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SUMMARY

Commensal gut microflora and dietary fiber protect
against colonic inflammation and colon cancer
through unknown targets. Butyrate, a bacterial prod-
uct from fermentation of dietary fiber in the colon, has
been implicated in this process. GPR109A (encoded
by Niacr1) is a receptor for butyrate in the colon.
GPR109A is also a receptor for niacin, which is also
produced by gut microbiota and suppresses intes-
tinal inflammation. Here we showed that Gpr109a
signaling promoted anti-inflammatory properties in
colonicmacrophagesanddendritic cells andenabled
them to induce differentiation of Treg cells and
IL-10-producing T cells. Moreover, Gpr109a was
essential for butyrate-mediated induction of IL-18
in colonic epithelium. Consequently, Niacr1!/! mice
were susceptible to development of colonic inflam-
mation and colon cancer. Niacin, a pharmacological
Gpr109a agonist, suppressed colitis and colon can-
cer in a Gpr109a-dependent manner. Thus, Gpr10a
has an essential role in mediating the beneficial
effects of gut microbiota and dietary fiber in colon.

INTRODUCTION

Commensal microbiota in the gut have profound effects on hu-
man health (Bäckhed et al., 2005; Honda and Littman, 2012).
Germ-free and antibiotic-treated mice are more susceptible to
dextran sulfate sodium (DSS)-induced colonic inflammation
(Maslowski et al., 2009; Rakoff-Nahoum et al., 2004). Bacter-
oides fragilis andClostridium clusters IV and XIVa protect against
trinitrobenzenesulfonic acid- or DSS-induced colitis (Atarashi
et al., 2011;Mazmanian et al., 2008). Multiple intestinal neoplasia
(Min, ApcMin/+) mice carry a germline-truncating mutation in
one copy of Apc and spontaneoulsy develop adenomas
throughout the intestinal tract. Lactobacillus acidophilus and

certain gut microbial metabolites such as conjugated linoleic
acids decrease intestinal tumorigenesis in ApcMin/+ mice (Davis
and Milner, 2009; Urbanska et al., 2009). In contrast, depletion
of microbiota ameliorates intestinal inflammation and cancer
in mouse models of spontaneous colitis (Il10!/!, Tbx21!/!

Rag2!/!, or ApcMin/+) (Garrett et al., 2009; Grivennikov et al.,
2012; Li et al., 2012; Uronis et al., 2009).Bacteroides fragilis toxin
(BFT) and Bacteroides vulgatus increases inflammation and
colon cancer in ApcMin/+ and Il10!/! mice, respectively (Uronis
et al., 2009; Wu et al., 2009). Thus, commensal bacteria promote
as well as suppress colonic inflammation and colon cancer in a
context-dependent manner.
One of the mechanisms by which gut microbiota promote

colonic health is through production of the short-chain fatty
acids (SCFAs) acetate, propionate, and butyrate by fermenta-
tion of dietary fiber. Among SCFAs, butyrate has received
most attention for its effects on colonic health (Hamer et al.,
2008). The functions of butyrate in promoting colonic health
range from being energy source for colonocytes to being a
key mediator of anti-inflammatory and antitumorigenic effects.
Gut microbiome analysis has revealed a significant decrease
in the number of butyrate-producing bacteria in colon of
patients with ulcerative colitis and colon cancer (Frank et al.,
2007; Wang et al., 2012). Colonic irrigation with butyrate sup-
presses inflammation during ulcerative colitis (Hamer et al.,
2008).
IL-10 deficiency leads to spontaneous colitis (Huber et al.,

2011; Izcue et al., 2009; Rubtsov et al., 2008). Polymorphisms
in the genes that encode IL-10 or IL-10 receptor are linked to
increased incidence of ulcerative colitis and inflammatory bowel
disease (Franke et al., 2008; Glocker et al., 2009). Human mono-
cyte-derived dendritic cells (DCs), whenmatured in the presence
of butyrate, have increased expression of IL-10 and decreased
production of IL-6 (Millard et al., 2002; Wang et al., 2008). IL-
18 plays an essential role in suppression of colonic inflamma-
tion and inflammation-associated cancers (Chen et al., 2011;
Dupaul-Chicoine et al., 2010; Elinav et al., 2011; Salcedo et al.,
2010; Zaki et al., 2010). Moreover, an IL-18 gene promoter poly-
morphism leading to decreased expression is found at higher
frequency in patients with ulcerative colitis (Takagawa et al.,
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Background	  

Figure	  2.	  from	  ‘Diet,	  Metabolites,	  and	  “Western-‐Lifestyle”	   Inflammatory	  Diseases’.	  Full	  Text	  Here:	  
hFp://1.usa.gov/1nS6FVJ	  
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Gpr109a	  Signaling	  Regulates	  Treg	  and	  IL-‐10-‐Producing	  CD4+	  T	  Cell	  
Frequency	  in	  the	  Colon	  

	  

Fig.1	  

Butyrate- or Niacin-GPR109a Signaling Imparts Anti-
inflammatory Phenotype on DCs and Macrophages
Intestinal DCs and macrophages express anti-inflammatory
molecules such as IL-10 and Aldh1a that enable them to prefer-
entially favor differentiation of naive T cells into Treg cells and
suppress development of Th17 cells (Coombes et al., 2007;
Manicassamy et al., 2010; Sun et al., 2007). Niacr1!/! colonic
DCs and macrophages were defective in expression of Aldh1a1
and IL-10 (Figure 2C). In contrast, expression of the proinflam-
matory cytokine IL-6, which induces differentiation of naive
CD4+ T cells into proinflammatory Th17 cells, was higher in
colonic APCs from Niacr1!/! mice than in those from WT coun-
terparts (Figure 2C).

We hypothesized that butyrate, which is produced in colon by
gut microbiota and is an agonist for GPR109A, induces expres-
sion of IL-10 and Aldh1a1 in colonic macrophages and DCs in
a Gpr109a-dependent manner. For this, we cultured splenic
CD11c+ (DCs) and CD11b+ (macrophages) cells in the presence
or absence of butyrate and niacin and then analyzed the expres-
sion of Il10 and Aldh1a1. Both butyrate and niacin induced
expression of Il10 and Aldh1a1 by WT splenic DCs and macro-
phages (Figures 2D and S2C). In contrast, butyrate and niacin
failed to influence the expression levels of Il10 and Aldh1a1 in
Niacr1!/! splenic DCs and macrophages. Consistent with this,

Figure 1. Proinflammatory Phenotype of
Colonic CD4+ T Cells from Niacr1–/– Mice
(A) Foxp3 expression by CD4+ T cells from colonic

lamina propria (LP) and spleens of WT and

Niacr1!/! mice.

(B) Percent of Foxp3+ in CD4+ populations from

colonic LP and spleens of WT and Niacr1!/! mice

(n = 3).

(C and E) IL-10 and IL-17 expression by PMA+

ionomycin-stimulated colonic LP and splenic

CD4+ T cells from WT and Niacr1!/! mice.

(D and F) Quantification of IL-10- and IL-17-pro-

ducing CD4+ T cells shown in (C) and (E),

respectively (n = 3).

The numbers in (A), (C), and (E) represent per-

centage of positive cells in indicated area. Error

bars represent standard deviation (SD) of mean.

*p < 0.002. A representative of three independent

experiments is shown. See also Figure S1.

WT splenic DCs and macrophages
treated with either butyrate or niacin
showed superior capability to induce dif-
ferentiation of naive T cells into Treg cells
than untreated counterparts (Figures 2E
and S2D). In addition, CD4+ T cells
primed with butyrate- or niacin-treated
WT splenic DCs or macrophages pro-
duced higher amounts of IL-10 and
reduced amounts of IL-17 (Figures S2E
and S2F). In contrast, treatment with
butyrate or niacin failed to affect the abil-
ity of Niacr1!/! splenic DCs and macro-
phages to influence T cell differentiation
(Figures 2E and S2D–S2F).

Antibiotic treatment reduces Treg cell numbers in colon (Atara-
shi et al., 2011; Smith et al., 2013). We tested whether niacin
induces Treg cells in antibiotic-treated mice in vivo. Compared
to control mice, antibiotic-treated WT mice had fewer Treg cells
in colon (Figures 2F and S2G). Niacin administration restored the
Tregcell number incolonsofantibiotic-treatedWTmice,butniacin
was ineffective in influencing the Treg cell number in Niacr1!/!

mice. To test the role of niacin and Gpr109a in antigen-specific
Treg cell induction in vivo, OT-II T cells were transferred into WT
orNiacr1!/!mice thatwere treatedwithantibiotics in thepresence
or absence of niacin, and the mice were fed the cognate antigen
ovalbumin in drinking water. Antibiotic treatment reduced
FoxP3+ T cells among OT-II CD4+ T cell population in WT mice.
Niacin increased Treg cells in adoptively transferred OT-II CD4+

T cells in colons of antibiotic-treatedWTmice, whereas the effect
of niacin to increaseTregcells in adoptively transferredOT-IICD4+

T cells was blunted in colons of Niacr1!/! mice (Figure S2H).
Colonic macrophages and DCs promote Treg cell differentiation
via retinoic acid (RA); hence, RA receptor (RAR) antagonists inhibit
intestinal macrophage- or DC-induced conversion of naive T cells
into Treg cells. RAR antagonist LE135 completely abrogated
thebutyrate-orniacin-mediatedenhancementofTregcell conver-
sion by WT DCs (Figure S2I), indicating that butyrate or niacin in-
structs splenic DCs to acquire anti-inflammatory properties.

Immunity

Butyrate/Niacin Receptor Gpr109a in Colonic Health
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Colonic	  DCs	  and	  Macrophages	  from	  Niacr1-‐/-‐	  Mice	  
Are	  DefecMve	  in	  Inducing	  DifferenMaMon	  of	  Treg	  and	  IL-‐10-‐Producing	  

CD4+	  T	  Cells	  
	  

Figure 2. Butyrate and Niacin Induce Anti-inflammatory Properties in DCs and Macrophages in a Gpr109a-Dependent Manner
(A) Foxp3 expression by OT-II CD4+CD25! T cell differentiated in the presence of TGF-b1, IL-2, and cognate peptide with colonic LP CD11c+ (CD45+I-Ab+

CD11c+) and CD11b+ (CD45+I-Ab+CD11b+) cells from WT or Niacr1!/! mice.

(B) OT-II CD4+CD25! T cells differentiated as described in (A) were restimulated with anti-CD3 and anti-CD28 antibodies. One day later, IL-10 and IL-17 in culture

supernatants were quantified by ELISA.

(C) Expression of Il10, Il6, and Aldh1a1 by colonic LP DCs and macrophages isolated from WT and Niacr1!/! mice was quantified by qPCR.

(D) Sorted splenic DCs were cultured with butyrate or niacin. Two days later, cells were harvested, and expression of Il10 and Aldh1a1 was measured by qPCR.

(E) Naive OT-II CD4+CD25! T cells were differentiated with butyrate- or niacin-treated splenic DCs from indicated mice as described in (A). Shown is the FoxP3

expression by differentiated CD4+ T cells.

(legend continued on next page)
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Figure S2. Butyrate and niacin induce an anti-inflammatory phenotype in DCs and 
macrophages through Gpr109a.  Related to Figure 2. 
 

Fig.S2	  
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Butyrate-‐	  or	  Niacin-‐GPR109a	  Signaling	  Imparts	  AnM-‐inflammatory	  
Phenotype	  on	  DCs	  and	  Macrophages	  	  

Naive	  OT-‐II	  CD4+CD25	  T	  cells	  were	  differen@ated	  with	  butyrate-‐	  or	  
niacin-‐treated	  splenic	  DCs	  

colonic	  LP	  DCs	  and	  macrophages	  	  

WT	   and	   Niacr1/	   mice	   were	   treated	   with	   an@bio@cs	   in	   the	  
presence	  or	  absence	  of	  niacin	  in	  drinking	  water.	  Four	  weeks	  
later,	  colons	  were	  harvested	  	  
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Butyrate	  or	  Niacin	  Induce	  IL-‐18	  Expression	  in	  Colonic	  Epithelium	  in	  a	  
Gpr109a-‐Dependent	  Manner	  

	  

Niacr1!/! mice after AOM+DSS regime. In contrast, expression
of tumor suppressors Slc5a8, Msh2, and Msh3 were decreased
in colons of AOM+DSS-treated Niacr1!/! mice compared to WT
mice (Figure S5C). At the end of the AOM+DSS treatment
regime, colons of Niacr1!/! mice showed increased number of

large polyps (22.8 ± 4.0 polyps/mouse) compared to those of
WTmice (2.3 ± 1.8 polyps/mouse) (Figures 5A–5C). Furthermore,
at completion of experiment, Niacr1!/! animals also exhibited
anemia (Figure S5D). Mutations in adenomatous polyposis coli
(APC) gene cause an inherited form of colon cancer in humans.
Because IL-10 and Treg cells suppress whereas IL-17 enhances
colon carcinogenesis in ApcMin/+ mice (mice expressing a point
mutation in one copy of Apc gene) (Erdman et al., 2005; Griven-
nikov et al., 2012), we also analyzed ApcMin/+-driven intestinal
and colon carcinogenesis in Niacr1!/! mice. At 3 months of
age, Niacr1!/!ApcMin/+ mice had strikingly more polyps in the
colon and small intestine than did ApcMin/+ mice (Figures 5D
and 5E). These data from two different animal models demon-
strating accelerated progression of colon carcinogenesis upon
deletion of Niacr1 provide strong evidence for the tumor-sup-
pressive role of this receptor in colon.

Gpr109a Expressed in Immune Cells as well as in
Colonic Tissue Is Necessary for Protection against
Colitis and Colon Carcinogenesis
To address the role of hematopoietic versus nonhematopoietic
cells expressing Gpr109a, reciprocal bone marrow (BM) chi-
meras between WT and Niacr1!/! mice were generated and
subjected to AOM+DSS treatment. Gpr109a expressed in he-
matopoietic cells played a critical role in AOM+DSS-induced
colonic inflammation and carcinogenesis because a WT or
Niacr1!/! host that receivedNiacr1!/!BMexhibited significantly
more AOM/DSS-induced weight loss, diarrhea, and colonic
polyps than corresponding recipients of WT BM cells (Figures
6A–6C). Similarly, Gpr109a expressed in nonhematopoietic cells
was also important in AOM+DSS-induced colonic inflamma-
tion and carcinogenesis because Niacr1!/! mice receiving WT
or Niacr1!/! BM cells developed more severe weight loss, diar-
rhea, and colon carcinogenesis than did a corresponding
WT host receiving the same BM cells (Figures 6A–6C). The
contribution by nonhematopoietic Gpr109a was quantitatively
greater than that by immune cell Gpr109a because the WT/
Niacr1!/! group developed more colonic polyps and showed
more weight loss and diarrhea than did the Niacr1!/! /WT
group (p < 0.004). These data demonstrate that Gpr109a
expressed by both hematopoietic and nonhematopoietic cells
is necessary for effective protection against colonic inflamma-
tion and colon cancers.

Activation of Gpr109a Suppresses Colonic Inflammation
and Carcinogenesis in the Absence of Gut Microbiota or
Dietary Fiber
We then examined the relevance of niacin, a pharmacologic
agonist for GPR109A, to colonic inflammation. For this, we first
depleted gut microbiota with antibiotics, which reduces the pro-
duction of butyrate, the endogenous agonist for GPR109A.
Antibiotic treatment resulted in >300-fold reduction in aerobic
and anaerobic bacterial counts in the stool (data not shown).
Antibiotic treatment increased DSS-induced weight loss,

(F)WT andNiacr1!/!micewere treatedwith antibiotics in the presence or absence of niacin in drinking water. Four weeks later, colons were harvested and FoxP3

expression by colonic CD4+ T cell was analyzed.

The numbers in (A), (E), and (F) represent percentage of positive cells in indicated area. Error bars represent SD of mean (n = 2–3). A representative of at least two

independent experiments is shown. See also Figure S2.

Figure 3. Gpr109a Is Required for Butyrate- and Niacin-Mediated
IL-18 Induction
(A) Induction of IL-18 in neonatal colon. Colons of 6-day-old WT or Niacr1!/!

mice were cultured in medium with or without butyrate or niacin for 24 hr, and

Il18 mRNA was quantified by qPCR (n = 3).

(B) Expression of IL-18 mRNA and protein in colonic epithelial cells isolated

from WT or Niacr1!/! mice were quantified by qPCR and ELISA, respectively

(n = 3).

(C) One day after oral administration of butyrate or niacin in vivo, expression of

IL-18 in colonic epithelium of WT or Niacr1!/! mice was quantified (n = 3).

Error bars represent SD of mean. A representative of three independent

experiments is shown. See also Figure S3.
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Colons	   of	   6-‐day-‐old	   WT	   or	   Niacr1/	   mice	   were	  
cultured	   in	   medium	   with	   or	   without	   butyrate	   or	  
niacin	  for	  24	  hr	  

colonic	  epithelial	  cells	  

One	  day	  aWer	  oral	  administra@on	  
of	   butyrate	   or	   niacin	   in	   vivo,	  
expression	   of	   IL-‐18	   in	   colonic	  
epithelium	  
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Figure S3.  Commensal metabolite butyrate and niacin induces Il18 mRNA in colon.  
Related to Figure 3.   
(A) Expression of Il18 mRNA in colons of germ-free (GF) and conventionally raised 
mice (n=4 mice/group). Values represent mean ± standard deviation. 
(B) Colons of neonatal WT mice were cultured in the presence of butyrate, niacin or LPS 
for 24 h, and Il18 mRNA was quantified by qPCR.  Values represent mean ± standard 
deviation of triplicates.   
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Gpr109a	  Deficiency	  Enhances	  SuscepMbility	  to	  Lethal	  ColiMs	  and	  
Colonic	  InflammaMon	  

Fig.4	  

diarrhea, and bleeding in WT mice (Figures 7B and S6A).
Consistent with increased inflammation, we found that antibi-
otic treatment increased the number of polyps (8.2 ± 2.2
polyps/mouse with antibiotics; 1.6 ± 1.5 polyps/mouse without
antibiotics) in WT mice (Figures 7C and 7D). We then tested
whether administration of niacin protects antibiotic-treated
mice against colonic inflammation and carcinogenesis. Niacin
was added to drinking water along with antibiotic cocktail.
Niacin ameliorated AOM+DSS-induced weight loss, diarrhea,
and bleeding and reduced colon cancer development in antibi-
otic-treated WT mice (Figures 7B–7D and S6A). Consistent with
a role of niacin in IL-18 induction, the protective effect of niacin
in DSS-induced weight loss and diarrhea in antibiotic-treated
Il18!/! mice was significantly blunted (Figure S6B). Niacin did
not alter the development of weight loss, diarrhea, rectal
bleeding, and colon cancer in antibiotic-treated Niacr1!/!

mice, suggesting an essential role of Gpr109a in niacin-medi-
ated promotion of colonic health (Figures 7B–7D and S6A). Anti-
biotic treatment reduced colonic inflammation and number of
polyps in Niacr1!/! mice. This may be due to the presence of
altered colitogenic gut microbiota in Niacr1!/! animals.
Increased representation of Prevotellaceae and TM7 groups
of bacteria are associated with enhanced risk of colitis in
IL-18-deficient mice (Casp1!/!, Asc!/!, Nlrp6!/!, or Il18!/!)
(Elinav et al., 2011). We found that feces of Niacr1!/! mice ex-
hibited increased representation of Prevotellaceae and TM7
groups of commensal bacteria compared to WT mice (Fig-

Figure 4. Increased Susceptibility of
Niacr1–/– Mice to Colonic Inflammation
(A) Experimental paradigm for induction of colonic

inflammation and inflammation-associated colon

cancer in mice; azoxymethane (AOM) by intra-

peritoneal injection; DSS in drinking water. At days

20 and 70, colons of mice were analyzed for

inflammation and cancer, respectively.

(B–D) Change in body weight, diarrhea, and rectal

bleeding of WT and Niacr1!/! mice subjected to

AOM+DSS (n R 4).

(E) Representative images of H&E-stained colonic

sections from untreated or AOM+DSS-treated

(20th day) WT and Niacr1!/! mice (original magni-

fication, 2003).

(F) Claudin-3 staining of colonic sections from

untreated (UT) or AOM+DSS-treated (20th day) WT

and Niacr1!/! mice (original magnification, 2003).

(G) IL-10, IL-17, and IL-18 levels in colons of WT

and Niacr1!/! mice before and after AOM+DSS

treatment (n = 5). Error bars represent standard

deviation of mean.

Values are mean ± SD or representative of at least

two independent experiments. See also Figure S4.

ure S6C). Bacteroides and Bacillus
groups of bacteria were present in com-
parable numbers in feces of both WT and
Niacr1!/! mice. To test whether Gpr109a
deficiency promotes preferential accu-
mulation of Prevotellaceae and TM7
bacterial groups in their intestines inde-
pendent of parental contribution, we per-

formed similar studies with fecal samples from littermates of
Niacr1+/! and Niacr1!/! genotypes. We observed that feces
from Niacr1!/! mice contained significantly more Prevotella-
ceae and TM7 bacteria than did feces from Niacr1+/! littermates
(Figure S6D). This provides evidence for significant alterations in
relative abundance of indicated microbial species in the colons
of Niacr1!/! mice and explains the reduction of colonic inflam-
mation and colon carcinogenesis by antibiotic treatment in
Niacr1!/! animals (Figures 7B–7D and S6A). Both exogenously
administered rIL-10 and rIL-18 were able to reduce AOM+DSS-
induced weight loss, diarrhea, and colon carcinogenesis in
Niacr1!/! mice (Figures 7E and 7F).
Antibiotic treatment reduces the number of colonic polyps in

mice with Apc mutation, implying a cancer-promoting role of
gut microbiota in this model (Grivennikov et al., 2012; Li
et al., 2012). Our data indicate that gut microbial metabolite
butyrate and hence gut microbiota reduce colon carcinogen-
esis in ApcMin/+ mice. We hypothesized that gut microbiota
has both cancer-promoting and -suppressing effects in
ApcMin/+ mice, and microbiota-depleted animals show the bal-
ance between cancer-promoting and -suppressing properties
of gut microbiota. To define the protective role of Gpr109a in
promoting colonic health through butyrate and gut microbiota,
we fed ApcMin/+ mice and Niacr1!/!ApcMin/+ mice with fiber-
free (FF) diet, which eliminates butyrate production in colon.
Figures 7G and 7H show that ApcMin/+ mice fed FF-diet had
significantly increased number of colonic polyps, which was
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Fig.5	  

GPR109a	  Deficiency	  Promotes	  InflammaMon-‐Induced	  
as	  well	  as	  ApcMin/+-‐Driven	  Colon	  Carcinogenesis	  

effectively suppressed by the Gpr109a agonist niacin. FF diet in
the presence or absence of niacin did not affect development
of colonic polyps in Niacr1!/!ApcMin/+ mice. Collectively, these
data clearly indicate that Gpr109a agonists suppress develop-
ment of colon cancer. Butyrate, the endogenous Gpr109a
agonist in colon, is produced after fermentation of dietary fiber
by commensal bacteria. Therefore, the data presented here
suggest a role of Gpr109a in suppression of colonic inflamma-
tion and carcinogenesis by butyrate-producing commensals
and dietary fibers.

DISCUSSION

The current study defines an essential role of Gpr109a in the
suppression of colonic inflammation and carcinogenesis. Com-
mensals induce Treg cells and IL-10-producing T (Tr1) cells in
colon (Atarashi et al., 2011; Geuking et al., 2011; Mazmanian
et al., 2008; Round and Mazmanian, 2010). They also induce
IL-10 expression in colonic DCs and macrophages, which
promote differentiation of Tr1 cells (Jeon et al., 2012; Ueda
et al., 2010). Our studies provide a molecular mechanism
by which the commensals elicit these effects. The bacterial
metabolite butyrate functions as a messenger between the
commensals and the host. This SCFA induces expression of
anti-inflammatory molecules in macrophages and DCs and
enables them to support differentiation of Treg and IL-10-
producing T cells. The present study also implicates a tumor-
suppressive role of Gpr109a-butyrate signaling in colon and
suggests that commensals in the gut provide protection to
the host not only against colonic inflammation but also
against colon cancer. Our conclusion that butyrate is respon-
sible, at least partly, for the actions of gut microbiota on the
host colon with regard to suppression of inflammation and
carcinogenesis is congruent with previous findings that the
frequency of butyrate-producing bacteria and rate of butyrate
production are greatly diminished in the colon during ulcerative
colitis and colon cancer (Frank et al., 2007; Wang et al., 2012).
Butyrate enemas decrease colonic inflammation in ulcerative

Figure 5. Increased Susceptibility of
Niacr1–/– Mice to Colon Cancer
(A) Representative photographs of dissected

colons from WT and Niacr1!/! mice on day 70

after animals were treated with AOM+DSS as

described in Figure 4A.

(B and C) Number (B) and size distribution (C) of

colonic polyps induced by AOM+DSS treatment in

WT and Niacr1!/! mice (n = 6).

(D) Representative photographs of dissected

colons of 3-month-old ApcMin/+ and Niacr1!/!

ApcMin/+ mice.

(E) Number of polyps in colons and small intestines

of ApcMin/+ and Niacr1!/!ApcMin/+ mice (n = 4).

Values are mean ± SD or representative of two

independent experiments. See also Figure S5.

colitis (Hamer et al., 2008). The present
studies also highlight the biological
significance of dietary fiber and its rele-
vance to butyrate production. Dietary

fiber suppresses colonic inflammation and colorectal cancer
(Davis and Milner, 2009; Hamer et al., 2008). The most impor-
tant aspect of the present studies is the identification of
Gpr109a as one of the mediators of the biological effects of
butyrate.
Niacin is a vitamin, which, when taken in pharmacolog-

ical doses, suppresses atherosclerosis by acting as a
GPR109A agonist in immune cells. At these high doses, niacin
is likely to reach the colon at concentrations high enough
to exert GPR109A-dependent effects. Therefore, the present
studies suggest that pharmacological doses of niacin may
have anti-inflammatory and tumor-suppressive effects in the
colon.
Although it has been known for decades that the commensal

metabolite butyrate suppresses inflammation and carcino-
genesis in colon, the exact identity of molecular target(s) of
butyrate in this process remained elusive. The present studies
identify Gpr109a as an important mediator of butyrate effects
in colon and also as a critical molecular link between colonic
bacteria and dietary fiber and the host. These findings
have important implications for prevention as well as treatment
of inflammatory bowel disease and colon cancer and suggest
that under conditions of reduced dietary fiber intake and/or
decreased butyrate production in colon, pharmacological
doses of niacin might be effective to maintain GPR109A
signaling and consequently protect colon against inflammation
and carcinogenesis.

EXPERIMENTAL PROCEDURES

Mice
Age-matched conventional and germ-free mice (Swiss Webster strain) were

obtained from Taconic Farms and used for experiments on day of arrival.

Il18!/! and ApcMin/+ mice on C57BL/6 background were obtained from

Jackson Laboratory. Fiber-free diet (TD00278) was from Harlan Laboratories.

Niacr1+/!ApcMin/+ mice were derived from intercross of Niacr1!/! mice and

ApcMin/+mice.Niacr1+/!ApcMin/+micewere bredwithNiacr1!/!mice to obtain

Niacr1!/!ApcMin/+ mice. All animal procedures were approved by the Institu-

tional Animal Care and Use Committee, Georgia Regents University.
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Fig.6	  

Gpr109a	  Expressed	  in	  Immune	  Cells	  as	  well	  as	  in	  Colonic	  Tissue	  Is	  
Necessary	  for	  ProtecMon	  against	  ColiMs	  and	  Colon	  Carcinogenesis	  

	  

Antibodies
Antibodies against mouse CD4 (clone GK1.5), CD45 (clone 104), Foxp3 (clone

FLK-16 s), IL-10 (clone JES5-16E3), IL-17 (clone eBio17B7), CD11b (cloneM1/

70), CD11c (clone N418), I-Ab (clone 25-9-17), CD90 (clone 53-2.1), CD19

(clone SJ25C1), and Gr1 (clone RB6-8C5) and against human CD3 (clone

UCHT1), CD14 (61D3), CD123 (6H6), and CD56 (CMSSB) were from

eBioscience. Anti-human GPR109A (clone 245106), anti-Ki67 (clone TEC-3),

and anti-claudin3 (34-1700) were from R&D Systems, Dako, and Life Technol-

ogies, respectively.

Cell Isolation and Analysis
B cells (CD19+), T cells (Thy1.1+), macrophages (CD11b+CD11c!), dendritic

cells (CD11c+CD11b!), and CD4+CD25! T cells from spleens and CD45+

I-Ab+CD11c+ (DCs) or CD45+I-Ab+CD11b+ (macrophages) cells from colonic

LP were sorted with MoFlo (Dakocytomation) or FACS Aria Flow cytometers

(BD Biosciences). Alternatively, splenic CD11c+ or CD11b+ cells were sorted

with CD11b or CD11c antibodies coupled to magnetic beads (Miltenyi Bio-

tec). For isolation of colonic epithelium, washed and everted colons were

incubated in Hanks balanced salt solution (HBSS) containing 2 mM EDTA

at 37"C with gentle shaking. Supernatants were centrifuged and pellets

were resuspended in 40% percoll and centrifuged. The cells on top layer

were collected and used as colonic epithelium. For lamina propria lympho-

cytes, colons and small intestines were opened and shaken with HBSS

containing 2 mM EDTA at 37"C to remove epithelial cells. After that, pieces

of colon or small intestine were incubated with collagenase D (1 mg/ml)

and DNase (0.1 mg/ml) for 20 min. The cell suspension was collected,

washed, and stained with antibodies specific for mouse CD4 and Foxp3

and analyzed by FACS. In some experiments, mononuclear cells from colonic

LP or spleen of WT and Niacr1!/! mice were cultured with phorbol myristate

acetate plus ionomycin in the presence of GolgiStop and Golgiplug for 5 hr.

Cells were fixed and stained for CD4, IL-10, and IL-17. Peripheral blood

mononuclear cells were obtained with institutional approval from Institutional

Review Boards, Georgia Regents University.

Cell Cultures
Sorted colonic LP CD45+I-Ab+CD11c+ or CD45+I-Ab+CD11b+ cells were

cultured with naive OT-II (CD4+CD25!) T cells in the presence of egg albumin

peptide (ISQVHAAHAEINEA) (0.5 mg/ml), TGF-b1 (1 ng/ml), and IL-2 (5 ng/ml).

After 4 days, cells were harvested and stained for CD4 and FoxP3. Alterna-

tively, cells were rested overnight and restimulated with plate-bound anti-

CD3 (1 mg/ml) and anti-CD28 (1 mg/ml). After 24 hr, supernatants was collected

and analyzed for IL-10 and IL-17a by ELISA. Splenic CD11c+ (DCs) and

CD11b+ (macrophages) were cultured (105 cells/well) in the presence or

absence of butyrate (0.5 mM) or niacin (0.5 mM). After 2 days, cells were har-

vested and analyzed for IL-10 and Aldh1a expression or tested for their ability

to induce differentiation of naive OT-II CD4+ T cells as above. In some exper-

iments, retinoic acid receptor (RAR) inhibitor LE135 was used (1 mM).

Bone Marrow Chimeras
WT (CD45.1) or Niacr1!/! (CD45.2) mice were irradiated (900 rads) and

injected intravenously with donor bone marrow cells (2 3 106 cells/mouse).

Reconstitution was confirmed by staining for donor-specific CD45 allele

(CD45.1 versus CD45.2) in blood. Two months after reconstitution, mice

were used for colonic inflammation-associated colon cancer experiments.

Antibiotics and Niacin Treatment
Micewere given a cocktail of antibiotics (0.2 mg/ml of gentamicin, 0.15 mg/ml of

ciprofloxacin, 2 mg/ml streptomycin, and 1 mg/ml bacitracin) in drinking water

at the indicated period of time. Where indicated, antibiotic cocktail was sup-

plemented with 25mMof niacin. For IL-18 induction assays, micewere treated

with butyrate or niacin (25 mM) as described (Kalina et al., 2002).

Induction of Colonic Inflammation and Inflammation-Associated
Colon Cancer
Inflammation-associated colon cancer was induced by intraperitoneal injec-

tion of azoxymethane (10 mg/kg body weight). Seven days later, DSS (36–

50 kDa) was added in a cyclic manner to drinking water at indicated doses.

Some mice were also given rIL-10 or rIL-18 intraperitoneally (50 ng/mouse)

at indicated points. Mice were monitored for weight changes, diarrhea, and

rectal bleeding. Diarrhea was scored as (0) normal stool, (1) soft but formed

pellet, (2) very soft pellet, (3) diarrhea (no pellet), or (4) dysenteric diarrhea.

Rectal bleeding was recorded as (0) no bleeding, (2) presence of occult blood

in stool, or (4) gross macroscopic bleeding.

Histopathology and Immunohistochemistry
Sections (5 mm) from formalin-fixed and paraffin-embedded colons or polyps

were placed onto glass slides. H&E-stained sections were blindly scored for

severity of colonic inflammation. The degree of inflammation was scored as

follows: (0) no inflammation, (1) mild inflammation or prominent lymphoid

aggregates, (2) moderate inflammation, (3) moderate inflammation associated

with crypt loss, and (4) severe inflammation with crypt loss and ulceration.

Crypt destruction was graded as follows: (0) no destruction, (1) 1%–33% of

crypts destroyed, (2) 34%–66% of crypts destroyed, and (3) 67%–100% of

crypts destroyed. The individual scores from inflammation and crypt damage

were summed to derive histological score for colonic inflammation (maximum

score 7). For immunohistochemistry, sections were deparaffinized with

xylene and antigen retrieval was performed with target antigen retrieval

solution (Dako). The staining was visualized with Vectstain ABC kit and

diaminobenzidine.

Quantitative Real-Time PCR
cDNA was synthesized from 2 mg of total RNA by Superscript III reverse tran-

scription system (Invitrogen). qPCR was performed with SYBR green PCRmix

Figure 6. Role of Gpr109a Expressed in Hematopoietic and Non-
hematopoietic Cells in Regulation of Colitis and Colitis-Associated
Colon Cancer
Reciprocal bone marrow chimeras of WT and Niacr1!/! mice were subjected

to AOM+DSS-induced model of colitis-associated colon cancer.

(A) Weight loss and diarrhea after the first cycle of DSS (nR 4). Single asterisk

(*) indicates significant difference between WT/ Niacr1!/! and Niacr1!/! /

Niacr1!/! group for weight loss (p < 0.05) and diarrhea (p < 0.02).

Double asterisk (**) indicates significant difference between WT / WT and

Niacr1!/! / WT group for weight loss and diarrhea (p < 0.02).

(B) Representative photographs of dissected colons from bone marrow

chimeric mice.

(C) Tumor burden in bone marrow chimeras subjected to AOM+DSS-induced

colon cancer (n R 4).

Error bars represent ±SD of mean. A representative of two independent

experiments is shown.
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and StepOnePlus machine (Applied Biosystems). PCR primers are listed in

Table S1. Gapdh was used as internal control.

ELISA
Colonic tissue or colonic epithelium extracts were prepared in PBS containing

0.1%NP-40 and protease inhibitors (Thermo Fisher Scientific). ELISAwas per-

formed with antibody pairs for IL-6, IL-1b, and IL-17. ELISA kits for IL-18

and Ccl2 were from R&D systems and eBioscience, respectively. Cxcl1 was

quantified with a kit from Peprotech. Serum amyloid A was detected via Kit

from Immunology Consultants Laboratory.

Measurement of Intestinal Permeability
Mice were given fluorescein isothiocyanate (FITC)-dextran by oral gavage

at a dose of 0.5 mg/g of body weight. Four hours later, mice were

bled and FITC-dextran was quantified in the serum via a fluorescence

spectrophotometer.

Myeloperoxidase Activity
Pieces of colon (100 mg weight) were homogenized in phosphate buffer

(20 mM [pH 7.4]) and centrifuged. Pellet was resuspended in phosphate buffer

Figure 7. Niacin Suppresses Colonic
Inflammation and Carcinogenesis in
Absence of Gut Microbiota and Dietary
Fiber via Gpr109a
(A) Experimental paradigm for antibiotic treatment

(gentamicin sulfate, ciprofloxacin, streptomycin,

and bacitracin in drinking water) and niacin

administration to mice in the AOM+DSS-induced

colon cancer model.

(B) Weight loss in WT and Niacr1!/! mice treated

with antibiotics in the presence or absence of

antibiotics and subjected to AOM+DSS as in (A).

(C) Tumor burden in WT and Niacr1!/! mice under

various treatment conditions (n R 4).

(D) Representative photographs of dissected

colons of WT and Niacr1!/! mice subjected to

various treatments as described in (A).

(E) Niacr1!/! mice were treated as in Figure 4A.

Some mice also received rIL-10 or rIL-18 intra-

peritoneally (50 ng/mouse/injection) starting

day 2 and every alternate day till day 60. Shown

are the weight loss and diarrhea during first cycle

of DSS.

(F) Tumor burden on day 70 in Niacr1!/! mice

treated as described in (E) (n = 4).

(G) Two-month-old ApcMin/+ and Niacr1!/!

ApcMin/+ mice were fed with dietary fiber contain-

ing normal chow (FC) or fiber-free (FF) chow. Some

mice in FF diet group also received niacin in

drinking water ad libitum. Five weeks later, mice

were sacrificed and colonic polyps were counted

(n = 2–5). *p < 0.007.

(H) Representative photographs of dissected

colons from mice subjected to experimental pro-

tocol described in (G).

Values represent mean ± SD or representative of

at least two independent experiments. See also

Figure S6.

(50 mM [pH 6.0]) containing 0.5% hexadecyltrime-

thylammonium bromide (Sigma). The sample was

freeze-thawed, sonicated followed by warming to

60"C for 2 hr, and centrifuged. Redox reaction of

3,30,5,50-tetramethylbenzidine (Sigma) by super-

natant was used to determine myeloperoxidase

(MPO) activity. Reaction was terminated with 2N HCl and absorbance was

read at 450 nm.

Organ Culture
Colons from7-day-oldpupswereopened,cut into#0.5cmpieces,andcultured

with butyrate (0.5mM) or niacin (1mM) for 24 hr. The tissues were then used for

analysis of Il18 mRNA by qPCR. For DSS-treated animals, colon segments

(100 mg weight) were chopped into smaller pieces (1–2 mm) and cultured in

medium containing penicillin and streptomycin. Twenty-four hours later, super-

natants were collected and cytokines were measured by ELISA.
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Figure S6. Role of Gpr109a and IL-18 in niacin induced suppression of antibiotics 
induced susceptibility to colonic inflammation.  Related to Figure 7. 
(A) Diarrhea and rectal bleeding in WT and Niacr1-/- treated as in Figure 7B (n�4). 
(B)  Il18-/- mice were treated with antibiotics in the presence or absence of niacin as in 
Figure 7A.   Shown is the weight loss and diarrhea (n= 5 mice) 

Fig.S6	  

GPR109a	  Signaling	  plays	  an	  important	  role	  in	  suppressing	  the	  
overgrowth	  of	  coliMgenic	  bacteria	  
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AcMvaMon	  of	  Gpr109a	  Suppresses	  Colonic	  InflammaMon	  and	  
Carcinogenesis	  in	  the	  Absence	  of	  Dietary	  Fiber	  

and StepOnePlus machine (Applied Biosystems). PCR primers are listed in

Table S1. Gapdh was used as internal control.

ELISA
Colonic tissue or colonic epithelium extracts were prepared in PBS containing

0.1%NP-40 and protease inhibitors (Thermo Fisher Scientific). ELISAwas per-

formed with antibody pairs for IL-6, IL-1b, and IL-17. ELISA kits for IL-18

and Ccl2 were from R&D systems and eBioscience, respectively. Cxcl1 was

quantified with a kit from Peprotech. Serum amyloid A was detected via Kit

from Immunology Consultants Laboratory.

Measurement of Intestinal Permeability
Mice were given fluorescein isothiocyanate (FITC)-dextran by oral gavage

at a dose of 0.5 mg/g of body weight. Four hours later, mice were

bled and FITC-dextran was quantified in the serum via a fluorescence

spectrophotometer.

Myeloperoxidase Activity
Pieces of colon (100 mg weight) were homogenized in phosphate buffer

(20 mM [pH 7.4]) and centrifuged. Pellet was resuspended in phosphate buffer

Figure 7. Niacin Suppresses Colonic
Inflammation and Carcinogenesis in
Absence of Gut Microbiota and Dietary
Fiber via Gpr109a
(A) Experimental paradigm for antibiotic treatment

(gentamicin sulfate, ciprofloxacin, streptomycin,

and bacitracin in drinking water) and niacin

administration to mice in the AOM+DSS-induced

colon cancer model.

(B) Weight loss in WT and Niacr1!/! mice treated

with antibiotics in the presence or absence of

antibiotics and subjected to AOM+DSS as in (A).

(C) Tumor burden in WT and Niacr1!/! mice under

various treatment conditions (n R 4).

(D) Representative photographs of dissected

colons of WT and Niacr1!/! mice subjected to

various treatments as described in (A).

(E) Niacr1!/! mice were treated as in Figure 4A.

Some mice also received rIL-10 or rIL-18 intra-

peritoneally (50 ng/mouse/injection) starting

day 2 and every alternate day till day 60. Shown

are the weight loss and diarrhea during first cycle

of DSS.

(F) Tumor burden on day 70 in Niacr1!/! mice

treated as described in (E) (n = 4).

(G) Two-month-old ApcMin/+ and Niacr1!/!

ApcMin/+ mice were fed with dietary fiber contain-

ing normal chow (FC) or fiber-free (FF) chow. Some

mice in FF diet group also received niacin in

drinking water ad libitum. Five weeks later, mice

were sacrificed and colonic polyps were counted

(n = 2–5). *p < 0.007.

(H) Representative photographs of dissected

colons from mice subjected to experimental pro-

tocol described in (G).

Values represent mean ± SD or representative of

at least two independent experiments. See also

Figure S6.

(50 mM [pH 6.0]) containing 0.5% hexadecyltrime-

thylammonium bromide (Sigma). The sample was

freeze-thawed, sonicated followed by warming to

60"C for 2 hr, and centrifuged. Redox reaction of

3,30,5,50-tetramethylbenzidine (Sigma) by super-

natant was used to determine myeloperoxidase

(MPO) activity. Reaction was terminated with 2N HCl and absorbance was

read at 450 nm.

Organ Culture
Colons from7-day-oldpupswereopened,cut into#0.5cmpieces,andcultured

with butyrate (0.5mM) or niacin (1mM) for 24 hr. The tissues were then used for

analysis of Il18 mRNA by qPCR. For DSS-treated animals, colon segments

(100 mg weight) were chopped into smaller pieces (1–2 mm) and cultured in

medium containing penicillin and streptomycin. Twenty-four hours later, super-

natants were collected and cytokines were measured by ELISA.
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(AOM+DSS). Interestingly, by using bone-
marrow transfer studies, Singh et al.
(2014) showed that the contribution
of radio-resistant cells to Gpr109a-
mediated anticarcinogenic effect is
greater than the one afforded by immune
cells. The fact that IL-18 administration

decreased tumorigenesis in Grp109a!/!

mice suggests that a complex network
of immunoregulatory molecules (IL-10,
Aldh1, IL-18) from various cellular
sources (immune cells, epithelial cells?)
participate in intestinal homeostasis
(Figure 1).
The importance of the microbiota

in Gpr109a-mediated protective effect is
clearly demonstrated in antibiotic-treated
WT mice, which displayed enhanced
AOM+DSS-induced tumorigenesis com-
pared to untreated mice. Administration
of niacin to antibiotic-treated mice was
able to decrease tumor development, an
effect not observed in Grp109a!/! mice.
Remarkably, the antibiotic experiment
also indicates that the microbiota not
only protects against tumorigenesis as
seen in WT mice, but also promotes
CRC inGrp109a!/!mice. This deleterious
effect was associated with expansion of
bacteria belonging to the Prevotellaceae
family and TM7 phylum, although the
events leading to these microbial compo-
sitional changes were not established.
To clearly link microbial-derived

metabolites (byturate and niacin) with
Gpr109a-mediated protective function,
the authors fed ApcMin/+ mice with either
a normal chow containing fiber or a
fiber-free diet. As opposed to wide-spec-
trum antibiotic treatment, which elimi-
nates virtually all bacteria, dietary fiber
manipulation has a more targeted
effect on the biota, essentially regulating
the capacity of bacteria to generate
SCFA. Remarkably, fiber-free diet en-
hanced tumorigenesis in ApcMin/+ mice,
a phenomenon strongly attenuated by
niacin supplementation. Grp109a!/!

mice failed to show a similar response
to dietary fiber manipulation or niacin
supplementation, providing strong evi-
dence that the protective effect is
mediated by this receptor. A recent
report showed that butyrylated diet
also promotes Treg cell development
and prevented T-cell-adoptive-transfer-
mediated chronic colitis (Furusawa
et al., 2013), lending support to the
key role of bacteria in promoting an
homeostatic phenotype regardless of the
initial insult (chemical or naive T cell
transfer).
The current study adds an important

piece to the complex jigsaw puzzle
formed by diet, microbiota, and immune
cells interaction in the intestine and

brings new understanding regarding the
intricate communication network neces-
sary for the maintenance of intestinal
homeostasis. Although compelling and
informative, the study also raised ques-
tions. It is striking to note that other
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Figure 1. Interplay between Diet,
Microbiome, and Gpr109a in the Intestine
Microbiota-derived enzymatic activities generate
metabolites such as butyrate and niacin from die-
tary fibers. Butyrate and niacin engage Gpr109a
presents on intestinal epithelial cells, dendritic
cells, and macrophages triggering production of
cytoprotective IL-18, immunoregulatory IL-10,
and class 1A aldehyde dehydrogenase (Aldh1a).
This environment (IL-10, Aldh1a) favors the devel-
opment of T regulatory cells (Treg) from naive
T cells, while repressing generation of proinflam-
matory Th17 cells, thereby preventing conditions
leading to the development of colitis and colitis-
associated colorectal cancer.
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Unique lamina propria stromal cells imprint the
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 enzymatic machinery to produce RA even in the absence of dietary vitamin A, but were

not able to do so in germ-free mice implying regulation by microbiota. 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 between both cell types might have an important role in the

functional education of migratory 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 form by 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, and mesenteric 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-Treg differentiation.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-expressing migratory DCs 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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A	  subset	  of	  lamina	  propria	  stromal	  cells	  have	  the	  capacity	  to	  produce	  
reMnoic	  acid	  	  

with Pdpn! 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 and CCR9 (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 Foxp3!Treg 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 Foxp3!Treg 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 Foxp3!Treg differentiation compared
with untreated DCs (Supplementary Figure S2b, lower
panels), indicating that RA produced by the activated
SCs-conditioned DCs did enhance the Foxp3!Treg 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"aldefluor! cells (gate R1, black color) within the whole SI LP SC population (gray color). Data show a representative experiment of 45
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"Pdpn! 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" Pdpn! 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 (P# 0.18, NS, not significant t-test non paired). Sups, suspension.
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untreated DCs (Figure 3b SCs cond.!DEAB), suggesting that
the LP SCs also enhanced the functional priming capacity of the
DCs they interacted with.

To investigate whether soluble factors released by Pdpn!

CD31" SCs were able to educate DCs, we conditioned splenic
DCs for 24 h with media harvested from Pdpn! 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 Pdpn! 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 Pdpn! 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
CD103! 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 RALDH! 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 aldefluor! DCs in close contact with aldefluor! SCs, yellow arrowheads indicate podoplanin! aldefluor! cells. Quantification
shows the percentage of CD11c! CD103! cells in direct contact with aldefluor bright lamina propria cells from410 different images. Scale bar#30 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 RALDH" 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 Pdpn" CD31!

SI LP SCs. (a) Aldefluor staining of splenic DCs (gated CD45"MHCIIhiCD11c" ) 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 of 45 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 the DC-T-cell culture and maintained during the whole length of the experiment. Analysis shows the result from one
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 CD45"MHCIIhiCD11c" ) 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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SI LP SCs. (a) Aldefluor staining of splenic DCs (gated CD45"MHCIIhiCD11c" ) 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 of 45 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 the DC-T-cell culture and maintained during the whole length of the experiment. Analysis shows the result from one
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 CD45"MHCIIhiCD11c" ) 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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Fig.4	  

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 in DCs.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!

Pdpn"CD31! 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!Pdpn"CD31! stromal cells (SCs). Middle panel shows aldefluor staining of splenic
DCs (CD45"CD11c"MHCIIhi 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!Pdpn"CD31!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-Pdpn"CD31! 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!Pdpn"CD31!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.
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RA	  and	  GM-‐CSF	  produced	  by	  LP	  SCs	  synergize	  to	  imprint	  DCs	  with	  the	  
ability	  to	  produce	  RA.	  	  

Splenic	  DCs	  aWer	  24h	  culture	  with	  SI	  LP	  SCs	  in	  the	  same	  well	  or	  separated	  by	  a	  transwell	  

SI	  LP	  SCs	  cultured	  for	  24	  h	  alone	  or	  together	  with	  splenic	  DCs.	  
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wild-type mice. However, the few remaining CD11b!CD103!

DCs in the GM-CSF" /" animals, showed impaired capacity to
produce RA, whereas the increased subset of CD11b"CD103!

DCs showed no defect. Therefore, when all CD11c! CD103!

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 CD11b! CD103! 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 CD11b!CD103! DC subset, whereas
GM-CSF is not required for the development or the imprinting
of the CD11b"CD103! DCs. The unique effect of GM-CSF
produced by the LP SCs to control the generation and education
of the SI CD103!CD11b! DC subset, but not the CD103!

Figure 5 CD11b!CD103! dendritic cell (DC) numbers and retinoic acid (RA)-producing capacity are diminished in granulocyte-macrophage colony-
stimulating factor (GM-CSF)" /"mice. (a) Upper row shows CD11b vs. CD103 staining of small intestinal (SI) lamina propria (LP) DCs (gated as CD45!

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 in WT vs. GM-CSF KO mice, left panel total CD103! DCs, middle panel CD11b!CD103! DCs, and right panel CD11b"CD103!

DCs. (b) Aldefluor staining of the CD11b! (upper row) and CD11b" (lower row) SI LP CD103! DC population in WT vs. GM-CSF KO mice 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+	  CD103+	  DC	  numbers	  are	  diminished	  in	  GM-‐CSF-‐/-‐	  mice.	  	  
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CD11b+	  CD103+	  DC	  RA-‐producing	  capacity	  is	  diminished	  in	  GM-‐CSF-‐/-‐	  
mice.	  	  
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Conclusion	  

•  A	  type	  of	  LP	  SCs	  as	  a	  new	  player	  in	  mucosal	  immune	  regula@on,	  able	  to	  interact	  with	  
local	  DCs	  and	  rendering	  them	  capable	  to	  produce	  RA.	  

	  
•  Intes@nal	   LP	   SCs,	   unlike	   DCs,	   expressed	   RALDH	   enzymes	   cons@tu@vely	   and	  

independently	  of	  Vitamin	  A.	  

•  These	  SCs	  might	  serve	  as	  a	  primary	  source	  of	  RA	  for	  the	  ini@al	  educa@on	  and	  imprin@ng	  
of	  the	  RA-‐processing	  machinery	  in	  migratory	  DC	  precursor	  cells.	  	  

	  
•  Secreted	  RA	  alone	  is	  sufficient	  to	  induce	  RALDH2	  expression	  in	  DCs,	  however	  addi@onal	  

factors	   and/or	   direct	   contact	   between	   DCs	   and	   SCs	   further	   promoted	   the	   func@onal	  
educa@on	  of	  the	  DCs.	  	  

•  GM-‐CSF	  produced	  by	  LP	  SCs	  could	  be	  an	  important	  cofactor	  in	  this	  educa@on.	  	  
	  
	  


