologic lesions of Em. In this 
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TRANSPLANTATIO 

AUTOlMMUNllY 
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SURVIVAL OF CANCER 
XENOGRAFTS RECIPIENTS 

ANTIMETASTATIC EFFECT 
PSORIASIS 

Fig. 1. The three principal non-classical actions of 1,25-D3 in vitro and their therapeutic applications in vivo. 

principally cell-mediated model of autoimmu- 
nity, the Th lymphocyte plays a key role. Clones 
of MBP-specific Th isolated from sensitized ani- 
mals and cultured in vitro exert various biologi- 
cal functions mediated in vivo, including trans- 
fer of disease and delayed-type hypersensitivity 
(DTH) [441. Using such Th clones, we recently 
found that these clones expressed the VDR C451. 
Upon exposure to 2 10-8M 1,25-D3 duringincu- 
bation with MBP and prior to transfer, the Th 
cell clones lost their ability to elicit a DTH 
response in the recipient in vivo. Of interest, 
this inhibitory effect on passive transfer of DTH 
was seen in the absence of significant inhibition 
of Th clones proliferation, a dissociation of immu- 
nosuppressive effect from antiproliferative ac- 
tion of the hormone as previously suggested in 
vitro [131. 

In experimental lupus, the effect of 1,25-D3 
and related analogues has been studied in MRL/1 
mice. These autoimmune mice spontaneously 
develop many of the human manifestations of 
lupus. A polyclonal Th cell stimulation of B cell 
activity has been described in those mice and 
could contribute to the pathogenesis of the dis- 
ease. From 4 weeks of age, 1,25-D3, 0.1 Fg I.P. 
every other day, was extremely effective in the 
prevention of lupus-associated skin lesions [461. 

A reduction of proteinuria and autoantibody 
titers was also observed in 1,25-D3-treated ani- 
mals. The oral administration of a synthetic 
vitamin D analogue, 22-oxa-1,25-D3, up to 100 
nglkg 5 days a week from 6 weeks of age until 
death prolonged survival, reduced proteinuria, 
and improved histopathological manifestations 
of the disease [471. A normalization of lympho- 
cyte phenotypes in thymus and spleen was also 
observed in treated animals. Another vitamin 
D3 analogue, 1,24R-D3, given at  0.1 pg/kg/day, 
I.P., 5 days a week, from 6 weeks of age, was also 
effective in preventing proteinuria and normaliz- 
ing thymic lymphocyte phenotypes [481. 

In experimental autoimmune thyroiditis, man- 
ifested histologically by cellular thyroid infiltra- 
tion and anti-thyroglobulin antibody produc- 
tion, the administration of up to 0.2 p,g/kg/day 
1,25-D3, intragastrically, from the day of immu- 
nization and daily for 21 days, did not affect the 
incidence of thyroiditis and only reduced by up 
to 26% the severity of histological lesions [491. 
The effect of cyclosporine was identical to the 
one observed with 1,25-D3 when used alone. 
However, the addition of cyclosporine to 1,25-D3 
produced a lower incidence of thyroid pathology 
and a significantly milder disease compared to 
controls. 
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In all autoimmune models analyzed, 1,25-D3 
was effective, alone or with cyclosporine, in sup- 
pressing clinical or paraclinical expressions of 
disease when administered prior to disease induc- 
tion or at an early age prior to disease expres- 
sion. 

TRANSPIANTATION 

The active vitamin D metabolite was effective 
in prolonging rat cardiac allograft survival or 
skin graft survival in mice [501. However, the 
doses of 1,25-D3 required to  produce adequate 
immunosuppression were associated with se- 
vere toxicity in the recipients and reduced sur- 
vival. A recent study of a synthetic 1,25-D3 ana- 
logue, 1,25-A16-D3 (Hoffmann-La Roche, Nutley, 
NJ), exhibiting more potent suppressive effect 
than 1,25-D3 in vitro and less hypercalcemia in 
vivo, was conducted in mice. Hearts from C3H 
mice were transplanted into histoincompatible 
Balb/c mice [51]. The administration of 1,25-D3, 
0.1 p.g I.P., starting 3 days prior to transplanta- 
tion and every other day until rejection (disap- 
pearance of visual observation of heart beat), 
had no significant effect on graft survival; higher 
doses of the hormone were toxic. However, 0.2 
p.g 1,25-A16-D3, given every other day, signifi- 
cantly prolonged graft survival; mean survival 
time was 27.2 k 4 days compared to 11.57 ? 0.5 
days for controls. 

PROSPECTS 

The evidence so far suggests that the hor- 
mone 1,25-D3 exerts immunomodulatory proper- 
ties in vitro and in vivo. Investigations of mech- 
anisms of action of the metabolite at a cellular 
and molecular level should further clarify the 
interaction of the hormone with the immune 
system. What is the interaction between VDR, T 
cell receptor, and activation signals [521? Can 
1,25-D3 exert immunomodulatory properties at 
a non-genomic level like its very rapid effects on 
calcium transport, transcaltachia? 

While those questions and others are being 
addressed, therapeutic applications for the hor- 
mone are being studied. The non-hypercalcemic 
1,25-D3 analogues will definitely provide an op- 
portunity to enhance the immunosuppressive 
effects of the hormone but without its toxicity. 
Moreover, the synergistic effect observed in the 
presence of cyclosporine will potentially lead to 
the use of a synthetic 1,25-D3 analogue in the 
treatment of autoimmune diseases or in trans- 

plantation, alone or in combination, in order to 
reduce toxicity of both compounds. 
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