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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 receptors®. However, it should be noted that
DCs pre-treated with retinoic acid can apparently store
this metabolite*™, 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
T, 1-T,2-cell balance and the differentiation of T, _ cells
and T ;17 cells (FIG. 3a). Vitamin A deficiency correlates
with decreased T, 2-cell responses® and, conversely,
vitamin A supplementation blocks the production of
T, 1-cell cytokines in vitro and in vivo”**. These effects
of vitamin A on T, 1-T ,2-cell differentiation are medi-
ated by retinoic acid. In fact, retinoic acid promotes THZ—
cell differentiation by inducing IL4 gene expression®.
Moreover, retinoic acid blocks the expression of the
T, 1-cell master regulator T-bet and induces T, 2-cell-
promoting transcription factors, such as GATA3 (GATA-
binding protein 3), macrophage-activating factor (MAF)
and signal transducer and activator of transcription 6
(STAT6)>"%. 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 T 2-cell cytokines®'. It has been proposed
that retinoic acid exerts its T ,2-cell-promoting effect
indirectly through the modulation of APCs®2. However,
retinoic acid can also act directly on T cells to induce
T, 2-cell differentiation’”* through RAR proteins”.

Several types of T cells that have dominant immuno-
modulatory effects have been described. The best
characterized are T, _ cells that express the transcription
factor FOXP3. Although transforming growth factor- B
(TGF B drives the generation of induced TReg cells in
peripheral tissues®, it was recently demonstrated by
several groups that this process can be significantly
enhanced by retinoic acid®*® (FIC. 3a). In addition, DCs
from the gut-associated lymphoid tissue (GALT) or small
intestinal lamina propria also enhance T eg—cell differentia-
tion in a retinoic acid-dependent manner'®®. Notably,
one recent study indicated that macrophages and not
DCs are responsible for inducing T cells in the intesti-
nal lamina propria®, and that DCs are mainly involved
in the induction of T ;17 cells at this site”**. The reasons
for these seemingly discrepant results are unclear. In
addition to inducing FOXP3, retinoic acid also upregu-
lates gut-homing receptors on T,_ cells, targeting these
cells to the gut mucosa®*®. The relative contribution of
in situ-generated gut T, _ cells to both oral and peripheral
tolerance is yet to be determined.

The differentiation of T, cells and T 17 cells is
reciprocally regulated by cytokine signals®. Exposure of
activated CD4" T cells to TGF Balone induces T, cells,
whereas the combination of TGF Bwith IL-6, IL- 1 Band
IL-23 or IL-21 blocks FOXP3 induction and induces
T, 17-cell differentiation®®”°. However, exposure of CD4" T
cells to retinoic acid together with TGF Band IL-6 negates
the T, 17-cell-promoting effect of IL-6 by enhancing the
induction of T, cells and blocking the induction of retin-
oic-acid-receptor-related orphan receptor- G(ROR @, a
key transcription factor for T, 17-cell differentiation®"".

It should be noted that this effect is only observed when
retinoic acid is used over a certain threshold concentra-
tion®. In fact, low concentrations of retinoic acid seem to
be necessary for T, 17-cell differentiation®. So, retinoic
acid has a dual role in maintaining immunological toler-
ance: it favours the induction of T, _cells and can simulta-
neously either block or enhance TH 17-cell differentiation,
depending on its concentration.

Effects on immunoglobulin isotypesn important
feature of activated B cells is their capacity to undergo
immunoglobulin class-switching and to give rise to dif-
ferent antibody isotypes. T, 1- and T 2-cell cytokines
differentially influence antibody class-switching: the
T, 1-cell cytokine IFN Gromotes switching to IgG2a
and IgG3, whereas the T, 2-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-
ing”, which could occur indirectly by influencing
T, -cell differentiation’. 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 vitro’”. 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)”® and nitric oxide™.

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 acid®®”® (FIG. 3b).
The presence of retinoic acid efficiently induces IgA
secretion by lipopolysaccharide (LPS)-activated spleno-
cytes® or by LPS-stimulated B cells cultured with spleen
DCs®. However, the presence of retinoic acid during the
activation of purified B cells is not sufficient to impart
these effects®”®. 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 production”*"#2, 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 vitro”™7°.
Vitamin A-depleted mice have decreased numbers of
IgA* ASCs in the small bowel lamina propria”®, consist-
ent with an in vivorole for retinoic acid in gut mucosal
IgA responses. In addition, oral administration of a
RAR agonist significantly increases serum IgA levels in
rats*. 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
DCs’¢. 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* ASCs”. Interestingly,
the promoter of the INOSgene contains a RARE that is
directly activated by retinoic acid bound to its nuclear
RAR A-RXR heterodimeric receptor®. 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
Beells (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 | 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* ASCs*, which indi-
cates that 1,25(OH),VD, 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,
respectively®>®. 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, respectively’®. 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(0OH),VD, could actively antagonize the effects of
retinoic acid by competing for the same nuclear part-
ner'. Consistent with this possibility, 1,25(OH),VD,
blocks the retinoic acid-induced upregulation of
gut-homing receptors on human T cells®”. However,
whether this retinoic acid antagonism by 1,25(OH), VD,
has a regulatory role in the imprinting of gut-homing
lymphocytes in vivoremains 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 cells'>**. 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 blocked'®. Nonetheless, as VD, as well as
1,25(OH)2VD3 can be synthesized in the skin'", it is con-
ceivable that, like retinoic acid in the gut, 1,25(OH)ZVD3
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),VD, synergizes
with IL-12 to induce the expression of skin-associated
CCR10 by human T cells®. However, it was also shown
that 1,25(OH),VD, actually blocks the upregulation of
ligands for E-selectin®” and the expression of fucosyl-
transferase-VII (REF. 99), an enzyme essential for the
synthesis of selectin ligands'®. This was correlated with
decreased homing of T cells to the inflamed skin in a
model of contact hypersensitivity induced by oxazolone”.
Although these data indicate that 1,25(OH),VD, 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(0OH),VD, on the expression of E-selectin ligands
and skin-homing. It is also possible that 1,25(0H),VD,
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 epidermis®.
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Finally, 1,25(OH),VD, might also affect leukocyte
migration by blocking chemokine synthesis at effector
sites. For instance, 1,25(OH),VD, decreased the expres-
sion of CCL2, CCL3, CXCL10 and subsequent monocyte
infiltration in experimental autoimmune encephalomyelitis
(EAE)'”. Similarly, a 1,25(OH), VD, analogue decreased
the production of the chemokines CCL2, CCL5, CXCL10
and consequent T 1-cell infiltration in non-obese dia-
betic (NOD) mice, a model of type 1 diabetes'™,

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)**. Vitamin E collectively refers
to eight related compounds (tocopherols and tocot-
rienols), of which Atocopherol has the greatest bio-
availability and is the best characterized'®. Vitamin
E decreases the release of reactive oxygen species by
monocytes'®and the expression of CD11b and very
late antigen 4 (VLA4), thereby decreasing monocyte
adhesion to the endothelium'®. Vitamin E also blocks
the release of pro-inflammatory cytokines, including
IL-1, IL-6, TNF and the chemokine IL-8, by monocytes
and macrophages'®”!%. 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 lipoprotein (LDL)'"
and IL-1 B, as well as the upregulation of E-selectin
and some chemokines'®. Reactive oxygen species acti-
vate the nuclear factor- K3 (NF- K8) pathway'®, 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 Groduction'! and CD95L (also known as FASL)''?
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 atherosclerosis'®!'"* and IRI"'*'**. Consistent with a
potential physiological role for vitamin E in preventing
atherosclerosis, hyperlipidemic mice that are deficient
in Atocopherol transfer protein, which is important
for transporting Atocopherol and for preventing its
degradation, have more severe atherosclerosis'.

It was recently shown that vitamin C prevents oxida-
tive damage during ischaemia reperfusion in rats'” and
humans®. 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
LDL"®_ 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
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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
1gC), 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
Thelper 2 (T,2)-and T, 1-type
diseases, respectively.
However, interleukin-23 and
T,17 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 favour'**'?! and against'* 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 IRI'?". 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),VD, 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 autoimmunity’. Consistent
with this idea, levels of serum 1,25(OH),VD, are often
decreased in patients with type I diabetes'” and SLE*'%,
and 1,25(0OH),VD, levels are inversely correlated with
disease activity in patients with rheumatoid arthritis'>.
Moreover, VD, deficiency accelerates intestinal inflamma-
tion in IL-10-deficient mice, which develop inflammatory
bowel disease'*. VD, deficiency might also predispose to
type I diabetes™'?”. However, although children with rickets
(typically caused by insufficient dietary supply of vitamin
D) have a higher incidence of diabetes than VD, -sufficient
children’, they are also more susceptible to infection”'*,
which suggests that VD, might also be important for pro-
tective immune responses. This effect could be partially
mediated by the capacity of 1,25(0OH),VD; to increase the
bactericidal capacity of macrophages®.

Given its immunomodulatory properties,
1,25(0OH), VD, or its analogues might be clinically use-
ful for the treatment of inflammatory and autoimmune
diseases. Administration of 1,25(0OH),VD, or an ana-
logue prevented proteinuria and prolonged life span
in a mouse model of experimental SLE'*'*. In addi-
tion, 1,25(OH)2VD3 prevented EAE in mice!®*"12 an
effect that was dependent on IL-10 and IL-10 receptor
signalling'*. As 1,25(OH),VD, in combination with
glucocorticoids induces IL-10-producing T 1 cells'®, it
is possible that 1,25(OH),VD, might exert its therapeu-
tic effect, at least in part, through the generation of T 1
cells. However, induction of FOXP3* T, _ cells might also
have an important role**~*”. Other models of experimen-
tal autoimmunity in which 1,25(OH),VD, has shown a
therapeutic benefit include insulitis in NOD mice'?, pros-
tatitis* and rheumatoid arthritis”'**. 1,25(OH),VD, can
also block cutaneous contact hypersensitivity®, an effect
that could be mediated in part by blocking the induc-
tion of skin-homing-receptor expression by lympho-
cytes®. Consistent with its anti-inflammatory role, a
1,25(0OH),VD, analogue has been successfully used as a
therapy for psoriasis'*>'*. However, it should be pointed
out that topical skin application of 1,25(OH),VD,
also has the potential to trigger allergic dermatitis by
increasing T2 cell-mediated responses'?”.

It has been proposed that 1,25(OH),VD, could also
be used as an adjuvant in immunomodulatory therapy
in transplantation. 1,25(OH),VD, and a 1,25(0H),VD,
analogue prolonged the survival of mouse cardiac allo-
grafts*®1¥ and decreased the rates of allograft rejection
and increased survival in a rat model of liver transplan-
tation' and in fully mismatched mouse pancreatic islet
transplants'*!. In addition, a 1,25(OH)2VD3 analogue
provided significant protection from graft-versus-
host disease (GVHD) in rats'*. Moreover, 1,25(0H),VD,
and a 1,25(OH),VD, analogue significantly prevented
chronic allograft rejection in a rat model of renal trans-
plantation' and delayed chronic allograft rejection in a
mouse model of aortic transplantation'®.

Interestingly, polymorphisms in VDR are associ-
ated with a higher incidence of GVHD in patients
who undergo bone-marrow transplantation'*, which
indicates that 1,25(0OH),VD, 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
transplants'*, which is especially relevant considering
that renal insufficiency is associated with decreased
1,25(OH), VD, synthesis'***". Importantly, although
1,25(0H), VD, helps to prevent transplant rejection, it
does not seem to interfere significantly with protective
immune responses against pathogens'*. Therefore, it
is possible that once 1,25(0OH),VD; induces a ‘homeo-
static’ immunomodulatory threshold, it does not exert
further immunosuppression.

Although 1,25(OH), VD, 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 resorption’. Therefore,
multiple drug development efforts are aimed at finding
1,25(0OH), VD, analogues that exert immunomodulation
without causing significant hypercalcaemia’. Indeed,
long-term administration of a 1,25(OH),VD, analogue
efficiently decreased serum levels of IL-2 and IgG in
mice without significant adverse side effects'*’, and some
1,25(OH), VD, analogues have been successfully used in
autoimmune disease models, such as EAE, to decrease
the doses of conventional immunosuppressive drugs’.
These results indicate that 1,25(OH),VD, analogues may
be an effective and safer alternative to 1,25(OH),VD, for
immune modulation.

Vitamin A. Given the crucial role of retinoic acid in
imprinting a gut-homing capacity on T and B cells'>’,
as well as its potential to promote the differentiation of
IgA* ASCs’*%, it is not surprising that vitamin A defi-
ciency is associated with impaired intestinal immune
responses®®*® and increased mortality associated
with gastrointestinal and respiratory infections'".
Conversely, vitamin A supplementation correlates with
a significant decrease in diarrhoea and mortality
in HIV-infected or malnourished children’®!*"1%2,
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 Bmediated induction of T, _ cells while antagoniz-
ing the differentiation of pro-inflammatory T, 17 cells*,
treatment with retinoic acid together with TGF Beould be
a useful strategy to generate T, _ 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 EAE*>'*, adjuvant
arthritis*>"*® and experimental nephritis'*’. Retinoids
have also been successfully used to treat psoriasis'® and
they are effective in treating and/or preventing contact
dermatitis in mice and humans®*', In these models,
therapeutic effects partially correlated with the induc-
tion of T, 2-cell responses'> and decreased expression of

A B-integrin on effector T cells'”’, but the role of retinoic
acid in the induction of T, cells and the inhibition of
T, 17 cells in these settings has yet to be assessed.

Concluding remarks
Although 1,25(0OH),VD, clearly exerts immunomodula-
tory activity in vitro and in vivg, its relative physiological
role in maintaining immune tolerance and in shaping
immune responses is still unclear. Moreover, as retinoic
acid and 1,25(0OH),VD, can potentially antagonize
each other’s effects®!®*, it will be important to dissect
the interplay between 1,25(OH),VD,, retinoic acid and
other mechanisms of immunomodulation in vivo,
1,25(0H),VD, can upregulate CCR10 on human
T cells and ASCs®* while blocking the expression of
skin- and gut-homing receptors®”. However, the in vivo
relevance of the effects of 1,25(0OH),VD, 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 exvivo, it will be

REVIEWS

important to determine the relative in vivocontribution
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 T, cells compared with their systemic counterparts
in maintaining immune tolerance at intestinal and
extra-intestinal sites.

Aside from the antioxidant effects of vitamins Cand 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 K'*"'%, 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(0OH), VD, 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 T, cells.

Rosenberg, I. H. Challenges and opportunities in the
translation of the science of vitamins.
85, 325S 327S (2007).

2. Beetens, J. R., Coene, M. C., Verheyen, A,,
Zonnekeyn, L. & Herman, A. G. Influence of vitamin C
on the metabolism of arachidonic acid and the
development of aortic lesions during experimental
atherosclerosis in rabbits. Biomed. Biochim. Acta 43,
S273 S276 (1984).

3. Llesuy, S. et al. Effect of vitamins A and E on ischemia-
reperfusion damage in rabbit heart. ~ Mol. Cell.
Biochem. 145, 45 51 (1995).

4. Pleiner, J. et al. Intra-arterial vitamin C prevents
endothelial dysfunction caused by ischemia-
reperfusion. Atherosclerosis 197, 383 391 (2008).

5. Holick, M. F. Vitamin D deficiency. N. Engl. J. Med.
357, 266 281 (2007).

6. Sigmundsdottir, H. et al. DCs metabolize sunlight-
induced vitamin D , to program T cell attraction to
the epidermal chemokine CCL27. Nature Immunol. 8,
285 293 (2007).

This paper reports that 1,25(0H),VD; is
synthesized by dermal DCs and induces CCR10
expression by human T cells, presumably
increasing their epidermotropism.

7. van Etten, E. & Mathieu, C. Immunoregulation by
1,25-dihydroxyvitamin D : basic concepts. J. Steroid.
Biochem. Mol. Biol. 97, 93 101 (2005).

8. Chen, S, Sims, G.P, Chen, X. X., Gu, Y. Y. & Lipsky,

P. E. Modulatory effects of 1,25-dihydroxyvitamin D

on human B cell differentiation. J. Immunol. 179,

1634 1647 (2007).

gut-homing receptors on T cells. It is also shown
that gut-associated DCs can metabolize dietary
vitamin A into retinoic acid, which explains their
capacity to imprint gut-homing lymphocytes.

9.  Fritsche, J., Mondal, K., Ehrnsperger, A., Andreesen, 16. Coombes, J. L. et al. A functionally specialized
Am. J. Clin. Nutr. R. & Kreutz, M. Regulation of 25-hydroxyvitamin population of mucosal CD103 * DCs induces Foxp3*
D, 1 Ahydroxylase and productionof 1 A regulatory T cells via a TGF-B and retinoic acid-
25-dihydroxyvitamin D, by human dendritic cells. dependent mechanism. J. Exp. Med. 204,
Blood 102, 3314 3316 (2003). 1757 1764 (2007).

10. Akeno, N., Saikatsu, S., Kawane, T. & Horiuchi, N. This paper shows that CD103* DCs from
Mouse vitamin D -24 -hydroxylase: molecular cloning, mesenteric lymph nodes induce T, cells by a
tissue distribution, and transcriptional regulation by mechanism involving TGFBand retinoic acid.

1 A 25-dihydroxyvitamin D . Endocrinology 138, 17. Germain, P. et al. International union of
2233 2240 (1997). pharmacology. LXIII. Retinoid X receptors. Pharmacol.

11.  Blomhoff, R. & Blomhoff, H. K. Overview of retinoid Rev. 58, 760 772 (2006).
metabolism and function. J. Neurobiol. 66, 606 630 18. Bastie, J. N. et al. 1 A25-dihydroxyvitamin D,
(2006). transrepresses retinoic acid transcriptional activity via

12. Moise, A. R., Noy, N., Palczewski, K. & Blaner, W. S. vitamin D receptor in myeloid cells. Mol. Endocrinol.
Delivery of retinoid-based therapies to target tissues. 18, 2685 2699 (2004).

Biochemistry 46, 4449 4458 (2007). 19. Schug, T.T., Berry, D. C., Shaw, N. S., Travis, S. N. &

13. deLera, A. R., Bourguet, W., Altucci, L. & Noy, N. Opposing effects of retinoic acid on cell
Gronemeyer, H. Design of selective nuclear receptor growth result from alternate activation of two
modulators: RAR and RXR as a case study. Nature different nuclear receptors. Cell 129, 723 733
Rev. Drug Discov. 6, 811 820 (2007). (2007).

14. Lampen, A., Meyer, S., Arnhold, T. & Nau, H. This paper demonstrates that the intracellular
Metabolism of vitamin A and its active metabolite ratio between cellular retinoic acid binding
all-trans-retinoic acid in small intestinal enterocytes. protein (CRABP) and fatty acid binding protein
J. Pharmacol. Exp. Ther. 295, 979 985 (2000). (FABP) determines whether retinoic acid acts

15. lwata, M. et al. Retinoic acid imprints gut-homing through RAR or PPAR@Bnuclear receptors,
specificity on T cells. Immunity 21, 527 538 (2004). which translates as distinct functional
This paper reports for the first time that retinoic outcomes.
acid is necessary and sufficient to induce 20. Lemire, J. M., Adams, J. S., Sakai, R. & Jordan, S. C.

1 A25-dihydroxyvitamin D, suppresses proliferation
and immunoglobulin production by normal human
peripheral blood mononuclear cells.  J. Clin. Invest.
74, 657 661 (1984).

NATURE REVIEWS | IMMUNOLOGY

© 2008 Macmillan Publishers Limited. All rights reserved

VOLUME 8 [ SEPTEMBER 2008 | 695



REVIEWS

22.

23.

24.

25.

26.

27.

28.

29.

30.

32

33.

34.

35.

36.

37.

38.

39.

40.

Rigby, W. F.,, Stacy, T. & Fanger, M. W. Inhibition of

T lymphocyte mitogenesis by 1,25-dihydroxyvitamin
D, (calcitriol). J. Clin. Invest. T4, 1451 1455 (1984).
References 20 and 21 are among the first reports
to clearly demonstrate that 1,25(0OH),VD, can
exert a powerful immunomodulatory effect on

T and B cells ex vivo.

Lemire, J. M. et al. 1,25-dihydroxyvitamin D,
suppresses human T helper/inducer lymphocyte
activity in vitro. J. Immunol. 134, 3032 3035 (1985).
Bhalla, A. K., Amento, E. P. & Krane, S. M. Differential
effects of 1,25-dihydroxyvitamin D, on human
lymphocytes and monocyte/macrophages: inhibition
of interleukin -2 and augmentation of interleukin -1
production. Cell. Immunol. 98, 311 322 (1986).
Reichel, H., Koeffler, H. P., Tobler, A. & Norman, A.  W.
1 A25-dihydroxyvitamin D, inhibits @nterferon
synthesis by normal human peripheral blood
lymphocytes. Proc. Natl Acad. Sci. USA 84,

3385 3389 (1987).

Rigby, W. F,, Yirinec, B., Oldershaw, R. L. &

Fanger, M. W. Comparison of the effects of
1,25-dihydroxyvitamin D, on T lymphocyte
subpopulations. Eur. J. Immunol. 17, 563 566 (1987).
Meehan, M. A, Kerman, R. H. & Lemire, J. M.
1,25-dihydroxyvitamin D, enhances the generation of
nonspecific suppressor cells while inhibiting the
induction of cytotoxic cells in a human MLR.  Cell.
Immunol. 140, 400 409 (1992).

Alroy, |, Towers, T. L. & Freedman, L. P. Transcriptional
repression of the interleukin -2 gene by vitamin D
direct inhibition of NFATp/AP -1 complex formation by
a nuclear hormone receptor. Mol. Cell. Biol. 15,
5789 5799 (1995).

Cippitelli, M. & Santoni, A. VitaminD ;:a
transcriptional modulator of the interferon-
Eur. J. Immunol. 28, 3017 3030 (1998).
Matsui, T., Nakao, Y., Koizumi, T., Nakagawa, T. &
Fujita, T. 1,25-dihydroxyvitamin D, regulates
proliferation of activated T -lymphocyte subsets.

Life Sci. 37, 95 101 (1985).

Muller, K. & Bendtzen, K. Inhibition of human T
lymphocyte proliferation and cytokine production by
1,25-dihydroxyvitamin D . Differential effects on
CD45RA* and CD45R0 * cells. Autoimmunity 14,

37 43 (1992).

Veldman, C. M., Cantorna, M. T. & DelLuca, H. F.
Expression of 1,25-dihydroxyvitamin D, receptor in
the immune system. Arch. Biochem. Biophys. 374,
334 338 (2000).

D Ambrosio, D. et al. Inhibition of IL -12 production by
1,25-dihydroxyvitamin D . Involvement of NF - K8
downregulation in transcriptional repression of the

p40 gene. J. Clin. Invest. 101, 252 262 (1998).
Penna, G. & Adorini, L. 1 A 25-dihydroxyvitamin

D, inhibits differentiation, maturation, activation,

and survival of dendritic cells leading to impaired
alloreactive T cell activation. J. Immunol. 164,

2405 2411 (2000).

Penna, G. et al. Treatment of experimental autoimmune
prostatitis in nonobese diabetic mice by the vitamin D
receptor agonist elocalcitol. J. Immunol. 177,

8504 8511 (2006).

Daniel, C., Sartory, N. A., Zahn, N., Radeke, H. H. &
Stein, J. M. Immune modulatory treatment of
trinitrobenzene sulfonic acid colitis with calcitriol is
associated with a change of a T helper (Th) 1/Th17 to
a Th2 and regulatory T cell profile. J. Pharmacol. Exp.
Ther. 324, 23 33 (2008).

Gorman, S. et al. Topically applied
1,25-dihydroxyvitamin D, enhances the suppressive
activity of CD4 * CD25* cells in the draining lymph
nodes. J. Immunol. 179, 6273 6283 (2007).

Penna, G. et al. Expression of the inhibitory

receptor ILT3 on dendritic cells is dispensable for
induction of CD4 * Foxp3* regulatory T cells by
1,25-dihydroxyvitamin D .. Blood 106, 3490 3497
(2005).

Muller, K., Heilmann, C., Poulsen, L. K., Barington, T.
& Bendtzen, K. The role of monocytes and T cells in
1,25-dihydroxyvitamin D, mediated inhibition of B cell
function in vitro. Inmunopharmacology 21, 121 128
(1991).

Shirakawa, A. K. et al. 1,25-dihydroxyvitamin D 3
induces CCR10 expression in terminally differentiating
human B cells. J. Immunol. 180, 2786 2795 (2008).
Chong, P. J. et al. 1,25 dihydroxyvitamin -D,
regulation of immunoglobulin production in

peripheral blood mononuclear cells of patients with
systemic lupus erythematosus. J. Autoimmun. 2,
861 867 (1989).

@ene.

42

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58

59.

60.

Griffin, M. D. et al. Dendritic cell modulationby 1 A
25 dihydroxyvitamin D, and its analogs: a vitamin D
receptor-dependent pathway that promotes a
persistent state of immaturity in vitro and in vivo.
Proc. Natl Acad. Sci. USA 98, 6800 6805 (2001).
Ohta, M., Okabe, T., Ozawa, K., Urabe, A. & Takaku, F.
1 A25-dihydroxyvitamin D , (calcitriol) stimulates
proliferation of human circulating monocytes in vitro.
FEBS Lett. 185, 9 13 (1985).

Mathieu, C. et al. In vitro and in vivo analysis of the
immune system of vitamin D receptor knockout mice.
J. Bone Miner. Res. 16, 2057 2065 (2001).

Dennert, G. & Lotan, R. Effects of retinoic acid on the
immune system: stimulation of T killer cell induction.
Eur. J. Immunol. 8,23 29 (1978).

Ertesvag, A., Engedal, N., Naderi, S. & Blomhoff, H. K.

Retinoic acid stimulates the cell cycle machinery in
normal T cells: involvement of retinoic acid receptor-
mediated IL -2 secretion. J. Immunol. 169,

5555 5563 (2002).

Carman, J. A., Smith, S. M. & Hayes, C. E.
Characterization of a helper T lymphocyte defect in
vitamin A -deficient mice. J. Immunol. 142,388 393
(1989).

Blomhoff, H. K. et al. Vitamin A is a key regulator for
cell growth, cytokine production, and differentiation in
normal B cells. J. Biol. Chem. 267, 23988 23992
(1992).

Ballow, M., Xiang, S., Wang, W. & Brodsky, L. The
effects of retinoic acid on immunoglobulin synthesis:
role of interleukin 6. J. Clin. Immunol. 16,171 179
(1996).

Ertesvag, A., Aasheim, H. C., Naderi, S. &
Blomhoff, H. K. Vitamin A potentiates CpG-mediated
memory B -cell proliferation and differentiation:
involvement of early activation of p38MAPK.

Blood 109, 3865 3872 (2007).

Saurer, L., McCullough, K. C. & Summerfield, A.

In vitro induction of mucosa-type dendritic cells by
all-trans retinoic acid. J. Immunol. 179, 3504 3514
(2007).

This paper shows that DCs can efficiently store
retinoic acid, which can be ‘released’ during
lymphocyte activation.

Lomo, J. et al. RAR-, not RXR, ligands inhibit cell
activation and prevent apoptosis in B -lymphocytes.
J. Cell. Physiol. 175, 68 77 (1998).

Buck, J., Derguini, F,, Levi, E., Nakanishi, K. &
Hammerling, U. Intracellular signaling by

14 -hydroxy -4, 14 -retro -retinol. Science 254,

1654 1656 (1991).

O Connell, M. J. et al. Retro-retinoids in regulated cell
growth and death. J. Exp. Med. 184, 549 555
(1996).

Darmanin, S. et al. All-trans retinoic acid enhances
murine dendritic cell migration to draining lymph
nodes via the balance of matrix metalloproteinases
and their inhibitors. J. Immunol. 179, 4616 4625
(2007).

Geissmann, F. et al. Retinoids regulate survival and
antigen presentation by immature dendritic cells.

J. Exp. Med. 198, 623 634 (2003).

This paper shows that retinoic acid can also act on
DCs, modulating their antigen-presenting capacity.
Wiedermann, U., Hanson, L. A., Kahu, H. &
Dabhlgren, U. 1. Aberrant T -cell function in vitro and
impaired T-cell dependent antibody response in vivo
in vitamin A -deficient rats. Immunology 80, 581 586
(1993).

Iwata, M., Eshima, Y. & Kagechika, H. Retinoic acids
exert direct effectson T cells to suppress Thl
development and enhance Th2 development via
retinoic acid receptors. Int. Immunol. 15, 1017 1025
(2003).

Nikawa, T. et al. Vitamin A prevents the decline in
immunoglobulin A and Th2 cytokine levels in small
intestinal mucosa of protein-malnourished mice.

J. Nutr. 129, 934 941 (1999).

Lovett-Racke, A. E. & Racke, M. K. Retinoic acid
promotes the development of Th2-like human myelin
basic protein-reactive T cells. Cell. Immunol. 215,
54 60 (2002).

Dawson, H. D. et al. Direct and indirect effects of
retinoic acid on human Th2 cytokine and chemokine
expression by human T lymphocytes. BMC Immunol.
7,27 (2006).

Schuster, G. U., Kenyon, N. J. & Stephensen, C. B.
Vitamin A deficiency decreases and high dietary
vitamin A increases disease severity in the mouse
model of asthma. J. Immunol. 180, 1834 1842
(2008).

62.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

T4.

75.

76.

77.

78.

79.

Hoag, K. A., Nashold, F. E., Goverman, J. & Hayes, C. E.
Retinoic acid enhances the T helper 2 cell
development that is essential for robust antibody
responses through its action on antigen-presenting
cells. J. Nutr. 132, 3736 3739 (2002).

Belkaid, Y. Regulatory T cells and infection: a
dangerous necessity. Nature Rev. Immunol. 7,

875 888 (2007).

Mucida, D. et al. Reciprocal T,17 and regulatory T cell
differentiation mediated by retinoic acid. ~ Science 317,
256 260 (2007).

This paper shows that retinoic acid enhances
T,-cell differentiation while blocking
differentiation towards T, 17 cells.

Benson, M. J., Pino-Lagos, K., Rosemblatt, M. &
Noelle, R. J. All-trans retinoic acid mediates enhanced
T reg cell growth, differentiation, and gut homing in

the face of high levels of co-stimulation. J. Exp. Med.
204, 1775 1774 (2007).

This paper shows that retinoic acid enhances

T, cell differentiation and imprints T, cells with
gut tropism.

Sun, C. M. et al. Small intestine lamina propria
dendritic cells promote de novo generation of Foxp3
T reg cells via retinoic acid. J. Exp. Med. 204,

1775 1785 (2007).

This paper demonstrates that lamina propria DCs
induce de novo T, -cell differentiation in a retinoic
acid-dependent manner.

Denning, T. L., Wang, Y. C., Patel, S. R., Williams, I. R.
& Pulendran, B. Lamina propria macrophages and
dendritic cells differentially induce regulatory and
interleukin 17-producing T cell responses. Nature
Immunol. 8, 1086 1094 (2007).

Uematsu, S. et al. Regulation of humoral and cellular
gut immunity by lamina propria dendritic cells
expressing Toll-like receptor 5. Nature Immunol. 9,
769 776 (2008).

Bettelli, E. et al. Reciprocal developmental pathways
for the generation of pathogenic effector T 17 and
regulatory T cells. Nature 441, 235 238 (2006).
Manel, N., Unutmaz, D. & Littman, D.  R. The
differentiation of human T -17 cells requires
transforming growth factor -b and induction of the
nuclear receptor ROR & Nature Immunol. 9,

641 649 (2008).

This paper re-assesses the role of TGF@Bin human
T, 17-cell differentiation, showing that, similar to
mouse T, 17 cells, human T,;17 cells also require
this cytokine for their differentiation.

Ivanoy, I. I. et al. The orphan nuclear receptor ROR &
directs the differentiation program of proinflammatory
IL-17* T helper cells. Cell 126, 1121 1133 (2006).
This paper demonstrates that the transcription
factor RORyGis necessary and sufficient for

T, 17-cell differentiation.

Snapper, C. M., Marcu, K. B. & Zelazowski, P. The
immunoglobulin class switch: beyond accessibility .
Immunity 6, 217 223 (1997).

Mora, J. R. Homing imprinting and
immunomodulation in the gut: role of dendritic cells
and retinoids. Inflamm. Bowel Dis. 14, 275 289
(2008).

Iwasaki, A. & Kelsall, B. L. Freshly isolated Peyer s
patch, but not spleen, dendritic cells produce
interleukin 10 and induce the differentiation of

T helper type 2 cells. J. Exp. Med. 190, 229 239
(1999).

Sato, A. et al. CD11b* Peyer s patch dendritic cells
secrete IL-6 and induce IgA secretion from naive

B cells. J. Immunol. 171, 3684 3690 (2003).

Mora, J. R. et al. Generation of gut-homing IgA-
secreting B cells by i