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functional phenotype of mucosal dendritic cells
I Vicente-Suarez1, A Larange1, C Reardon1, M Matho2, S Feau1, G Chodaczek1, Y Park1,3, Y Obata4,5,
R Gold1, Y Wang-Zhu1, C Lena1, DM Zajonc2, SP Schoenberger1, M Kronenberg1 and H Cheroutre1

Mucosal dendritic cells (DCs) in the intestine acquire the unique capacity to produce retinoic acid (RA), a vitamin A

metabolite that induces gut tropism and regulates the functional differentiation of the T cells they prime. Here, we

identified a stromal cell (SC) population in the intestinal lamina propria (LP), which is capable of inducing RA production

in DCs in a RA- and granulocyte-macrophage colony-stimulating factor (GM-CSF)-dependent fashion. Unlike DCs, LP

SCs constitutively expressed the enzymaticmachinery to produceRAeven in the absence of dietary vitaminA, butwere

not able to do so in germ-freemice implying regulation bymicrobiota. Interestingly, DCs promoted GM-CSF production

by the SCs indicating a two-way cross-talk between both cell types. Furthermore, RA-producing LP SCs and intestinal

DCs localized closely in vivo suggesting that the interactions betweenboth cell typesmight have an important role in the

functional education ofmigratory DCs and therefore in the regulation of immune responses toward oral and commensal

antigens.

INTRODUCTION

Genetic regulation by vitamin A is involved in multiple
biological processes such as embryonic development, vision,
and immunity.1 To exert this regulatory role, vitamin A is
oxidized into its active formby retinol dehydrogenases followed
by retinal dehydrogenases (RALDH).2 The product of this
metabolism, retinoic acid (RA), binds to nuclear RA receptors
(RARs), and together drive the transcription of target genes
that contain RA responsive elements (RAREs) within their
promoters.3

RA is especially critical for the regulation of immune res-
ponses within the digestive tract, thereby controlling functional
T-cell differentiation and directing lymphocyte migration
toward the intestine.4,5 Accordingly, dendritic cells (DCs) in
the lamina propria (LP), Peyer’s patches, andmesenteric lymph
nodes (MLNs), but not spleen- or peripheral lymph nodes,
express RALDH and produce RA.4 Under steady-state con-
ditions RA contributes to dampening effector responses
by blocking Th1 and Th17 differentiation and enhancing
immunoglobulin A production as well as transforming growth

factorb (TGFb)-driven-Tregdifferentiation.5–8 In contrast, under
inflammatory conditions, in the presence of interleukin (IL)-15,
RA exacerbates immune pathology by driving IL-12 production.9

These observations place RA as a master regulator of tolero-
genic as well as inflammatory immune responses especially in
the digestive tract.

CD103-expressingmigratoryDCs that transport and present
gut-derived antigens to naı̈ve T cells in the MLNs typically
produce RA,10,11 suggesting that they gain this hallmark feature
during their education and maturation in the intestinal
compartment. In agreement with this notion, MLNs of mice
deficient for the chemokine receptor 7 (CCR7), which is
required for efficient lymph node homing, are lacking mucosal
RA-producing DCs.11

Despite this, it is not known how migratory DCs acquire
RALDH activity, and the relevance of different factors such as
cytokines or the presence of commensals has been alternatively
supported or rejected by different studies.12,13 Nonetheless,
there is substantial evidence demonstrating that RA signaling is
required and might be sufficient for the initial induction of
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RALDH in DCs, not in the least the observation that vitamin
A-deficient (VAD) mice lack RALDHþ DCs in the LP and
MLNs14,15 and that exposure to exogenous RAwas sufficient to
induce RALDH activity in DCs as shown in some reports.16,17

To identify in vivo the intestinal cell type that has the capacity
to educate migratoryDCs and to elucidate themechanisms that
lead to RA production by CD103þ DCs, we dissected and
characterized various cell subsets from the intestinal LP and
identified a stromal cell (SC) population capable of imprinting
DCs with RALDH activity. These SCs are an abundant
component of the intestinal LP and might represent a direct
source of RA. Importantly, we show that these SCs are in close
contact with CD103-expressing DCs and that this interaction
conversely promotes granulocyte-macrophage colony-stimu-
lating factor (GM-CSF) secretion by the SCs, which in addition
to RA, is absolutely required for effective RALDH induction in
the DC compartment. Finally, we also found that, unlike DCs,
the constitutive RALDH expression by LP SCs is independent
of RA, whereas it did require the presence of the microbiota.
Our findings therefore identified an RA-producing LP SC as a
direct sensor of the gut environment and an important
regulator of the functional maturation of mucosal DCs. The
results also demonstrate an unexpected two-way cross-talk
between these SCs and the DCs that might have an important
role in controlling the tolerogenic or inflammatory nature of
the mucosal immune response.

RESULTS

A subset of intestinal LP SCs produce RA

Mucosal migratory DCs are marked by the expression of
RALDH and the capacity to produce RA, which modulates the
immune response.4–6 RA is required to induce RALDH
expression in mucosal DCs suggesting that they might be
initially exposed to RA during their development in the LP.14

Nevertheless, the source of RA as well as the education process
that grants mucosal DCs their unique immune regulatory
capacity are still poorly understood. To identify potential local
sources of RA, we analyzed LP cells using aldefluor, a fluo-
rescent RALDH substrate that marks those cells which have
capacity to produce RA. Interestingly, a significant population
of CD45-negative cells displayed high RALDH activity
(Figure 1a upper left panel). The majority of these RALDH-
positive cells were negative for the epithelial cell marker Epcam
(CD326) (Figure 1a upper right panel), suggesting that in
addition to intestinal epithelial cells, which are known to
constitutively express RALDH4,18,19, there is a subset of cells in
the LP that also produces RA. RALDH activity among the SCs
was confined to a specific population that shows remarkable
similarities with the well-characterized fibroblastic reticular
cells. These similarities included the expression of podoplanin
(Pdpn) in the absence of CD31 (Figure 1a lower left panel), and
they expressed ICAM-1 alone or in combination withVCAM-1
(Figure 1a lower right panel). RALDH expression in sorted
CD31� CD45� Epcam� Pdpnhi small intestinal (SI) LP SCs
was confirmed by quantitative PCR. Unlike intestinal epithelial

cells, which mainly expressed aldh1a1, PdpnþCD31� SCs
expressed high levels of all three RALDH encoding genes,
aldh1a1, � 2, and � 3 (Figure 1b). To assess whether
aldefluor-positive SCs also produced RA, supernatants from
overnight cultures of these cells were used to stimulate a
reporter cell line that produces b-galactosidase under the
control of a RARE.20 In agreement with active secretion of RA,
supernatants increased b-galactosidase production relative to
media as measured through a colorimetric reaction (Figure 1c
left panel), and the absorbance values obtained were similar to
those of media supplemented with 4 nM RA (Figure 1c right
panel).

To test whether ALDH expression by PdpnþCD31� SCs
was RA dependent, we compared aldefluor staining in LP
cells isolated from VAD and vitamin A-sufficient (VAS) mice
(Figure 1d). We did not find a significant difference between
both conditions suggesting that, in contrast to migratory
DCs14,15 (Supplementary Figure S1 online), RA was not
required for the induction or maintenance of the RA
metabolism machinery in LP SCs. Interestingly, RALDH
expression in the LP SCs, but not in the DCs, did depend
on the presence of the intestinal microbiota as aldefluor
staining was practically undetectable in SCs from germ-free
mice (Figure 1e; Supplementary Figure S1).

RALDHþ LP SCs directly interact with CD103þDCs in vivo

To investigate the location of RALDH-positive SCs within the
LP compartment, aldefluor staining was directly performed in
live SI explants in which the epithelial layer was removed to
allow penetration of the reagent into the intestinal mucosa.
Aldefluor bright cells were numerous and distinct from the
CD31þ endothelial cells and platelets, whichmarked the blood
vessels in the villi (Figure 2a). In order to examine the
proximity of these RA-producing SCs to DCs in the LP, we
co-stained tissue explants with aldefluor and the DC marker,
CD11c. Aldefluor bright SCs were clearly noticeable in the
vicinity of the CD11cþ cells but not in the presence of the
RALDH inhibitor DEAB, indicating that the fluorescence
observed correlated with RALDH activity (Figure 2b). More
importantly, merged staining of CD11c and aldefluor at the
interface between RA-producing SCs and CD11cþ cells
indicated that there was direct contact between the two cell
types (Figure 2c). Remarkably, many of the CD11cþ cells that
directly contacted the aldefluor bright SCs were also dim for
aldefluor staining (Figure 2c). CD11c expression is not exclu-
sive for DCs but co-staining of CD11c together with CD103
faithfully identifies migratory DCs.10,11 Contact between
aldefluor bright SCs and CD11cþ cells that co-stained for
CD103 was particularly striking, suggesting that in vivo there
is a direct cross-talk between RA-producing LP SCs and
migratory DCs that acquire the regulatory capacity to produce
RA (Figure 2c).

RALDHþ LP SCs induce RALDH activity in splenic DCs

To test whether aldefluorþ LP SCs have the capacity to induce
RA production in DCs, we sorted SI Pdpnþ CD31� SCs and
cocultured them for 24 h with splenic DCs. After conditioning
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with Pdpnþ CD31� SCs, splenic DCs became aldefluor high
(Figure 3a). Furthermore, compared with unconditioned
DCs, SCs-cocultured DCs suppressed Th17 differentiation
and induced the gut homing receptorsa4b7 andCCR9 (Figure 3b;
Supplementary Figure S2a), both typical effects of RA.4,6

The effects were blocked when the RALDH inhibitor DEAB
was added, ruling out that they were caused by a carryover
of RA from the SCs-coculture, as active production of the
metabolite by RALDH in the DCs was required (Figure 3b).
Surprisingly, SCs-cocultured DCs did not significantly
increase TGF-b-mediated Foxp3þTreg differentiation6

in vitro (Supplementary Figure S2b, upper panels).

However, because SCs-conditioned DCs showed signs of acti-
vation as indicated by the increased expression of activation
markers including, CD86 (Supplementary Figure S2c), it is
likely that Foxp3þTreg differentiation is suppressed under
these coculture conditions.8 In support of this, when RA pro-
duction by the DCs was blocked with DEAB, SCs-conditioned
DCs induced much less Foxp3þTreg differentiation compared
with untreated DCs (Supplementary Figure S2b, lower
panels), indicating that RA produced by the activated
SCs-conditioned DCs did enhance the Foxp3þTreg differen-
tiation. Interestingly, when RA production was blocked, SCs-
conditioned DCs induced more Th17 differentiation than

Figure 1 A subset of lamina propria (LP) stromal cells (SCs) have the capacity to produce retinoic acid (RA). (a) Analysis of RALDH activity using
aldefluor in single-cell suspensions prepared from small intestinal (SI) LP and assessed by flow cytommetry for the indicated markers. Left lower panel
displays CD45�aldefluorþ cells (gate R1, black color) within the whole SI LP SC population (gray color). Data show a representative experiment of45
independent experiments. (b) messenger RNA (mRNA) levels of the RA-producing enzymes RALDH1 (aldh1a1) RALDH2 (aldh1a2), and RALDH3
(aldh1a3) were measured by quantitative real-time PCR in sorted CD45�Epcam�CD31�Pdpnþ cells (SCs, black bars) and CD45�Epcamhi cells
(intestinal epithelial cell, white bars). Data shown correspond with RNA from three independent experiments that were quantified at the same time. (c)
Supernatants from sorted SCs were used to stimulate F9-RARE-lacZ cells and b galactosidase production by these cells was measured using a
colorimetric reaction. Left panel compares the absorbances obtained when F9-RARE-lacZ cells were left untreated (black bar) or supernatants were
added to the culture (white bar); right panel shows an estimation of the RA cc present in the supernatants. Represented is the average±s.d. from three
independent experiments pooled together (*Po0.05 t-test non paired). (d) Aldefluor staining of CD45� Pdpnþ SCs was compared between specific
pathogen-free (SPF) and germ-free mice (GF) or (e) between vitamin A-sufficient (VAS) and vitamin A-deficient (VAD) mice. Shown is a representative
experiment out of three independent experiments (P¼ 0.18, NS, not significant t-test non paired). Sups, suspension.
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untreated DCs (Figure 3b SCs cond.þDEAB), suggesting that
the LP SCs also enhanced the functional priming capacity of the
DCs they interacted with.

To investigate whether soluble factors released by Pdpnþ

CD31� SCs were able to educate DCs, we conditioned splenic
DCs for 24 h with media harvested from Pdpnþ CD31� SCs
overnight cultures. Splenic DCs stimulated with these super-
natants specifically upregulated aldh1a2 expression (Figure 3c),
which is the RALDH isoform typically expressed by the
mucosal migratory DCs.

Furthermore, a global RA receptor antagonist (BMS 204493)
blocked RALDH expression in DCs induced either by direct
contact with Pdpnþ CD31� SCs (Figure 3d, left panel) or by
SC-derived supernatants (Figure 3d, right panel), indicating

that RALDH induction in DCs depended on RA signaling.
Overall, these data demonstrate that LP Pdpnþ CD31� SCs
can induce RA-dependent transcriptional activation of aldh1a2
in DCs, which leads to the expression of RALDH2 and the
production of RA, a hallmark feature of the migratory mucosal
CD103þ DC.

GM-CSF produced by the LP SCs is required for the
RA-induced RALDH expression in DCs

To investigate whether RA secreted by the SCs is sufficient to
induce RALDH expression in spleen DCs, various concentra-
tions of RA were added to overnight cultures of spleen DCs.
Unlike supernatants from the RALDHþ LP SCs, RA by itself
was inefficient to induce RALDH expression in the overnight

Figure 2 Aldefluor-positive stromal cells (SCs) are abundant within the intestinal lamina propria and locate closely to intestinal dendritic cells (DCs).
(a–c) Confocal imaging of aldefluor-stained live small intestinal explants after intestinal epithelial cell removal. Aldefluor staining was followed by
immunofluorescence with the indicated antibodies, anti-CD31 (a), anti-CD11c (b), or anti-CD11c plus anti-podoplanin (b, right panel) or plus anti-CD103
(c, right panel). In the indicated images (b, central panel) explants were stained with aldefluor in the presence of the RALDH inhibitor DEAB. White
arrowheads point out aldefluorþ DCs in close contact with aldefluorþ SCs, yellow arrowheads indicate podoplaninþ aldefluorþ cells. Quantification
shows the percentage of CD11cþ CD103þ cells in direct contact with aldefluor bright lamina propria cells from410 different images. Scale bar¼30 mM.
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cultured DCs (Figure 4a). In contrast, RA added to spleen DCs
cocultured with a RALDH-negative CD45� Pdpnhi spleen SC
line markedly increased aldefluor staining in the DCs,
comparable to the level induced by the RALDHþ LP SC
(Figure 4b, left and middle panels). These data indicated that
the spleen and LP SCs produced one or more factors that

synergize with RA to mediate the expression of RALDH in
cocultured DCs. To identify the nature of this SC-derived
factor, supernatants from the aforementioned spleen SC cell
line were concentrated and digested or not with proteinase K,
and used to condition spleen DCs in the presence of exogenous
RA. Proteinase digestion completely abrogated the induction of

Figure 3 Dendritic cells (DCs) require retinoic acid receptor (RAR) signaling to induce RA-producing enzymes when cultured with Pdpnþ CD31�

SI LP SCs. (a) Aldefluor staining of splenic DCs (gated CD45þMHCIIhiCD11cþ ) after 24 h culture alone (untreated) or together with small intestinal (SI)
stromal cells (SCs) (SCs cond.). DEAB (100 mM) was added at the time of the staining together with aldefluor where indicated. Data show one
representative experiment of45 experiments with identical results. (b) Fluorescence-activated cell sorting analysis of interleukin (IL)-17A (left panel) or
a4b7(right panel) in paraformaldehyde/ionomycin re-stimulated OVA-specific TCR-transgenic CD4 T cells primed with splenic DCs for 4–5 days. When
indicated, DEAB (10 mM)was added to theDC-T-cell culture andmaintained during thewhole length of the experiment. Analysis shows the result fromone
representative experiment of at least two experiments with similar results. (c) messenger RNA (mRNA) levels of the RA-producing enzymes RALDH1
(aldh1a1), RALDH2 (aldh1a2), and RALDH3 (aldh1a3) were measured by quantitative real-time PCR in splenic DCs after 24 h culture in media alone or
media supplemented with SC supernatants (SCs suspension (sups), obtained as in Figure 1a). Data shown correspond to RNA from three independent
experiments that were quantified at the same time. (d) Aldefluor staining of splenic DCs (gated CD45þMHCIIhiCD11cþ ) after 24 h culture alone or
together with sorted SCs (SCs cond., left panel) or their supernatants (SCs sups, right panel). The global RAR global antagonist BMS204493 (RAR inh.)
was added to the culture at a concentration of 20 nM or otherwise indicated. Data shown are from one representative experiment of at least three
experiments. ND, not determined.
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RALDH in the DCs, indicating that the factor(s) secreted by the
SCs were of a protein nature (Figure 4b, right panel). To
characterize the protein(s), we tested various size fractions of
the supernatants for their ability to synergize with exogenous
RA to induce RALDH expression in spleen DCs. Biological

activity was detected in size fractions around 30 kDa
(Figure 4c). The molecular size range corresponds to the
size of GM-CSF, which was shown before to also be a potent
inducer of RALDH inDCs.15 To test whether the factor released
by the SCs was indeed GM-CSF, conditioned spleen DCs

Figure 4 Granulocyte-macrophage colony-stimulating factor (GM-CSF) production by stromal cells is enhanced by dendritic cells (DCs) and
required for the imprinting of DCs with high RALDH activity. (a) Aldefluor staining of splenic DCs after 24 h treatment with SI LP CD45�Epcam�

PdpnþCD31� stromal cells (SCs) or with media supplemented with increasing concentrations of retinoic acid (RA). Data from one representative
experiment of three experiments with similar results. (b) Left panel shows aldefluor staining of a cell line established from sorted primary CD45�

Pdpnhi splenic cells (Sp SCs) vs. SI LP CD45�Epcam�PdpnþCD31� stromal cells (SCs). Middle panel shows aldefluor staining of splenic
DCs (CD45þCD11cþMHCIIhi gate) cultured for 24 h with the aforementioned cell line in the presence or not of RA (100 nM). Right panel shows aldefluor
staining of splenic DCs treated with RA plus concentrated suspension (sups) from the aforementioned cell line. Sups were digested with proteinase K
when indicated. Shown is the data from one representative experiment of two. (c) Left panel shows aldefluor staining of splenic DCs after 24 h
treatment with RA plus sequential fractions of the sups from Sp SCs (fractionation details within the Methods section). Right panel shows an estimate of
the size of the proteins contained within the fraction that gave us the most activity. (d) Left panel shows aldefluor staining of splenic DCs cultured
for 24 h alone or together with SCs from wild-type (WT) or GM-CSF knockout (KO) mice. Anti-GM-CSF blocking antibody was added where
indicated. Right panel shows the fold increase on aldefluor staining (mean fluorescence intensity, MFI) on splenic DCs cocultured with SI LP
CD45�Epcam�PdpnþCD31�SCs from WT vs. GM-CSF KO mice. Data show the results from three independent experiments *Po0.05 (unpaired
t-test) (e) Aldefluor staining of splenic DCs after 24 h culture with SI LP CD45-Epcam-PdpnþCD31� SCs in the same well or separated by a permeable
membrane (transwell). Bar graphs shows data from three replicate wells within one experiment. Data show one representative experiment out of two.
(f) Shows GM-CSF by intracellular staining (left panel) or enzyme-linked immunosorbent assay (right) on SI LP CD45�Epcam�PdpnþCD31�SCs
cultured for 24 h alone or together with splenic DCs. Left panel shows one representative experiment out of three. Right panel shows data analyzed
corresponding to five independent experiments. **Po0.01 (unpaired t-test). ND, not determined.

ARTICLES

146 VOLUME 8 NUMBER 1 | JANUARY 2015 |www.nature.com/mi

http://www.nature.com/mi


cocultured with either LP SCs isolated from GM-CSF� /�

animals or wild-type LP SCs and anti-GM-CSF-blocking
antibodies, were analyzed for RALDH induction. In the
absence of GM-CSF, RALDH expression in the cocultured
DCs was clearly impaired, indicating that GM-CSF produced
by the SCs had a critical role in the RA-dependent transcrip-
tional activation of aldh1a2 in DCs (Figure 4d). In order to
confirm that RA signaling was required to induce RALDH2
expression in DCs, even in the presence of GM-CSF, we
cultured DCs with GM-CSF in serum-free media, as serum can
be a source of retinoids.21 GM-CSF alone was inefficient to
support the induction of RALDH2 in cultured DCs, whereas
the addition of RA greatly enhanced aldefluor staining, further
supporting the existence of synergy between GM-CSF and RA
in DC imprinting (Supplementary Figure S3).

To address the relative importance of the direct contact
observed in vivo between the CD103þDCs and the RA- and
GM-CSF-producing LP SCs, spleenDCs and PdpnþCD31-LP
SCs were cocultured either together in the same well or
separated by a permeable membrane (transwell). Although,
some RALDH imprinting was observed in DCs cultured under
transwell conditions, the RALDH induction was much more
powerful when spleen DCs were in direct contact with the SCs
in the samewell (Figure 4e). Interestingly,GM-CSFproduction
by the SCs was markedly increased in these cocultures as
compared with SCs cultured alone, implying that direct contact
between the DCs and SCs conversely increases the ability of
these SCs to produce GM-CSF (Figure 4f).

In summary, the data show that RA and GM-CSF produced
by LP SCs synergize to imprint DCs with the ability to produce
RA and to functionally mature. Furthermore, the in vivo
observation indicating a direct contact between RALDHþ LP
SCs and CD103þ DC, together with the finding that this
interaction regulates GM-CSF production by the SCs, suggest
that a direct cross-talk between these two cell types is required
to ensure local imprinting of mucosal migratory DCs, which
direct tolerogenic and inflammatory immune responses in the
intestine.

The generation of CD11bþCD103þ DCs and their capacity
to produce RA are uniquely impaired in the absence of
GM-CSF

To address the in vivo relevance of GM-CSF for the acquisition
of the RA-producing capacity by SI LP DCs, we analyzed GM-
CSF-deficient mice. GM-CSF is known to contribute to the
survival of tissue-residentDCs,22 and in agreement, we detected
a marked reduction of the SI LP CD11bþ CD103þ DC
population (Figure 5a). Surprisingly, however, CD11b�CD103þ

DCswere not affected and even increased in the absence ofGM-
CSF (Figure 5a). In addition, whereas the few remaining
CD103þ CD11bþ DC showed impaired capacity to produce
RA in the absence of GM-CSF, this capacity was not reduced in
the CD11b� CD103þ population (Figure 5b). These findings
indicate that the LP SC-cross-talk might uniquely control the
generation and/or survival and functional capacity of the SI
migratory CD103þCD11bþ DC subset.

DISCUSSION

The data presented here identify a type of LP SCs as a newplayer
in mucosal immune regulation, able to interact with local DCs
and rendering them capable to produce RA. These SCs
expressed cell surface markers typical of fibroblastic reticular
cells, including ICAM-1, VCAM-1, and Pdpn,23,24 known to
interact with integrins such as CD11b expressed by DCs. This
interaction was directly demonstrated in vivo using confocal
microscopy and provides strong support for a close commu-
nication between these two cell types in situ. More importantly,
these SCs expressed high levels of the aldh1a1, aldh1a2,
and aldh1a3 isozymes, indicating that they were capable of
producing RA. Interestingly, Pdpnþ SCs from MLNs, but not
peripheral lymph nodes, are also capable of expressing RALDH
enzymes and promoting the induction of gut homing receptors
on T cells.25,26 In vivo though, it is unlikely that these MLN SCs
directly contribute to the RA-dependent imprinting of the
intestinal migratory DCs, which occurs locally.11 Nevertheless,
it is still possible that MLNs SCs imprint local resident DCs in
the LNor provide RAdirectly to T cells during priming. Further
investigation is needed to fully understand the role of these
RA-producing MLN SCs.

Intestinal LP SCs, unlike DCs,14,15 expressed RALDH
enzymes constitutively and independently of Vitamin A,
suggesting that these SCs might serve as a primary source
of RA for the initial education and imprinting of the
RA-processing machinery in migratory DC precursor cells.
In support of this, splenic DCs cultured overnight with
PdpnþCD31� intestinal SCs upregulated aldh1a2 expression
and gained other features associated with intestinal mucosal
DCs. Although independent of vitaminA, SCs depended on the
microbiota for their educational activity and failed to produce
RA in germ-free mice.

Gut epithelial cells also have the capacity to produce RA,18,19

and RA-controlled gene transcription has an important
part in the epithelial cell differentiation and maturation.
Furthermore, in vitro studies27 showed that human intestinal
epithelial cells could imprint cocultured DCs through RA
together with TGFb. However, the location of CD103þ DCs
within the LP separated by the basal membrane from the
epithelium makes it unlikely that imprinting by intestinal
epithelial cells contributes significantly to the education of
migratory DCs in vivo.

Secreted RA alone is sufficient to induce RALDH2 expres-
sion in DCs;16,17 however, the drastic increase in enzyme
expression in DCs cocultured with LP SCs indicated that
additional factors and/or direct contact between the two cell
types further promoted the functional education of the DCs. In
support of this notion, we identified GM-CSF produced by LP
SCs, as an important cofactor in this education. Nevertheless,
the role of GM-CSF in the functional imprinting of mucosal
DCs has been controversial.15,28 Our data here show a signi-
ficant loss of the CD11bþCD103þ DC subset in the absence of
GM-CSF, whereas CD11b�CD103þ DCs are increased. As a
result, the total number of CD11cþCD103þDCs did not
change in GM-CSF-deficient conditions as compared with

ARTICLES

MucosalImmunology | VOLUME 8 NUMBER 1 | JANUARY 2015 147



wild-typemice. However, the few remainingCD11bþCD103þ

DCs in the GM-CSF� /� animals, showed impaired capacity to
produce RA, whereas the increased subset of CD11b�CD103þ

DCs showed no defect. Therefore, when all CD11cþ CD103þ

cells of GM-CSF knockout animals are analyzed as one pool, no
noteworthy impairment in the capacity to produce RA can be
detected. In contrast, when the CD11bþ CD103þ subset is

analyzed separately, a significant defect is evident, suggesting
that GM-CSF is required for the generation and/or survival22

and imprinting of the CD11bþCD103þ DC subset, whereas
GM-CSF is not required for the development or the imprinting
of the CD11b�CD103þ DCs. The unique effect of GM-CSF
produced by the LP SCs to control the generation and education
of the SI CD103þCD11bþ DC subset, but not the CD103þ

Figure 5 CD11bþCD103þ dendritic cell (DC) numbers and retinoic acid (RA)-producing capacity are diminished in granulocyte-macrophage colony-
stimulating factor (GM-CSF)� /�mice. (a) Upper row showsCD11b vs. CD103 staining of small intestinal (SI) lamina propria (LP) DCs (gated as CD45þ

CD11chi MHCII high) in wild-type (WT) vs. GM-CSF knockout (KO) mice. Lower row shows the percentage of the indicated populations among the total
number of SI LP cells inWT vs. GM-CSFKOmice, left panel total CD103þ DCs, middle panel CD11bþCD103þ DCs, and right panel CD11b�CD103þ

DCs. (b) Aldefluor staining of theCD11bþ (upper row) andCD11b� (lower row) SI LPCD103þ DCpopulation inWT vs.GM-CSFKOmice indicating the
percentage of aldefluor high cells (middle panel) as well as the aldefluor mean fluorescence intensity (MFI) for the whole population (right panel). Data
show one representative experiment of 43 performed (NS, not significant. P40.05, *Po0.05, **Po0.001, ***Po0.0005).
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CD11b� DC, indicate that different SI LP DC populations
might be educated through different mechanisms. This model
could also explain the presence of SI LP CD103þDCs with an
RA-producing capacity observed in GF mice even when this
capacity was impaired in LP SCs. It is possible that SC-derived
GM-CSF has a role in the induction of the transcription factor
IRF4, which is uniquely required for the development and
function of the SI migratory CD103þCD11bþ DC subset.29

GM-CSF, together with RA, is also absolutely required for
the education of fully differentiated DCs, indicating that GM-
CSF might be necessary to sensitize mature DCs, recruited to
the LP from elsewhere, to RA imprinting. Interestingly,
GM-CSF production by the SCs was significantly increased
when fully differentiated DCs were added to the culture,
suggesting that a direct two-way cross-talk initiates and
promotes the unique functional education of DCs that are
in close proximity of the LP SCs. This has important
implications, not only for the education of local mucosal
migratory DCs at steady state, but also for the re-education of
newly recruited peripheral or bone marrow-derived mature
DCs that migrate to the intestine in response to an
inflammatory trigger. The result of SC-mediated imprinting
and functional education might ameliorate or exacerbate
inflammation, as RA in combination with regulatory cytokines,
such as TGF-b or inflammatory cytokines, such as IL-15 can
either promote tolerance and the generation of Foxp3 Tregs or
potentiate the inflammatory immune response by generating
pathogenic CD8ab and CD4 effector cells.9 Furthermore, the
unique effect of GM-CSF, to selectively affect the generation
and function of the CD103þCD11bþ DC subset, could also
suggest an important role for the SI LP SCs in controlling
the IRF4-dependent, IL-6 production by the CD11bþ DCs
important for the intestinal Th17 cell differentiation.29,30

Therefore, the SCs identified here, might be key factors in
directing and controlling the immune response at the mucosal
forefront. The fact that the SCs depend on the presence of the
microflora for their educational role, further suggests that they
are important sentinels that have the capacity to report on the
condition of the intestinal lumen and accordingly regulate the
tolerogenic or inflammatory nature of the immune response.

METHODS

Mice. C57BL/6 and OT-II TCR-transgenic were purchased from the
Jackson Laboratories (Bar Harbor,ME). GM-CSF knockoutmice were
generously provided by Dr Whitsett (Cincinnati Children’s Research
Foundation). Mice were maintained under specific pathogen-free
conditions at the La Jolla Institute for Allergy and Immunology
vivarium. Animal care and experimentation were consistent with the
National Institutes of Health guidelines and were approved by the
Institutional Animal Care and Use Committee at the La Jolla Institute
for Allergy and Immunology. Swiss Webster germ-free mice and age
and gender-matched controls were purchased from Taconic Farms
(Germantown, NY).

Generation of VAD mice. To generate VAD mice, pregnant females
received either a chemically defined diet that lacked vitamin A (AIN-
93M) or control diet containing retinyl acetate (25,000 IU kg� 1)
(Dyets Inc, Bethlehem, PA). VADdiet started at 7–10 days of gestation

and the pups were weaned at 3 weeks of age and maintained on the
same diet at least until 11 weeks of age before analysis was performed.

Epithelial cell removal and single-cell preparation from intestinal

LP. To obtain LP SCs andDCs, small intestines were removed, washed,
and cut into 2–3-inche pieces. To remove the epithelial layer, these
pieces were placed in Hank’s balanced salt solution 5% fetal bovine
serum 0.5M EDTA and shaken at 250 r.p.m. for 5min at 37 1C, and
vortex for 1min at room temperature; the tissue pieces were recovered
using a stainless steel sieve, the buffer was discarded, and this
process was repeated three times. The remaining intestinal tissue was
minced and digested using collagenase type IV (Sigma Aldrich,
St Louis, MO) for 20min at 37 1C. Released cells were pelleted by
centrifugation, washed with Hank’s balanced salt solution 5% fetal
bovine serum and passed through a 70-mm in order to obtain a single
cell suspension. These cells were stained for themarkers Epcam,CD45,
Podoplanin, and CD31 for SC sorting and CD45, MHCII, CD11c,
CD11b, and CD103 for DC sorting.

AnalysisofRALDHactivitybyaldefluor staining. RALDH activity in
individual cells was analyzed using the aldefluor staining kit (StemCell
Technologies, Vancouver, BC, Canada). Briefly, 1� 106 cells were
resuspended in the kit Assay Buffer containing activated aldefluor
substrate (150 nM) and incubated for 30min at 37 1C in the presence or
absence of the RALDH inhibitor DEAB (100 mM). Afterward cells were
washed, placed on ice, and stained for surface markers.

Real-Time PCR. Total RNA was extracted using TriZol reagent
(Qiagen, Valencia, CA), and complementary DNA obtained with the
iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). Target messenger
RNA was quantified using SYBR green (Roche, Applied Science,
Indianapolis, IN)) and gene expression normalized relative to glyceral-
dehyde 3-phosphate dehydrogenase. Data were collected and analyzed
on a LightCycler 380 (Roche). Primers used were GAPDH fwd
50-ATGGCCTTCCGTGTTCCTAC-30, GAPDH rev 50-AGATGCCTG
CTTCACCAC-30, Aldh1a1 fwd 50-TGTGGGAATACCGTGGTTG
TC-30, Aldh1a1 rev 50-GTGAAGAGCCGTGAGAGGAG-30, Aldh1a2
fwd 50-GTGGGAGAGTGTTCCCTGTCT-30, Aldh1a2 rev 50-TGCC
TTGTCTATATCCACCTTGT-30, Aldh1a3 fwd 50-GAGCAGCAA
TTTCCTCCCATC-30, Aldh1a3 rev 50-GAGCCGGTGAAGGCTAT
CT-30, Rara fwd 50-TCCGAAGAGATAGTACCCAGC-30, Rara rev
50-AAAGCAAGGCTTGTAGATGCG-30, Rarb fwd 50-AAGTGCTTT
GAAGTGGGCAT-30, Rarb rev 50-CTCTGTGCATTCCTGCTTTG-30

Rarg fwd 50-AAGTACACCACGAACTCCAGT-30, Rarg rev 50-TTCG
CAAACTCCACAATCTTGA-30.

In vitro T-cell stimulation with DCs. Splenic DCs were obtained by
collagenase type IV digestion (Sigma Aldrich) (1mgml� 1) plus
DNase I 40Uml� 1 (Roche) and the single-cell suspensionwas enriched
using anti-CD11c beads and MACS columns (Miltenyi Biotec,
Auburn, CA); for some experiments cell were afterward sorted as
CD11cþMHCIIhi cells. When DCs were cocultured with SCs,
CD45�Epcam�PodoplaninþCD31� cellswere sorted the day before
the splenic DC preparation and cultured overnight in Iscove’s modi-
fied Dulbecco’s media supplemented with 10% fetal calf serum, 55mM
2-mercaptoethanol (Life Technologies-Gibco BRL, Grand Island, NY)
and antibiotics (antibiotic-antimycotic, Gibco Laboratories Ltd,
NewYork, NY) (density 25� 103 cells per well in a 96-well flat-bottom
plate). After overnight culture, basically all cells sorted are attached to
the plate and display a fibroblast-like appearance. DCs are cocultured
with SCs for 24 h. At this time DCs were harvested from the coculture
by gently washing the wells, a procedure that released the majority of
DCs while the SCs remained attached to the plate. OVA-specific TCR-
transgenic CD4 T cells were isolated as in Mucida et al.6 DCs and T
cells were plated following a 1: 5 ratio (1� 104 DCs: 5� 104 OVA-
specific TCR-transgenic CD4T cells) andOVApeptide (1mM) plus the
indicated cytokines TGF b (5 ngml� 1) and IL-6 (20 ngml� 1) were
added to the media. After 4–5 days of culture, T cells were harvested,
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washed, and expression of surface markers and cytokines was assessed
by flow cytometry. Briefly, cells were incubated for 4–5 h with
50 ngml� 1 paraformaldehyde, 750 ngml� 1 ionomycin (both Sigma,
St Louis, MO), and 10 mgml� 1 brefeldin A (Invitrogen, Carlsbad, CA)
in a tissue culture incubator at 37 1C. After surface staining, cells
were resuspended in fixation/permeabilization solution (BD Cytofix/
Cytoperm kit, BD, Pharmingen, San Diego, CA), and intracellular
cytokine staining performed according to the protocol in this kit.

Immunofluorescence staining. For in situ aldefluor staining,
intestinal explants were washed three times in Hank’s balanced salt
solution 5% fetal bovine serum 0.5M EDTA for 10min at 37 1C and
shaking at 250 r.p.m. in order to remove the epithelial layer. Afterward,
tissues were incubated in aldefluor assay buffer together with aldefluor
reagent (1.5 mM) in the presence or absence of the RALDH inhibitor
DEAB (100 mM). After that, tissues were washed, placed on ice, and
stained for surface markers.

RA measurement using F9-RARE-lacZ reporter cell line. Sorted
CD45�Epcam�PodoplaninþCD31� cells were cultured overnight
in Iscove’s modified Dulbecco’s media supplemented with 10% fetal
calf serum, 55 mM 2-mercaptoethanol (Life Technologies-Gibco) and
antibiotics (antibiotic-antimycotic, Gibco) (density 25� 103 cells per
well in a 96-well flat-bottom plate). Supernatants were stored at
� 80 1Candmeasurement of retinoids performed as in Petkovich3 and
Wagner31. Briefly, F9-RARE-lacZ reporter cell line cells were grown in
gelatinized flasks in Dulbecco’s modified Eagle’s media supplemented
with 15% fetal bovine serum and 0.8mgml� 1 geneticin (G418)media.
Once cells were near confluency they were detached from the flask
using trypsin/EDTA (Gibco). Cells were washed and resuspended at
2 million cellsml� 1 density and plated in a flat-bottom 96-well tissue
culture plate at 2� 105 cells per well (100 ml from initial dilution) plus
100 mlmedia, different concentrations of RAor cell supernatants. After
overnight culture, supernatants were removed and cells were washed
extensively with ice cold phosphate-buffered saline. Following, cells
were lysed and b-galactosidase activity was assayed using the
b-galactosidase enzyme assay system with reporter lysis buffer from
Promega (Madison, WI). Values obtained from known RA con-
centrationswere used to draw a standard curve to quantify RA levels on
the cell supernatants.

Supernatant fractionation. Supernatants were subjected to anion
exchange chromatography (AEC, GE Healthcare, Niskayuna, NY;
MonoQ 5/50 GL, cat #17-5166-01) and 1-ml fractions were collected
along an increasing gradient of sodium chloride (0–1M). Fractions
were used to treat DCs (50 ml per well in a 96-well plate, total volume
per well 200ml) and the fraction that stimulated the highest RALDH2
upregulation was subjected to size exclusion chromatography, 0.5ml
fractions were collected and used as before to stimulate DCs.

SUPPLEMENTARYMATERIAL is linked to the online version of the paper

at http://www.nature.com/mi
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