


Gut-associated lymphoid 
tissue
(GALT). Lymphoid structure 
associated with the intestinal 
mucosa, including 
cryptopatches, isolated 
lymphoid follicles, Peyer’s 
patches and caecal and colonic 
patches.

Small intestinal lamina 
propria
Connective tissue between  
the intestinal epithelium  
and the intestinal muscularis 
mucosae layer, which contains 
various myeloid and lymphoid 
cells, including macrophages, 
dendritic cells, T cells and 
B cells.

by rXr receptors55. However, it should be noted that 
DCs pre-treated with retinoic acid can apparently store 
this metabolite50, which when released could ultimately 
act directly on T cells and/or other cells and contribute 
to the final outcome of an immune response.

Vitamin A metabolites also modulate more specific 
functional aspects of the immune response, such as the 
TH1–TH2-cell balance and the differentiation of Treg cells 
and TH17 cells (FIG. 3a). Vitamin A deficiency correlates 
with decreased TH2-cell responses56 and, conversely, 
vitamin A supplementation blocks the production of 
TH1-cell cytokines in vitro and in vivo57,58. These effects 
of vitamin A on TH1–TH2-cell differentiation are medi-
ated by retinoic acid. In fact, retinoic acid promotes TH2-
cell differentiation by inducing IL4 gene expression59. 
Moreover, retinoic acid blocks the expression of the 
TH1-cell master regulator T-bet and induces TH2-cell-
promoting transcription factors, such as GATA3 (GATA-
binding protein 3), macrophage-activating factor (MAF) 
and signal transducer and activator of transcription 6 
(STAT6)57,60. Interestingly, vitamin A supplementation 
was correlated with an increase in disease severity in a 
mouse model of asthma, whereas vitamin A deficiency 
had the opposite effect, which was associated with a 
decrease in TH2-cell cytokines61. It has been proposed 
that retinoic acid exerts its TH2-cell-promoting effect 
indirectly through the modulation of APCs62. However, 
retinoic acid can also act directly on T cells to induce 
TH2-cell differentiation57,60 through rAr proteins57.

Several types of T cells that have dominant immuno-
modulatory effects have been described. The best 
characterized are Treg cells that express the transcription 
factor FOXP3. Although transforming growth factor-�B 
(TGF�B)��drives the generation of induced Treg cells in 
peripheral tissues63, it was recently demonstrated by 
several groups that this process can be significantly 
enhanced by retinoic acid64,65 (FIG. 3a). In addition, DCs 
from the gut‑associated lymphoid tissue (GAlT) or small 
intestinal lamina propria also enhance Treg-cell differentia-
tion in a retinoic acid-dependent manner16,66. Notably, 
one recent study indicated that macrophages and not 
DCs are responsible for inducing Treg cells in the intesti-
nal lamina propria67, and that DCs are mainly involved 
in the induction of TH17 cells at this site67,68. The reasons 
for these seemingly discrepant results are unclear. In 
addition to inducing FOXP3, retinoic acid also upregu-
lates gut-homing receptors on Treg cells, targeting these 
cells to the gut mucosa65,66. The relative contribution of 
in situ-generated gut Treg cells to both oral and peripheral 
tolerance is yet to be determined.

The differentiation of Treg cells and TH17 cells is 
reciprocally regulated by cytokine signals69. Exposure of 
activated CD4+ T cells to TGF�B alone induces Treg cells, 
whereas the combination of TGF�B with Il-6, Il-1�B and 
Il-23 or Il-21 blocks FOXP3 induction and induces 
TH17-cell differentiation69,70. However, exposure of CD4+ T 
cells to retinoic acid together with TGF�B and Il-6 negates 
the TH17-cell-promoting effect of Il-6 by enhancing the 
induction of Treg cells and blocking the induction of retin-
oic-acid-receptor-related orphan receptor-�Gt (rOr�Gt), a 
key transcription factor for TH17-cell differentiation64,71. 

It should be noted that this effect is only observed when 
retinoic acid is used over a certain threshold concentra-
tion68. In fact, low concentrations of retinoic acid seem to 
be necessary for TH17-cell differentiation68. So, retinoic 
acid has a dual role in maintaining immunological toler-
ance: it favours the induction of Treg cells and can simulta-
neously either block or enhance TH17-cell differentiation, 
depending on its concentration.

Effects on immunoglobulin isotypes. An important 
feature of activated B cells is their capacity to undergo 
immunoglobulin class-switching and to give rise to dif-
ferent antibody isotypes. TH1- and TH2-cell cytokines 
differentially influence antibody class-switching: the 
TH1-cell cytokine IFN�G promotes switching to IgG2a 
and IgG3, whereas the TH2-cell cytokine Il-4 induces 
the production of IgG1 and IgE and suppresses the  
generation of IgG2b and IgG3 (reF. 72). DCs can also 
modulate B-cell activation and antibody class-switch-
ing73, which could occur indirectly by influencing 
TH-cell differentiation74. However, DCs can also directly 
promote the induction of specific immunoglobulin iso-
types. GAlT-resident DCs efficiently induce the genera-
tion of IgA+ ASCs when cultured with activated B cells 
in vitro75,76. Several cytokines and other bioactive factors 
are involved in the capacity of GAlT-resident DCs to 
induce IgA+ ASCs, including TGF�B����(reFs 16,67,74,77), 
Il-6 (reFs 75,76), APrIl (a proliferation-inducing  
ligand)78 and nitric oxide79.

GAlT- and lamina propria-resident DCs also con-
tribute to the generation of IgA+ ASCs by a mechanism 
depending, at least in part, on retinoic acid68,76 (FIG. 3b). 
The presence of retinoic acid efficiently induces IgA 
secretion by lipopolysaccharide (lPS)-activated spleno-
cytes80 or by lPS-stimulated B cells cultured with spleen 
DCs68. However, the presence of retinoic acid during the 
activation of purified B cells is not sufficient to impart 
these effects68,76. retinoic acid-induced IgA secretion 
requires either Il-5 (reFs 76,80) or Il-6 (reFs 75,76), 
which are known to possess a general adjuvant role in 
IgA production73,81,82. In fact, both retinoic acid and Il-6 
are required for GAlT-resident DCs to induce optimal 
IgA production by mouse and human B cells in vitro75,76. 
Vitamin A-depleted mice have decreased numbers of 
IgA+ ASCs in the small bowel lamina propria76,83, consist-
ent with an in vivo role for retinoic acid in gut mucosal 
IgA responses. In addition, oral administration of a  
rAr agonist significantly increases serum IgA levels in 
rats84. Interestingly, exposure to retinoic acid together 
with Il-6 or Il-5 is not sufficient to induce IgA+ ASCs 
from in vitro-activated naive B cells in the absence of 
DCs76. Therefore, it is likely that DCs provide some  
necessary B-cell survival and differentiation signals that 
are not tissue-specific.

It was recently shown that inducible nitric oxide syn-
thase (iNOS; also known as NOS2A) and nitric oxide are 
crucial for the generation of IgA+ ASCs79. Interestingly, 
the promoter of the iNOS gene contains a rArE that is 
directly activated by retinoic acid bound to its nuclear 
rAr�A–rXr heterodimeric receptor85. Moreover, intra-
peritoneal administration of either retinoic acid or a 
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Experimental allergic 
encephalomyelitis 
(eAe). An experimental model 
of the human disease multiple 
sclerosis. Autoimmune disease 
is induced in experimental 
animals by immunization with 
myelin or peptides derived 
from myelin. The animals 
develop a paralytic disease 
with inflammation and 
demyelination in the brain and 
spinal cord.

Type 1 diabetes 
A chronic autoimmune disease 
that is characterized by the 
T‑cell‑mediated destruction of 
�B cells (which secrete insulin)  
in the pancreas. Patients with 
type 1 diabetes develop 
hyperglycaemia and can 
develop diabetes‑associated 
complications in multiple organ 
systems, owing to a lack of 
insulin. Diabetes in non‑obese 
diabetic mice is a model of 
type I diabetes.

Atherosclerosis
A chronic disorder of the 
arterial wall characterized by 
endothelial damage that 
gradually induces deposits of 
cholesterol, cellular debris, 
calcium and other substances. 
These deposits eventually lead 
to plaque formation and 
arterial stiffness.

Ischaemia-reperfusion injury 
(IrI). Cellular damage caused 
by the return of blood supply 
to a tissue after a period of 
inadequate blood supply. The 
absence of oxygen and 
nutrients causes cellular 
damage, such that restoration 
of the blood flow results in 
inflammation.

murine ASCs in vitro and VDr-deficient mice have 
normal numbers of CCr10+ IgA+ ASCs39, which indi-
cates that 1,25(OH)2VD3 might not be necessary for 
the induction of CCr10 expression by B cells in vivo, 
at least in mice.

In vitro-generated tissue-tropic lymphocytes retain 
marked plasticity; skin-homing T cells can be con-
verted to gut-homing T cells and vice versa if they are 
re-stimulated with or without GAlT-resident DCs, 
respectively95,96. Similarly, previously activated B cells 
can be re-educated and acquire or lose gut-homing 
potential when they are restimulated with or without 
retinoic acid, respectively76. The decrease in �A���B��-
integrin and CCr9 expression observed in T and B cells 
that are activated in the absence of retinoic acid might 
be a default differentiation mechanism. However, it is 
also possible that other factors can actively contribute 
to the downregulation of gut-homing-receptor expres-
sion by lymphocytes. As both rAr and VDr must form 
heterodimers with rXr to signal, it is possible that 
1,25(OH)2VD3 could actively antagonize the effects of 
retinoic acid by competing for the same nuclear part-
ner18. Consistent with this possibility, 1,25(OH)2VD3 
blocks the retinoic acid-induced upregulation of 
gut-homing receptors on human T cells6,99. However, 
whether this retinoic acid antagonism by 1,25(OH)2VD3 
has a regulatory role in the imprinting of gut-homing 
lymphocytes in vivo remains unknown.

In addition to imprinting a gut-homing phenotype 
on lymphocytes, retinoic acid and GAlT-resident 
DCs also block the upregulation of the skin-homing 
receptors CCr4 and ligands for P- and E-selectin by 
T cells15,95. Therefore, acquisition of a skin-homing 
phenotype might be the default pathway for T-cell 
activation in the absence of retinoic acid or when rAr 
signalling is blocked100. Nonetheless, as VD3 as well as 
1,25(OH)2VD3 can be synthesized in the skin101, it is con-
ceivable that, like retinoic acid in the gut, 1,25(OH)2VD3 
might have a reciprocal role in imprinting lymphocyte 
homing to the skin. In agreement with this possibility, 
it was recently shown that 1,25(OH)2VD3 synergizes 
with Il-12 to induce the expression of skin-associated 
CCr10 by human T cells6. However, it was also shown 
that 1,25(OH)2VD3 actually blocks the upregulation of 
ligands for E-selectin6,99 and the expression of fucosyl-
transferase-VII (reF. 99), an enzyme essential for the 
synthesis of selectin ligands102. This was correlated with 
decreased homing of T cells to the inflamed skin in a 
model of contact hypersensitivity induced by oxazolone99. 
Although these data indicate that 1,25(OH)2VD3 might 
block skin-homing, it should be noted that these experi-
ments were carried out without Il-12 supplementation, 
which could potentially counteract the negative effect of 
1,25(OH)2VD3 on the expression of E-selectin ligands 
and skin-homing. It is also possible that 1,25(OH)2VD3 
induces CCr10 expression by T cells after they have 
homed to the skin to increase their retention in this tissue. 
In fact, because keratinocytes express the CCr10 ligand 
CC-chemokine ligand 27 (CCl27), it has been proposed 
that CCr10 upregulation might promote T-cell trafficking 
to and/or retention in the epidermis6.

Finally, 1,25(OH)2VD3 might also affect leukocyte 
migration by blocking chemokine synthesis at effector 
sites. For instance, 1,25(OH)2VD3 decreased the expres-
sion of CCl2, CCl3, CXCl10 and subsequent monocyte 
infiltration in experimental autoimmune encephalomyelitis 
(EAE)103. Similarly, a 1,25(OH)2VD3 analogue decreased 
the production of the chemokines CCl2, CCl5, CXCl10 
and consequent TH1-cell infiltration in non-obese dia-
betic (NOD) mice, a model of type 1 diabetes104.

Effects of antioxidant vitamins on immunity 
It has been known for more than 30 years that some 
vitamins with antioxidant properties, including vita-
min A, vitamin B6 (pyridoxine), vitamin C (ascorbic 
acid) and particularly vitamin E, have protective 
effects on animal models of atherosclerosis and ischaemia‑
reperfusion injury (IrI)2–4. Vitamin E collectively refers 
to eight related compounds (tocopherols and tocot-
rienols), of which �A-tocopherol has the greatest bio-
availability and is the best characterized105. Vitamin 
E decreases the release of reactive oxygen species by 
monocytes106 and the expression of CD11b and very 
late antigen 4 (VlA4), thereby decreasing monocyte 
adhesion to the endothelium106. Vitamin E also blocks 
the release of pro-inflammatory cytokines, including 
Il-1, Il-6, TNF and the chemokine Il-8, by monocytes 
and macrophages107,108. Moreover, vitamin E prevents 
the upregulation of the adhesion molecules vascular 
cell-adhesion molecule 1 (VCAM1) and intercellular 
adhesion molecule 1 (ICAM1) on the endothelium 
induced by oxidized low-density lipo protein (lDl)109 
and Il-1�B110, as well as the upregulation of E-selectin 
and some chemokines108. reactive oxygen species acti-
vate the nuclear factor-�KB (NF-�KB) pathway106, which 
initiates many pro-inflammatory events. Therefore, 
the therapeutic antioxidant effect of these vitamins 
could be explained, at least in part, by their capacity to 
decrease NF-�KB activation.

Vitamin E can also act directly on T cells by decreasing 
IFN�G��production111 and CD95l (also known as FASl)112 
expression, thereby helping to decrease inflammation 
and immune-mediated tissue damage. These effects on 
macrophages and T cells are believed to be important 
for the protective effect for vitamin E in animal models 
of atherosclerosis108,113 and IrI114,115. Consistent with a 
potential physiological role for vitamin E in preventing 
atherosclerosis, hyperlipidemic mice that are deficient 
in �A-tocopherol transfer protein, which is important 
for transporting �A-tocopherol and for preventing its  
degradation, have more severe atherosclerosis116.

It was recently shown that vitamin C prevents oxida-
tive damage during ischaemia reperfusion in rats117 and 
humans4. Notably, it was shown that vitamin C but not 
vitamin E prevented leukocyte adhesion to the micro-
vascular endothelium in hamster models of oxidative 
endothelial stress induced by cigarette smoke or oxidized 
lDl118,119. Differences in lipophilicity might potentially 
have an impact in the distribution and/or location of 
vitamins C and E and partially account for the differen-
tial effect of these vitamins. Therefore, it is possible that 
combined supplementation of vitamins C and E could 

R E V I E W S

NATurE rEVIEwS | IMMUNOLOGY  VOluME 8 | SEPTEMBEr 2008 | 693



Rheumatoid arthritis
An immunological disorder 
that is characterized by 
symmetrical polyarthritis, often 
progressing to crippling 
deformation after years of 
synovitis. It is associated with 
systemic immune activation, 
with the presence of 
acute‑phase reactants in the 
peripheral blood and with 
rheumatoid factor 
(immunoglobulins specific for 
IgG), which form immune 
complexes that are deposited 
in many tissues.

Inflammatory bowel disease
(IBD). A chronic condition  
of the intestine that is 
characterized by severe 
inflammation and mucosal 
destruction. The most common 
forms in humans are ulcerative 
colitis and Crohn’s disease, 
which are believed to be 
T helper 2 (TH2)‑ and TH1‑type 
diseases, respectively. 
However, interleukin‑23 and 
TH17 cells have also recently 
been shown to be involved in 
the pathology of IBD.

Graft-versus-host disease 
(GVHD). An immune response 
mounted against the recipient 
of an allograft by 
immunocompetent donor 
T cells that are derived from 
the graft. Typically, it is seen in 
the context of allogeneic 
bone‑marrow transplantation.

offer synergistic benefits. The antioxidant and/or anti-
atherogenic role for other vitamins, such as vitamin B6 and 
vitamin K, is less well documented and somewhat contro-
versial, with evidence both in favour120,121 and against122 a 
protective role for these vitamins in atherosclerosis.

Finally, it should be noted that many of the encourag-
ing results in animal models have not been consistently 
translated into a significant therapeutic benefit in control-
led clinical trials of vitamin supplementation for the pre-
vention of cardiovascular diseases and IrI121. Therefore, 
it remains to be determined whether antioxidant vitamins 
will prove to be useful for the treatment and/or prevention 
of these ailments in humans.

Vitamin metabolites in immunotherapy
Vitamin D. Given that 1,25(OH)2VD3 has a physiologi-
cal protective role in dampening or limiting potentially 
pathogenic immune responses at the cellular level, one 
might predict that interfering with its effects could pre-
dispose to hypersensitivity or autoimmunity7. Consistent 
with this idea, levels of serum 1,25(OH)2VD3 are often 
decreased in patients with type I diabetes123 and SlE8,124, 
and 1,25(OH)2VD3 levels are inversely correlated with 
disease activity in patients with rheumatoid arthritis125. 
Moreover, VD3 deficiency accelerates intestinal inflamma-
tion in Il-10-deficient mice, which develop inflammatory 
bowel disease126. VD3 deficiency might also predispose to 
type I diabetes7,127. However, although children with rickets 
(typically caused by insufficient dietary supply of vitamin 
D) have a higher incidence of diabetes than VD3-sufficient 
children7, they are also more susceptible to infection7,128, 
which suggests that VD3 might also be important for pro-
tective immune responses. This effect could be partially 
mediated by the capacity of 1,25(OH)2VD3 to increase the 
bactericidal capacity of macrophages5,23.

Given its  immunomodulator y properties, 
1,25(OH)2VD3 or its analogues might be clinically use-
ful for the treatment of inflammatory and auto immune 
diseases. Administration of 1,25(OH)2VD3 or an ana-
logue prevented proteinuria and prolonged life span 
in a mouse model of experimental SlE129,130. In addi-
tion, 1,25(OH)2VD3 prevented EAE in mice103,131,132, an 
effect that was dependent on Il-10 and Il-10 receptor 
signalling132. As 1,25(OH)2VD3 in combination with 
glucocorticoids induces Il-10-producing Tr1 cells133, it 
is possible that 1,25(OH)2VD3 might exert its therapeu-
tic effect, at least in part, through the generation of Tr1 
cells. However, induction of FOXP3+ Treg cells might also 
have an important role35–37. Other models of experimen-
tal autoimmunity in which 1,25(OH)2VD3 has shown a 
therapeutic benefit include insulitis in NOD mice127, pros-
tatitis34 and rheumatoid arthritis7,134. 1,25(OH)2VD3 can 
also block cutaneous contact hypersensitivity99, an effect 
that could be mediated in part by blocking the induc-
tion of skin-homing-receptor expression by lympho-
cytes99. Consistent with its anti-inflammatory role, a 
1,25(OH)2VD3 analogue has been successfully used as a 
therapy for psoriasis135,136. However, it should be pointed 
out that topical skin application of 1,25(OH)2VD3 
also has the potential to trigger allergic dermatitis by  
increasing TH2 cell-mediated responses137.

It has been proposed that 1,25(OH)2VD3 could also 
be used as an adjuvant in immunomodulatory therapy 
in transplantation. 1,25(OH)2VD3 and a 1,25(OH)2VD3 
analogue prolonged the survival of mouse cardiac allo-
grafts138,139, and decreased the rates of allograft rejection 
and increased survival in a rat model of liver transplan-
tation140 and in fully mismatched mouse pancreatic islet 
transplants141. In addition, a 1,25(OH)2VD3 analogue 
provided significant protection from graft‑versus‑
host disease (GVHD) in rats142. Moreover, 1,25(OH)2VD3 
and a 1,25(OH)2VD3 analogue significantly prevented 
chronic allograft rejection in a rat model of renal trans-
plantation143 and delayed chronic allograft rejection in a 
mouse model of aortic transplantation139.

Interestingly, polymorphisms in VDr are associ-
ated with a higher incidence of GVHD in patients 
who undergo bone-marrow transplantation144, which 
indicates that 1,25(OH)2VD3 might also have a role in 
suppressing alloreactive immune responses in humans. 
In agreement with this possibility, 1,25(OH)2VD3 
supplementation has been shown to have a beneficial 
effect by improving allograft function of human renal 
transplants145, which is especially relevant considering 
that renal insufficiency is associated with decreased 
1,25(OH)2VD3 synthesis146,147. Importantly, although 
1,25(OH)2VD3 helps to prevent transplant rejection, it 
does not seem to interfere significantly with protective 
immune responses against pathogens148. Therefore, it 
is possible that once 1,25(OH)2VD3 induces a ‘homeo-
static’ immunomodulatory threshold, it does not exert 
further immunosuppression.

Although 1,25(OH)2VD3 could be a potentially useful 
immunomodulatory agent for clinical use, it can cause 
some serious adverse effects, in particular the induction 
of hypercalcaemia and bone resorption7. Therefore, 
multiple drug development efforts are aimed at finding 
1,25(OH)2VD3 analogues that exert immunomodulation 
without causing significant hypercalcaemia7. Indeed, 
long-term administration of a 1,25(OH)2VD3 analogue 
efficiently decreased serum levels of Il-2 and IgG in 
mice without significant adverse side effects149, and some 
1,25(OH)2VD3 analogues have been successfully used in 
autoimmune disease models, such as EAE, to decrease 
the doses of conventional immunosuppressive drugs7. 
These results indicate that 1,25(OH)2VD3 analogues may 
be an effective and safer alternative to 1,25(OH)2VD3 for 
immune modulation.

Vitamin A. Given the crucial role of retinoic acid in 
imprinting a gut-homing capacity on T and B cells15,76, 
as well as its potential to promote the differentiation of 
IgA+ ASCs76,80, it is not surprising that vitamin A defi-
ciency is associated with impaired intestinal immune 
responses56,88,89 and increased mortality associated 
with gastrointestinal and respiratory infections150. 
Conversely, vitamin A supplementation correlates with 
a significant decrease in diarrhoea and mortality 
in HIV-infected or malnourished children76,151,152. 
Therefore, retinoic acid or rAr agonists could be 
used for targeting T- and B-cell responses to the gut 
mucosa for vaccination purposes.
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In addition, given that retinoic acid can potentiate the 
TGF�B-mediated induction of Treg cells while antagoniz-
ing the differentiation of pro-inflammatory TH17 cells64, 
treatment with retinoic acid together with TGF�B could be 
a useful strategy to generate Treg cells for treating inflam-
matory pathologies affecting not only the intestine, but 
also peripheral tissues. In fact, retinoic acid and rAr-
agonists have been successfully used in some models of 
autoimmune inflammation, such as EAE153,154, adjuvant 
arthritis155,156 and experimental nephritis157. retinoids 
have also been successfully used to treat psoriasis158 and 
they are effective in treating and/or preventing contact 
dermatitis in mice and humans159,160. In these models, 
therapeutic effects partially correlated with the induc-
tion of TH2-cell responses153 and decreased expression of��
�A���B1-integrin on effector T cells157, but the role of retinoic 
acid in the induction of Treg cells and the inhibition of 
TH17 cells in these settings has yet to be assessed.

Concluding remarks
Although 1,25(OH)2VD3 clearly exerts immunomodula-
tory activity in vitro and in vivo, its relative physiological 
role in maintaining immune tolerance and in shaping 
immune responses is still unclear. Moreover, as retinoic 
acid and 1,25(OH)2VD3 can potentially antagonize 
each other’s effects6,18,99, it will be important to dissect 
the interplay between 1,25(OH)2VD3, retinoic acid and 
other mechanisms of immunomodulation in vivo.

1,25(OH)2VD3 can upregulate CCr10 on human 
T cells and ASCs6,39 while blocking the expression of 
skin- and gut-homing receptors6,99. However, the in vivo 
relevance of the effects of 1,25(OH)2VD3 on CCr10 
expression by T cells that are infiltrating the skin and 
by IgA+ ASCs that are migrating to the gut lamina pro-
pria remains to be determined. In addition, although 
GAlT-resident DCs enhance IgA secretion and induce 
gut-homing effector lymphocytes ex vivo, it will be 

important to determine the relative in vivo contribution 
of DCs versus other potential sources of retinoic acid in 
the gut (such as IECs), and to determine whether there 
are retinoic acid-independent mechanisms of imprinting 
a gut-homing phenotype. Moreover, as GAlT-resident 
DCs can also enhance the differentiation of TGF�B-
induced Treg cells, it will be necessary to determine the 
in vivo scenarios in which GAlT-resident DCs and 
retinoic acid promote either effector or suppressive T-cell 
responses. Along these same lines, it will be important 
to study the contribution of these in situ-generated  
gut Treg cells compared with their systemic counterparts 
in maintaining immune tolerance at intestinal and  
extra-intestinal sites.

Aside from the antioxidant effects of vitamins C and E 
that have been demonstrated in animal models of cardio-
vascular disease and IrI, there is a lack of published infor-
mation on the impact of these and other vitamins, such as 
vitamin B6 and K120–122, on the adaptive immune system 
and in other inflammatory settings, such as autoimmune 
diseases. whether these vitamins will offer a therapeutic 
benefit in the settings of human cardiovascular diseases, 
IrI and other pathologies remains unclear.

Although many open questions remain, there is prom-
ise that vitamin A and D metabolites or their analogues 
have the potential to be used in clinical settings for thera-
peutic benefit. In particular, it will be important to assess 
the impact of using 1,25(OH)2VD3 analogues as an adju-
vant immunomodulatory therapy in the setting of autoim-
mune diseases and in transplant recipients. It will also be 
important to determine the net effects of retinoic acid or 
synthetic rAr-agonists, especially in the intestine, where 
these agents appear to have a role in enhancing immune 
responses. The capacity of vitamin A metabolites to foster 
gut-homing T cells might improve strategies of mucosal 
vaccination or aid in decreasing pathogenic immunity by 
potentiating the induction of Treg cells. 
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