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SUMMARY

The intracellular signaling molecule TRAF6 is critical
for Toll-like receptor (TLR)-mediated activation of
dendritic cells (DCs). We now report that DC-specific
deletion of TRAF6 (TRAF6DDC) resulted, unexpect-
edly, in loss of mucosal tolerance, characterized by
spontaneous development of T helper 2 (Th2) cells
in the lamina propria and eosinophilic enteritis and
fibrosis in the small intestine. Loss of tolerance
required the presence of gut commensal microbiota
but was independent of DC-expressed MyD88.
Further, TRAF6DDC mice exhibited decreased regu-
latory T (Treg) cell numbers in the small intestine and
diminished induction of iTreg cells in response to
model antigen. Evidence suggested that this defect
was associated with diminished DC expression
of interleukin-2 (IL-2). Finally, we demonstrate
that aberrant Th2 cell-associated responses in
TRAF6DDC mice could be mitigated via restoration
of Treg cell activity. Collectively, our findings reveal
a role for TRAF6 in directing DC maintenance of in-
testinal immune tolerance through balanced induc-
tion of Treg versus Th2 cell immunity.

INTRODUCTION

Microbial pathogens have long been understood to produce in-
flammatory stimuli essential to induction of adaptive immune re-
sponses, and there is now increasing interest in understanding
the relationship between microbiota and maintenance of im-
mune cell tolerance (Maloy and Powrie, 2011; Swiatczak andRe-
scigno, 2012). Pathogen-associated molecular patterns
(PAMPs) derived from pathogenic, as well as commensal, micro-
biota are recognized by Toll-like receptors (TLRs) that are highly

expressed by dendritic cells (DCs) along the mucosal lining
(Maloy and Powrie, 2011; Pulendran et al., 2010). DCs are
specialized antigen-presenting cells (APCs) that are capable, un-
der inflammatory conditions, of providing costimulatory signals
and efficient antigen presentation through major histocompati-
bility complex (MHC) to T cells (Steinman, 2012). These functions
are critical for an effective adaptive immune response, but DCs
are now also recognized as key cellular keepers of immune toler-
ance (Manicassamy and Pulendran, 2011; Rescigno, 2010).
What remains unclear is the degree to which this dual role is
balanced by dispatchment of specialized subsets of DCs versus
specific tuning of DC-intrinsic signaling mechanisms to affect
certain immunologic outcomes. Past attempts to address these
issues via ex vivo analyses of DC phenotypes have often been
hampered by the keen sensitivity of DCs to external manipula-
tion. The recent development of a transgenic mouse model
enabling specific genetic targeting to the DC compartment
represents amajor step forward in conducting physiologic in vivo
analysis of DC function (Caton et al., 2007).
The molecular adaptor protein TRAF6 integrates upstream

signals from both MyD88-dependent IL-1R-TLR superfamily
pathways, as well as some tumor necrosis factor receptor
(TNFR) superfamily members, including CD40 and RANK (Inoue
et al., 2007; Walsh et al., 2006). Activation of TRAF6, a noncon-
ventional RING finger E3 ligase, which catalyzes formation of
K63-linked ubiquitin chains, results in downstream activation of
the NF-kB, MAPK, and PI3K pathways (Deng et al., 2000; Inoue
et al., 2007). Activation of TRAF6-dependent signaling is associ-
ated with induction of inflammatory gene expression products,
including IL-6 and IL-12. We have previously shown that DCs
derived from TRAF6-deficient (Traf6!/!) mice or Traf6!/! fetal
liver cell chimeras exhibit substantial defects in maturation and
inflammatory cytokine elaboration in response to IL-1R-TLR su-
perfamily ligands and TNF superfamily members, and that
Traf6!/! DCs adoptively transferred into third party hosts
possess decreased capability to induce antigen-dependent
T cell expansion and interferon-g (IFN-g) induction (Kobayashi
et al., 2003). However, because Traf6!/! mice die perinatally
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TRAF6	  is	  downstream	  of	  all	  TLRs,	  
IL-‐1R	  family	  and	  some	  	  
TNF	  familiy	  members	  (CD40	  and	  RANK)	  



TRAF6-‐/-‐	  (deficient	  for	  TRAF6	  in	  all	  cells)	  
	  
TRAF6-‐/-‐	  die	  perinatally	  (max.	  survival	  day	  15)	  
	  
TRAF6-‐/-‐	  DCs	  (derived	  from	  complete	  KO)	  	  

	  -‐	  can	  prime	  T	  cells	  less	  well	  to	  produce	  IFNγ	

	
-‐	  	  do	  not	  fully	  mature	  upon	  TLR/IL1R	  sLmulaLon	  

(Kobayashi	  2003)	  
	  
Fetal	  liver-‐chimeras	  with	  TRAF6-‐/-‐	  cells	  à	  organ	  infiltraLon	  of	  Th2	  cells	  	  
(Chiffoleau,	  2003)	  
	  
à	  View:	  TRAF6-‐deficieny	  DCs	  have	  a	  maturaLon	  defect	  and	  therefore	  have	  a	  reduced	  T	  
cell-‐priming	  capacity	  
	  
	  

	  
Despite	  this	  defecLve	  acLvaLon	  phenotype,	  TRAF6-‐/-‐	  DC	  are	  linked	  

to	  an	  spontaneous	  development	  of	  Th2	  inflammaLon	  in	  the	  
intesLne	  



(surviving no longer than about 15 days), and Traf6!/! fetal liver
chimeras develop progressive inflammatory disease character-
ized by massive organ infiltration of Th2-like cells (Chiffoleau
et al., 2003), it has not been possible to specifically examine
the in situ role of DC-expressed TRAF6 in the context of physio-
logic immune responses or immune homeostasis.

Therefore, we have generatedmice lacking TRAF6 specifically
in the DC compartment (TRAF6DDC.) We report here that
despite defective activation of TRAF6-deficient DCs in peripheral
lymphoid organs like the spleen, we have made the striking
observation that TRAF6DDC mice develop spontaneous loss of
immune tolerance in the gut that is associated with both
decreased Treg cell numbers and the presence of microbiota.
These findings highlight a unique role for TRAF6 in DC function
and serve to elucidate the relationship between microbiota and
DCs in the maintenance of immune tolerance.

RESULTS

Generation ofMice Lacking TRAF6Specifically in theDC
Compartment
To generate TRAF6DDC mice lacking TRAF6 specifically in the
DC compartment, we have crossed mice carrying a floxed
Traf6 exon 1 allele (which we have previously described; King
et al., 2006) with CD11c-Cre (Itgax-Cre) transgenic mice (Caton
et al., 2007). DCs sorted from spleens of TRAF6DDCmice exhibit
specific deletion of TRAF6 compared to other sorted cell types
as determined by qPCR of genomic DNA samples (Figure 1A).
Specific deletion was further observed in DCs isolated from
other tissues as well (data not shown.) To determine whether

splenic DCs from TRAF6DDC mice exhibit predicted defective
responses to inflammatory stimuli, we measured IL-12 expres-
sion in response to both in vivo (Figure 1B) and in vitro (Figures
1C and 1D) treatment with the TLR ligands LPS and CpG DNA
and revealed that cytokine production is reduced in the absence
of TRAF6. To demonstrate the effect of DC-specific TRAF6 defi-
ciency on T cell activation under inflammatory conditions in vivo,
we infected TRAF6DDC mice with LCMV and splenic CD4+

T cells were assayed for CD44 upregulation and IFN-g produc-
tion 7 days later, revealing a severely reduced IFN-g+ cell popu-
lation in TRAF6DDC mice (Figure 1E). Together, these results
demonstrate a requirement of DC-expressed TRAF6 for induc-
tion of DC activation in response to pathogenic stimuli.

TRAF6DDC Mice Exhibit Spontaneous Small Intestine
Enteritis
DCs are important mediators of mucosal immune tolerance (Ma-
loy and Powrie, 2011; Pulendran et al., 2010). Although gut
TRAF6DDC DC subsets (characterized by CD103 and/or
CD11b expression) were found in normal proportions and
numbers, and with normal levels of membrane activation
markers (see Figures S1C and S1D available online), examina-
tion of the gut tissue of TRAF6DDC mice revealed that, by
12 weeks of age, TRAF6DDC mice begin to exhibit substantially
increased tissue length and mass specifically in the small intes-
tine (Figures 2A; Figure S1A). Histological analysis showed signs
of spontaneous enteritis, characterized by thickening of the
smooth muscle layer, hypertrophy of the intestinal crypts, blunt-
ed villi, and increased numbers of both goblet and Paneth cells
(Figure S2). There was also evidence of developing fibrosis,

Figure 1. Generation of Mice Lacking TRAF6 Specifically in the DC Compartment
(A) Quantitative PCR of the floxed region of the Traf6 gene was performed with genomic DNA from TRAF6DDC (TRAF6f/f-CD11cCre) and control (TRAF6f/f)

FACS-sorted cells to measure degree of deletion in various cell types. A sequence from the TRANCE (Tnfsf11) gene was used as a control for sample stan-

dardization. (*, deletion not detected).

(B) IL-12 expression in wild-type (WT) or TRAF6DDC (DDC) mice after intravenous injection with PBS, LPS, or CpG. IL-12p40/p70 was detected by intracellular

staining for splenocytes isolated at 2 hr after injection. The representative FACS plots were gated on CD11chiMHC class IIhi DCs.

(C and D) IL-12p40 mRNA production after in vitro stimulation of MACS-sorted splenic DCs with LPS or CpG. (C) IL-12p40 expression was determined by qPCR

from mRNA 1 hr after stimulation. (D) IL-12p40 from culture medium was measured by ELISA 12 hr after stimulation.

(E) Intracellular IFN-g level was determined from splenocytes 7 days after infection with LCMV. Shown are representative FACS plots gated on CD4+ T cells.

The histograms in (C) and (D) represent mean ± SD. FACS plots in (B) and (E) are representative of at least three separate experiments.
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“DC-‐specific”	  delecLon	  of	  TRAF6	  à	  CD11cCreTRAF6fl/fl	  

sorted	  splenocytes,	  no	  sorLng	  markers	  indicated!	   FACS:	  In	  vitro	  sLmulaLon	  (PMA/Ionomycin	  of	  splenocytes)	  

qPCR:	  In	  vitro	  sLmulaLon	  (PMA/Ionomycin	  of	  splenocytes)	  

CD11c	  not	  only	  in	  DCs	  
Specificity	  not	  convincingly	  shown!	  

“Specific	  deleLon	  was	  further	  observed	  in	  DCs	  isolated	  
from	  other	  Lssues	  as	  well	  (not	  shown)”	  

LCMV;	  spleen	  d7	  post	  infecLon,	  CD4+	  gate	  



with muscular hypertrophy and increased collagen staining (Fig-
ure 2B). Consistent with this observation, tissue messenger RNA
(mRNA) levels of profibrogenic factors Acta2, Igf-1, and trans-
forming growth factor-b (TGF-b) were increased, whereas antifi-
brogenic (and Th1-related) factors IL-12 and IFN-g were slightly
reduced (Figure 2C). At the same time, similar analyses revealed
TRAF6DDC colons to be unremarkable (Figure S3). These results
reveal a role for DC TRAF6 in maintaining gut homeostasis.

Spontaneous Th2 Cell Responses in the Small Intestine
of TRAF6DDC Mice
To elucidate potential cellular interactions driving small intestine
enteritis in TRAF6DDC mice, we crossed TRAF6DDC mice to a
SCID background. The small intestines of TRAF6DDC.SCID
mice appear similar to control SCID mice, even past 20 weeks
of age, and exhibit substantially reduced levels of fibrotic
markers Acta2 and Igf-1 (Figure S4), suggesting that lympho-
cytes are critical to the development of the TRAF6DDC small in-
testine phenotype. Consistent with these findings, we observed
development of lymphadenopathy of TRAF6DDC mesenteric
lymph nodes with age (Figure S1B). Analysis of serum and fecal
immunoglobulin A (IgA) titers, which are associated with B cell
activity in the mucosal lining, showed substantial increases in
TRAF6DDCmice (Figures 3A and 3B). Analysis of small intestine
lamina propria (LP) tissue gene expression from TRAF6DDC and
littermate control mice older than 8 weeks of age revealed sub-

stantial increases in Th2 cell-associated factors IL-13, IL-5, and
IL-4 (Figure 3C), whereas colons from the same mice showed no
significant increases in expression and the tissue was histologi-
cally normal in appearance (data not shown.) To investigate
whether these cytokines were being produced by T cells
in situ, we performed immunofluorescent staining, which re-
vealed costaining of IL-4 and the T cell marker CD3 in
TRAF6DDC small intestinal LP (Figure 3D). Further, in
TRAF6DDC mesenteric lymph nodes we found substantially
increased numbers and frequencies of activated and/or memory
CD4+ T cells (Figure 3E), as well as more CD4+ T cells capable of
producing IL-13—but not IFN-g—upon in vitro stimulation (Fig-
ure 3F). Th2 cell-mediated intestinal phenotypes are sometimes
associated with eosinophil infiltration (Blanchard and Rothen-
berg, 2009). By staining small intestine sections with Sirius
Red, we found that TRAF6DDC mice exhibit substantially
increased eosinophil numbers (Figure 3G), potentially revealing
a parallel between the TRAF6DDC phenotype and human EGID
(eosinophilic gastrointestinal diseases; Lucendo, 2010; Master-
son et al., 2011).

Disruption of TRAF6DDC Immune Homeostasis Is Gut
Microbiota-Dependent
TRAF6 is a key transducer of TLR signaling pathways that are
tasked in part with mediating inflammatory and homeostatic in-
teractions between DCs and gut microbiota (Maloy and Powrie,

Figure 2. TRAF6DDC Mice Exhibit Spontaneous Small Intestine Enteritis
(A) Lengths (n = 20) and masses (n R 5) of small intestines and colons from littermate control (WT) and TRAF6DDC (DDC) mice organized according to age at

sacrifice. Data were analyzed by one-way ANOVA with Tukey’s posttest of multiple comparisons.

(B) Trichrome staining was performed on themuscularis propria of the ileum at 27weeks of age. Collagen (blue, arrows) from Trichrome staining is amarker for gut

fibrosis. Smooth muscle layer (arrowheads) corresponds with red staining in sections.

(C) Fold increases in pro- (Acta2, Igf-1, and TGF-b) and anti- (IFN-g and IL-12) fibrotic markers in mRNA isolated from ileum of TRAF6DDC (DDC) small intestines

were compared to WT (nR 9;R 8-week-old littermate groups). Data were analyzed with two-tailed, paired Student’s t tests. **p < 0.01; ***p < 0.001. Scale bars

represent 100 mm. n.s., not significant. See also Figures S1–S4.
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MLN	  
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•  Fibrosis	  

Pro-‐fibrogenic	  factors____	   AnL-‐fibrogenic	  (Th1)	  



2011; Swiatczak and Rescigno, 2012). To determine whether gut
microbiota interaction with small intestine DCs is relevant to the
observed TRAF6DDC phenotype, we treated TRAF6DDC and
littermate control mice with full-spectrum antibiotics for up
to six weeks starting at 14 weeks of age. Intriguingly, we
observed that antibiotics-treated TRAF6DDC intestines now
(as compared to untreated intestines shown in Figure S1A) ex-
hibited grossly normal appearance (Figure S4B) and normal

mean length and mass (Figure 4A). Small intestine mRNA levels
of both profibrotic and Th2 cell-associated genes were substan-
tially reduced under antibiotic treatment (as compared to un-
treated) conditions (Figure 4B). Further, antibiotics-treated
mice exhibited substantial reductions in both the frequency
and number of IL-13-producing CD4+ T cells isolated from the
small intestinal LP (Figure 4C). Finally, histological sections of
TRAF6DDC small intestine tissue from antibiotics-treated mice

Figure 3. Spontaneous Th2 Cell Responses in the Small Intestine of TRAF6DDC Mice
Serum (A) and fecal (B) immunoglobulin isotype levels in mice (n R 5; R 12-week-old littermate groups) were measured by ELISA.

(C) Fold increases (between TRAF6DDC mice and paired littermate control mice) in IL-13, IL-5, and IL-4 mRNA expression in small intestine (n R 8) or colon

(n R 4) tissue as measured by qPCR.

(D) Double immunofluorescent staining for CD3 and IL-4. EP, epithelial cell lining; LP, lamina propria.

(E and F) Increases in activated/memory CD4+ cells and IL-13+ cells in mesenteric lymph nodes of TRAF6DDC mice compared to littermate control mice (WT).

FACS plots gated on CD4+ T cells and show population counts and frequencies of (E) naive (CD44loCD62Lhi) versus activated/memory (CD44hiCD62Llo), and (F)

IFN-g+ and IL-13+ cells (n = 6; R 12-week-old littermate groups).

(G) Image of eosinophils (in red) stained with Sirius Red. Eosinophil infiltration is observed in small intestinal sections of TRAF6DDC and littermate control

(duodenum, 27 weeks old). FACS plots and histogram data are representative of at least three separated experiments. Data in (A) and (B) were analyzed with

two-tailed, unpaired Student’s t tests. Data in (C), (E), and (F) were analyzed with two-tailed, paired Student’s t tests. Scale bars represent 100 mm. See also

Figure S1.
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showed Sirius Red staining similar to littermate control mice,
suggesting an absence of eosinophil infiltration (Figure 4D).
Therefore, aberrant immune homeostasis related to TRAF6-
deficient gut DCs is triggered only when commensal microbiota
are present.

Figure 4. Disruption of TRAF6DDC Immune
Homeostasis Is Gut Microbiota Dependent
(A) Lengths and masses (nR 7 per group) of small

intestines from 8- to 20-week-old littermate-

matched control (WT) and TRAF6DDC (DDC) mice

provided untreated or antibiotics-treated (Abx)

water for the final 6 weeks. ***p < 0.001.

(B) Fibrosis markers (Acta2 and Igf-1) and Th2 cell

cytokines (IL-13, IL-5, and IL-4) mRNA expression

levels in the ileum region of small intestines from

mice treated with full-spectrum antibiotics (Abx).

Histograms (mean ± SD) are representative of

three independent experiments.

(C) Intracellular staining for IFN-g, IL-13, and

Foxp3 in mesenteric lymph nodes of antibiotics-

treated (Abx) or untreated mice. FACS plots were

gated on CD4+ T cells and cell counts of IL-13-

producing cells are shown in the histogram. FACS

plots are representative of three independent ex-

periments. The histograms represent means ± SD.

(D) Sirius Red staining of the duodenum region of

small intestine from antibiotics-treated (Abx) mice.

Antibiotic water containing 1 g/L Ampicillin, 1 g/L

Neomycin, 0.5 g/L Vancomycin, and 1 g/L

Metronidazole was provided ad libitum in water to

14-week-old mice for 6 weeks. Data in (A), (B), and

(C) were analyzed by one-way ANOVA with Tu-

key’s posttest of multiple comparisons. *p < 0.05;

**p < 0.01. Scale bars represent 100 mm. n.s., not

significant. See also Figures S4.

MyD88DDC Mice Do Not
Phenocopy Aberrant Immune
Homeostasis of TRAF6DDC Mice
TRAF6 and MyD88 carry out critical
nonredundant roles as mediators of TLR
signaling (Inoue et al., 2007; Takeda and
Akira, 2004), with MyD88-IRAK com-
plexes leading to activation of TRAF6
and subsequently NF-kB and MAPKs.
DC-specific MyD88 conditional knockout
mice (MyD88DDC) utilizing the same
CD11c-Cre system that we have em-
ployed for TRAF6DDC have previously
been studied, and although MyD88DDC
exhibit defects in TLR-mediated activa-
tion and induction of Th1-associated im-
munity (consistent with our observations
of TRAF6DDCmice), no aberrant immune
homeostasis in the gut is reported (Hou
et al., 2008). Given the significance of
the MyD88-TRAF6 signaling juncture
to DC biology (especially in the context
of TLR signaling), together with our ob-
servations that TRAF6DDC phenotypes
are substantially influenced by TLR

ligand-producing gut microbiota, we decided to reexamine
MyD88DDC mice side by side with TRAF6DDC mice to deter-
mine whether previous analyses may have yielded different re-
sults based on housing-specific factors (e.g., quantitatively
and/or qualitatively distinct intestinal microbiota). Interestingly,
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TRAF6DDC Treg cell induction appears to depend on the pres-
ence of microbiota.

Defective DC-Expressed IL-2 and Rescue of Treg Cells
via Exogenous IL-2 in TRAF6DDC Mice
To uncover potential mechanistic bases for diminished Treg cell
numbers in TRAF6DDC LP, we investigated the potential roles of
cell surfacemarkers and other proteins reportedly involved in the
induction of intestinal iTreg cells by DCs. Numerous factors,
including Aldh1a2, TGF-b, integrin-av, and integrin-b8 showed
no apparent difference between control and TRAF6DDC (Fig-
ure S7). This process led us to focus on IL-2, which is not only
critical to Treg cell development and maintenance (Malek and
Castro, 2010), but which has also been shown to be expressed
by DCs (Granucci et al., 2001), and its expression by DCs might
play a role in Treg cell maintenance (Kulhankova et al., 2012;
Sgouroudis et al., 2011). We have also found that blocking IL-2
or use of IL-2-deficient DCs results in diminished Treg cell con-
version (Figure S8). Interestingly, we examined IL-2 expression
in control, MyD88DDC, and TRAF6DDC LP DCs and found that
although IL-2 mRNA levels in both control and MyD88DDC sam-
ples were similar, levels in TRAF6DDC LP DCs were dramatically
reduced (Figure 7A). TRAF6DDC LP DCs similarly exhibited
decreased IL-2 protein elaboration during brief ex vivo culture
(Figure 7B). Next, we showed that although DCs from
TRAF6DDC mice are defective inducers of Foxp3 in in vitro
Treg cell conversion assays, provision of IL-2 to these cultures
had a corrective effect on this defect (Figure 7C). Finally, we simi-
larly showed that defective in vivo model antigen-induced Treg
cell conversion of adoptively-transferred TCR transgenic
T cells into TRAF6DDC recipients could be restored to the higher
levels observed in MyD88DDC recipients (which are similar to
those observed for control recipients) through provision of

bioactive IL-2–aIL-2 complexes (Figure 7D). Together, these
findings suggest that the decreased capacity of DCs from
TRAF6DDCmice to induce the Treg cell phenotype can be over-
come by provision of the pro-Treg cell cytokine IL-2 and raises
the possibility that DC-expressed IL-2 is required for normal
Treg cell homeostasis in the gut.

Defective TRAF6DDC iTreg Cell Induction Is Linked to
Aberrant Th2 Cell Development
Decreased Treg cell numbers in the small intestine raised the
possibility that Treg cell maintenance and/or iTreg cell induction
are defective in TRAF6DDCmice. To address the first possibility,
we sorted GFP-expressing peripheral Treg cells from transgenic
mice expressing GFP under the control of the Foxp3 promoter
(Fontenot et al., 2005) and transferred these cells into control
or TRAF6DDC recipient mice. After 1 week, the populations
of transferred cells were identified by GFP expression and
enumerated. Whereas endogenous levels of TRAF6DDC Treg
populations were decreased (as expected: Figure 7E, left), the
transferred populations appeared at normal levels (Figure 7E,
middle and right.) Therefore, to address the alternative possibility
of defective iTreg cell induction, we adoptively transferred sorted
naive (CD44loCD62LhiCD25!) Thy1.1 congenic OVA-specific
OT-II CD4+ T cells into TRAF6DDC or littermate control mice fol-
lowed by 5 days of oral administration of OVA peptide. By using
congenic markers, transferred cells were identified after 1 week
and Foxp3 staining revealed that TRAF6DDC recipient mice
exhibit substantially reduced capability to induce Treg cells in
response to model oral antigen (Figure 7F).
These findings raised the possibility that reduced Treg cell

function in TRAF6DDC mice may be linked to spontaneous in-
duction of intestinal Th2 cell immunity. To restore robust Treg
cell function experimentally, we crossed Foxp3-GFP mice with

Figure 6. Microbiota-Dependent Reduction in TRAF6DDC Small Intestine Treg Cells
(A) FACS plots gated on CD4+ T cells show intracellular staining for small intestine or colon lamina propria lymphocytes from 6- to 8-week-old TRAF6DDC and

littermate control mice and Foxp3+ as a percentage of CD4+ and cell counts. Data were analyzed with two-tailed, paired Student’s t test.

(B) Intracellular staining for Foxp3 in small intestinal lamina propria of antibiotics-treated (Abx) or untreated mice. FACS plots were gated on CD4+ T cells. Water

containing 1 g/L Ampicillin, 1 g/L Neomycin, 0.5 g/L Vancomycin, 1 g/LMetronidazole was provided to 4-week-old mice for 2 weeks. The histograms (mean ± SD)

were analyzed by one-way ANOVA with Tukey’s posttest of multiple comparisons. FACS plots in (A) and (B) are representative of at least three separate ex-

periments. **p < 0.01; ***p < 0.001. N.S., not significant. See also Figures S6 and S7.
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transgenic mice expressing a constitutively active form of the
pro-Treg cell transcription factor STAT5b (Burchill et al., 2003)
(Foxp3-GFP.STAT5bCA) and then adoptively transferred sorted
Foxp3-GFP+ Treg cells from thosemice into either TRAF6DDCor
littermate control recipients. Foxp3-GFP.STAT5bCA Treg cells
were used because they were obtainable in large numbers,
and, we reasoned, would be more stable as a population
(capable of reliably providing Treg cell activity) once transferred.
This was important because the TRAF6DDC gut phenotype
developed over an extended time period. Four weeks after trans-
fer, we observed that TRAF6DDC mice that had received
STAT5bCA Treg cells had partially restored Treg cell numbers,
and more importantly, exhibited reduced frequencies and
numbers of small intestinal LP Th2 cell cells and cytokine expres-
sion (Figures 7G and 7H). These findings suggested a direct link
between Treg cell function and spontaneous development of
aberrant gut immune responses in TRAF6DDC mice.

DISCUSSION

DCs are important for both activation of inflammatory T cell
immune responses and maintenance of T cell tolerance. By
generating mice that specifically lack DC-expressed TRAF6,
we have been able to characterize a new role for TRAF6 in direct-
ing DC maintenance of intestinal immune tolerance. Although
TRAF6DDC mice were found to exhibit some predicted (given
our previous work with Traf6!/! DCs) phenotypes, such as
defective induction of TLR-mediated peripheral Th1 cell-associ-
ated responses, we were surprised to find that these mice also
exhibit defective intestinal iTreg cell induction and subsequent
spontaneous Th2 cell-associated disruption of immune homeo-
stasis. Intriguingly, these TRAF6DDC phenotypes were found
to be dependent on the presence of gut microbiota, whereas
mice lacking MyD88, the signaling protein that links TLRs to
TRAF6, in DCs (MyD88DDC) did not exhibit any signs of disease
onset or decreased Treg cell numbers. Furthermore, we have
shown that LP DCs harvested from TRAF6DDC mice exhibit
dramatically reduced levels of IL-2 mRNA and that IL-2 provision

Figure 7. Treg Homeostasis and Gut Immune Tolerance in
TRAF6DDC Mice Is Linked to Regulation of DC-Expressed IL-2
(A) IL-2 mRNA expression levels in MACS-purified lamina propria DCs from

WT, MyD88DDC (88DDC), and TRAF6DDC (T6DDC) mice.

(B) ELISA of IL-2 proteins levels elaborated by WT and TRAF6DDC (DDC)

lamina propria DCs cultured for 12 hr with 50 ng/mL PMA and 500 ng/mL

ionomycin. ***p < 0.001.

(C) Counts of Foxp3+ cells converted from naive-effector OT-II CD4+ T cells

after 4 days culture with purified lamina propria DCs (5 3 104 T cells and 5 3

103 DCs) from WT or TRAF6DDC (T6DDC) (1 mM OVA 323–332 and 1 ng/ml

TGF-b in all cultures) in the presence (IL-2+) or absence (IL-2!) of 10 U/mL

recombinant IL-2.

(D) FACS plots and histograms show the frequencies of Foxp3+ OT-II donor

cells in mesenteric lymph nodes after 5 days of OVA feeding. MyD88DDC

(88DDC) and TRAF6DDC (T6DDC) mice were used as recipients. IL-2-mAb

complex (IL-2 complex) was injected as indicated for the first 3 days of OVA-

feeding.

(E) FACS sorted Foxp3-GFP+ cells (0.5 3 106) were transferred to WT or

TRAF6DDC recipients. Cells were isolated and analyzed from small intestinal

lamina propria 7 days after transfer. The histograms show the Foxp3-GFP+

(donor) cells as a ratio of total Foxp3+ cells and counts of Foxp3-GFP+ cells in

the gut (n = 3).

(F) Intracellular staining and cell counts of converted donor OT-II cells recov-

ered from mesenteric lymph nodes of mice fed OVA protein for 5 days. FACS

plots depict gated CD45.1+ (donor marker) and CD4+ T cells.

(G and H) STAT5bCA transgenic Foxp3-GFP+ regulatory T cells (STAT5tg Treg

cell) were transferred to TRAF6DDC and littermate control recipients. (G) FACS

plots showing Intracellular staining for Th1 and Th2 cell cytokines (IFN-g and

IL-13, respectively) 4 weeks after transfer. The percentages and counts for

Foxp3+ or IL-13+ fromCD4+ T cells inmesenteric lymph nodes, and (H) Th2 cell

cytokine (IL-4) mRNA expression level from ileum of both adoptively trans-

ferred and no transfer control groups. FACS plots and graphs are represen-

tative of at least three separate experiments. The histograms are represented

as mean ± SD. Data in (C), (D), and (G) were analyzed by one-way ANOVA with

Tukey’s posttest of multiple comparisons. *p < 0.05; **p < 0.01; ***p < 0.001.

n.s., not significant. See also Figure S8.
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transgenic mice expressing a constitutively active form of the
pro-Treg cell transcription factor STAT5b (Burchill et al., 2003)
(Foxp3-GFP.STAT5bCA) and then adoptively transferred sorted
Foxp3-GFP+ Treg cells from thosemice into either TRAF6DDCor
littermate control recipients. Foxp3-GFP.STAT5bCA Treg cells
were used because they were obtainable in large numbers,
and, we reasoned, would be more stable as a population
(capable of reliably providing Treg cell activity) once transferred.
This was important because the TRAF6DDC gut phenotype
developed over an extended time period. Four weeks after trans-
fer, we observed that TRAF6DDC mice that had received
STAT5bCA Treg cells had partially restored Treg cell numbers,
and more importantly, exhibited reduced frequencies and
numbers of small intestinal LP Th2 cell cells and cytokine expres-
sion (Figures 7G and 7H). These findings suggested a direct link
between Treg cell function and spontaneous development of
aberrant gut immune responses in TRAF6DDC mice.

DISCUSSION

DCs are important for both activation of inflammatory T cell
immune responses and maintenance of T cell tolerance. By
generating mice that specifically lack DC-expressed TRAF6,
we have been able to characterize a new role for TRAF6 in direct-
ing DC maintenance of intestinal immune tolerance. Although
TRAF6DDC mice were found to exhibit some predicted (given
our previous work with Traf6!/! DCs) phenotypes, such as
defective induction of TLR-mediated peripheral Th1 cell-associ-
ated responses, we were surprised to find that these mice also
exhibit defective intestinal iTreg cell induction and subsequent
spontaneous Th2 cell-associated disruption of immune homeo-
stasis. Intriguingly, these TRAF6DDC phenotypes were found
to be dependent on the presence of gut microbiota, whereas
mice lacking MyD88, the signaling protein that links TLRs to
TRAF6, in DCs (MyD88DDC) did not exhibit any signs of disease
onset or decreased Treg cell numbers. Furthermore, we have
shown that LP DCs harvested from TRAF6DDC mice exhibit
dramatically reduced levels of IL-2 mRNA and that IL-2 provision

Figure 7. Treg Homeostasis and Gut Immune Tolerance in
TRAF6DDC Mice Is Linked to Regulation of DC-Expressed IL-2
(A) IL-2 mRNA expression levels in MACS-purified lamina propria DCs from

WT, MyD88DDC (88DDC), and TRAF6DDC (T6DDC) mice.

(B) ELISA of IL-2 proteins levels elaborated by WT and TRAF6DDC (DDC)

lamina propria DCs cultured for 12 hr with 50 ng/mL PMA and 500 ng/mL

ionomycin. ***p < 0.001.

(C) Counts of Foxp3+ cells converted from naive-effector OT-II CD4+ T cells

after 4 days culture with purified lamina propria DCs (5 3 104 T cells and 5 3

103 DCs) from WT or TRAF6DDC (T6DDC) (1 mM OVA 323–332 and 1 ng/ml

TGF-b in all cultures) in the presence (IL-2+) or absence (IL-2!) of 10 U/mL

recombinant IL-2.

(D) FACS plots and histograms show the frequencies of Foxp3+ OT-II donor

cells in mesenteric lymph nodes after 5 days of OVA feeding. MyD88DDC

(88DDC) and TRAF6DDC (T6DDC) mice were used as recipients. IL-2-mAb

complex (IL-2 complex) was injected as indicated for the first 3 days of OVA-

feeding.

(E) FACS sorted Foxp3-GFP+ cells (0.5 3 106) were transferred to WT or

TRAF6DDC recipients. Cells were isolated and analyzed from small intestinal

lamina propria 7 days after transfer. The histograms show the Foxp3-GFP+

(donor) cells as a ratio of total Foxp3+ cells and counts of Foxp3-GFP+ cells in

the gut (n = 3).

(F) Intracellular staining and cell counts of converted donor OT-II cells recov-

ered from mesenteric lymph nodes of mice fed OVA protein for 5 days. FACS

plots depict gated CD45.1+ (donor marker) and CD4+ T cells.

(G and H) STAT5bCA transgenic Foxp3-GFP+ regulatory T cells (STAT5tg Treg

cell) were transferred to TRAF6DDC and littermate control recipients. (G) FACS

plots showing Intracellular staining for Th1 and Th2 cell cytokines (IFN-g and

IL-13, respectively) 4 weeks after transfer. The percentages and counts for

Foxp3+ or IL-13+ fromCD4+ T cells inmesenteric lymph nodes, and (H) Th2 cell

cytokine (IL-4) mRNA expression level from ileum of both adoptively trans-

ferred and no transfer control groups. FACS plots and graphs are represen-

tative of at least three separate experiments. The histograms are represented

as mean ± SD. Data in (C), (D), and (G) were analyzed by one-way ANOVA with

Tukey’s posttest of multiple comparisons. *p < 0.05; **p < 0.01; ***p < 0.001.

n.s., not significant. See also Figure S8.
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we found that agedMyD88DDCmice exhibited no significant dif-
ferences in small intestine length versus littermate controls (Fig-
ure 5A), no increases in profibrotic or Th2 cell-associated mRNA
levels in small intestine tissue samples (Figure 5B), and no
apparent eosinophil infiltration of the small intestine (Figure 5C).
Further, CD4+ T cells isolated from small intestinal LP exhibited
frequencies and numbers of IL-13-producing cells no different
from littermate controls, and much lower than similar cells iso-
lated at the same time from TRAF6DDC mice (Figure 5D), sug-
gesting the existence of a MyD88-independent component to
the TRAF6DDC small intestine phenotype. We further consid-
ered the possibility that genetic manipulation of DC signaling
components may exert indirect external population effects on
the surrounding commensal microbiota. However, profiling of
fecal bacterial communities of control, TRAF6DDC, and
MyD88DDC mice by deep sequencing showed that the most
abundant types of bacterial taxa were common among commu-
nities of all three genotypes, and their proportions were not
significantly different (Figure S5), implying that differences be-
tween TRAF6DDC and MyD88DDC phenotypes are not likely
the result of the presence of altered bacteria-derived stimuli in
TRAF6DDC intestines.

Microbiota-Dependent Reduction in TRAF6DDC Small
Intestine Treg Cells
One mechanism by which mucosal DCs maintain tolerance
is through the induction and maintenance of iTreg cells (Pulen-
dran et al., 2010; Rescigno, 2010), regulatory T cells that acquire
their suppressive phenotype in peripheral tissues rather than
in the thymus. We analyzed TRAF6DDC intestinal LP and
found decreased numbers and frequencies of Treg cells (by
Foxp3 expression) in mice as young as 6 weeks of age, and
importantly, these defects were found in the small intestine,
but not the colon (Figure 6A). Consistent with their lack of
spontaneous enteritis, MyD88DDC mice of similar ages and
genders to analyzed TRAF6DDC mice were found to have
normal Treg cell populations (Figure S6). To determine whether
the TRAF6DDC Treg cell defect is also dependent on gut
microbiota, we again treated mice with full-spectrum antibiotics,
but this time started at 4 weeks of age to account for the early
presentation of the Treg cell defect. Interestingly, we found
that 2 weeks of treatment was sufficient to partially restore the
frequency (within the total CD4+ T cell population) and
completely restore the number of Treg cells located in the
TRAF6DDC small intestine (Figure 6B). Therefore, defective

Figure 5. MyD88DDC Mice Do Not Phenocopy Aberrant Immune Homeostasis of TRAF6DDC Mice
(A) Length of gut was measured in MyD88DDC mice (88DDC) and littermate controls (WT).

(B) Relative mRNA levels in 20-week-old ileum of MyD88DDC mice and littermate controls (WT). The histograms (mean ± SD) are representative of three in-

dependent experiments.

(C) Sirius Red staining was performed in the ileum section of small intestine from 20-week-old mice.

(D) FACS plots gated on CD4+ T cells showing Intracellular staining for Th1 and Th2 cell cytokines (IFN-g and IL-13, respectively) in mesenteric lymph nodes from

20-week-old mice and cytokine-producing cell counts. FACS plots and histogram data are representative of three independent experiments. Scale bars

represent 100 mm. See also Figure S5.
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Summary 

Dendritic cell (DC)-expressed TRAF6 is critical for small intestine immune tolerance 

Spontaneous gut Th2 cell responses develop in the absence of DC-expressed TRAF6 

Gut microbiota trigger small intestine autoimmunity absent DC-expressed TRAF6 

DC-expressed TRAF6 controls IL-2-associated iTreg cell induction in small intestine 
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The intestinal immune system has co-evolved with the gut microbiota 
for the maintenance of intestinal health (1). Disruption of this homeosta-
sis leads to intestinal inflammation and disease (2, 3). Colonic regulatory 
T cells (cTregs) expressing the transcription factor Foxp3 are critical for 
limiting intestinal inflammation and depend on microbiota-derived sig-
nals for proper development and function (4–7). Bacteroides fragilis and 
clostridial species induce Treg responses (6, 7); however, how the gut 
microbiota affect cTreg responses across mammalian hosts remains un-
clear. While polysaccharide A from B. fragilis modulates Treg responses 
(6), such effects are also likely mediated through more common factor(s) 
produced by many bacterial genera. 

Humans and mice rely on bacteria to breakdown undigestible dietary 
components, such as fibers (8). Short chain fatty acids (SCFA) are bacte-
rial fermentation products and range in concentration between 50-100 
mM in the colonic lumen (9). We examined SCFA concentrations in 
specific pathogen-free (SPF), gnotobiotic Altered Schaedler Flora 
(ASF)-colonized mice, and germ-free (GF) mice and found that GF mice 
had reduced concentrations of the three most abundant luminal SCFA, 
acetic acid, propionic acid and butyric acid (table S1), as previously 
reported (10). The decrease of these SCFA in GF mice suggested that 
SCFA may contribute to their immune defects, specifically reduced cTreg 
numbers. We provided SCFA in the drinking water (150mM) to GF 
mice for three weeks and found that SCFA individually or in combina-
tion (SCFA mix) increased cTreg frequency and number (Fig. 1A) but did 
not increase the number or frequency of splenic, mesenteric lymph node 
(MLN), or thymic Tregs (fig. S1). These effects coincided with increased 
luminal SCFA (table S1). SCFA increased CD4+ T cell frequency and 
number (fig. S2) but did not alter colonic Th1 or Th17 cell numbers 
significantly (fig. S3). 

Microbiota-induced cTreg development is associated with increases 

in de novo generation of inducible Tregs 
(iTregs) and not in Tregs of thymic 
origin (nTregs) (7). These populations 
can be distinguished by expression of 
Helios, which in vivo is restricted to 
nTregs (11). We found that Helios+ Treg 
frequency was similar between GF and 
SCFA-treated GF mice (fig. S4) but 
lower in SPF mice. SCFA-treatment 
increased Helios+ Treg numbers in GF 
mice, indicating that Tregs already pre-
sent in the colonic lamina propria (cLP) 
were expanding. 

To test if SCFA could affect cTregs 
in a GF setting, we isolated cTregs from 
GF mice treated with propionate in vivo 
for three weeks and examined expres-
sion of Foxp3 and interleukin (IL)-10, a 
key cytokine in Treg-mediated suppres-
sion. We also isolated cTregs from GF 
mice and stimulated them in vitro with 
propionate. Both treatments significant-
ly increased Foxp3 and IL-10 expres-
sion (Fig. 1, B and C). In vitro 
treatment increased IL-10 production 
but not transforming growth factor-��
(TGF-���� �� �reg-mediated suppression 
factor, suggesting that SCFA specifical-
ly induce Foxp3+ IL-10-producing Tregs 
(Fig. 1, B and C). 

The antibiotic vancomycin, which 
targets Gram-positive bacteria and dis-
rupts the gut microbiota (12), reduces 

cTregs to similar levels as observed in GF mice (7) (fig. S5). However, 
when SPF mice were treated with a combination of vancomycin and 
SCFA, the reduction in cTregs was completely restored (fig. S5). Collec-
tively, these results suggest that SCFA, play a role in cTreg homeostasis. 
We questioned whether SCFA would augment cTregs in SPF mice. SCFA 
treatment of SPF mice increased Foxp3+ and Foxp3+IL-10+ cTreg fre-
quency and number (Fig. 2, A to C) but not Foxp3+�
	�+ cTregs (fig. 
S6). We did not observe changes with SCFA treatment in small intesti-
nal Treg numbers (fig. S7). Neither colonic Th17 and Th1 nor MLN and 
splenic Treg frequency and number) from SPF mice were affected by 
SCFA (fig. S8 to S11). 

These results may explain the benefits of dietary fibers and bacteria, 
such as clostridia and bifidobacteria (13) that can increase colonic lu-
minal SCFA production and modulate inflammation in mice and hu-
mans. We measured SCFA production of species belonging to 
Clostridium cluster XI (Clostridium bifermentans), XIV (ASF 356 and 
492), XVII (C. ramosum), and the bacteroides species, B. fragilis as 
Clostridium cluster XIV members and B. fragilis affect cTregs (6, 7). ASF 
356 and 492 and C. ramosum generated more propionate (14-62 versus 
0.05-���� ������5 CFU) and acetate (118-220 versus 0.1-�� ������5 
CFU) as compared to the other strains (table S1). 

cTregs regulate intestinal homeostasis and control inflammation by 
limiting proliferation of effector CD4+ T cells (Teff). Addition of SCFA 
to cTreg and Teff co-cultures increased cTreg suppressive capacity (Fig. 2D 
and fig. S12). In SPF mice, SCFA are taken up by colonic epithelial cells 
but also diffuse through the epithelium into the lamina propria where 
they can mediate their effects directly (9, 14). To determine if SCFA 
directly affect cTregs, we isolated cTregs from SCFA-treated SPF mice. In 
vivo treatment increased cTreg Foxp3 and IL-10 expression (Fig. 2E). We 
also isolated cTregs from SPF mice and incubated them with SCFA in 

�������������������������
�����������
�������������	��������������������������
������������
Patrick M. Smith,1 Michael R. Howitt,1 Nicolai Panikov,1 Monia Michaud,1 Carey 
Ann Gallini,1 Mohammad Bohlooly@Y,5 Jonathan N. Glickman,6,7 Wendy S. 
Garrett1,2,3,4* 
1Harvard School of Public Health, Departments of Immunology and Infectious Diseases and Genetics and 
Complex Diseases, Boston, MA, USA. 2Harvard Medical School, Department of Medicine, Boston, MA, 
USA. 3Dana-Farber Cancer Institute, Department of Medical Oncology, Boston, MA, USA. 4Broad Institute 
of Harvard and MIT, Cambridge, MA, USA. 5AstraZeneca R&D, RAD-Transgenic, Mölndal, Sweden. 
6Harvard Medical School, Department of Pathology, Boston, MA, USA. 7Miraca Life Sciences, Inc., Newton, 
MA, USA. 

*Corresponding author. E-mail: wgarrett@hsph.harvard.edu 

Regulatory T cells (Tregs) that express the transcription factor Foxp3 are critical for 
regulating intestinal inflammation. Candidate microbe approaches have identified 
bacterial species and strain-specific molecules that can affect intestinal immune 
responses, including species that modulate Treg responses. Because neither all 
humans nor mice harbor the same bacterial strains, we posited that more prevalent 
factors exist that regulate the number and function of colonic Tregs. We determined 
that short chain fatty acids (SCFA), gut microbiota-derived bacterial fermentation 
products, regulate the size and function of the colonic Treg pool and protect against 
colitis in a Ffar2(GPR43)-dependent manner in mice. Our study reveals that a class 
of abundant microbial metabolites underlies adaptive immune microbiota co-
adaptation and promotes colonic homeostasis and health. 
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SCFAs regulate development and function of 
immune cells.

SCFAs in health and disease
As discussed above, commensal bacteria are 
essential for the production of SCFAs, which 
appear to have anti-inflammatory properties 
in multiple types of immune cells. This raises 
fundamental questions about whether SCFAs 
might contribute to responses of immune 
cells in diseases associated with alterations 
in populations of commensal bacteria. Germ-
free mice, which are deficient in SCFAs in the 
gastrointestinal tract83–85, exhibit an exagger-
ated response of the immune system to DSS-
induced colitis in some studies85. Consistent 
with these findings, treatment of germ-free mice with the SCFA ace-
tate is sufficient to ameliorate the intestinal inflammation in response 
to treatment with DSS85. This effect is not observed in Gpr43−/− mice, 
indicating that GPR43 is required for the anti-inflammatory effects of 
SCFA in this model of intestinal inflammation in germ-free mice85. In 
contrast, another study showed that conventionally reared Gpr43−/− 
mice exhibit less intestinal inflammation in response to treatment with 
DSS than wild-type mice but develop systemic bacterial dissemina-
tion and die of complications resulting from sepsis89, suggesting that 
SCFAs might regulate intestinal barrier function, a topic that warrants 
further investigation. Notably, treatment of IBD patients with butyrate 
enemas diminishes intestinal inflammation111, and in vitro treatment 
of IBD lesional biopsies with butyrate is associated with lower pro-
duction of pro-inflammatory cytokines112. Collectively, these studies 
suggest that SCFAs might influence responses of immune cells in at 
least some forms of IBD. Despite these advances, future work will 
be required to define how SCFAs regulate responses of the immune 
system in the context of IBD.

Commensal bacteria–derived vitamins and immunity
Vitamins are organic nutrients that are necessary for normal cel-
lular function. For humans, there are 13 essential vitamins: the 
fat-soluble vitamins A, D, E and K and the water-soluble vitamins 
B1, B2, B3, B5, B6, B7, B9, B12 and C. Some commensal bacterial spe-
cies have the capacity to synthesize essential vitamins, especially of 
the B and K groups, and this has been proposed to be an important 

source of these vitamins113. The influence of vitamins on develop-
ment and function of immune cells has been discussed in detail 
elsewhere114–122, and we will therefore briefly discuss this here only 
in the context of a recently discovered link between commensal  
bacteria–derived vitamin biosynthetic intermediates and immune cells 
that directly recognize these intermediates. In particular, the mono-
morphic major histocompatibility complex class I–related protein 
(also known as MR1) presents vitamin from the riboflavin (vitamin 
B2) biosynthetic pathway to mucosa-associated invariant T cells122,  
a population of T cells that produces IL-17 and IFN-  and that is 
activated in response to microbe-derived products of the riboflavin 
biosynthetic pathway122–126. These data suggest that commensal 
bacteria–derived metabolites in vitamin biosynthetic pathways, 
not just the vitamin end product, may be previously unappreciated 
groups of molecules that regulate immune cells or that immune cells 
use to sense commensal bacteria. Whether immune cells recognize 
intermediates of other vitamin biosynthetic pathways has yet to 
be determined. In addition, it is currently unknown whether or 
how vitamin biosynthetic intermediates influence development, 
homeostasis or function of immune cells—topics that should be 
the subject of future inquiries.

Commensal bacteria–derived amino acids and immunity
There are 20 essential amino acids that must be acquired through the 
diet and absorbed via amino acid transport proteins in the intestine. 
Several studies suggest that commensal bacteria are important for the 
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Figure 3 Synthesis of SCFAs by commensal 
bacteria, and regulation of immunity by SCFAs. 
(a) Commensal bacteria ferment nondigestible 
polysaccharides ingested in the diet (for 
example, cellulose) to produce SCFAs. Various 
SCFAs and their molecular structures are 
shown. C1–C6 refers to the number of carbons. 
Isoforms of these SCFAs are not shown.  
(b) Known molecular pathways through which 
SCFA regulate populations of immune cells. 
SCFAs bind the G protein–coupled receptor 
GPR43, which leads to a decrease in cAMP 
levels, calcium influx and ERK1/2 activation. 
SCFAs also inhibit histone deacetylases 
(HDACs), which are transcriptional repressor 
proteins. (c) SCFA regulation of neutrophils, 
macrophages/monocytes (M ), dendritic cells 
(DCs), CD4+ T cells and intestinal epithelial 
cells (IEC). ROS, reactive oxygen species; 
MHCII, major histocompatibility class II.

Short-‐chain	  faky	  acids	  

•  are	  1–6	  carbons	  in	  length	  	  

•  produced	  in	  the	  colon	  by	  bacterial	  
fermentaLon	  of	  plant-‐derived	  
nondigesLble	  polysaccharides,	  such	  as	  
cellulose	  

	  
Germ-‐free	  mice	  have	  
•  more	  of	  the	  nondigesLble	  plant	  

oligosaccharide	  raffinose	  (bacterial	  
fermentaLon	  substrate)	  

•  diminished	  concentraLons	  of	  SCFA	  
	  
SCFA	  can…	  
…acLvate	  GPR43	  (free	  faky	  acid	  receptor	  2,	  FFA2)	  
…inhibit	  histone	  deacetylases	  	  
…regulate	  autophagy	  
	  



Constraint	  
	  

All	  germ-‐free	  mice	  are	  Balb/c	  	  
(or	  Swiss	  webster	  in	  S.16	  and	  S.23)	  

	  
All	  SPF	  mice	  are	  C57BL/6	  

(excepLon	  Figure	  4:	  RAG2-‐/-‐	  Balb/c)	  
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Table S1. SCFA levels 
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Table S1. SCFA levels 

 
 
 
 

The	  concentraLon	  of	  SCFA	  depends	  on	  the	  colonisaLon	  status	  
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F ig. S1. SC F A do not affect splenic, mesenteric lymph node or thymic Foxp3+ T reg 
populations in germ-free mice. 
Lymphocytes were isolated from the (A) spleen, (B) MLN or (C) thymus and stained for 
CD4 and Foxp3. Upper left panel: Representative flowgrams. Upper right panel: 
Percentage of and Lower right panel: Number of CD4+Foxp3+ within the CD45+CD3+ 
population from SPF, GF, and GF mice treated with P, A or B in the drinking water per 
mouse colon as indicated. Each symbol represents data from an individual mouse and 
data reflect 3-5 independent experiments. P-values are not shown as differences with 
SCFA treatment were not statistically significant. Horizontal lines show the mean and 
error bars the SD.  

 

/ http://www.sciencemag.org/content/early/recent / 4 July 2013 / Page 4 / 10.1126/science.1241165 

 
  

Fig. 1. SCFA restore colonic Treg populations and function in germ-free mice. (A) Colonic lamina propria (LP) 
lymphocytes were isolated and stained for CD4 and Foxp3. Left panel: Representative dot plots and percentage of 
CD4+Foxp3+ within the CD45+CD3+ population from SPF, GF, and GF mice treated with propionate (P), acetate (A), 
butyrate (B), or the SCFA mix in the drinking water. Right panel: Numbers of Foxp3+ Tregs for the left panel. (B) cTregs 
were isolated from in vivo propionate-treated GF mice, sorted by CD4, CD127, and CD25, and examined ex vivo for 
expression of Foxp3 and IL-10 by RTqPCR. (C) cTregs were isolated from GF mice and purified as in 1B, cultured for 24 
hours in the presence or absence of 0.1 mM propionate and examined for expression of Foxp3, ����, and IL-10 by 
RTqPCR and IL-10 protein production by ELISA. For panel A, symbols represent data from individual mice. Horizontal 
lines show the mean and error bars the SD. For panels B and C, each symbol or bar represents pooled cTregs from 3-5 
mice. All data shown are representative of at least 3 independent experiments. A Kruskal-Wallis test with a Dunn’s post 
hoc test was performed in panel A, ***P < 0.001 and *P < 0.05. A Mann-Whitney U test was performed in panels B and 
C. 
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SCFA	  restore	  colonic	  Treg	  populaLons	  and	  fucLon	  in	  germ-‐free	  mice	  

cLP	  

Mice	  were	  treated	  for	  21	  days	  with	  either	  	  
sodium	  acetate	  (150mM),	  
sodium	  propionate	  (150mM),	  	  
sodium	  butyrate	  (100mM)	  or	  a	  	  
SCFA	  mix	  (67.5mM	  acetate,	  40mM	  Butyrate,	  25.9mM	  Propionate)	  	  	  

in	  the	  drinking	  water	  and	  water	  soluLons	  were	  prepared	  and	  changed	  weekly.	  	  
Controls:	  mice	  received	  pH	  and	  sodium-‐matched	  water	  

Spleen	  

MLN	  

Thymus	  

sorted	  cLP	  CD4+CD127+CD25+	  

GF	  
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Fig. 2. SCFA augment colonic Treg population size and function in SPF mice. (A) SPF Foxp3YFP-Cre mice were 
treated with water alone (-) or P, A, B, or the mix. Colonic LP lymphocytes were isolated and stained for CD4 and IL-
10. Upper panel: Representative dot plots and percentage of CD4+ Foxp3-YFP+ within the CD45+CD3+ population. 
Lower panel: Representative dot plots and percentage of the CD4+Foxp3+IL-10+population. (B) Cell numbers for the 
data in (A) upper panel. (C) Cell numbers for the data in (A) lower panel. Symbols in B and C represent data from 
individual mice and represent 4 independent experiments. (D) cTregs were co-cultured with splenic effector T cells (Teff) 
and P, A, B, or media (sodium and pH matched) for 96 hours. Percent suppression (y-axis), Treg:Teff ratios (x-axis). 
Symbols represent mean values and error bars SD for four independent experiments. *P < 0.01. (E) cTregs were 
isolated from the LP of in vivo propionate treated SPF Foxp3YFP-Cre mice, sorted for CD4 and YFP, and examined for 
ex vivo expression of Foxp3 and IL-10. Each symbol represents pooled cTregs from 3-5 mice, horizontal lines show the 
mean and error bars the SD. Four independent experiments were performed. A Kruskal-Wallis test with a Dunn’s post 
hoc test was performed in panels B, C, D, ***P < 0.0001, **P < 0.01, *P < 0.05. A Mann-Whitney U test was 
performed for experiments in panel E and P-values are shown where significant. 
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cLP	  

Sorted	  cLP	  Tregs	  from	  proprionate-‐treated	  mice	  

SCFA	  augment	  colonic	  Treg	  populaLon	  size	  and	  funcLon	  in	  SPF	  mice	  
SPF	  
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Fig. 3. Ffar2 mediates SCFA effects on cTregs. (A) Tregs were isolated from the colon, small intestine, spleen and MLN of SPF and 
GF BALB/c mice, purified as in 1B and Ffar2 expression examined by qPCR. Each symbol represents data from 3-5 individual mice, 
horizontal lines show the mean and error bars the SD. Data reflect 3-7 independent experiments. (B) Lymphocytes were isolated 
from the colon, small intestine, spleen, and MLN of SPF Ffar2��� and littermate Ffar2+/+ mice. Cells were stained for CD4, Foxp3, 
and Ffar2. Left panel depicts a representative flow cytometry histogram comparing colonic Ffar2 expression in Ffar2��� versus 
littermate Ffar2+/+ mice. Right panel shows the MFI for Ffar2 for Tregs from the indicated sites. Bars show the mean, error bars SD, 
and data reflect 4 independent experiments. (C) Colonic LP lymphocytes were isolated from Ffar2���and littermate Ffar2+/+ mice 
exposed to propionate (P) or water alone and stained for CD4 and Foxp3. Left panel: Representative dot plots with percentage of 
CD4+Foxp3+ within the CD45+CD3+ population. Right panel: Foxp3+ Treg number for the left panel. Each symbol represents data 
from individual mice, horizontal lines show the mean and error bars the SD. (D) Ffar2��� and littermate Ffar2+/+ cTregs were co-
cultured with splenic Teff cells in media with or without propionate for 96 hours. Percent suppression (y-axis) and Treg:Teff ratios (x-
axis). Symbols represent the mean of 3 independent experiments and error bars show the SD. (E) cTregs were isolated from the LP 
of Ffar2��� and littermate Ffar2+/+ mice, purified as in 1B, cultured in the presence of 0.1 mM propionate or media (pH and sodium 
matched) for 24hrs and examined for expression of HDAC 1,2,6,7 and 9 by RTqPCR. Bars show the mean and error bars the SD of 
3 independent experiments (F) Whole cell extracts were generated from cTregs isolated from the LP of Ffar2��� and littermate Ffar2+/+ 
mice, purified as in 1B, and cultured in the presence of 0.1 mM propionate or media (pH and sodium matched) for 24hrs. Samples 
were analyzed by Western blotting for histone acetylation by examining levels of acetylated histone (H3K9), total histone levels 
were used as a loading control. The Western blot shown is representative of two independent experiments with cTregs cell lysates 
pooled from 10-12 mice per group. A bar graph of densitometry ratios of acetylated Histone H3:total Histone H3 is shown. Bars 
represent the mean and error bars the SD. A Kruskal-Wallis test with a Dunn’s post hoc test was performed for panels A and D, ***P 
< 0.001. The Mann-Whitney U test was performed for panels C and E. The student’s t test was performed for panel B and F. 
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GPR43	  mediates	  SCFA	  effects	  on	  cTregs	  

Microbiota-‐dependent	  expression	  of	  FFAR2	  

cLP	  of	  proprionate-‐treated	  SPF	  mice	  

Sorted	  CD4+CD127+CD25+	  
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Fig. 3. Ffar2 mediates SCFA effects on cTregs. (A) Tregs were isolated from the colon, small intestine, spleen and MLN of SPF and 
GF BALB/c mice, purified as in 1B and Ffar2 expression examined by qPCR. Each symbol represents data from 3-5 individual mice, 
horizontal lines show the mean and error bars the SD. Data reflect 3-7 independent experiments. (B) Lymphocytes were isolated 
from the colon, small intestine, spleen, and MLN of SPF Ffar2��� and littermate Ffar2+/+ mice. Cells were stained for CD4, Foxp3, 
and Ffar2. Left panel depicts a representative flow cytometry histogram comparing colonic Ffar2 expression in Ffar2��� versus 
littermate Ffar2+/+ mice. Right panel shows the MFI for Ffar2 for Tregs from the indicated sites. Bars show the mean, error bars SD, 
and data reflect 4 independent experiments. (C) Colonic LP lymphocytes were isolated from Ffar2���and littermate Ffar2+/+ mice 
exposed to propionate (P) or water alone and stained for CD4 and Foxp3. Left panel: Representative dot plots with percentage of 
CD4+Foxp3+ within the CD45+CD3+ population. Right panel: Foxp3+ Treg number for the left panel. Each symbol represents data 
from individual mice, horizontal lines show the mean and error bars the SD. (D) Ffar2��� and littermate Ffar2+/+ cTregs were co-
cultured with splenic Teff cells in media with or without propionate for 96 hours. Percent suppression (y-axis) and Treg:Teff ratios (x-
axis). Symbols represent the mean of 3 independent experiments and error bars show the SD. (E) cTregs were isolated from the LP 
of Ffar2��� and littermate Ffar2+/+ mice, purified as in 1B, cultured in the presence of 0.1 mM propionate or media (pH and sodium 
matched) for 24hrs and examined for expression of HDAC 1,2,6,7 and 9 by RTqPCR. Bars show the mean and error bars the SD of 
3 independent experiments (F) Whole cell extracts were generated from cTregs isolated from the LP of Ffar2��� and littermate Ffar2+/+ 
mice, purified as in 1B, and cultured in the presence of 0.1 mM propionate or media (pH and sodium matched) for 24hrs. Samples 
were analyzed by Western blotting for histone acetylation by examining levels of acetylated histone (H3K9), total histone levels 
were used as a loading control. The Western blot shown is representative of two independent experiments with cTregs cell lysates 
pooled from 10-12 mice per group. A bar graph of densitometry ratios of acetylated Histone H3:total Histone H3 is shown. Bars 
represent the mean and error bars the SD. A Kruskal-Wallis test with a Dunn’s post hoc test was performed for panels A and D, ***P 
< 0.001. The Mann-Whitney U test was performed for panels C and E. The student’s t test was performed for panel B and F. 
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InhibiLon	  of	  Histone-‐deacetylases	  contributes	  to	  	  
SCFA	  effect	  on	  Tregs	  

HDAC6/9	  can	  downregulate	  nTregs	  
(Beier	  U.H.,	  2012)	  
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Fig. 4. SCFA exposure ameliorates T cell transfer colitis in a Treg-intrinsic, Ffar2-dependent manner. BALB/c Rag2��� 
mice were injected with CD4+CD45RBhiCD25lo naive T cells alone or in combination with Tregs. Following injection, mice 
received propionate, SCFA mix, or pH and sodium-matched drinking water. (A) Weekly percentage body weight change is 
shown across the experimental groups from experimental d0-d42. Symbols show the mean and error bars the SD. Data 
reflect three independent experiments. Colonic LP lymphocytes were isolated and stained for CD4 and Foxp3 and (B) 
percentage and (C) number of CD4+Foxp3+ within the CD45+CD3+ population are shown. Symbols represent data from 
individual mice, horizontal lines show the mean and error bars the SD. (D to F) C57BL/6 Rag2��� mice were injected with 
CD4+CD45RBhiCD25lo naive T cells alone or in combination with Ffar2+/+ or Ffar2��� Tregs. Following injection mice received 
propionate or pH and sodium-matched drinking water. (D) Histologic colitis score is shown along the y-axis, the treatment 
group and experimental conditions are shown along the x-axis. Colonic LP lymphocytes were isolated and (E) percentage 
and (F) number of CD4+Foxp3+ within the CD45+CD3+ population are shown. Symbols represent data from individual mice. 
Horizontal lines show the mean and error bars the SD. Panels D-F represent data from 2 independent experiments. The 
Kruskal-Wallis test with a Dunn’s post hoc test was performed for panels A-F. **P < 0.01, *P < 0.05. 
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A-‐C:	  Balb/c	  SPF	  
D-‐F:	  C57BL/6	  SPF	  

SCFA	  exposure	  ameliorates	  T	  cell	  transfer	  coliLs	  
(Treg-‐intrinsic,	  GPR43-‐dependent)	  


