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SUMMARY

Mucusproductionbygobletcellsof the large intestine
serves as a crucial antimicrobial protective mecha-
nism at the interface between the eukaryotic and pro-
karyotic cells of themammalian intestinal ecosystem.
However, the regulatory pathways involved in
goblet cell-induced mucus secretion remain largely
unknown. Here, we demonstrate that the NLRP6
inflammasome, a recently described regulator of
colonic microbiota composition and biogeographical
distribution, is a critical orchestrator of goblet cell
mucin granule exocytosis. NLRP6 deficiency leads
to defective autophagy in goblet cells and abro-
gatedmucus secretion into the large intestinal lumen.
Consequently, NLRP6 inflammasome-deficient mice
are unable to clear enteric pathogens from the
mucosal surface, rendering them highly susceptible
to persistent infection. This study identifies an innate
immune regulatory pathway governing goblet cell
mucus secretion, linking nonhematopoietic inflam-
masome signaling to autophagy and highlighting the
goblet cell as a critical innate immune player in the
control of intestinal host-microbial mutualism.

INTRODUCTION

Inflammasomes are cytoplasmic multiprotein complexes that
are expressed in various cell lineages and orchestrate diverse
functions during homeostasis and inflammation. The complexes
are composed of one of several NLR proteins, such as NLRP1,

NLRP3, NLRC4, and NLRP6, which function as innate sensors
of endogenous or exogenous stress or damage-associated
molecular patterns. NLRP6 is an NLR protein that has been
shown to participate in inflammasome signaling (Grenier et al.,
2002) and to play critical roles in defense against infection, auto-
inflammation, and tumorigenesis (Anand et al., 2012; Chen et al.,
2011; Elinav et al., 2011b; Hu et al., 2013; Normand et al., 2011).
NLRP6 is highly expressed in the intestinal epithelium (Chen
et al., 2011; Elinav et al., 2011b; Normand et al., 2011), but the
signal(s) andmechanisms leading to NLRP6 downstream effects
remain elusive.
It is becoming clear that NLRP6 plays critical roles in maintain-

ing intestinal homeostasis and a healthy intestinal microbiota.
NLRP6 is essential for mucosal self-renewal and proliferation,
rendering NLRP6-deficient mice more susceptible to intestinal
inflammation and to chemically induced colitis as well as
increased tumor development (Chen et al., 2011; Normand
et al., 2011). Further contributing to intestinal health, NLRP6 par-
ticipates in thesteady-state regulationof the intestinalmicrobiota,
partly through the basal secretion of IL-18 (Elinav et al., 2011b).
NLRP6 deficiency leads to the development of a colitogenic mi-
crobiota that is intimately associated at the base of the colonic
crypt, stimulatingaproinflammatory immune response, ultimately
leading to increased susceptibility to chemically induced colitis
in NLRP6-deficient mice (Elinav et al., 2011b). However, the
mechanisms by which the absence of a single inflammasome
component leads to changes in intestinal microbial community
composition and biogeographical distribution remain unknown.
Microbial dysbiosis and the increased susceptibility to DSS-

induced colitis in NLRP6-deficient mice suggest that NLRP6
may play an important role in intestinal barrier maintenance.
The primary defense against microbial and pathogen penetration
into the lamina propria is the single layer of epithelial cells and its

Cell 156, 1045–1059, February 27, 2014 ª2014 Elsevier Inc. 1045

NLRP6 Inflammasome Orchestrates
the Colonic Host-Microbial Interface by
Regulating Goblet Cell Mucus Secretion
Marta Wlodarska,1,2 Christoph A. Thaiss,3 Roni Nowarski,4 Jorge Henao-Mejia,4 Jian-Ping Zhang,5 Eric M. Brown,1,2

Gad Frankel,6 Maayan Levy,3 Meirav N. Katz,3,7 William M. Philbrick,5 Eran Elinav,3,10,* B. Brett Finlay,1,2,8,10,*
and Richard A. Flavell4,9,10,*
1Michael Smith Laboratories, The University of British Columbia, Vancouver, BC V6T 1Z4, Canada
2Department of Microbiology and Immunology, University of British Columbia, Vancouver, BC V6T 1Z4, Canada
3Immunology Department, Weizmann Institute of Science, Rehovot 76100, Israel
4Department of Immunobiology, Yale University School of Medicine, New Haven, CT 06520, USA
5Center on Endocrinology and Metabolism, Yale University School of Medicine, New Haven, CT 06520, USA
6MRCCenter forMolecular Bacteriology and Infection, Department of Life Sciences, FlowersBuilding, Imperial College, LondonSW72AZ,UK
7Research Center for Digestive Tract and Liver Diseases, Tel Aviv Sourasky Medical Center, Sackler Faculty of Medicine, Tel Aviv University,
Tel Aviv 64239, Israel
8Department of Biochemistry and Molecular Biology, University of British Columbia, Vancouver, BC V6T 1Z4, Canada
9Howard Hughes Medical Institute, Chevy Chase, MD 20815, USA
10These authors contributed equally to this work and are listed alphabetically
*Correspondence: eran.elinav@weizmann.ac.il (E.E.), bfinlay@interchange.ubc.ca (B.B.F.), richard.flavell@yale.edu (R.A.F.)
http://dx.doi.org/10.1016/j.cell.2014.01.026

SUMMARY

Mucusproductionbygobletcellsof the large intestine
serves as a crucial antimicrobial protective mecha-
nism at the interface between the eukaryotic and pro-
karyotic cells of themammalian intestinal ecosystem.
However, the regulatory pathways involved in
goblet cell-induced mucus secretion remain largely
unknown. Here, we demonstrate that the NLRP6
inflammasome, a recently described regulator of
colonic microbiota composition and biogeographical
distribution, is a critical orchestrator of goblet cell
mucin granule exocytosis. NLRP6 deficiency leads
to defective autophagy in goblet cells and abro-
gatedmucus secretion into the large intestinal lumen.
Consequently, NLRP6 inflammasome-deficient mice
are unable to clear enteric pathogens from the
mucosal surface, rendering them highly susceptible
to persistent infection. This study identifies an innate
immune regulatory pathway governing goblet cell
mucus secretion, linking nonhematopoietic inflam-
masome signaling to autophagy and highlighting the
goblet cell as a critical innate immune player in the
control of intestinal host-microbial mutualism.

INTRODUCTION

Inflammasomes are cytoplasmic multiprotein complexes that
are expressed in various cell lineages and orchestrate diverse
functions during homeostasis and inflammation. The complexes
are composed of one of several NLR proteins, such as NLRP1,

NLRP3, NLRC4, and NLRP6, which function as innate sensors
of endogenous or exogenous stress or damage-associated
molecular patterns. NLRP6 is an NLR protein that has been
shown to participate in inflammasome signaling (Grenier et al.,
2002) and to play critical roles in defense against infection, auto-
inflammation, and tumorigenesis (Anand et al., 2012; Chen et al.,
2011; Elinav et al., 2011b; Hu et al., 2013; Normand et al., 2011).
NLRP6 is highly expressed in the intestinal epithelium (Chen
et al., 2011; Elinav et al., 2011b; Normand et al., 2011), but the
signal(s) andmechanisms leading to NLRP6 downstream effects
remain elusive.
It is becoming clear that NLRP6 plays critical roles in maintain-

ing intestinal homeostasis and a healthy intestinal microbiota.
NLRP6 is essential for mucosal self-renewal and proliferation,
rendering NLRP6-deficient mice more susceptible to intestinal
inflammation and to chemically induced colitis as well as
increased tumor development (Chen et al., 2011; Normand
et al., 2011). Further contributing to intestinal health, NLRP6 par-
ticipates in thesteady-state regulationof the intestinalmicrobiota,
partly through the basal secretion of IL-18 (Elinav et al., 2011b).
NLRP6 deficiency leads to the development of a colitogenic mi-
crobiota that is intimately associated at the base of the colonic
crypt, stimulatingaproinflammatory immune response, ultimately
leading to increased susceptibility to chemically induced colitis
in NLRP6-deficient mice (Elinav et al., 2011b). However, the
mechanisms by which the absence of a single inflammasome
component leads to changes in intestinal microbial community
composition and biogeographical distribution remain unknown.
Microbial dysbiosis and the increased susceptibility to DSS-

induced colitis in NLRP6-deficient mice suggest that NLRP6
may play an important role in intestinal barrier maintenance.
The primary defense against microbial and pathogen penetration
into the lamina propria is the single layer of epithelial cells and its

Cell 156, 1045–1059, February 27, 2014 ª2014 Elsevier Inc. 1045



3	
  

Experimental	
  model	
  

Citrobacter	
  roden-um	
  infec3on:	
  

Mice	
   were	
   orally	
   gavaged	
   with	
   100µl	
   of	
   an	
   overnight	
   culture	
   of	
   LB	
   containing	
  
approximately	
   109	
   CFU	
   of	
   a	
   kanamycin-­‐resistant,	
   luciferase-­‐expressing	
   deriva3ve	
   of	
   C.	
  
roden-um	
  DBS100	
  (ICC180).	
  	
  

Analysed	
  at	
  9	
  (imaging)-­‐15	
  days	
  p.i.:	
  mainly	
  in	
  distal	
  colon.	
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Figure 1. NLRP6 Protects from Enhanced Enteric Infection
WT and Nlrp6!/! mice were infected with 109 cfu of bioluminescent C. rodentium and analyzed on day 15 p.i., unless otherwise stated.

(A) In vivo whole body bioluminescence imaging of WT and Nlrp6!/! mice on day 9 p.i. show increased bacterial growth in Nlrp6!/! mice.

(B) Both luminal (fecal matter) and adherent (extensively washed colons) bacterial colonization is enhanced in Nlrp6!/! mice. Results are pooled from two

separate experiments, n = 12–14 per group. Significance determined using the Mann-Whitney U-test and expressed as themedian (**p% 0.0033; ***p < 0.0001).

(C) H&E-stained distal colon sections fromWT andNlrp6!/!mice show an increase in inflammation and crypt ulceration throughout themucosa ofNlrp6!/!mice.

Magnification = 53, 103. The scale bar represents 200 mm.

(D) Histopathology scores from distal colon tissues of Nlrp6!/! and WT mice. Each bar represents one individual mouse and shows scores for damage to the

submucosa, mucosa, surface epithelium, and lumen, n = 9 per group.

(legend continued on next page)
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Fig.1	
  

This	
  phenotype	
  is	
  not	
  due	
  to:	
  decreased	
  produc3on	
  of	
  	
  
proinflammatory	
  cytokines	
  in	
  the	
  colon	
  or	
  spleen	
  (MCP-­‐1,	
  IL-­‐6,	
  TNFa,	
  IFNg),	
  	
  
C.	
  roden3um-­‐specific	
  an3body	
  profile	
  (IgA,	
  IgG),	
  	
  
impaired	
  signaling	
  through	
  the	
  IL-­‐22	
  pathway	
  and	
  its	
  related	
  downstream	
  an3microbial	
  pep3des	
  (Reg3b	
  and	
  Reg3g),	
  	
  
Colonic	
  IL-­‐1b	
  and	
  IL-­‐18	
  mRNA	
  levels,	
  
Intes3nal	
  neutrophil	
  and	
  T	
  cell	
  numbers	
  were	
  reac3vely	
  elevated	
  in	
  Nlrp6-­‐/-­‐	
  as	
  compared	
  to	
  WT	
  mice	
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Fig.3	
  

tumorigenesis, TFF3 synergizes with Muc2 to enhance the pro-
tective properties of the mucus layer (van der Sluis et al.,
2006), and Relmß has an important role in innate immunity and
host defense (Artis et al., 2004; Nair et al., 2008). No reduction
was seen in any goblet cell-specific protein transcript levels in
Nlrp6!/!mice (Figure S2A). In fact, Relmb expression was signif-
icantly elevated in these mice (Figure S2A). This suggests that
the deficiency in mucus production in Nlrp6!/! mice is not due
to reduced transcript production.

We have recently demonstrated that NLRP6 inflammasome-
deficient mice feature a distinct microbiota configuration, which
drives a context-specific susceptibility to intestinal auto-inflam-
mation, nonalcoholic fatty liver disease, and colorectal cancer,
through several microbial-induced mechanisms (Elinav et al.,
2011a, 2011b, 2013a, 2013b; Henao-Mejia et al., 2012, 2013a,
2013b; Hu et al., 2013). To study whether the inflammasome-

deficient microbiota is responsible for the altered steady-state
goblet cell phenotype, we cohoused WT mice with Nlrp6!/! or
Asc!/! mice. This modality induces full microbiota configuration
transfer into cohoused WT mice, allowing for direct assessment
of the inflammasome-deficient microbiota as compared to WT
microbiota in singly housed WT mice. As is shown in Figures
S2B–S2E, cohoused WT mice featured a comparable mucus
layer and goblet cell hyperplasia to that of singly-housed WT
mice. Similarly, WT littermate controls did not feature mucus
layer disturbances (data not shown), ruling out a significant mi-
crobiota contribution to the observed goblet cell impairment in
NLRP6 inflammasome-deficient mice. Likewise, themucus layer
and goblet hyperplasia was normal in IL-1R!/! and IL-18!/!

mice (Figure S3), suggesting that the primary goblet cell defect
in the absence of NLPR6 was mediated by IL-1- and IL-18-inde-
pendent mechanisms.

WTB C D NLRP6-/-ASC-/-

10-2

ge
ne

/h
pr
t

Nlrp6

non-hematopoietic
hematopoietic

100

10-1

101

102

**
** **

Villin Ptprc

A

Figure 3. NLRP6 Is Expressed in Goblet Cells
(A) Analysis of NLRP6 expression during infection in sorted colonic epithelial and hematopoietic (CD45+) cells. The purity of the sorted populations was analyzed

by RT-qPCR using vil1 and ptprc asmarkers for epithelial and hematopoietic cells, respectively. NLRP6 expression closely mirrored that of colonic epithelial cells.

Significance determined using two-tailed Student’s t test and expressed as the mean ± SEM.

(B–D) In situ hybridization with an NLRP6-specific probe, visible as black dots, with an H&E counterstain. The theca (housing all mucin-containing granules) within

goblet cells is not stained with H&E and identified as unstained circles (outlined with black circles) allowing localization of goblet cells within the epithelium. (B)

Representative localization of NLRP6 in a WT distal colon section, showing that staining is concentrated in the apical region of the epithelium. Magnifications

demonstrate an enrichment of NLRP6 mRNA in proximity to goblet cells, seen as increased probe-binding to areas surrounding the theca of goblet cells. (C) As

in (B), but in Asc!/! mice. (D) No nonspecific probe binding is seen in Nlrp6!/! distal colon sections.
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Figure 4. NLRP6 Inflammasome Activity Is Required for Goblet Cell Function and Protection from C. rodentium Invasiveness
(A) AB/PAS stained distal colon sections of WT, Nlrp6!/!, Asc!/!, and Caspase-1/11!/! mice showing the inner mucus layer (i) and goblet cells (asterisks).

Magnification = 4003. The scale bar represents 50 mm.

(B)Quantificationof innermucus layer thickness in thedistal colon. The innermucus layer is absent inNlrp6!/!andAsc!/!miceandsignificantly thinner inCaspase-

1/11!/! mice, n = 8, 4, and 5 mice, respectively. Significance determined using two-tailed Student’s t test and expressed as the mean ± SD (***p = < 0.0001).

(legend continued on next page)
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Fig.S2	
  

Transmissible	
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  Gut	
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  of	
  NLRP6-­‐Deficient	
  Mice	
  Is	
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  the	
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  of	
  Abnormal	
  Goblet	
  Cell	
  Func=on	
  and	
  Mucus	
  Secre=on	
  

Figure S2. Transmissible Colitogenic GutMicrobiota of NLRP6-Deficient Mice Is Not the Cause of Abnormal Goblet Cell Function andMucus
Secretion, Related to Figure 4
(A) Quantitative RT-PCR results of muc1-4, tff3, and relmb (*p = 0.0363), relative to gapdh expression in the distal colon of WT and Nlrp6!/! mice. Results are

representative of two independent experiments, n = 4 per group. Significance determined using two-tailed Student’s t test and expressed as the mean ± SEM.

(B) Representative AB/PAS stained colon sections showing the inner mucus layer (i) in WT singly housed mice, WT cohoused mice with Nlrp6!/! or Asc!/! mice,

and Nlrp6!/! and Asc!/! mice cohoused with WT mice. Brackets indicate cohousing partners. WT mice show normal goblet cell number (asterisks) and inner

mucus layer (i), independent of housing conditions. Cohousing Nlrp6!/! and Asc!/! mice with WT mice does not rescue the defect in mucus production, and

goblet cell hyperplasia is maintained. Scale bar = 50 mm.

(C) Quantification of inner mucus layer thickness in the distal colon. The inner mucus layer of singly-housedWTmice is similar toWTmice cohousedwithNlrp6!/!

mice or Asc!/! mice, n = 3 mice per group. Significance determined using two-tailed Student’s t test and expressed as the mean ± SD.

(D and E) Cohousing of WTmice withNlrp6!/! (D) or Asc!/! (E) mice does not result in goblet cell hyperplasia as exhibited by Nlrp6!/! (D, **p = 0.0040) or Asc!/!

(E, *p = 0.0279) mice, n = 3 mice per group. Significance determined using two-tailed Student’s t test and expressed as the mean ± SD.

S4 Cell 156, 1045–1059, February 27, 2014 ª2014 Elsevier Inc.
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Fig.S3	
  

Goblet	
  Cell	
  Func=on	
  and	
  Mucus	
  Secre=on	
  Are	
  Independent	
  of	
  
Signaling	
  through	
  IL-­‐1R	
  and	
  IL-­‐18	
  

Figure S3. Goblet Cell Function and Mucus Secretion Are Independent of Signaling through IL-1R and IL-18, Related to Figure 4
(A) Representative AB/PAS stained colon sections showing the inner mucus layer (i) in WT, IL-1R!/! and IL-18!/! mice. Scale bar = 50 mm.

(B) Quantification of inner mucus layer thickness in the distal colon. The inner mucus layer of WTmice is similar to IL-1R and IL-18 deficient mice, n = 4-6 mice per

group. Significance determined using two-tailed Student’s t test and expressed as the mean ± SD.

(C) Quantification of goblet cell number in the distal colon. Goblet cell number is unchanged with IL-1R or IL-18 deficiency, n = 4-6 mice per group. Significance

determined using two-tailed Student’s t test and expressed as the mean ± SD.

Cell 156, 1045–1059, February 27, 2014 ª2014 Elsevier Inc. S5
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  Required	
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Figure 5. NLRP6 Inflammasome Is Required for Mucus Granule Exocytosis
(A) Representative AB/PAS-stained colon sections showing the inner mucus layer (i) in WT mice. Nlrp6!/! mice show the presence of granule-like structures

within the lumen (inset a). The scale bar represents 50 mm.

(B) AB/PAS-stained Nlrp6!/! distal colon section showing accumulation of mucin granule-like structures in the lumen (arrowhead) and an increased number of

large PAS+ goblet cells (asterisks). The scale bar represents 50 mm.

(C) Representative immunostaining for the goblet cell-specific protein, Clca3 (green), with DAPI (blue) as a counter stain in distal colon sections. Arrowheads show

diffuse staining of Clca3 in the WT lumen and punctate staining in the Nlrp6!/! lumen. Representative transmission electron microscopy images (insets a and b)

show intact mucus secretion by a goblet cell in WT and dysfunctional mucus granule exocytosis and the presence of granule-like structures in Nlrp6!/! distal

colon tissue.

(D) Transmission electronmicroscopy image of theNlrp6!/! distal colon showing protrusion of mucin granules into the lumen without mucus secretion and intact

mucin granules saturating the intestinal lumen, n = 4 mice.

(E) Representative scanning electron microscopy images of the distal colon of WT and Nlrp6!/!mice, n = 2 mice per group. Each experiment was repeated three

times. A smooth intestinal epithelium is seen in WT mice. A large number of goblet cells with mucin granules protruding into the lumen (arrowheads) are seen in

Nlrp6!/! mice.

(F) Enlarged scanning electron microscopy image of four goblet cells with protruding mucin granules into the Nlrp6!/! intestinal lumen.

See also Figure S4.
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DBS100 (ICC180) and analyzed on day 15 postinfection, unless otherwise
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Statistical Analysis
Statistical significance was calculated by using a two-tailed Student’s t test

unless otherwise stated, with assistance from GraphPad Prism Software

Version 4.00 (GraphPad Software). If not otherwise specified, statistical signif-

icance was given as ***p value < 0.0001; **p value < 0.005; *p value < 0.05; ns

(not significant); p value > 0.05. The results are expressed as the mean value

with SEM unless otherwise indicated.
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Figure 7. Autophagy Is Required for Goblet Cell Function and Mucus Secretion in the Intestine
(A) Representative AB/PAS-stained colon sections showing the inner mucus layer (i) in WT mice. Atg5 heterozygous mice show reduced production of the inner

mucus layer and goblet cell hyperplasia (asterisk). The scale bar represents 50 mm.

(B) Quantification of inner mucus layer thickness in the distal colon. The inner mucus layer is significantly thinner in the Atg5+/" distal colon, n = 3 mice.

Significance determined using two-tailed Student’s t test and expressed as the mean ± SD (***p = <0.0001).

(C) Quantification of goblet cell number in the distal colon. Atg5+/" mice exhibit goblet cell hyperplasia, n = 3 mice. Significance determined using two-tailed

Student’s t test and expressed as the mean ± SD (**p = 0.0030).

(D) Transmission electron microscopy image of Atg5+/" showing reduced mucus secretion. Theca of WT mice fuse with surface of epithelium resulting in mucus

granule shedding and release of contained mucins. Fusion and granule release is stalled in Atg5+/" mice.
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SUMMARY

How commensal microbiota contributes to immune
cell homeostasis at barrier surfaces is poorly under-
stood. Lamina propria (LP) T helper 17 (Th17) cells
participate in mucosal protection and are induced
by commensal segmented filamentous bacteria
(SFB). Here we show that MHCII-dependent antigen
presentation of SFB antigens by intestinal dendritic
cells (DCs) is crucial for Th17 cell induction. Expres-
sionofMHCII onCD11c+ cellswasnecessary andsuf-
ficient for SFB-induced Th17 cell differentiation.Most
SFB-induced Th17 cells recognized SFB in anMHCII-
dependent manner. SFB primed and induced Th17
cells locally in theLPandTh17cell induction occurred
normally in mice lacking secondary lymphoid organs.
The importance of other innate cells was unveiled by
the finding that RORgt+ innate lymphoid cells (ILCs)
strongly inhibited SFB-independent Th17 cell differ-
entiation in an MHCII-dependent manner. Our results
outline the complex role of DCs and ILCs in the regu-
lation of intestinal Th17 cell homeostasis.

INTRODUCTION

Commensal bacteria control mucosal and systemic immune
responses (Macpherson and Harris, 2004). It is increasingly
becoming appreciated that the composition of gut microbiota
affects the homeostasis or function of most immune subsets in
the intestinal lamina propria (LP), as well as systemically (Hill
and Artis, 2010; Hooper et al., 2012). In particular, the homeosta-
sis of steady-statemucosal T cell subsets is controlled by signals
from various components of the microbiota (Honda and Littman,
2012; Ivanov and Honda, 2012). T helper 17 (Th17) and regula-
tory T (Treg) cells are the most abundant lamina propria CD4
T cell subsets at steady state. Treg cells are crucial for establish-
ment of oral tolerance and for curbing excessive inflammatory
responses toward the large numbers of resident commensal

bacteria (Josefowicz et al., 2012; Nutsch and Hsieh, 2012).
Th17 cells are characterized by the production of the cytokine
interleukin-17 (IL-17) but might also produce a number of other
effector cytokines, e.g., IL-17F and IL-22. Th17 cell cytokines
function as important activators of innate immune mechanisms,
such as recruitment of neutrophils and induction of antimicrobial
peptide production from epithelial cells, and Th17 cells play key
roles in mucosal defense against bacteria and fungi (Korn et al.,
2009). In general, Treg cells and Th17 cells have antagonistic
functions and the balance between these two subsets is an
important determinant of how the mucosal immune system will
respond to external challenges (Honda and Littman, 2012).
Treg and Th17 cell differentiation is controlled by the expres-

sion of the lineage-specific transcription factors forkhead
box P3 (Foxp3) and RAR-related orphan receptor gt (RORgt),
respectively, which are differentially induced during T cell activa-
tion by a specific combination of T cell receptor (TCR) and cyto-
kine signals (Josefowicz et al., 2012; Korn et al., 2009). Cytokines
responsible for the differentiation of Th17 cells have been well
defined in vitro (Korn et al., 2009). In contrast, the role of individ-
ual cytokines in controlling Th17 cell numbers or fine-tuning Th17
cell differentiation in vivo is not clearly understood, and the role
and nature of the TCR signals, including the context of antigen
presentation, the participating antigens, the strength and loca-
tion of antigen priming, and the receptor specificities of natu-
rally-occurring Th17 cells, are unknown.
At steady state, both Th17 and Treg cells are enriched in the

intestinal LP. This is most likely due to their unique roles in
mucosal protection and the immune requirements of the gut
microenvironment. Treg and Th17 cell numbers in the gut
are controlled by signals from different components of the
commensal microbiota. Colonic Treg cells are induced by a
combination of group IV and XIVa Clostridia, and small intestinal
(SI) Th17 cells are induced by segmented filamentous bacteria
(SFB) (Atarashi et al., 2013; Atarashi et al., 2011; Gaboriau-Rou-
thiau et al., 2009; Ivanov et al., 2009). Indeed, the increase in the
Treg:Th17 cell ratio in the colon versus small intestine closely re-
flects the increase in relative abundance of group IV and XIVa
Clostridia and decrease in SFB epithelial colonization between
these two locations. Although both Treg and Th17 cells can
be generated in the absence of the inducing bacteria, these
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reprogramming of these cells to Th17 cells in comparison to
cells expressing alternative TCRs. As shown on Figure S2A,
Va2hiVb5hi Tg CD4 T cells expressed very little IL-17, compared
to the remaining CD4 T cells, even after activation with the
cognate antigen (OVA). In agreement with this result, virtually
all IL-17 expressing cells in the LP, expressed alternative
TCRs, demonstrated an exclusion of Tg TCRs at the expense
of endogenously formed TCRs with broad antigenic specificities
in the Th17 cell subset (Figure S2C). As a result, purified intestinal
IL-17+ CD4 T cells from OTII.B6 Tg mice responded equally well
to OVA and to SFB antigens, in sharp contrast to lymph node
CD4 T cells, which responded to OVA only (Figure S2D). These
results demonstrate that the intestinal Th17 cell population in
OTII.B6 Tgmice is enriched for non-Tg specificities, due to favor-
able coexpression of nontransgenic TCRs. They also suggest
that non-SFB Tg T cells, e.g., OTII cells, are not efficiently
induced into the Th17 cell lineage by SFB.
To more directly examine the effects of SFB on non-SFB Tg

T cells, we examined TCR Tg animals on a RAG-deficient

background, which lack alternative endogenous TCRs. In both,
OTII.RAG and TRP-1.RAG Tg mice small numbers of Tg T cells
were present in the SI LP in the absence of the cognate antigen,
but none of these cells expressed IL-17 even after SFB coloni-
zation (Figure 2A; Figures S2E and S2F). LP Tg T cells were
activated and expanded following administration of cognate an-
tigen, which also led to induction of effector Th1 and Th17 cells
(Figure 2A; Figures S2E and S2F). However, even in the presence
of the cognate antigen, SFB colonization did not induce further
conversion of Tg T cells into Th17 cells (Figure 2A). Moreover,
SFB colonization did not induce Th17 cell differentiation of
TRP-1.RAG Tg CD4 T cells transferred into WT mice separately
or together withWTCD4 T cells, despite considerable expansion
and activation of the Tg T cells and despite the presence of
endogenous SFB-induced Th17 cells and induction of Th17
cell differentiation in cotransferred WT cells (Figures S3A and
S3B). Combined, these experiments demonstrate that SFB-
conditioned intestinal environment is not sufficient to induce
IL-17 expression in all activated CD4 T cells.

Figure 1. Induction of Intestinal Th17 Cells by SFB Requires MHCII Expression in the Periphery
(A) Th17 and Treg cell proportions in SI LP of SFB-positive WT and MHCII-deficient (IAb!/!) mice. Foxp3 and cytokine staining plots are gated on TCRb+CD4+

cells.

(B) Th17 and Treg cell proportions in SI LP of SFB-negative (Jackson microbiota) and SFB-positive (Taconic microbiota) WT and IAb!/! mice. Plots gated on

TCRb+CD4+ cells.

(C and D) WT CD45.1+ CD4 T cells were adoptively transferred into WT CD45.2 mice before or 12 days after SFB colonization. Cytokine expression in host

(CD45.2+) and donor (CD45.1+) SI LP TCRb+CD4+ cells 2 weeks after transfer. Data from one of multiple experiments are shown.

(E and F) Th17 cell induction inWT CD4 T cells 2 weeks after transfer into SFB-positiveWT andMHCII-deficient recipients. Plots gated on TCRb+CD4+ cells. Data

from one of multiple experiments are shown. Error bars represent SD of the mean.
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We next examined whether SFB-induced Th17 cells preferen-
tially respond to SFB. We isolated CD4 T cells from SI LP of
SFB-positive and SFB-negative WT mice and compared their
response to SFB antigens ex vivo. Purified SI LP CD4 T cells
fromSFB-positiveWTmice responded toSFBantigens,whereas
SI LP CD4 T cells isolated from SFB-negative mice did not (Fig-
ure 2B). In contrast, SI LP CD4 T cells from SFB-positive and
SFB-negative mice did not respond significantly to a number of
non-SFB bacteria, including Gram-negative E. coli, Gram-posi-
tive Clostridium perfringens, and cultured murine intestinal
isolates (Figure 2C), demonstrating that LP CD4 T cells from

SFB-positive animals are specifically enriched for SFB reactiv-
ities. The SFB-specific response required antigen presenting
cells and MHCII expression, because purified WT SI LP CD4
T cells from SFB-positive mice did not respond to SFB antigens
in the absence of DCs or when cocultured with MHCII-deficient
DCs as antigen-presenting cells (Figure 2D; data not shown).
To investigate directly the response of gut Th17 cells, we pu-

rified GFP+ (Th17) and GFP! (non-Th17) CD4 T cells from the
SI LP of SFB-colonized Il17GFP reporter mice (Figure S3C) and
stimulated them in vitro with various bacterial lysates. Th17
cells responded strongly to SFB, whereas non-Th17 cells did

Figure 2. SFB-Induced Intestinal Th17 Cells Preferentially Respond to SFB Antigens
(A) Th17 cell proportions in the SI LP of OTII.RAG and TRP-1.RAG TCR Tgmice before and after SFB colonization in the absence or presence of cognate antigen.

Representative data from five independent experiments are shown.

(B and C) Proliferation response of sorted SI LP TCRb+CD4+ cells from SFB-negative (Jax) and SFB-positive (Tac) WT B6mice to SFB (B and C) or other bacterial

antigens (C). T cell proliferation was scored by dye dilution on day 3. Ec, E. coli, Cp,Clostridium perfringens; MIB, mouse intestinal bacteria (cultured isolates from

feces of SFB-negative (Jackson) mice); ‘‘–’’ means no antigen. Representative data from five independent experiments are shown.

(D) SI LP TCRb+CD4+ cells were purified from SFB-negative (No SFB) and SFB-positive (SFB+) WT mice and cocultured with SFB antigens as in (B) and WT or

IAb!/! DCs. Data from two independent experiments are shown.

(E and F) SI LP GFP+ (Th17) and GFP! (non-Th17) TCRb+CD4+ cells from SFB-positive Il17GFPmice were stimulated in vitro with SFB (E and F) or various bacterial

antigens (F) as in (B) or with lysates from germ-free (GF) or SFB-negative SPF (SPF) animals. Representative data from multiple experiments are shown.

(G) SI LP GFP+ (Th17) and GFP! (non-Th17) TCRb+CD4+ cells from SFB-positive (SFB+) or SFB-negative (No SFB) Il17GFP mice were stimulated in vitro with SFB

antigens as in (B). Representative data from two independent experiments are shown. Error bars represent SD of the mean.
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(B and C) Proliferation response of sorted SI LP TCRb+CD4+ cells from SFB-negative (Jax) and SFB-positive (Tac) WT B6mice to SFB (B and C) or other bacterial

antigens (C). T cell proliferation was scored by dye dilution on day 3. Ec, E. coli, Cp,Clostridium perfringens; MIB, mouse intestinal bacteria (cultured isolates from

feces of SFB-negative (Jackson) mice); ‘‘–’’ means no antigen. Representative data from five independent experiments are shown.
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(G) SI LP GFP+ (Th17) and GFP! (non-Th17) TCRb+CD4+ cells from SFB-positive (SFB+) or SFB-negative (No SFB) Il17GFP mice were stimulated in vitro with SFB

antigens as in (B). Representative data from two independent experiments are shown. Error bars represent SD of the mean.
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We next examined whether SFB-induced Th17 cells preferen-
tially respond to SFB. We isolated CD4 T cells from SI LP of
SFB-positive and SFB-negative WT mice and compared their
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SFB-negative mice did not respond significantly to a number of
non-SFB bacteria, including Gram-negative E. coli, Gram-posi-
tive Clostridium perfringens, and cultured murine intestinal
isolates (Figure 2C), demonstrating that LP CD4 T cells from

SFB-positive animals are specifically enriched for SFB reactiv-
ities. The SFB-specific response required antigen presenting
cells and MHCII expression, because purified WT SI LP CD4
T cells from SFB-positive mice did not respond to SFB antigens
in the absence of DCs or when cocultured with MHCII-deficient
DCs as antigen-presenting cells (Figure 2D; data not shown).
To investigate directly the response of gut Th17 cells, we pu-

rified GFP+ (Th17) and GFP! (non-Th17) CD4 T cells from the
SI LP of SFB-colonized Il17GFP reporter mice (Figure S3C) and
stimulated them in vitro with various bacterial lysates. Th17
cells responded strongly to SFB, whereas non-Th17 cells did

Figure 2. SFB-Induced Intestinal Th17 Cells Preferentially Respond to SFB Antigens
(A) Th17 cell proportions in the SI LP of OTII.RAG and TRP-1.RAG TCR Tgmice before and after SFB colonization in the absence or presence of cognate antigen.

Representative data from five independent experiments are shown.

(B and C) Proliferation response of sorted SI LP TCRb+CD4+ cells from SFB-negative (Jax) and SFB-positive (Tac) WT B6mice to SFB (B and C) or other bacterial

antigens (C). T cell proliferation was scored by dye dilution on day 3. Ec, E. coli, Cp,Clostridium perfringens; MIB, mouse intestinal bacteria (cultured isolates from

feces of SFB-negative (Jackson) mice); ‘‘–’’ means no antigen. Representative data from five independent experiments are shown.

(D) SI LP TCRb+CD4+ cells were purified from SFB-negative (No SFB) and SFB-positive (SFB+) WT mice and cocultured with SFB antigens as in (B) and WT or

IAb!/! DCs. Data from two independent experiments are shown.

(E and F) SI LP GFP+ (Th17) and GFP! (non-Th17) TCRb+CD4+ cells from SFB-positive Il17GFPmice were stimulated in vitro with SFB (E and F) or various bacterial

antigens (F) as in (B) or with lysates from germ-free (GF) or SFB-negative SPF (SPF) animals. Representative data from multiple experiments are shown.

(G) SI LP GFP+ (Th17) and GFP! (non-Th17) TCRb+CD4+ cells from SFB-positive (SFB+) or SFB-negative (No SFB) Il17GFP mice were stimulated in vitro with SFB

antigens as in (B). Representative data from two independent experiments are shown. Error bars represent SD of the mean.
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not respond to SFB above background (Figures 2E and 2F). The
response of purified Th17 cells was specific to SFB, because the
same cells did not respond significantly to cultured bacteria (Fig-
ure 2F). In response to SFB, all proliferated GFP+ cells continued
to express IL-17 (GFP) (Figure S3G), in contrast to the small pro-
portion of proliferated GFP! cells, which remainedmostly IL-17!

(Figure S3G). Furthermore, LP Th17 cells did not respond to
lysates prepared from feces of germ-free (GF) or SFB-negative
conventionally raised mice (SPF) that contained similar numbers
of total bacteria (Figure 2F), confirming that the response is SFB-
specific. To examine whether the response is directed toward an
antigen from SFB, as opposed to an SFB-induced host protein,
we prepared lysates from SFB filaments purified by cell sorting
(Figure S3D). LP Th17 cells responded to sorted SFB filaments,
whereas non-Th17 cells did not (Figure S3E). We conclude
that LP Th17 cells respond to SFB-derived protein antigens. To
examine whether the SFB-specific response in intestinal Th17
cells is directed by the presence of SFB, we purified GFP+

(Th17) cells from SI LP of Il17GFP reporter mice before and
after SFB colonization and examined their response to SFB. In
contrast to Th17 cells isolated from SFB-positive mice, Th17
cells from SFB-negative mice did not proliferate in response to

the same SFB antigen preparation (Figure 2G). Similar results
were obtained when Th17 cells were isolated on the basis of
RORgt expression fromSFB-positive and SFB-negativeRorcGFP

reporter mice (Figure S3F). These results demonstrate that Th17
cells from SFB-positive, but not from SFB-negative, mice prefer-
entially recognize SFB antigens and are, therefore, enriched for
SFB specificities.

Most Lamina Propria Th17 Cells Recognize SFB
Antigens
The in vitro coculture experiments showed that LP Th17 cells
from SFB-positive mice respond to SFB antigens. However,
the strong proliferative response in these experiments can be
due to expansion of a small subset of clones within the starting
Th17 population. To more directly quantify the proportion of LP
Th17 cells that recognize SFB antigens, we decided to query
the TCR specificities of individual cells in the total LP Th17
population. To this goal, we generated a collection of T cell
hybridomas from GFP+ (Th17) and GFP! (non-Th17) SI LP CD4
T cells, isolated from SFB-positive mice and examined the
response of individual clones to SFB and control bacteria. As
shown on Figure 3A, 43 out of 94 hybridomas from LP Th17 cells,

Figure 3. Most Intestinal SFB-Induced Th17 Cells Recognize SFB
T cell hybridomas were generated from SI LP GFP+ (Th17) and GFP! (non-Th17) CD4 T cells from SFB-positive Il17GFP mice. Data combined from two inde-

pendent experiments are shown.

(A) Number of hybridomas responding to SFB.

(B) Response of individual hybridomas (percentage of maximum anti-CD3 and anti-CD28 stimulation) to SFB or E. coli antigens as assessed by IL-2 production.

Clones were ordered in decreasing amounts of IL-2 production.
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within the remaining two ILC3 subsets (Figure 5D; Figure S6D).
ILC3DMHCII mice did not demonstrate any signs of rectal prolapse
or intestinal inflammation in our colony, and MHCII deletion on
ILC3s did not affect the percentage of SI LP Tregs (Figures
S6F and S6G). Surprisingly, in contrast to SFB-free control litter-
mates, which had low numbers of Th17 cells, ILC3DMHCII animals
contained high percentage and numbers of SI LP Th17 cells even
in the absence of SFB (Figures 5E and 5F). SFB-free ILC3DMHCII

mice contained as many Th17 cells as SFB-colonized WT litter-
mates (Figure 5F). Colonization of WT mice with fecal bacteria
from SFB-negative ILC3DMHCII animals did not induce Th17 cells,
arguing against an outgrowth of other Th17 cell-inducing bacte-
ria (Figure S6H). In contrast to Th17 cells in SFB-positive WT
animals, Th17 cells in SFB-negative ILC3DMHCII mice did not
respond to SFB antigens in vitro (Figure S6I). Colonization with
SFB induced further increase in both percentages and total
numbers of Th17 cells in 9-week-old ILC3DMHCII mice (Figure 5F;

Figures S6J and S6K). In agreement with our observation that
SFB induce SFB-specific Th17 cells, SFB colonization induced
Th17 TCR repertoire changes in ILC3DMHCII mice, such as the in-
duction of Vb14+IL-17+ CD4 T cells (Figure 5E; Figure S6L), and a
response to SFB antigens in vitro (Figure S6I). Collectively, these
results demonstrate that Th17 cells are increased in SFB-nega-
tive ILC3DMHCII mice, but SFB are still capable of inducing Th17
cells in these animals.

Th17 Cell Induction by SFB Does Not Require LN or
Organized GALT
Our results show that SFB antigens are presented by iDCs in the
context of MHCII to induce SFB-specific Th17 cells. To examine
the site of Th17 cell priming inWTmice, we analyzed the kinetics
of SFB-mediated CD4 T cell proliferation and Th17 cell differen-
tiation in different tissues following adoptive transfer (Figure 6).
CD4 T cells were purified from spleens and LNs of Il17GFP

Figure 4. DC Expression of MHCII Is Necessary and Sufficient for SFB-Mediated Th17 Cell Induction
(A) SI LP lymphocytes from DCDMHCII and control littermates. Left panels, gated on TCRb!CD4! cells. Right panels, gated on CD11c+ cells.

(B and C) Th17 cell induction in DCDMHCII mice and control littermates 2 weeks after SFB colonization. Plots gated on TCRb+CD4+ cells. Representative data from

four independent experiments are shown.

(D) Relative cytokine expression (RT-PCR) in terminal ileum of DCDMHCII and control littermates (WT) 2 weeks after colonization with SFB. nd, below threshold of

detection.

(E and F) Th17 cell differentiation of WT CD45.1+ CD4 T cells in the SI LP 2 weeks after transfer into SFB-positive IAb+/!, IAb !/!, and IAbCD11c CD45.2+ recipient

littermates. Data from two independent experiments are shown. Error bars represent SD of the mean.
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reporter mice, labeled with proliferation dye and transferred into
congenic WT recipients before or after SFB colonization. Prolif-
eration was scored by dye dilution and Th17 cell differentiation
by induction of GFP (IL-17) expression at different time points
after transfer. A small number of proliferating transfer cells
were first detected in the SI LP at day 3 after transfer (Figure 6A).
The number of proliferating cells increased by day 5 and some of
those produced IL-17, again only in the SI LP, but not in spleen or
MLN. By day 7, transferred cells in SFB-colonized animals prolif-
erated robustly and differentiated into Th17 cells in the SI LP.
T cell proliferation and Th17 cell induction was dependent on
the presence of SFB and was very low in SFB! animals (Fig-
ure 6A). In contrast, despite being present in larger numbers,
very few transferred cells proliferated in the MLN at day 7 and
none expressed IL-17 (Figure 6A). Albeit lower than the SI LP,
proliferation and Th17 cell induction was also observed in
Peyer’s Patches (PPs) starting at day 6 (Figure S7). Further in-

crease in proliferation and Th17 cell differentiation of transferred
cells in the SI LP was observed at 2 weeks after transfer (Fig-
ure 6B; data not shown). However, we did not detect significant
proliferation or IL-17 expression inMLNs, iLNs, or spleen of SFB-
colonized animals at any time-point, suggesting that SFB prim-
ing and induction of Th17 cells occurs in the small intestine itself
(Figure 6B; data not shown).
To investigate directly whether organizedGALT is required, we

examined the induction of Th17 cells by SFB in lymphotoxin-a
(LTa)-deficient mice. Lta!/! mice possess a defect in generation
of secondary lymphoid organs and lack PPs and isolated
lymphoid follicles (ILFs) in the intestine, as well as peripheral
lymph nodes, including MLNs. Lta!/! animals also lack LP B
cells (Newberry et al., 2002). Despite these defects, induction
of Th17 cells by SFB, including induction of Vb14+IL-17+ cells,
was unimpeded in Lta!/! mice (Figure 7), demonstrating that
organized GALT is not required for this process and confirming

Figure 5. RORgt+ ILCs Inhibit Differentiation of SFB-Independent Intestinal Th17 Cells through MHCII
(A) MHCII expression on IECs in Jackson B6 mice before and 2 weeks after SFB colonization. Arrows point to SFB filaments attaching to IECs.

(B and C) Th17 cell induction in IECDMHCII mice and control littermates 2 weeks after SFB colonization. Plots gated on TCRb+CD4+ cells. Data from one of two

independent experiments are shown.

(D) Expression of MHCII on SI LP c-kit+NKp46!RORgt+ group 3 ILCs in ILC3DMHCII mice and control littermates.

(E and F) Th17 cell induction in ILC3DMHCII and control littermates 2 weeks after SFB colonization. Plots gated on TCRb+CD4+ cells. Data from two independent

experiments are shown. Error bars represent SD of the mean.

Immunity

Control of Intestinal Th17 Cells by SFB Antigens

8 Immunity 40, 1–14, April 17, 2014 ª2014 Elsevier Inc.

Please cite this article in press as: Goto et al., Segmented Filamentous Bacteria Antigens Presented by Intestinal Dendritic Cells Drive Mucosal Th17
Cell Differentiation, Immunity (2014), http://dx.doi.org/10.1016/j.immuni.2014.03.005

reporter mice, labeled with proliferation dye and transferred into
congenic WT recipients before or after SFB colonization. Prolif-
eration was scored by dye dilution and Th17 cell differentiation
by induction of GFP (IL-17) expression at different time points
after transfer. A small number of proliferating transfer cells
were first detected in the SI LP at day 3 after transfer (Figure 6A).
The number of proliferating cells increased by day 5 and some of
those produced IL-17, again only in the SI LP, but not in spleen or
MLN. By day 7, transferred cells in SFB-colonized animals prolif-
erated robustly and differentiated into Th17 cells in the SI LP.
T cell proliferation and Th17 cell induction was dependent on
the presence of SFB and was very low in SFB! animals (Fig-
ure 6A). In contrast, despite being present in larger numbers,
very few transferred cells proliferated in the MLN at day 7 and
none expressed IL-17 (Figure 6A). Albeit lower than the SI LP,
proliferation and Th17 cell induction was also observed in
Peyer’s Patches (PPs) starting at day 6 (Figure S7). Further in-

crease in proliferation and Th17 cell differentiation of transferred
cells in the SI LP was observed at 2 weeks after transfer (Fig-
ure 6B; data not shown). However, we did not detect significant
proliferation or IL-17 expression inMLNs, iLNs, or spleen of SFB-
colonized animals at any time-point, suggesting that SFB prim-
ing and induction of Th17 cells occurs in the small intestine itself
(Figure 6B; data not shown).
To investigate directly whether organizedGALT is required, we

examined the induction of Th17 cells by SFB in lymphotoxin-a
(LTa)-deficient mice. Lta!/! mice possess a defect in generation
of secondary lymphoid organs and lack PPs and isolated
lymphoid follicles (ILFs) in the intestine, as well as peripheral
lymph nodes, including MLNs. Lta!/! animals also lack LP B
cells (Newberry et al., 2002). Despite these defects, induction
of Th17 cells by SFB, including induction of Vb14+IL-17+ cells,
was unimpeded in Lta!/! mice (Figure 7), demonstrating that
organized GALT is not required for this process and confirming

Figure 5. RORgt+ ILCs Inhibit Differentiation of SFB-Independent Intestinal Th17 Cells through MHCII
(A) MHCII expression on IECs in Jackson B6 mice before and 2 weeks after SFB colonization. Arrows point to SFB filaments attaching to IECs.

(B and C) Th17 cell induction in IECDMHCII mice and control littermates 2 weeks after SFB colonization. Plots gated on TCRb+CD4+ cells. Data from one of two

independent experiments are shown.

(D) Expression of MHCII on SI LP c-kit+NKp46!RORgt+ group 3 ILCs in ILC3DMHCII mice and control littermates.

(E and F) Th17 cell induction in ILC3DMHCII and control littermates 2 weeks after SFB colonization. Plots gated on TCRb+CD4+ cells. Data from two independent

experiments are shown. Error bars represent SD of the mean.

Immunity

Control of Intestinal Th17 Cells by SFB Antigens

8 Immunity 40, 1–14, April 17, 2014 ª2014 Elsevier Inc.

Please cite this article in press as: Goto et al., Segmented Filamentous Bacteria Antigens Presented by Intestinal Dendritic Cells Drive Mucosal Th17
Cell Differentiation, Immunity (2014), http://dx.doi.org/10.1016/j.immuni.2014.03.005

reporter mice, labeled with proliferation dye and transferred into
congenic WT recipients before or after SFB colonization. Prolif-
eration was scored by dye dilution and Th17 cell differentiation
by induction of GFP (IL-17) expression at different time points
after transfer. A small number of proliferating transfer cells
were first detected in the SI LP at day 3 after transfer (Figure 6A).
The number of proliferating cells increased by day 5 and some of
those produced IL-17, again only in the SI LP, but not in spleen or
MLN. By day 7, transferred cells in SFB-colonized animals prolif-
erated robustly and differentiated into Th17 cells in the SI LP.
T cell proliferation and Th17 cell induction was dependent on
the presence of SFB and was very low in SFB! animals (Fig-
ure 6A). In contrast, despite being present in larger numbers,
very few transferred cells proliferated in the MLN at day 7 and
none expressed IL-17 (Figure 6A). Albeit lower than the SI LP,
proliferation and Th17 cell induction was also observed in
Peyer’s Patches (PPs) starting at day 6 (Figure S7). Further in-

crease in proliferation and Th17 cell differentiation of transferred
cells in the SI LP was observed at 2 weeks after transfer (Fig-
ure 6B; data not shown). However, we did not detect significant
proliferation or IL-17 expression inMLNs, iLNs, or spleen of SFB-
colonized animals at any time-point, suggesting that SFB prim-
ing and induction of Th17 cells occurs in the small intestine itself
(Figure 6B; data not shown).
To investigate directly whether organizedGALT is required, we

examined the induction of Th17 cells by SFB in lymphotoxin-a
(LTa)-deficient mice. Lta!/! mice possess a defect in generation
of secondary lymphoid organs and lack PPs and isolated
lymphoid follicles (ILFs) in the intestine, as well as peripheral
lymph nodes, including MLNs. Lta!/! animals also lack LP B
cells (Newberry et al., 2002). Despite these defects, induction
of Th17 cells by SFB, including induction of Vb14+IL-17+ cells,
was unimpeded in Lta!/! mice (Figure 7), demonstrating that
organized GALT is not required for this process and confirming

Figure 5. RORgt+ ILCs Inhibit Differentiation of SFB-Independent Intestinal Th17 Cells through MHCII
(A) MHCII expression on IECs in Jackson B6 mice before and 2 weeks after SFB colonization. Arrows point to SFB filaments attaching to IECs.

(B and C) Th17 cell induction in IECDMHCII mice and control littermates 2 weeks after SFB colonization. Plots gated on TCRb+CD4+ cells. Data from one of two

independent experiments are shown.

(D) Expression of MHCII on SI LP c-kit+NKp46!RORgt+ group 3 ILCs in ILC3DMHCII mice and control littermates.

(E and F) Th17 cell induction in ILC3DMHCII and control littermates 2 weeks after SFB colonization. Plots gated on TCRb+CD4+ cells. Data from two independent

experiments are shown. Error bars represent SD of the mean.
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reporter mice, labeled with proliferation dye and transferred into
congenic WT recipients before or after SFB colonization. Prolif-
eration was scored by dye dilution and Th17 cell differentiation
by induction of GFP (IL-17) expression at different time points
after transfer. A small number of proliferating transfer cells
were first detected in the SI LP at day 3 after transfer (Figure 6A).
The number of proliferating cells increased by day 5 and some of
those produced IL-17, again only in the SI LP, but not in spleen or
MLN. By day 7, transferred cells in SFB-colonized animals prolif-
erated robustly and differentiated into Th17 cells in the SI LP.
T cell proliferation and Th17 cell induction was dependent on
the presence of SFB and was very low in SFB! animals (Fig-
ure 6A). In contrast, despite being present in larger numbers,
very few transferred cells proliferated in the MLN at day 7 and
none expressed IL-17 (Figure 6A). Albeit lower than the SI LP,
proliferation and Th17 cell induction was also observed in
Peyer’s Patches (PPs) starting at day 6 (Figure S7). Further in-

crease in proliferation and Th17 cell differentiation of transferred
cells in the SI LP was observed at 2 weeks after transfer (Fig-
ure 6B; data not shown). However, we did not detect significant
proliferation or IL-17 expression inMLNs, iLNs, or spleen of SFB-
colonized animals at any time-point, suggesting that SFB prim-
ing and induction of Th17 cells occurs in the small intestine itself
(Figure 6B; data not shown).
To investigate directly whether organizedGALT is required, we

examined the induction of Th17 cells by SFB in lymphotoxin-a
(LTa)-deficient mice. Lta!/! mice possess a defect in generation
of secondary lymphoid organs and lack PPs and isolated
lymphoid follicles (ILFs) in the intestine, as well as peripheral
lymph nodes, including MLNs. Lta!/! animals also lack LP B
cells (Newberry et al., 2002). Despite these defects, induction
of Th17 cells by SFB, including induction of Vb14+IL-17+ cells,
was unimpeded in Lta!/! mice (Figure 7), demonstrating that
organized GALT is not required for this process and confirming

Figure 5. RORgt+ ILCs Inhibit Differentiation of SFB-Independent Intestinal Th17 Cells through MHCII
(A) MHCII expression on IECs in Jackson B6 mice before and 2 weeks after SFB colonization. Arrows point to SFB filaments attaching to IECs.

(B and C) Th17 cell induction in IECDMHCII mice and control littermates 2 weeks after SFB colonization. Plots gated on TCRb+CD4+ cells. Data from one of two

independent experiments are shown.

(D) Expression of MHCII on SI LP c-kit+NKp46!RORgt+ group 3 ILCs in ILC3DMHCII mice and control littermates.

(E and F) Th17 cell induction in ILC3DMHCII and control littermates 2 weeks after SFB colonization. Plots gated on TCRb+CD4+ cells. Data from two independent

experiments are shown. Error bars represent SD of the mean.
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that LP B cells are also dispensable. Therefore, sampling of SFB
antigens can occur outside Peyer’s Patches or MLNs and Th17
cell induction does not require priming in peripheral lymph
nodes, suggesting that iDCs acquire SFB antigens and prime
CD4 T cells locally in the LP.

DISCUSSION

Intestinal T cell homeostasis is a major factor in preventing
chronic intestinal inflammation, while maintaining mucosal im-
munity and response to intestinal infections. The mechanisms
by which commensal microbes modulate T cell homeostasis
are, therefore, of considerable interest but have remained poorly
understood due to the complexity and diversity of commensal-
host interactions. SFB are the only currently known individual
commensal capable of specifically inducing Th17cells.However,
the mechanisms of this induction have not been investigated in
detail. SFB can induce changes in the gut cytokine environment

by affecting cytokine expression fromboth iDCs and IECs (Ivanov
et al., 2009; Shima et al., 2008), but whether these cytokines are
required or sufficient to drive Th17 cell induction is not known.
Here,wefind that simply presenceofSFB-inducedcytokine envi-
ronment is not sufficient to induce Th17 cells in vivo. However,
presentation of SFB-derived antigens by iDCs is crucial and
drives generation of SFB-specific Th17 cells.
Th17 cells were present in the intestines of MHCII-deficient

mice and therefore Th17 cells can be selected on alternative
ligands. However, SFB colonization did not induce Th17 cells
in IAb!/! animals or in transferredWTCD4 T cells in IAb!/! recip-
ients. Therefore, even though Th17 cells can be generated in the
absence of MHCII, induction of Th17 cells by SFB requires
MHCII expression in the periphery. These results also suggest
that antigen presentation is crucial for Th17 cell induction by
SFB and that SFB-induced Th17 cells might have skewed TCR
specificities. Indeed, we found that most intestinal Th17 cells
recognize SFB antigens in an MHCII-dependent manner. The

Figure 6. Priming and Induction of Th17 Cells by SFB Occur in the Small Intestine
CellTrace Violet labeled CD45.2+ CD4 T cells from Il17GFP mice were transferred into WT CD45.1+ recipients before (No SFB) or after (+SFB) SFB colonization.

(A and B) Proliferation (A and B) and Th17 cell induction (A) at indicated time points. Plots are gated on CD45.2+TCRb+CD4+ transferred cells. Abbreviations are as

follows: SI LP, small intestinal LP; MLN, mesenteric lymph nodes; SPL, spleen. Combined data from three independent experiments. Error bars represent SD of

the mean.
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enrichment for SFB specificities is quite substantial as demon-
strated by our hybridoma experiments, in which close to 60%
of independent intestinal Th17 cell TCRs responded to SFB,
mostly with strong IL-2 production. At the same time only 3%
of non-Th17 hybridomas from the same animals responded
only weakly to SFB, demonstrating that most, if not all, SFB-spe-
cific T cells become Th17 cells. A strong MHCII-dependent
response to bacterial antigens might bemediated by the expres-
sion of a superantigen. However, SFB-induced Th17 cells had a
diverse Vb-chain usage, and there was a high diversity in Vb us-
age among SFB-recognizing hybridomas generated from intes-
tinal Th17 cells. Therefore, Th17 cells are not likely to be induced
by an SFB superantigen but more likely by conventional presen-
tation of SFB antigens in the context ofMHCII. The importance of
Th17 cell priming by SFB antigens was also illustrated by the fact
that SFB colonization did not induce Th17 cell differentiation in
two types of non-SFB Tg T cells even after activation of the Tg
T cells by providing the cognate antigen and even after placing
them in an SFB environment that induced Th17 cells in WT cells.
Therefore, in addition to providing an important cytokine environ-
ment, SFB also provide antigens for Th17 cell differentiation. Our

results differ from a previous study that showed microbiota-
dependent induction of LP Th17 cells in the absence of cognate
antigen (Lochner et al., 2011). The presence of SFB was not spe-
cifically examined in this study, and therefore the effects
observedmight be due to other microbial entities, which strongly
affect the local cytokine environment and are antigen and/or
MHCII independent. Similarly, we show here that Th17 cells
can also be present in the gut even in the absence of antigen pre-
sentation in the context of MHCII. However, our results clearly
show that SFB induce Th17 cells by a unique mechanism that
requires antigen presentation by iDCs. Indeed, our results
show that SFB-induced cytokine environment is not sufficient
to induce Th17 cell differentiation of non-SFB Tg T cells in the
absence, or even presence, of antigen. It is unclear why SFB-
specific CD4 T cells differentiate preferentially into Th17 cells.
Our results show that most Th17 cells in SFB-positive mice are
SFB-specific and combined with our hybridoma experiments
suggest that most, if not all, SFB-specific CD4 T cells in the
gut are Th17 cells. To preferentially induce Th17 cells, SFBmight
provide antigens that induce an appropriate amount of TCR
stimulation or are presented in the appropriate context by certain

Figure 7. SFB Induce Th17 Cells in the Absence of Secondary Lymphoid Organs
SI LP lymphocytes were isolated from Lta!/! and control littermates 2 weeks after colonization with SFB.

(A–C) Th17 and Vb14+IL-17+ cells induction in TCRb+CD4+ cells. Representative data from one of two independent experiments are shown.

(D) Foxp3+ Treg cell proportions in TCRb+CD4+ cells. Combined data from two independent experiments are shown. Error bars represent SD of the mean.
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strated by our hybridoma experiments, in which close to 60%
of independent intestinal Th17 cell TCRs responded to SFB,
mostly with strong IL-2 production. At the same time only 3%
of non-Th17 hybridomas from the same animals responded
only weakly to SFB, demonstrating that most, if not all, SFB-spe-
cific T cells become Th17 cells. A strong MHCII-dependent
response to bacterial antigens might bemediated by the expres-
sion of a superantigen. However, SFB-induced Th17 cells had a
diverse Vb-chain usage, and there was a high diversity in Vb us-
age among SFB-recognizing hybridomas generated from intes-
tinal Th17 cells. Therefore, Th17 cells are not likely to be induced
by an SFB superantigen but more likely by conventional presen-
tation of SFB antigens in the context ofMHCII. The importance of
Th17 cell priming by SFB antigens was also illustrated by the fact
that SFB colonization did not induce Th17 cell differentiation in
two types of non-SFB Tg T cells even after activation of the Tg
T cells by providing the cognate antigen and even after placing
them in an SFB environment that induced Th17 cells in WT cells.
Therefore, in addition to providing an important cytokine environ-
ment, SFB also provide antigens for Th17 cell differentiation. Our

results differ from a previous study that showed microbiota-
dependent induction of LP Th17 cells in the absence of cognate
antigen (Lochner et al., 2011). The presence of SFB was not spe-
cifically examined in this study, and therefore the effects
observedmight be due to other microbial entities, which strongly
affect the local cytokine environment and are antigen and/or
MHCII independent. Similarly, we show here that Th17 cells
can also be present in the gut even in the absence of antigen pre-
sentation in the context of MHCII. However, our results clearly
show that SFB induce Th17 cells by a unique mechanism that
requires antigen presentation by iDCs. Indeed, our results
show that SFB-induced cytokine environment is not sufficient
to induce Th17 cell differentiation of non-SFB Tg T cells in the
absence, or even presence, of antigen. It is unclear why SFB-
specific CD4 T cells differentiate preferentially into Th17 cells.
Our results show that most Th17 cells in SFB-positive mice are
SFB-specific and combined with our hybridoma experiments
suggest that most, if not all, SFB-specific CD4 T cells in the
gut are Th17 cells. To preferentially induce Th17 cells, SFBmight
provide antigens that induce an appropriate amount of TCR
stimulation or are presented in the appropriate context by certain

Figure 7. SFB Induce Th17 Cells in the Absence of Secondary Lymphoid Organs
SI LP lymphocytes were isolated from Lta!/! and control littermates 2 weeks after colonization with SFB.

(A–C) Th17 and Vb14+IL-17+ cells induction in TCRb+CD4+ cells. Representative data from one of two independent experiments are shown.

(D) Foxp3+ Treg cell proportions in TCRb+CD4+ cells. Combined data from two independent experiments are shown. Error bars represent SD of the mean.
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