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Abstract
Background & Aims—Retinoic acid plays a positive role in induction of FoxP3+ regulatory T
cells. Because retinoic acid is produced as a metabolite of vitamin A in the intestine and FoxP3+ T
cells regulate intestinal inflammation, we investigated the impact of vitamin A status on the
regulatory T cells and inflammation in the intestine.

Methods—The SAMP1/YP model is a mouse model of Crohn’s disease. We made vitamin A
deficient, excessive and normal SAMP1/YP mice and assessed the intestinal inflammation. We
investigated also the phenotype and function of FoxP3+ T cells induced in different vitamin A
availability in regulation of intestinal inflammation in a T cell-induced inflammation model in SCID
mice.

Results—The limited and excessive vitamin A conditions induced distinct FoxP3+ T cell subsets
in vivo and both ameliorated the intestinal inflammation in SAMP1/YP mice. The limited vitamin
A condition greatly induced unusual CD103+CCR7+ FoxP3+ cells, while the high vitamin A
condition induced CCR9+α4β7+ FoxP3+ T cells in the intestine. Both FoxP3+ T cell populations,
when transferred into mice with ongoing intestinal inflammation, were highly effective in reversing
the inflammation. Blockade or lack of occupancy of RARα is a mechanism to induce the highly
suppressive CD103+CCR7+ FoxP3+ cells in both thymus and periphery in the limited vitamin A
availability.

Conclusions—Our results identify novel pathways of inducing highly suppressive FoxP3+

regulatory T cells that can effectively control intestinal inflammation. The results have significant
ramifications in treating inflammatory bowel diseases.

Introduction
FoxP3+ T cells represent a major subset of regulatory T cells.1-3 FoxP3+ T cells are made in
the thymus as natural FoxP3+ T cells and periphery as induced FoxP3+ T cells.4-6 Both natural

© 2009 The American Gastroenterological Association. Published by Elsevier Inc. All rights reserved.
CORRESPONDENCE: Dr. Chang Kim, Department of Comparative Pathobiology, 725 Harrison Street, Purdue University, West
Lafayette, IN 47907, USA; Phone: 1-765-494-0976; Fax: 1-765-494-9830; chkim@purdue.edu.
Author contribution: SK performed the study, analyzed data and prepared figures. CW performed the study. SM provided a mouse model.
CK obtained funding, analyzed data, supervised the study, and drafted the manuscript.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.
No conflicts of interest exist

NIH Public Access
Author Manuscript
Gastroenterology. Author manuscript; available in PMC 2010 October 1.

Published in final edited form as:
Gastroenterology. 2009 October ; 137(4): 1391–1402.e6. doi:10.1053/j.gastro.2009.06.063.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and induced FoxP3+ regulatory T cells are highly effective in suppression of intestinal
inflammation.7, 8 Consistently, one of the most notable clinical symptoms of immune
dysregulation, polyadenopathy, enteropathy, and X-linked inheritance (IPEX) patients with
mutations in the FOXP3 gene is severe enteritis.9, 10 A growing body of evidence suggests
that defects in FoxP3+ T cells may underlie inflammatory bowel diseases in humans.11

FoxP3+ T cells, induced in gut-associated lymphoid tissues, preferentially migrate to the
intestine, while FoxP3+ T cells induced in periphery acquire the migration capacity to other
tissue sites.5, 12

Vitamin A and retinoic acids are required for development of proper immunity to pathogens
by promoting IgA response and phagocytic functions.13-15 Moreover, induction of gut homing
receptors in T cells and B cells depends on retinoic acid.15, 16 On the other hand, retinoic acid
can promote immune tolerance through induction of gut homing FoxP3+ T cells.17-21 Gut
dendritic cells can produce retinoic acid and turn naïve T cells into induced FoxP3+ T cells in
a retinoic acid-dependent manner.19-21 Both direct and indirect roles of retinoic acid and
RARα have been suggested.22, 23 Another function of retinoic acid in vitro is to suppress the
differentiation of naïve T cells into Th17 cells.17, 21, 22 The role of vitamin A in regulation of
regulatory T cells in physiological settings remain unknown and, the functional consequence
of this pathway on regulation of intestinal inflammation has yet to be determined.

We hypothesized that increased vitamin A intake (Hi-A) would alleviate tissue inflammation
by increasing the numbers of FoxP3+ T cells in the intestine, while limited vitamin A intake
(Low-A) would exacerbate the inflammation by decreasing the numbers of FoxP3+ T cells.
We found that increasing the vitamin A intake can increase the frequency of CCR9+ FoxP3+

T cells and ameliorate the intestinal inflammation as expected. Strikingly, we found also that
limiting vitamin A intake induces specialized regulatory FoxP3+ T cells that are equally
efficient in suppressing intestinal inflammation. The FoxP3+ T cells induced in limited vitamin
A availability have a homing behavior distinct from the retinoid-induced FoxP3+ T cells. These
results provide new insights into the roles of the vitamin A-dependent and independent immune
regulatory mechanisms in control of intestinal inflammation.

Methods
Generation of Hi-A, Mid-A and Low-A mice

AKR/J mice and SCID (C3Hsmn.C-Prkdcscid/J) mice were purchased from the Jackson
Laboratories (Bar Harbor, ME). BALB/c mice and DO11.10 (-/-) mice were purchased from
Harlan (Indianapolis, IN). SAMP1/YP mice have been described before.24 All the experiments
with animals in this study were approved by the Purdue animal care and use committee
(PACUC). BALB/c, AKR/J and SAMP1/YP mice were kept on custom research diets based
on AIN-93G and containing high (25,000 IU/kg, Hi-A; 10-fold higher than the normal dietary
range), normal (2,500 IU/kg, Mid-A, a normal dietary range) or low (0 IU/kg, Low-A, no
dietary consumption of vitamin A causing vitamin A deficiency) levels of retinyl acetate
(Harlan Teklad TD-06528, 00158, and 07267) immediately following birth for 13-20 weeks.
The pups were weaned at 4 weeks old and maintained on the same diets for 13-20 weeks. Serum
retinol concentrations were examined to verify vitamin A deficiency in early studies but it was
later replaced with flow cytometric determination of CCR9 expression by small intestinal T
cells as a surrogate indicator for vitamin A deficiency as demonstrated by Iwata et al.15

Cell isolation and culture
CD4+ T cells were isolated from mesenteric lymph nodes (MLN) or spleen with the CD4+ T
cell isolation kit (Miltenyi Biotec, Auburn, CA). Total Tregs were isolated by positively
selecting CD25+ cells from the CD4+ T cells, and CD103- Tregs were isolated by depleting
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CD103+ Tregs with anti-CD103 antibody and then positively selecting CD25+ cells (∼95%
pure). To prepare antigen presenting cells (APC), thymus or spleen of Mid-A or Low-A mice
were digested with 1.5 mg/mL of collagenase (type 3; Worthington, Lakewood, NJ) for 45 min
at 37 °C. Irradiated total splenocytes were used as spleen APC. For thymic APC, total
thymocytes were incubated with biotinylated anti-mouse CD3 (145-2C11), CD4 (RM4-5) and
CD2 (RM2-5) antibodies and then the T cells were depleted with streptavidin-beads (Miltenyi
Biotec). The spleen and thymic APC were irradiated before culture. For isolation of dendritic
cells, spleen and MLN were digested with collagenase for 45 min, and CD11c+ cells (∼80%
pure based on CD11c expression) were positively selected with anti-CD11c-PE (N418,
Biolegend) and anti-PE-beads. 1×105 naïve CD4+ cells were co-cultured with the APC isolated
from spleen (5×105), thymus (2×104), or CD11c+ cells (2×104) of normal mice in the presence
of staphylococcal enterotoxin B (500 ng/ml) or anti-CD3 (1 μg/ml) with or without Ro41-5253
(200 nM) for 5∼6 days in U-bottomed 96 well plates.

Flow cytometry
Intracellular cytokine staining was performed as described previously.25 Detection of surface
antigens and FoxP3 was performed as described previously.24 Stained cells were analyzed
using a BD Canto II (BD Bioscience).

Generation of antigen-specific FoxP3+ cells in vivo in response to exogenous retinoic acid
5×106 of DO11.10 (-/-) splenocytes were transferred i.v. into Hi-A or Low-A BALB/c mice.
The mice were immunized i.p with ovalbumin (100 μg/mouse) in incomplete Freund’s
adjuvant. Some Low-A BALB/c mice immunized with ovalbumin were injected i.p. with all-
trans-retinoic acid (ATRA; 1 mg/Kg) every 2 days. 7 days later, the mice were sacrificed, and
indicated organs such as peripheral lymph node (PLN), bone marrow (BM) and 8 others tissues
were examined for expression of DO11.10 TCR (KJ-1.26), CCR9 (clone 242504) and FoxP3
(FJK-16s).

Ex vivo and in vivo suppression assays
CD4+CD25+ cells were isolated from MLN of Hi-A, Mid-A or Low-A mice. CD4+CD25- cells
were isolated from the spleen of Mid-A mice as target T cells. The cells were co-cultured at
indicated ratio for 72 h in U-bottomed 96 well plates in the presence of soluble anti-CD3 (5
μg/ml of 145-2C11) and 1×105 of irradiated splenocytes as antigen presenting cells (APC).
Cells were further incubated with 1 μCi/ml of 3H-thymidine for 8 h before measurement of
cell proliferation.

For the in vivo assay, 0.2×106 of CD4+CD25- cells were prepared from MLN of SAMP1/YP
mice (>20 weeks old) and injected i.p. into 6 week-old C3Hsmn.C-Prkdcscid/J SCID mice to
induce intestinal inflammation. Sometime between day 15-21 when mice started to lose weight,
0.5×106 of CD4+CD25+ cells, isolated from MLN of Mid-A, Hi-A or Low-A SAMP1/YP mice,
were injected i.p. into the SCID mice. The weight change was monitored every 2 days. All
mice were sacrificed 6 weeks after cell transfer and the intestine tissues were evaluated
histologically as described below. The frequencies of Th1, Th17 and FoxP3+ cells in indicated
organs were determined as previously described.25

Homing experiment
Total unprocessed lymphocytes (2×107 cells) from MLN and Peyer’s patches (PP) of Low-A
and Mid-A AKR/J mice were labeled with carboxyfluorescein diacetate succinimidyl ester
(CFSE; Low-A) or tetramethylrhodamine isothiocyanate (TRITC; Mid-A) and co-injected into
AKR/J mice via a tail vein. ∼20 hrs later, the mice were sacrificed and single cell suspensions
were prepared from selected organs. The numbers of the injected CFSE+ or TRITC+
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CD4+FoxP3+/- cells in each organ was determined with flow cytometry. The relative homing
index for Low-A versus Mid-A T cells was determined. Relative homing index = (# of
CFSE+ cells in organ A)/(# of TRITC+ cells in organ A) ÷ (# of CFSE+ cells in input)/(# of
TRITC+ cells in input).

Assessment of intestinal inflammation
The intestinal inflammation in SAMP1/YP mice and SCID mice was scored as previously
described.24

Statistical analyses
Student’s paired 2-tailed t test (most data), Mann-Whitney test (Figure 4C) or Wilcoxon
matched pairs test (Figure 8) was used. p values < or = 0.05 were considered significant.

Results
Population of antigen-specific CCR9+ FoxP3+ T cells in the intestine is dependent on vitamin
A and retinoic acid

To determine if retinoid-dependent FoxP3+ T cells are induced in a physiological setting, we
prepared Low-A mice and Hi-A mice fed with special diets as described in the methods section.
We adoptively transferred ovalbumin-specific FoxP3- T cells from DO11.10 Rag2 (-/-)
mice5 into Hi-A and Low-A mice and immunized them with ovalbumin. We examined the
emergence of ovalbumin-specific CCR9+FoxP3+ T cells in secondary lymphoid tissues and
other tissues 7 days after the immunization (Figure 1A and B). While many CCR9+ FoxP3+ T
cells were found in the intestine of Hi-A mice, fewer CCR9+ FoxP3+ T cells were found in the
small intestine of Low-A mice (Figure 1 and supplementary Figure 1A). Decreased frequencies
of ovalbumin-specific CCR9+ FoxP3+ T cells were observed in other gut-associated tissue sites
(MLN, peritoneal cavity, and Peyer’s patches) of Low-A versus Hi-A mice (Figure 1A and B).
Repetitive injection of ATRA increased the frequency of ovalbumin-specific CCR9+

FoxP3+ T cells in Low-A mice (Figure 1). The frequency of total ovalbumin-specific
FoxP3+ T cells was decreased in the small intestine of Low-A mice but increased following
the ATRA administration (supplementary Figure 1B). These results suggest that the vitamin
A or retinoic acid signal is required for optimal population of induced CCR9+FoxP3+ T cells
in the gut.

Suppressed intestinal inflammation in both excessive and limited vitamin A availability
The results shown in Figure 1 imply that it is possible to control the numbers of certain
FoxP3+ T cells and therefore to control inflammation in the small intestine by modulating the
vitamin A status. We, next, investigated the impact of vitamin A status on long-term induction/
accumulation of FoxP3+ T cells and on the intestinal inflammation. As an animal model of
intestinal inflammation, we used SAMP1/YP mice which develop spontaneous inflammation
reminiscent of human Crohn’s disease.24 We prepared Low-A, Mid-A (a normal dietary range
of vitamin A) and Hi-A SAMP1/YP mice by feeding the mice with special diets. We found
that the high vitamin A therapy increased and low vitamin A therapy decreased the long-term
generation and accumulation of CCR9+ FoxP3+ T cells in jejunum, ileum and colon as expected
(Figure 2A and Figure 2B). Importantly, the high vitamin A therapy suppressed inflammation
in the terminal ileum as evidenced by decreased mucosa hyperplasia and leukocyte infiltration
compared to Mid-A mice (Figure 2C and D). While we expected exacerbated inflammation in
Low-A mice, the inflammation in these mice was surprisingly ameliorated compared to the
control Mid-A mice (Figure 2C and D).
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Induction of a different subset of FoxP3+ T cells in limited vitamin A availability
Interestingly, the frequencies of total FoxP3+ T cells in Low-A SAMP1/YP mice were similar
or actually increased over those of Mid-A mice in some organs including small intestine, lung,
spleen and blood (supplementary Figure 2A). This implies that other FoxP3+ T cells may be
induced in vitamin A deficiency in the absence of CCR9+ FoxP3+ T cells. When
CD103+FoxP3+ T cells were examined, we found that this population was greatly increased
in Low-A SAMP1/YP mice (Figure 3A and B; supplementary Figure 2B). It is notable that
these FoxP3+ T cells were increased not only in gut tissues (MLN, PP, jejunum, ileum, and
colon) but also in other tissue sites (spleen, PLN, lung and marrow). In most tissues including
the intestine, the absolute numbers of CD103+ FoxP3+ T cells were increased 3-5 times in
Low-A mice compared to Mid-A mice (not shown). The induction of the CD103+ FoxP3+ T
cells in Low-A mice occurred in all of the three mouse strains that we examined in this study
suggesting that it is not a strain-specific biological phenomenon (Figure 3C).

Surface phenotype and trafficking behavior of the FoxP3+ T cells induced in limited vitamin
A availability

An interesting feature of the Low-A CD103+FoxP3+ T cells is that they expressed Treg-
associated molecules such as GITR,26 4-1BB,27 and LAG-328 at levels higher than the control
(Hi-A or Mid-A) Tregs (Figure 4A and supplementary Figure 3). The expression of CD127,
which is decreased in conventional Tregs compared to non-Tregs, was increased on these
Tregs. They do not express the gut homing receptors, α4β7 and CCR9, but express CCR7 and/
or CCR5 at high levels (Figure 4B). Thus, the Low-A FoxP3+ T cells are best represented by
CCR7+CD103+CCR5+/- Tregs in the intestine. The Low-A FoxP3+ T cells have a lower
capacity in short-term (∼20 h) homing to the small intestine and peritoneal cavity reflecting
the low CCR9 and α4β7 expression (Figure 4C). In contrast, the difference between Low-A
and Mid-A CD4+FoxP3- T cells in migration to the intestine was relatively small.

Normal vitamin A status is required for optimal population of Th17, Th1 and Th2 cells in the
intestine

Retinoids can decrease the generation of Th17 cells in vitro.17, 21, 22 Therefore, we additionally
examined the frequencies of Th17 cells in Hi-A and Low-A SAMP1/YP mice. Unexpectedly,
Th17 cells were increased in the gut tissues (jejunum and ileum) of Hi-A mice and decreased
in the ileum of Low-A mice (Figure 5A and supplementary Figure 4). This suggests that the
suppression of Th17 cells by retinoids would not happen readily in vivo. In fact, it provides
evidence that the vitamin A signal increases the frequency of Th17 cells in the small intestine.

It has been reported that retinoic acid promotes Th2 cell polarization, while increased Th1 cells
were observed in vitamin A deficiency in certain animal models.29-31 Considering that the
generation and expansion of effector T cells can be suppressed by FoxP3+ T cells,32, 33 it is
possible that the numbers of Th1 and Th2 cells in vitamin A deficiency may be linked to the
number of Tregs induced in this condition. Our results showed that the frequency of Th1 cells
was actually decreased in several tissue sites including jejunum and ileum of Low-A mice and
in the jejunum of Hi-A SAMP1/YP mice (Figure 5B). Th2 cells were greatly reduced in many
tissue sites of Low-A mice but not in Hi-A SAMP1/YP mice (Figure 5C). Overall, the decreased
Th1 and Th2 cells closely correlate with the decreased inflammation in Low-A SAMP1/YP
mice.

The FoxP3+ T cells induced in both limited and excessive vitamin A availability are highly
effective in control of ongoing intestinal inflammation

The greatly increased induction of the CD103+ FoxP3+ T cells in Low-A mice is intriguing.
We isolated and compared the in vitro suppressive activity of the CD4+CD25+ Tregs isolated
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from Low-A, Hi-A, and control Mid-A mice (Figure 6). While all of the Tregs were
suppressive, it was the Low-A Tregs that were most suppressive in vitro (Figure 6A).
CD103- Low-A Tregs were as efficient as total Low-A Tregs (supplementary Figure 5),
suggesting that the superior suppressive ability of Low-A Tregs is not limited to the CD103+

cells at least in vitro.

We compared the in vivo suppressive activity of the Mid-A, Low-A and Hi-A Tregs on the
intestinal inflammation in SCID mice induced by SAMP1/YP T cells (Figure 6B). For this
experiment, SCID mice were injected first with Treg-depleted SAMP1/YP CD4+ T cells at
day 0 and then injected with the Tregs isolated from the Mid-A, Low-A or Hi-A mice when
the mice began to lose weight. The Low-A and Hi-A Tregs were more potent than Mid-A Tregs
in suppression of weight loss and tissue inflammation (Figure 6B-D). The potent suppressive
activity of the transferred Low-A or Hi-A Tregs is consistent with the high frequency of
persisting FoxP3+ T cells and the low frequency of Th1 cells in the small and large intestine
of the mice (Figure 7A and B). Along with Tregs, Th17 cells were also increased in the Hi-A
and Low-A mice (Figure 7C).

Blockade of RARα induces the highly suppressive CD103+ FoxP3+ cells
FoxP3+ T cells are made in the thymus as natural naïve FoxP3+ T cells and in the periphery
by antigen presenting cells as induced FoxP3+ T cells. It is possible that one or both of the
FoxP3+ T cell populations are increased in the limited vitamin A availability. To determine
this, we first examined the frequencies of CD103+ FoxP3+ T cells in the thymus (Figure 8A).
The frequency of CD103+ FoxP3+ T cells was greatly increased in the thymus of Low-A mice,
suggesting that the thymic output of natural CD103+ FoxP3+ T cells is increased.

It is also possible that the increase of CD103+FoxP3+ T cells in limited vitamin A availability
may be due to increased generation of induced FoxP3+ T cells due to vitamin A deficiency.
We co-cultured CD4+CD25- naïve T cells with antigen presenting cells isolated from various
organs. The cells were stimulated with APC (isolated from spleen, thymus or MLN) plus SEB
(Figure 8B) or anti-CD3 (supplementary Figure 6) as TCR activators in the presence of a
RARα antagonist (Ro41-5253) or ATRA to mimic antigen priming of naïve T cells in vitamin
A deficiency or excessiveness. We found that the RARα blockade greatly increased the
conversion of naïve T cells into CD103+FoxP3+ T cells (Figure 8 B) with 5-11 fold increases
in absolute numbers of CD103+FoxP3+ T cells (Figure 8C). Addition of TGF-β1 greatly
increased the number of CD103+FoxP3+ T cells in all groups (supplementary Figure 6B).

Discussion
We investigated the impact of vitamin A status on the phenotype and function of FoxP3+ T
cells in regulation of intestinal inflammation. We found that both high and low vitamin A
therapies induce distinct subsets of FoxP3+ T cells with potent regulatory activities. A
population of FoxP3+ T cells termed “Hi-A FoxP3+ T cells” was greatly increased by retinoic
acid under excessive vitamin A availability. On the other hand, a population of FoxP3+ T cells
termed “Low-A FoxP3+ T cells” was greatly increased under limited vitamin A availability in
the absence RARα occupancy. Interestingly, both the Hi-A and Low-A FoxP3+ T cells were
significantly more efficient in suppression of intestinal inflammation than control FoxP3+ T
cells in vivo.

It has been reported that retinoic acid can enhance TGF-β1-mediated induction of FoxP3 and
CD103 in vitro.17-22 Indeed, we found that ∼70% of the FoxP3+ T cells induced in the intestine
but not other organs of Mid-A or HI-A mice had this phenotype (Figure 3A). This organ
specificity is thought to be due to the fact that dendritic cells and epithelial cells of the intestine
have the ability to produce retinoic acid.21 Moreover, CCR9+FoxP3+ T cells were increased
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in HI-A mice but decreased in the intestine of Low-A mice. Importantly, Hi-A FoxP3+ T cells
were highly effective in reversing intestinal inflammation in SCID mice. Thus, the pathway of
induction of FoxP3+ T cells by retinoic acid operates in vivo in a physiological setting. We,
unexpectedly, found in this study that a novel subset of FoxP3+ T cells enriched with
CD103+ cells is highly induced in limited vitamin A availability in most tissues including the
intestine.

It has been reported that CD103+CD25+ Tregs isolated from lymphoid tissues were highly
suppressive in regulation of inflammation.34 While they share the CD103 expression, the
relationship between these CD103+CD25+ Tregs of normal mice and the Low-A FoxP3+ T
cells is unclear at the moment. CD103+CD25+ Tregs highly express the Treg-associated
molecules such as GITR, 4-1BB and LAG3 compared to control Tregs. Perhaps the most
intriguing phenotype of the Low-A FoxP3+ T cells is their homing receptor expression pattern.
The Low-A Tregs preferentially express CD103, CCR7 and CCR5 but not the gut homing
receptors CCR9 and α4β7, and they have better circulating ability in blood, spleen and marrow
compared to control Tregs. A rather surprising fact is that, despite the deficiency of CCR9 and
α4β7, Low-A FoxP3+ T cells are found at high frequencies in the small and large intestine.
Based on the fact that the Low-A FoxP3+ T cells do not migrate well to the small intestine
(Figure 4B), it is likely that these cells are the result of induction or expansion rather than
migration to the intestine.

We propose that unavailability of RARα ligands in the Low-A condition, which makes the
RAR-RXR heterodimer receptor inactive (“apo state”),35 is responsible for the increased
induction of the specialized FoxP3+ T cells. This is supported by the increased conversion of
naïve CD4+ T cells into CD103+FoxP3+ T cells by antigen presenting cells of both thymus and
peripheral lymphoid tissues in the presence of a RARα antagonist. In this regard, the frequency
of CD103+FoxP3+ T cells was significantly increased in the thymus and most peripheral tissues
of Low-A mice (Figure 8A), suggesting that both the thymic output and peripheral induction
of the specialized FoxP3+ T cells are greatly increased in the Low-A mice.

In this study, we found that Th17 cells were highly enriched in the gut of Hi-A mice. This was
surprising given the fact that retinoic acid can suppress the induction of Th17 cells in vitro.
17, 21, 22 This may be due to the fact that retinoic acid production in vivo is tightly regulated
in space and time that the retinoid-induced suppression of Th17 cells does not happen widely
in the body within the physiological concentration range of retinoic acid (∼10 nM). Another
possibility is that even the migration and retention of Th17 cells in the gut would require the
retinoic acid signal in a manner similar to other effector T cells. Indeed, vitamin A is required
also for the optimal population of Th1 and Th2 in the small intestine. Th17 cells were also
increased in SCID mice after transfer of Low-A or HI-A FoxP3+ T cells, and this is consistent
with others’ finding that FoxP3+ T cells could promote the generation of Th17 cells.36 We
observed a negative correlation between frequencies of Th17 cells and intestinal inflammation
and a positive correlation between Th1 and intestinal inflammation. The negative correlation
between Th17 cells and intestinal inflammation is in line with the protective role of IL-17 and
Th17 cells in this model.37 In Low-A SAMP/YP mice, however, there were decreases in both
Th17 cells and intestinal inflammation. In this case, CD103+FoxP3+ cells were increased and
Th1 cells were decreased. Thus, it appears that the intestinal pathology in the Low-A and Hi-
A SAMP1/YP mice and in the SCID mice would be regulated by the balance between protective
(Tregs and perhaps Th17) and inflammatory (Th1) cells.

It has long been observed in animals and humans that, vitamin A deficiency leads to defective
immunity and increased susceptibility to infection.38 There are several explanations available
for this phenomenon such as defective maturation of neutrophils and IgA deficiency. The
results of this study provide another potential explanation. The greatly increased frequencies
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of highly suppressive Low-A FoxP3+ regulatory T cells and concomitantly decreased effector
T cells could induce the typical immunodeficiency associated with vitamin A deficiency. Taken
together, our results provide novel therapeutic strategies to suppress inflammation in the
intestine and potentially other tissue sites by regulating vitamin A availability. It is expected
also that the Hi-A and Low-A FoxP3+ T cells would have the potential to be used as effective
cellular therapeutics in suppression of inflammatory diseases.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Short-term peripheral induction of FoxP3+ T cells in Low-A and Hi-A conditions in an
antigen-specific manner
Splenocytes of DO11.10 Rag2 (-/-) mice were injected into Low-A and Hi-A BALB/c mice.
The mice were immunized with ovalbumin and sacrificed at day 7. Some Low-A mice were
injected with retinoic acid following the immunization. Frequencies of
KJ1.26+CCR9+FoxP3+ T cells as % of FoxP3+ T cells and % of CD4+ T cells are shown.
Combined data of three independent experiments (total n=3) are shown. *Significant
differences between Low-A and Hi-A or Low-A and Low-A mice injected with ATRA
(p<0.05).
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Figure 2. Effects of Low-A and Hi-A statuses on ileitis of SAMP1/YP mice
Frequencies of CCR9+FoxP3+ T cells in the intestine (A) and eleven tissue sites (B) of Mid-
A, Hi-A and Low-A SAMP1/YP mice are shown. The cells shown in panel A is gated on
CD4+ T cells. Hematoxylin and eosin staining (C) and inflammation scores for the ileum (D)
are shown. SAMP1/YP mice were fed with Low-A, Mid-A or Hi-A diet for 20 weeks for this
study. Averages of five mice with SEM are shown. *Significant differences from Mid-A
(p<0.05).
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Figure 3. Low-A therapy induces a novel subset of FoxP3+ T cells enriched with CD103+ cells
Frequencies of CD103+ FoxP3+ T cells in Mid-A, Hi-A or Low-A SAMP1/YP mice were
examined. Data are shown in dot plot (A) and graph (B) forms. (C) Also shown is the induction
of CD103+ FoxP3+ T cells in three mouse strains (BALB/c, AKR/J, and SAMP1/YP).
Averages of four mice with SEM are shown in panel B. *Significant differences from the Mid-
A group.
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Figure 4. Surface and homing phenotypes of Low-A and Hi-A FoxP3+ T cells
(A) Expression levels of Treg-associated surface antigens in relative mean fluorescence
intensity (MFI). CD4+ CD103+FoxP3+ T cells are gated. (B) Expression of trafficking
receptors. (C) Relative homing capacity of Low-A FoxP3+ T cells in vivo. A 20 h homing
study was performed in AKR/J mice. A set of combined data of three (A) and four (B and C)
experiments or a set of representative data out of four independent experiments (B; dot plots)
are shown. *Significant differences from the Mid-A group (A and B) or from the frequencies
in the input (C).
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Figure 5. Impacts of the Low-A and Hi-A statuses on the balance of inflammatory effector T cells
in the intestine of SAMP1/YP mice
The frequencies of Th17 (A), Th1 (B) and Th2 cells (C) among CD4+CD44+ T cells were
examined in Low-A, Mid-A or Hi-A SAMP1/YP mice. Averages of four mice with SEM are
shown. *Significant differences from the Mid-A group.

Kang et al. Page 15

Gastroenterology. Author manuscript; available in PMC 2010 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Low-A and Hi-A FoxP3+ T cells are highly efficient in suppression of intestinal
inflammation
(A) In vitro suppressive activity of Tregs of Mid-A, Hi-A or Low-A mice. [3H]-thymidine
incorporation by CD4+CD25- target T cells cultured in the presence of indicated numbers of
Tregs was measured. (B) In vivo suppressive activity of Tregs of Mid-A, Hi-A or Low-A mice.
(C) Inflammation scores for terminal ileum and distal colon. (D) Intestinal histology images
with H&E staining. For the in vivo study, SCID mice were injected with MLN CD4+CD25-

cells of SAMP1/YP mice at day 0 and with MLN CD4+CD25+ cells of Mid-A, Low-A mice
or Hi-A mice sometime between 15 and 21 days when weight loss started to occur. Significant
differences from the No-Treg group* or Mid-A Treg group**.
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Figure 7. Both the Low-A and Hi-A FoxP3+ T cells can decrease Th1 cells but increase Th17 cells
in inflamed intestine
SCID mice were injected with MLN CD4+CD25- cells of SAMP1/YP mice at day 0, and MLN
CD4+CD25+ cells of Mid-A, Hi-A or Low-A mice when mice started to lose weight. The mice
were sacrificed between day 30 and 40. The frequencies of FoxP3+ T cells (A), Th1 cells (B),
and Th17 cells (C) are shown (n=11-20). *Significant differences from the no Treg group.
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Figure 8. Increased production of CD103+FoxP3+ T cells in the thymus and by antigen presenting
cells following RARα blockade
(A) The frequencies of CD103+FoxP3+ T cells in the thymi of Mid-A, Hi-A or Low-A mice.
(B) Induction of CD103+ FoxP3+ T cells by irradiated APC (prepared from the indicated organs
of normal mice) in the presence of RO41-5253 or ATRA. Naïve CD4+CD25- T cells were co-
cultured with irradiated APC or CD11c+ DCs for 5-6 days. One representative set of data out
of at least 3 independent experiments are shown. The graphs in panel A (n=3) and C (n=4)
show combined data with SEM. Significant differences from the control (*) or ATRA group
(**).
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