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ABSTRACT
Vitamin A is an essential micronutrient that participates in a wide range of biological processes. Retinoic acid (RA) is an
active metabolite of vitamin A that functions as an immune regulator. Graft-versus-host disease (GVHD) is a major
complication of allogeneic hematopoietic stem cell transplantation (HSCT). It is characterized by extensive inflammation
arising from an alloimmune response involving various host and donor immune cells. Since vitamin A affects different
immune cell lineages and regulates an array of immune responses, vitamin A, and more specifically retinoic acid, is likely to
influence the incidence and/or severity of GVHD. Indeed, recent preclinical and clinical data support this concept. In this
review, we briefly summarize recent advances in our understanding of the potential role of vitamin A in modulating GVHD

risk after allogeneic HSCT.
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INTRODUCTION
Vitamin A and its metabolites

Vitamin A is a fat-soluble vitamin that plays an essential
role in a wide range of biological processes. Retinoic acid
(RA), the major metabolite of vitamin A, is vital for
embryonic development, cell differentiation, proliferation,
and apoptosis. RA is also important for visual function and
immune homeostasis. Vitamin A is obtained from a diet
containing carotenoids (vitamin A precursors found in
plants) or retinyl esters (preformed vitamin A found in
animal products) [1]. Retinyl esters are the primary storage
form of vitamin A in the body while carotenoids are
absorbed in the intestines and can be converted to retinol.
RA is synthesized from vitamin A in two biological steps.
The first step is the conversion of retinol into retinal by
ubiquitously expressed alcohol dehydrogenase enzymes. In
the second step, retinal is irreversibly oxidized to RA by one
of the three aldehyde dehydrogenase isoforms (RALDHs)
known as RALDH 1, 2, and 3. The expression of RALDHE,
in particular RALDH2, is restricted to certain cell
populations in mucosal tissues with the unique capacity to
produce RA [2]. In addition, it has been shown that three
enzymes of cytochrome P450 family 26 (CYP26AIl,
CYP26B1 and CYP26C1) are mainly responsible for the
breakdown of RA [3,4].

Vitamin A and the immune system

Vitamin A has long been recognized as an important factor
for maintaining immune homeostasis. It has been well
documented that vitamin A deficiency impairs anti-pathogen
immunity and is associated with increased susceptibility to
infections [5]. Most immunological effects of vitamin A are
exerted by the active metabolite retinoic acid. RA binds to
three isoforms (RARa, RARP and RARy) of the retinoic
acid receptor (RAR). Upon encounter with RA, RARs
heterodimerize with retinoid X receptors (RXRs). These
heterodimers bind to retinoic acid responsive elements
(RARE) located in the promoter region of target genes and
function to regulate gene transcription. The RXR family also
has three members, namely RXRa, -B, and -y. 9-cis-RA
binds RXRs preferentially, whereas both all-trans-RA and
9-cis-RA are ligands of RARs [6,7]. The effects of RA
signaling on the immune response are complicated and
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context dependent, sometimes resulting in contrasting
results. The immunological outcomes are often determined
by local RA levels, the RA receptors involved the target cell
type and the presence or absence of other cytokine signals.

RA can act on many innate and adaptive immune cell
lineages to regulate various immune responses [8-10].

One of the most important functions of RA is to control the
migration of T cells to the intestines. Under steady state
conditions, it has been demonstrated that RA enhances the
expression of gut-homing molecules CCR9 and o4f7 on T
cells, thus augmenting their gut tropism. In addition to
facilitating homing of T cells to the gut, RA is also required
to induce gut-homing IgA-secreting B cells [11].
Furthermore, RA plays a central role in CD4™ T cell
polarization. RA inhibits the generation of Th17 cells in
vitro. In the presence of TGF-B, RA facilitates the
conversion of CD4 Foxp3™ T cells into CD4 Foxp3" induced
regulatory T cells (iTregs) [12]. RA also enhances the gut-
homing capacity of regulatory T cells by up-regulating their
expression of CCR9 and o4p7 [13]. In addition, RA can
stabilize the function of natural regulatory T cells [14].
Therefore, RA is generally regarded as a molecule with
immunoregulatory function under steady state conditions,
given its ability to induce iTregs, stabilize nTregs and
suppress Th17 cells. These properties of RA are critical for
maintaining intestinal homeostasis and inducing oral
tolerance. It has been shown that vitamin A deficiency
results in impaired oral tolerance, demonstrating the critical
role of RA in this process [15,16]. On the other hand,
emerging evidence suggests that RA can also have an
immunostimulatory function under certain conditions. Hall
and colleagues showed that RA is required for CD4 T cell
activation and proinflammatory cytokine secretion in
response to infection [17]. Pino-Lagos and colleagues used
vaccination and skin allograft models to demonstrate that
RA signaling controls CD4 T cell differentiation, effector
function, and migration [18]. Both studies revealed an
essential role of the RA-RAR-a axis in mediating effective T
cell responses under inflammatory conditions. In addition,
RA can even fuel inflammatory immune responses under
certain pathogenic conditions. For example, in a murine
model of celiac disease, RA was shown to act on dendritic
cells (DCs) to promote Thl polarization and inhibit Treg
induction in the presence of the proinflammatory cytokine
IL-15 [19]. Thus, RA can have pro-inflammatory or anti-
inflammatory functions depending on the immune context.

RA is also well known for its effects on myeloid cell
differentiation, survival, and function. A/l-trans RA is used
clinically for treating patients with acute promyelocytic
leukemia due to its ability to induce the terminal
differentiation of leukemic cells. Retinoids have been
reported to regulate the survival and maturation of human
DCs, the most potent antigen presenting cells of the immune
system [20]. Recent studies have also demonstrated an
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important role of RA in controlling the differentiation of
DCs. Lack of RA or blockade of RA signaling changes the
composition of DC subsets in the spleen and intestines in
mice [21,22]. RA can also strongly influence the function of
DCs. RA facilitates the induction of mucosal-type DCs both
in vitro and in vivo [23,24]. Furthermore, RA can modulate
the immunostimulatory function of DCs by regulating the
expression of MHC and costimulatory molecules [25,26].

Potential role of vitamin A in GVHD

Allogeneic hematopoietic stem cell transplantation (HSCT)
is an effective treatment for many hematological
malignancies and nonmalignant disorders. Each year, many
patients diagnosed with leukemia, lymphoma and multiple
myeloma will receive an allogeneic stem cell transplant in an
effort to cure their hematologic malignancy. Although the
conditioning regimen consisting of radiation and
chemotherapy may directly kill tumor cells, the curative
potential of allogeneic HSCT relies on a donor T cell
mediated graft-versus-leukemia effect [27]. Unfortunately,
donor T cells can also target host tissues causing GVHD.
GVHD is the major complication of allogeneic HSCT and
limits the wider application of this treatment [28-30]. GVHD
occurs when immunocompetent donor T cells recognize the
genetically disparate host as foreign. Donor T cells become
activated when they encounter these “foreign” host antigens,
expand, and acquire effector functions against host tissues.
The development of GVHD is a complicated process
involving different types of immune cells. Largely based on
animal studies, the pathophysiology of acute GVHD can be
summarized in three sequential phases. In the first phase,
cytokine release due to conditioning regimen activates host
antigen presenting cells (APCs). Gut damage induced by
radiation increases intestinal permeability and allows for the
systemic translocation of bacterial products such as LPS that
can amplify inflammation [31,32]. In the second phase,
naive donor T cells recognize alloantigen presented by host
APCs and are activated within secondary lymphoid tissue
[33,34]. Donor T cells differentiate and proliferate rapidly
during this stage. They also up-regulate tissue homing
molecules on their cell surface under the influence of
activated APCs. Donor T cells expressing specific tissue
homing molecules can then traffic to skin, liver and the
gastrointestinal tract, which are the main target tissues of
GVHD. In the third phase, proinflammatory cytokines such
as TNF-a, interferon-y and interleukin-1 secreted by donor
CD4" T cells as well as CD8" cytotoxic T cells cause target
tissue damage characteristic of GVHD. Among these three
phases, T cell activation, differentiation and migration take
the central stage of GVHD pathogenesis. Therefore, any
factors that can influence these T cell properties have the
potential to affect GVHD risk after allogeneic HSCT.

Emerging evidence suggests that vitamin A can affect
GVHD development and severity. Indeed, recent pre-clinical
and clinical data support the concept that vitamin A and/or
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retinoic acid can modulate GVHD risk after allogeneic
HSCT.

Pre-clinical studies

The GI tract is one of major target organs of acute GVHD
[31]. To cause gut damage, donor T cells must first migrate
to this tissue. Since one of the most important
immunological functions of RA is to induce the gut tropism
of T cells, RA is likely to affect donor immune cell
trafficking after allogeneic HSCT. In a recent study,
Koenecke et al. [35] reported the shift of GVHD target organ
tropism of donor T cells by dietary vitamin A. Specifically,
they found a significant reduction in the expression of gut-
homing molecules a4f37 and CCR9 on donor T cells isolated
from vitamin A-deficient (VAD) HSCT recipients compared
to that of vitamin A-sufficient control mice. Consequently,
the migration of donor T cells to the intestines was
decreased and overall survival was improved in VAD mice.
However, these mice eventually developed more severe
hepatic damage and died from GVHD. They also found a
significantly increased ratio of IFN-y'CD4"/Foxp3 "CD4"in
VAD recipients compared to control mice. These studies
demonstrated that dietary vitamin A levels can modulate
GVHD mortality by influencing donor T cell migration to
GVHD target organs after experimental allogeneic HSCT.

Subsequently, two independent groups reported that genetic
inhibition of RAR-a signaling in donor T cells significantly
reduced their alloreactivity and ability to cause lethal GVHD
[36,37]. They made similar observations that the expression
of gut-homing molecules CCR9 and 047 on donor T cells
was decreased when RAR-a signaling was abrogated. This
resulted in a decrease in number of donor effector T cells in
the intestines of recipient mice. In contrast, enhancing RAR
signaling by exogenous RA administration significantly
increased GVHD-associated mortality in experimental
HSCT models [36-38]. Our studies have also shown that RA
administration increased the number of Tregs in the colon
tissue [36]. However, the magnitude of Treg expansion was
substantially less than that of pro-inflammatory effector T-
cell populations and was insufficient to prevent pathological
damage within the colon. Importantly, Aoyama and
colleagues further found that vitamin A metabolism is
upregulated in the intestine and mesenteric lymph nodes
during GVHD [37]. In addition, genetic inhibition of RAR
signaling skewed donor T cell differentiation toward a Th2
phenotype and favored the induction of Tregs [37]. These
studies provide strong evidence that RAR signaling in donor
T cells can control their polarization and migration after
HSCT. Inhibiting this pathway could be an attractive
approach to mitigate GVHD without compromising the
graft-versus-leukemia effect.

Thus, we further examined the effects of donor vitamin A
deficiency and pharmacological inhibition of donor T cell
retinoic acid pathway on GVHD severity [39]. We found
that chronic vitamin A deficiency modifies the composition
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of T cell subsets in donor mice and significantly reduces the
capacity of their T cells to cause lethal GVHD. Importantly,
administration of a pan-RAR antagonist to donor mice
caused a transient inhibition of donor T cell RAR signaling
resulting in reduced T cell alloreactivity and a reduction in
their ability to cause GVHD [39]. These studies suggested
that donor vitamin A deficiency may be a previously
unrecognized non-genetic factor that can reduce GVHD risk.
In addition, pharmacologic interference of RA/RAR
signaling in donor T cells has the potential to mitigate
GVHD after allogeneic HSCT. Furthermore, given the
demonstrated effects of vitamin A/RA on myeloid cells, we
are also actively investigating how RA pathway influences
host and donor myeloid cell populations during GVHD.

Clinical studies

Emerging clinical studies have also supported the concept
that vitamin A is a potential factor that modulates GVHD
risk, although some of the results obtained so far are
inconsistent with animal studies.

In a recent study, Lounder et al. [40] reported that the
incidence of intestinal GVHD was significantly increased in
pediatric patients when vitamin A levels were below the
median at day 30 after allogeneic HSCT. Specifically, they
measured plasma vitamin A levels in more than 100
consecutive patients undergoing allogeneic HSCT. The
median vitamin A level was found to be 1.3 ng/ml.
Importantly, the risk of developing grades 2-4 GVHD was
significantly increased in patients with a plasma vitamin A
level below the median compared to those with levels above
the median. The risk of intestinal GVHD was also
significantly increased in these patients, which was
associated with increased intestinal permeability but not
plasma IL-22 levels. Furthermore, they found that vitamin A
levels did not appear to affect -FABP levels, indicating that
vitamin A does not protect against mucosal injury associated
with allogeneic HSCT. Interestingly, flow cytometry data
showed increased expression of the gut-homing molecule
CCR9 on CD8" effector T memory cells in patients with
vitamin A levels below the median.

In another interesting clinical study, Tong et al. [41]
investigated the association between serum vitamin A levels
and the development of ocular GVHD. They measured
patient serum vitamin A levels before HSCT, 3 months after
allogeneic HSCT and during chronic GVHD. They found a
strong correlation between low serum vitamin A levels and
increased grade of ocular GVHD. Despite a relatively small
sample size, this study suggested that serum vitamin A
levels may affect the severity of ocular GVHD after
allogeneic HSCT. However, it is still unclear whether
vitamin A metabolism is altered in other GVHD target
organs and whether this influences organ-specific GVHD.

Furthermore, Tong et al. found that treatment with vitamin A
ointment improved ocular GVHD in vitamin A deficient
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patients, providing further evidence that vitamin A
metabolism may be involved in the pathogenesis of ocular
GVHD. It will be interesting to see if vitamin A
supplementation can reduce intestinal GVHD in pediatric
patients after allogeneic BMT [42]. Continued study
involving adult HSCT patients is needed to provide more
information about the potential role of vitamin A in
regulating GVHD risk after allogeneic HSCT. Finally, since
all-trans RA is not the only active metabolite of vitamin A,
whether vitamin A can act through an RA-independent
manner to modulate GVHD warrants further study.

CONCLUSION

It is interesting that a common micronutrient such as vitamin
A can modulate the severity of a systemic disease such as
GVHD. Preclinical studies demonstrated that exogenous RA
intensifies GVHD and vitamin A-deficient recipients show
reduced intestinal GVHD after allogeneic HSCT [35-38].
Clinical studies, however, have indicated that lower levels of
vitamin A have a detrimental effect on intestinal and ocular
GVHD [40,41]. The reason for the discrepancy between
mouse and human studies is currently unclear. However,
such observations further demonstrate the complex and
context-dependent effects of vitamin A/RA on alloimmune
responses. More basic and clinical research is needed to
define the precise mechanisms underlying vitamin A effects
on alloimmunity and to explore clinically applicable
approaches to prevent and/or treat GVHD by modulating
vitamin A or the retinoic acid pathway.
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