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BACKGROUND & AIMS: Gut-associated dendritic cells
(DC) metabolize vitamin A into all-trans retinoic acid (RA),
which is required to induce lymphocytes to localize to the
gastrointestinal tract and promotes the differentiation of
Foxp3� regulatory T cells and IgA antibody�secreting
ells. We investigated whether RA functions in a positive-
eedback loop in DC to induce its own synthesis. METH-

DS: We measured levels of retinoids in intestinal tissues
rom mice and assessed the role of RA in the functional
pecialization of gut-associated DC in cell cultures and

ice. We used pharmacologic antagonists to determine
he signaling pathways involved in regulation of DC and
sed MyD88�/� mice to determine the contribution of

Toll-like receptor signaling in RA-mediated effects on DC.
RESULTS: The concentration of retinoids decreased in a
proximal-to-distal gradient along the intestine, which cor-
related with the activity of gut-specific DC. Importantly,
RA regulated the ability of gut-associated DC to produce
RA, induce T cells to localize to the gastrointestinal tract,
and generate regulatory T cells and IgA-secreting cells. RA
was sufficient to induce its own production by extra-
intestinal DC in vitro and in vivo. RA-mediated regulation
of DC required signaling through the mitogen-activated
protein kinase signaling pathway and unexpectedly re-
quired MyD88, which is conventionally associated with
Toll-like receptor, interleukin-1, and interleukin-18 sig-
naling. CONCLUSIONS: RA is necessary and sufficient
to induce DC to regulate T-cell localization to the
gastrointestinal tract and IgA secretion. Our findings
also indicate crosstalk between the RA receptor and
MyD88-dependent Toll-like receptor signaling path-
ways.

Keywords: Inflammation; IBD; Immune Response; Mouse
Model.

Lymphocyte migration is a key event during intestinal
inflammation.1 Therefore, it is critical to understand

how T and B cells migrate to the intestine and how their
migration patterns could be manipulated for therapeu-
tic purposes. The gut-homing receptors integrin �4�7
and chemokine receptor CCR9 are required for T- and
B-lymphocyte migration to the gut mucosa in the

steady state and also during intestinal inflammation in
mice and humans,1,2 thus acting as molecular “ZIP
codes” by controlling lymphocyte migration in a tissue-
specific fashion.

DC from mesenteric lymph nodes (MLN-DC), Peyer’s
patches (PP-DC), and small intestine lamina propria
(gut-associated DC), but not DC from extraintestinal
sites, induce a high expression of gut-homing receptors
on lymphocytes,3– 6 which is explained by their ability to

etabolize vitamin A (retinol) into all-trans retinoic
cid (RA). RA is necessary to imprint gut-homing lym-
hocytes,5–7 to promote differentiation of IgA anti-
ody-secreting cells (ASC)5 and to control the balance
etween regulatory T cells and Th17 cells in the gut

mucosa.8,9 Therefore, given the essential role of RA in
ntestinal immune homeostasis, it is important to un-
erstand how the synthesis of RA is modulated in the
ut mucosa.

It has been suggested that some nuclear receptor ago-
ists can modulate RA synthesis in DC.10 Here we show
hat RA controls RA-synthesizing capacity in DC in vitro
nd in vivo, inducing a positive feedback loop on its own
ynthesis and conferring DC with gut-specific imprinting
roperties. In addition, we found that RA-mediated DC
ducation requires expression of the intracellular adaptor

yD88, which is conventionally associated with Toll-like
eceptor (TLR) and interleukin (IL)-1/IL-18 signaling,11,12

suggesting a novel crosstalk between RA- and MyD88-
dependent pathways.

Abbreviations used in this paper: ASC, antibody-secreting cells; DC,
dendritic cells; ERK, extracellular signal�regulated kinase; GM-CSF,
granulocyte-macrophage colony-stimulating factor; IEC, intestinal epi-
thelial cells; IL, interleukin; LP-DC, lamina propria�derived dendritic
cells; MAPK, mitogen-activated protein kinase; MLN-DC, mesenteric
lymph node�derived dendritic cells; Mo-DC, monocyte-derived den-
dritic cells; mRNA, messenger RNA; PLN-DC, peripheral lymph node�
derived dendritic cells; PPAR, peroxisome proliferator-activated recep-
tor; PP-DC, Peyer patches�derived dendritic cells; RA, all-trans retinoic
acid; RA-DC, dendritic cells pretreated with all-trans retinoic acid;
RALDH, retinal dehydrogenase; RAR, retinoic acid receptor; RXR, reti-
noid X receptor; TLR, Toll-like receptor; UT-DC, untreated spleen den-
dritic cells; VAD, vitamin A�deficient.

© 2011 by the AGA Institute
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Results
DC Ability to Imprint Gut Homing Correlates
With Retinoid Levels in the Gut
RA and its precursors retinol and retinyl esters

were readily detected in the intestinal mucosa, and their
concentrations followed a gradient from proximal to dis-
tal, with the highest concentrations being found in the
duodenum and jejunum (Figure 1A). Interestingly, reti-
noid levels correlated with DC imprinting ability. PP-DC
and lamina propria DC (LP-DC) from duodenum and
jejunum induced higher levels of gut-homing receptors
(�4�7 and CCR9) and Foxp3� T cells as compared to their
ounterparts in ileum, colon, or spleen (Figure 1B and C,
upplementary Figure 1A). Reciprocally, the skin-homing
eceptors E- and P-selectin ligands were more efficiently
nduced by ileum PP-DC/LP-DC, colon LP-DC, and
pleen-DC than by duodenum or jejunum PP-DC/LP-DC
Supplementary Figure 1B), consistent with the notion
hat induction of these receptors occurs as a default
athway in T cells activated without RA.7 Retinal dehy-
rogenases (RALDH) are critical enzymes for RA biosyn-
hesis. Consistent with their higher gut-homing imprint-
ng capacity, PP-DC and LP-DC from duodenum and
ejunum exhibited higher RALDH activity (Aldefluor
taining) than ileum or colon DC (Figure 1D), which was
ot explained by different proportions of CD103� DC

(Supplementary Figure 1C). Of note, expression of
Aldh1a2 messenger RNA (mRNA) (encoding RALDH2)
was not significantly different among DC from different
intestinal segments and their relative mRNA levels were

Figure 1. DC ability to imprint gut homing correlates with retinoid levels
(duo), jejunum (jej), ileum (ile), and colon (n � 6). (B) LP-DC or PP-DC fro
days, T cells were analyzed for �4�7 and CCR9 expression (n � 5). (C) DC
or Foxp3 expression. Fluorescence-activated cell sorting (FACS) plots a
RALDH) activity in DC (n � 4). (E) Luciferase activity in DC from DR5-lu
lower than those found in MLN-DC (Supplementary Fig-
ure 1D), suggesting that Aldh1a2 mRNA levels in DC do
not always fully correlate with their RALDH activity or
gut-homing imprinting capacity. Whether this dissocia-
tion between Aldh1a2 mRNA and RALDH activity reflects
local differences in RALDH protein expression or stability
remains to be determined. In addition, using DR5-lu-
ciferase reporter mice, in which luciferase is controlled by
a promoter with RA response elements,13 we determined
hat all tested DC have the capacity to respond to RA ex
ivo (Supplementary Figure 1E). However, consistent with
heir exposure to high levels of RA, DC from the proximal
mall intestine exhibited higher luciferase activity than
istal DC (Figure 1E).

RA Is Necessary in vivo for Gut-Associated DC
Education
We depleted mice of the RA precursor retinol by

feeding them a vitamin A– deficient (VAD) diet, as de-
scribed.5,7 Because vitamin A is abundantly stored in the
iver, it is difficult to attain complete vitamin A depletion,
ven when using a VAD diet for several months.14 To

address this shortcoming, we used mice deficient in leci-
thin:retinol acyltransferase (LRAT), which cannot store
retinol in the liver.14 LRAT-deficient mice develop nor-
mally when maintained on a vitamin A�sufficient diet,
but they become vitamin A�depleted after only 2�4
weeks on a VAD diet, with the additional advantage of
avoiding potential unwanted effects of chronic vitamin A
depletion.14 In agreement with a critical role of RA in
gut-associated DC education, PP-DC and MLN-DC from

the gut. (A) Quantification of retinyl esters, retinol, and RA in duodenum
uo, jej, ile, and colon were used to activate naïve CD8 T cells. After 4�5
re used to activate naïve CD4 T cells. After 4 days, T cells were analyzed

epresentative of 2 independent experiments. (D) Retinal dehydrogenase
rase mice (n � 4). Mean � SEM; *P � .05; **P � .01; ***P � .001.
in
m d

we
re r
VAD mice induced lower levels of gut-homing receptors
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178 VILLABLANCA ET AL GASTROENTEROLOGY Vol. 141, No. 1
on T cells as compared to their counterparts from mice on
a vitamin A�sufficient diet (Figure 2A). In addition,
MLN-DC and PP-DC from VAD mice were impaired in
inducing Foxp3� T cells (Figure 2B) and IgA-ASC (Figure

C), respectively. Moreover, MLN-DC from VAD mice
howed a marked reduction in Aldh1a2 mRNA expression
Figure 2D) and an impaired RALDH activity in total and
D103� MLN-DC (Figure 2E), which was rescued by oral

RA supplementation (Figure 2F). Thus, RA is necessary in
vivo to educate gut-associated DC with critical gut-spe-
cific imprinting properties.

RA Is Sufficient to Confer DC With RA
Synthesizing Capacity in vitro and in vivo
Murine spleen DC pretreated with RA (RA-DC)

up-regulated Aldh1a2 mRNA (Figure 3A and Supplemen-
tary Figure 2A and B). This effect was not limited to RA,
as other natural and synthetic RA receptor-retinoid X
receptor (RAR-RXR) agonists (Am80, 9-cis RA, 13-cis RA)
also induced Aldh1a2 in spleen-DC. In contrast, agonists
for RXR (HX630, PA024), peroxisome proliferator-acti-
vated receptor (PPAR)-� (rosiglitazone), PPAR-�/�
(GW0742) PXR (lithocholic acid), LXR (TO901317), or
aryl hydrocarbon receptor (AHR) (ITE: 2-(1=H-indole-3=-
carbonyl)-thiazole-4-carboxylic acid methyl ester) nuclear
receptors did not induce Aldh1a2 mRNA. RA also induced
Aldh1a2 in murine peripheral lymph node (PLN)-DC and
bone marrow�derived DC (Supplementary Figure 2C), as

Figure 2. RA is necessary in vivo for gut-associated DC education. D
activate naïve CD8 T cells. After 4�5 days, T cells were analyzed for �4

cells. After 4�5 days, T cells were analyzed for Foxp3 expression. F
ocultured with naïve B cells activated with anti-IgM plus IL-5. After 4 da

the supernatant (n � 4). (D) Aldh1a2 mRNA and (E) RALDH activity in CD
cells from control or VAD mice � oral RA supplementation. FACS plots
**P � .01.
well as ALDH1A2 mRNA in human monocyte-derived DC
(Mo-DC) (Supplementary Figure 2D), suggesting that our
findings could be extrapolated, at least in part, to human
DC.

Consistent with their higher expression of Aldh1a2
mRNA, RA-DC displayed higher RALDH activity as com-
pared to untreated spleen-DC (UT-DC) (Figure 3B), which
was also observed when treating PLN-DC and bone mar-
row�DC with RA (Supplementary Figure 2E), indicating
that RA-DC acquired RA-synthesizing capacity. Impor-
tantly, RA-DC induced significantly higher levels of gut-
homing receptors �4�7 and CCR9 on activated T cells as
compared to UT-DC, which was abrogated when T cells
were activated in retinol-free media (Figure 3C) or in the
presence of the RALDH inhibitor diethylaminobenzalde-
hyde (DEAB)17 (Figure 3D), implying that induction of
gut-homing receptors by RA-DC required active RA syn-
thesis and was not due to RA carry-over, which can hap-
pen when DC are incubated with high concentrations of
RA.18 Similarly, human Mo-DC pretreated with RA in-
duced higher levels of gut-homing receptors on poly-
clonally activated human T cells than untreated Mo-DC
(Supplementary Figure 2F). Adding the RAR-inhibitor
LE540 during the coculture abrogated gut-homing imprint-
ing by RA-DC (Supplementary Figure 2G), indicating that
gut-homing imprinting by RA-DC requires RA activity via
RAR nuclear receptors. Consistent with their higher expres-
sion of gut-homing receptors, T cells activated with RA-DC

ere isolated from mice on a VAD or control diet. (A) DC were used to
and CCR9 expression (n � 4). (B) DC were used to activate naïve CD4
S plots are representative of 2 independent experiments. (C) DC were
cocultures were analyzed for intracellular IgA in B220Int cells and IgA in
� and CD11c�CD103� DC (n � 5). (F) RALDH activity in MLN CD11c�

representative of 2 independent experiments. Mean � SEM; *P � .05;
C w
�7
AC
ys,
11c
are
migrated significantly more to the small intestine as com-
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pared to those activated with UT-DC (Figure 3E). In addi-
ion, analogous to gut-associated DC8,9 RA-DC also pro-

oted the induction of Foxp3� regulatory T cells (Figure
3F).

To obtain mechanistic clues on Aldh1a2 induction by
A in DC, we incubated spleen-DC from DR5-luciferase
ice with RA in the presence or absence of the transcrip-

ion inhibitor actinomycin-D or the translation inhibitor
ycloheximide as described.19 RA-treated spleen-DC ex-

hibited increased RALDH and luciferase activities (induc-
tion of Aldh1a2 mRNA and a RAR-dependent reporter by
RA, respectively), which were abrogated by actinomycin-D
or cycloheximide treatment (Supplementary Figure 3A
and B), suggesting that RA-mediated DC education to
xpress RALDH requires transcription and protein syn-
hesis. Moreover, actinomycin-D inhibited RA-mediated
nduction of Aldh1a2 mRNA and Rarb mRNA (encoding

RAR�, a known RA-induced gene) (Supplementary Figure
3C), indicating that their increase is mostly due to de novo
transcription rather than enhanced mRNA stability. In-
terestingly, cycloheximide blocked Aldh1a2 but not Rarb
mRNA induction, suggesting that the increased Aldh1a2
mRNA transcription in RA-treated spleen-DC depends on
newly synthesized proteins, whereas Rarb appears to be
directly induced by RA without requiring prior protein
synthesis. This finding is consistent with their distinct
transcription kinetics, as Rarb mRNA was clearly induced

Figure 3. RA is sufficient to confer DC with RA synthesizing capacity in
all-trans RA or 100 nM of the indicated nuclear receptor agonists. HX630
pleen-DC were incubated for 24 hours with or without 100 nM RA (RA-
C) washed, pulsed with antigen, and used to activate naïve CD8 T c
erum�free media � 50 nM retinol. After 4�5 days, T cells were analyz
s described in (C) either in the presence or absence of the RALDH in
xperiment between CD8 T cells activated with RA-DC or UT-DC (n � 5).

or RA-DC. Five days later CD4 T cells were analyzed for Foxp3 express
as quickly as 1 hour post-RA treatment, whereas Aldh1a2
mRNA exhibited a more delayed kinetics (Supplementary
Figure 3D). In sum, RA induction of Aldh1a2 mRNA in
spleen-DC appears to occur indirectly in a process that
requires prior de novo protein synthesis.

Of note, although spleen-DC acquired RALDH activity
when pretreated with RA for 24 hours, this was not
observed when DC were acutely exposed to RA for 30
minutes (ie, only during the Aldefluor assay) (Supplemen-
tary Figure 3E). Moreover, MLN-DC maintained the same
high RALDH activity regardless of whether the mice were
supplemented with oral RA (Supplementary Figure 3F).
Thus, RA does not appear to directly induce, enhance, or
otherwise affect RALDH enzymatic activity, suggesting
that its main effect on DC education involves Aldh1a2
mRNA induction and de novo RALDH protein synthesis.

To assess whether RA can also educate extraintestinal
DC in vivo, we treated mice with RA via oral gavage and
then analyzed PLN-DC for their expression of Aldh1a2
mRNA, RALDH activity, and gut-homing imprinting ca-
pacity (Figure 4A). As expected, PLN-DC from control
mice showed much lower levels of Aldh1a2 mRNA and
RALDH activity as compared to MLN-DC (Figure 4B and
C, Supplementary Figure 4A). By contrast, PLN-DC from
mice treated with oral RA exhibited significantly higher
levels of Aldh1a2 mRNA and RALDH activity than
PLN-DC from control mice. In addition, PLN-DC from
RA-treated mice were able to induce gut-homing receptors

o. (A) Aldh1a2 mRNA in spleen-DC incubated for 24 hours with 100 nM
PA024 were used at 1 or 10 �M, with similar results (n � 5�10). (B�F)

and UT-DC, respectively) and analyzed for (B) RALDH activity (n � 5) or
from T-cell receptor transgenic OT-1xRAG2�/� mice in fetal bovine

for �4�7 and CCR9 expression (n � 7). (D) Cocultures were performed
tor diethylaminobenzaldehyde (DEAB) (n � 7). (E) Competitive homing
Naïve CD4 T cells from OT-2xRAG2�/� mice were activated with UT-DC
(n � 3).
vitr
and

DC
ells
ed
hibi
(F)
on activated T cells in vitro, an effect that was dependent
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180 VILLABLANCA ET AL GASTROENTEROLOGY Vol. 141, No. 1
on the presence of retinol and RALDH enzymatic activity
(Figure 4D), demonstrating that it required active RA
biosynthesis.

We could not detect RA in PLN from untreated ani-
mals, even using the most sensitive methods,16 whereas

A was readily detected in PLN from RA-treated animals
ith levels approaching those found in MLN from un-

reated animals (Supplementary Figure 4B). Moreover,
uciferase activity in PLN cells from RA-treated DR5-
uciferase mice was similar to that observed in MLN or PP
ells from control animals (Supplementary Figure 4C). Of
ote, RA supplementation was associated with increased
roportions of activated CCR9� CD8 T cells in PLN and
pleen upon subcutaneous immunization, reaching levels
omparable to control MLN (Supplementary Figure 4D).
hus, oral RA treatment increases RA concentration and
A-dependent activity in PLN to levels comparable to

hose in the normal MLN environment, suggesting that
A or other RAR agonists, such as 13-cis RA (isotretinoin)

Figure 3A), could be used as “mucosal adjuvants” to
ncrease gut-associated immune responses in peripheral
ompartments.

In summary, our data show that RA is sufficient to
nduce a positive feedback loop in extraintestinal DC,
onferring them with the capacity to synthesize RA and to

Figure 4. RA is sufficient to confer DC with RA synthesizing capacity in
very day for 5 days. After that, MLN-DC and PLN-DC were isolated an
n � 5). (D) PLN-DC from control or RA-treated mice were used to activ
n the presence or absence of DEAB. FACS plots are representative of 2
enerate gut-homing T cells in vitro and in vivo.
RA-Mediated DC Education Requires
Extracellular Signal-Regulated Kinase (ERK)/
Mitogen-Activated Protein Kinase (MAPK)
Signaling

To obtain further mechanistic insights on how RA
educates DC, we tested the role of canonical signaling
pathways in RA-mediated DC education by adding phar-
macological inhibitors concomitant with RA treatment.
Blockade of p38/MAPK (SB203580), c-Jun-N-terminal ki-
nase/MAPK (SP600125), or nuclear factor-�B (SN50)
pathways3 did not affect RA-mediated DC education (Fig-

re 5A). However, inhibition of ERK/MAPK (U0126)3

during RA treatment of DC significantly decreased
their capacity to induce gut-homing receptors on T
cells. Moreover, blocking ERK completely abolished
Aldh1a2 mRNA induction in RA-DC (Figure 5B), indicating
that ERK signaling is required for RA-mediated DC educa-
tion. Interestingly, ERK inhibition in spleen-DC isolated
from DR5-luciferase mice abrogated RA-mediated lu-
ciferase induction (Figure 5C), suggesting that ERK sig-
naling might be required for general RAR-dependent ef-
fects on DC.

To assess whether ERK signaling plays a physiological
role in gut-associated DC education, we treated mice with

o. (A) Wild-type mice were supplemented orally with RA (400 �g/dose)
alyzed for the expression of (B) Aldh1a2 mRNA and (C) RALDH activity
naïve CD8 T cells in fetal bovine serum�free media � retinol and either
ependent experiments. Mean � SEM; *P � .05; **P � .01; ***P � .001.
viv
d an
ate
PD0325901, an orally bioavailable ERK inhibitor that has
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July 2011 RETINOIC ACID AND MYD88-DEPENDENT DENDRITIC CELL EDUCATION 181
been used in vivo.15 Consistent with a physiological role of
RK signaling in gut-associated DC education, treatment
ith PD0325901 significantly decreased RALDH activity

n endogenous CD103� MLN-DC (Figure 5D), without
decreasing the frequency of CD103� DC in MLN (data

ot shown).
Thus, ERK signaling is needed for RA-mediated DC

ducation and is also required in vivo for endowing gut-
ssociated DC with RA-synthesizing capacity.

MyD88 Is Required for RA-Mediated DC
Education
Given that some TLR agonists can induce RALDH

enzymes in DC in an ERK-dependent manner20 and that
RA-mediated DC education also requires ERK signaling, we
explored whether TLR signals might modulate RA effects on
DC.11 Consistent with this possibility, spleen-DC from mice
lacking MyD88 (essential for most TLR signaling11) were
impaired in their RA-mediated DC education. MyD88�/�

RA-DC induced lower levels of gut-homing receptors on T
cells as compared to wild-type RA-DC (Figure 6A), and the
induction of Aldh1a2 mRNA was completely abrogated in
MyD88�/� RA-DC (Figure 6B). Similarly, Tgm2 mRNA
encoding tissue transglutaminase, a well-known RA target
ene21) was not induced in MyD88�/� RA-DC, whereas it
as readily induced in wild-type RA-DC (Figure 6B), suggest-

Figure 5. DC education requires ERK/MAPK signaling. (A�C) Spleen
presence or the absence of inhibitors for p38 (SB203580, 10 �M), ERK
kinase (SP600125, 50 �M). (A) DC were used to activate naïve CD8 T c
(n � 9). (B) Aldh1a2 mRNA expression in DC (n � 3). (C) Spleen-DC from
in the presence or absence of the ERK inhibitor (U0126, 10 �M) and analy

ith the ERK inhibitor PD0325901 (25 �g/g/dose) every other day for 6 d
RALDH activity (n � 5). Mean � SEM; *P � .05; **P � .01.
ng that MyD88 might fulfill a more general role in RA- m
ediated effects on DC. Of note, DC subset composition
nd maturation status were comparable in MyD88�/� and
ild-type spleen-DC (data not shown).
Next, we asked whether MyD88 was required in vivo for

A-mediated DC education. MyD88�/� or wild-type mice
ere orally supplemented with RA. PLN-DC isolated from
A-treated MyD88�/� mice exhibited lower RALDH ac-

tivity than PLN-DC from RA-treated wild-type mice (Fig-
ure 6C and Supplementary Figure 5A). Moreover,
spleen-DC from RA-treated MyD88�/� mice induced
ower levels of �4�7 and CCR9 on T cells as compared to
pleen-DC from RA-treated wild-type mice (Supplemen-
ary Figure 5B). In addition, the expression of the RA-
nduced gene Tgm2 was lower in MyD88�/� PP-DC as
ompared to wild-type PP-DC, whereas Fabp4 mRNA, a

PPAR�-RXR target gene,10 was expressed at similar levels
n MyD88�/� and wild-type PP-DC (Supplementary Fig-
re 5C). These data suggest that MyD88 expression is
ecessary for RAR-RXR�mediated effects on DC, but is
ot generally required for the activity of other nuclear
eceptors sharing the RXR nuclear receptor partner.

Wild-type and MyD88�/� spleen-DC did not differ in
he expression of CrabpII and Fabp5 mRNA, which encode

proteins that modulate RA signaling by channeling RA to
either RAR-RXR or PPAR�/�-RXR, respectively22 (Supple-

were incubated for 24 hours with or without 100 nM RA and in the
0126, 10 �M), nuclear factor��B (SN50, 50 �M), or c-Jun-N-terminal
. After 4�5 days, T cells were analyzed for �4�7 and CCR9 expression
R5-luciferase mice were incubated for 24 hours with or without RA and
for their luciferase activity (n � 3). (D) Wild-type mice were orally treated

. After that, CD11c� MLN-DC were analyzed for CD103 expression and
-DC
(U

ells
D

zed
ays
entary Figure 5D).
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Interestingly, RA induced Tlr1 and Tlr2 mRNA (Supple-
mentary Figure 5E). Thus, RA might contribute to sensi-
tizing DC to TLR1/2 ligands, suggesting a potential in-
tersection point between TLR- and RA-mediated effects
on DC. In addition, RA induced Rarb mRNA in DC (Sup-
plementary Figure 3C and D, Supplementary Figure 5E),
hence exerting a positive feedback loop in its signaling.

We found that RA-mediated education was ERK-depen-
dent (Figure 5), and it has been shown that TLR engage-
ment results in ERK activation in DC.20 Moreover, RA has
been shown to rapidly induce ERK phosphorylation,23

suggesting that ERK signaling might represent another
potential intersection point between TLR- and RA-medi-
ated signaling in DC. Therefore, we assessed whether RA
can induce ERK phosphorylation in spleen-DC from wild-
type and MyD88�/� mice. Interestingly, although RA in-
duced ERK1/2 phosphorylation in spleen-DC, this effect
was decreased on MyD88�/� DC (Supplementary Figure

F and G). ERK phosphorylation was not affected in
LR4�/� Spleen-DC, hence, excluding an effect due to

lipopolysaccharide (LPS) contamination. These results
suggest that RA induces ERK1/2 phosphorylation, an

Figure 6. MyD88 is required for RA-mediated DC education. (A, B) Wild-
(A) DC were used to activate naïve CD8 T cells. After 4�5 days, T cells
or Tgm2 (n � 5) mRNA expression in DC. (C) Wild-type or MyD88�/� mic

LN-DC were analyzed for RALDH activity (n � 7). (D) Spleen-DC from w
xrg, Rara, Rarb, and Rarg mRNA (n � 4�6). ND, not detected. (E) Spl

in the presence or absence of the RAR� inhibitor LE540 (1 �M) and t
R5-luciferase mice were incubated for 24 hours with or without 100 nM

heir luciferase activity (n � 3). Mean � SEM; *P � .05; ***P � .001.
effect that requires MyD88 expression in spleen-DC.
The mechanism by which lack of MyD88 impairs RA-
mediated ERK1/2 phosphorylation remains undefined,
although we hypothesize that it might be related, at least
in part, to decreased RA-mediated signaling. In fact,
whereas wild-type and MyD88�/� spleen-DC did not dif-
er in the expression of most RAR and RXR isoforms, Rarb

RNA (encoding RAR�) was not detected in MyD88�/�

spleen-DC (Figure 6D), suggesting that lack of RAR�
might explain, at least in part, the decreased RA-mediated
education on MyD88�/� DC. In agreement with this pos-
sibility, LE540, a predominantly RAR� inhibitor,24 com-

letely abrogated RA-mediated Aldh1a2 induction (Figure
6E) and RA-induced luciferase activity in spleen-DC from
DR5-luciferase mice (Figure 6F). Thus, the mechanism by
which MyD88 controls RA-mediated effects on DC might
involve RAR� modulation.

TLR Signals Contribute to RA-Mediated DC
Education
Because our data suggest that MyD88 is critical for

RA-mediated DC education, we hypothesized that TLR
agonists contribute to DC education. Consistent with this

e or MyD88�/� spleen-DC were incubated with 100 nM RA for 24 hours.
e analyzed for �4�7 and CCR9 expression (n � 5). (B) Aldh1a2 (n � 4)
ere supplemented orally with RA (400 �g/dose) every day for 5 days and
type or MyD88�/� mice were analyzed for their expression of Rxra, Rxrb.
-DC were incubated for 24 hours with or without 100 nM RA and either
analyzed for Aldh1a2 mRNA expression (n � 3). (F) Spleen-DC from
and either in the presence or absence of LE540 and then analyzed for
typ
wer
e w
ild-
een
hen

RA
possibility, human Mo-DC treated with RA and/or a
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TLR1/2-agonist (Pam3CSK4) exhibited higher RALDH ac-
ivity as compared to untreated Mo-DC (Figure 7A). The
ncreased RALDH activity in Mo-DC correlated with their
bility to induce Foxp3 in human CD4 T cells (Figure 7B).
oreover, mouse spleen-DC or human Mo-DC treated
ith RA plus Pam3CSK4 induced higher proportions of

�4�7� and CCR9� T cells as compared to DC treated with
ither RA or Pam3CSK4 alone (Figure 7C and D). Further-

more, TLR1/2 stimulation and RA synergized to confer
spleen-DC with the capacity to induce IgA-ASC upon
B-cell activation (Figure 7E), an effect that correlated with
the up-regulation of April, Baff, and Nos2 in DC (encoding
APRIL:a proliferation-inducing ligand, BAFF:B-cell-acti-
vating factor, and inducible nitric oxide synthase, respec-
tively) (Supplementary Figure 6), all of which are impor-
tant factors for inducing IgA-ASC.25 Of note, RA-treated
human Mo-DC did not enhance IgA production by poly-
clonally activated human B cells (data not shown), sug-
gesting that Mo-DC (differentiated with IL-4 and granu-
locyte-macrophage colony-stimulating factor) are not
permissive for IgA class-switching or that there are some

Figure 7. TLR signals contribute to RA-mediated human and murine DC
A (100 nM), Pam3CSK4 (0.5 �g/mL), or both from day 3 of differentiation

show representative results in Mo-DC from 2 donors. (B) Mo-DC pretre
allogenic CD4 T cells activated with anti-CD3 plus anti-CD28 and transfo
analyzed for Foxp3 expression. FACS plots show 1 representative exper
of 100 nM RA, Pam3CSK4 (0.5 �g/mL), or both, washed and used to
xpression of �4�7 and CCR9. FACS plots are representative of 3 expe
A, Pam3CSK4 (0.5 �g/mL), or both, for 24 hours, washed and cocu

anti-CD28 antibodies. After 6 days, CD4 and CD8 T cells were analyzed
hours in the presence of 100 nM RA, Pam3CSK4 (0.5 �g/mL), or both, w
After 4 days, IgA levels were measured in the culture supernatants (n �
species-specific differences in this regard. Therefore, in
addition to modulating RA synthesis and gut-homing
imprinting, RA- and MyD88-dependent pathways syner-
gize to confer DC with the capacity to induce Foxp3 T
cells and IgA-ASC, which are hallmarks of mucosal-spe-
cific imprinting.

Discussion
RA is synthesized from all-trans retinol, which is

obtained from the food as all-trans retinol, retinyl esters,
or �-carotenes (provitamin A).26 Interestingly, we found
that retinoids follow a proximal-to-distal gradient in the
intestine, with the highest levels being found in the duo-
denum and jejunum. This retinoid gradient might be
explained, at least in part, by differences in the absorption
and/or synthesis of retinoids along the intestinal tract,
which is supported by the higher levels of carotenoid
receptor scavenger receptor type B, class I and carotenoid
metabolizing enzyme �,�-carotene-15,15=-monooxygen-
ase 1 found in the proximal intestine as compared to
ileum.27 A similar proximal-to-distal expression gradient

ucation. (A) Mo-DC from human healthy donors were treated with either
ALDH activity was analyzed at day 6 in CD11c� cells (n � 4). FACS plots
d with either RA, Pam3CSK4, or both, were washed and cultured with
ng growth factor��1 (TGF-�1; 2 ng/mL). After 4 days, CD4 T cells were
nt out of 2. (C) Spleen-DC were incubated for 24 hours in the presence
tivate naive CD8 T cells. After 4 days, T cells were analyzed for their
nts. (D) Human Mo-DC were treated at day 6 with or without 100 nM of

ed with total human T cells activated with plate-bound anti-CD3 plus
their expression of �4�7 (n � 3). (E) Spleen-DC were incubated for 24

hed and cocultured with naïve B cells activated with anti-IgM plus IL-5.
Mean � SEM; *P � .05; ***P � .001.
ed
. R
ate
rmi
ime
ac

rime
ltur
for
as
has been described for cellular retinol binding protein�II
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and LRAT,28 which might contribute to further enhanc-
ng the pool of retinol and retinyl esters found in the
roximal intestine. Of note, the CCR9-ligand CCL25 also
hows a proximal-to-distal gradient29 (Supplementary

Text 1).
A model in which RA is physiologically required to

induce its own synthesis implies the existence of another
(primary) source of RA to educate DC. It has been shown
that intestinal epithelial cells (IECs) express high levels of
RALDH130,31 and can produce RA.7,32 In fact, in contrast
to RALDH2, which is decreased in MLN-DC from VAD
mice (our data and reference 17), RALDH1 expression in
IEC does not decrease in VAD mice,32,33 suggesting that
IEC might be “hard-wired” to synthesize RA or that their
RA-synthesizing capacity depends on other environmental
factors (eg, TLR signals, microbiota). In summary, IEC
might provide, at least in part, a primary supply of RA in
the gut mucosa, which in turn induces RALDH2 in gut-
associated DC, conferring them with RA-synthesizing ca-
pacity (Supplementary Text 2).

A recent report suggested that GM-CSF is physiologi-
cally required for gut-associated DC education and that
RA might be important for DC education by inducing
GM-CSF�expressing macrophages in MLN.17 However,

e did not observe impairment in Aldh1a2 mRNA expres-
ion, RALDH activity, or gut-homing imprinting capacity
n gut-associated DC from GM-CSF�/� mice (Wang et al.

J Immunol, in press), suggesting that GM-CSF might not
be essential for gut-associated DC education in vivo.
These discrepancies could be partially explained by the
fact that we used DC from mice deficient only in GM-
CSF, whereas Yokota et al isolated DC from mice deficient
in the common �-c subunit, which is shared by GM-CSF,
L-3, and IL-5 receptors.17

Similar to TLR2 stimulation,20 RA-mediated DC edu-
cation required signaling via ERK/MAPK. This finding is
in line with previous studies showing that some RA-
mediated effects depend on ERK/MAPK, but not on p38/
MAPK or c-Jun-N-terminal kinase/MAPK signaling.34

However, despite the fact that RA share some signaling
mechanisms with TLR2 stimulation, including ERK/
MAPK and MyD88, these pathways do not appear to be
redundant because we observed additive and even syner-
gistic effects on DC education when pretreating DC with
RA and a TLR1/2-agonist (see also Supplementary Text 3).

We show that RA is a critical factor in gut-associated
DC education, which is necessary and sufficient to confer
DC with key gut-specific imprinting properties, including
the capacity to synthesize RA, imprint gut-tropic lympho-
cytes and regulatory T cells, as well as promote IgA-ASC
differentiation (Supplementary Figure 7). Nevertheless,
some of our results in murine DC were not observed in
human Mo-DC, and further investigation will be needed
to determine if there are some species-specific differences
in this regard.

In conclusion, our data highlight an unexpected link
between RAR nuclear receptor and MyD88/TLR-depen-

dent pathways, indicating that gut-associated DC special-
ization integrates signals derived from dietary compo-
nents acting on nuclear receptors and the intestinal
microbiota acting via pathogen-recognition receptors.
These signals could eventually be manipulated to improve
vaccination strategies aimed at enhancing intestinal im-
munity.

Supplementary Material

Note: To access the supplementary material ac-
companying this article, visit the online version of Gastro-
enterology at www.gastrojournal.org, and at doi:10.1053/
j.gastro.2011.04.010.
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