
Specific microbiota direct the differentiation of Th17 cells in the
mucosa of the small intestine

Ivaylo Ivanov Ivanov1, Rosa de Llanos Frutos3, Nicolas Manel1, Keiji Yoshinaga5,7, Daniel
B. Rifkin5,6, R. Balfour Sartor4, B. Brett Finlay3, and Dan R. Littman1,2,*

1The Kimmel Center for Biology and Medicine of the Skirball Institute, New York University
School of Medicine New York, NY 10016
2Departments of Microbiology and Pathology, Howard Hughes Medical Institute, New York
University School of Medicine New York, NY 10016
3Michael Smith Laboratories, University of British Columbia Vancouver, BC V6T 1Z4, Canada
4Department of Medicine, and Department of Microbiology and Immunology Center for
Gastrointestinal Biology and Disease, University of North Carolina at Chapel Hill, Chapel Hill,
North Carolina
5Depatment of Cell Biology, New York University School of Medicine New York, NY 10016
6Departments of Medicine and Pathology New York University School of Medicine New York, NY
10016

SUMMARY
IL-17-producing T-helper cells (Th17) are potent effectors of inflammation, but little is known
about the requirements for their differentiation in vivo at steady state. We found that specific
commensal microbiota are required for Th17 cell differentiation in the lamina propria (LP) of the
small intestine. Differentiation of Th17 cells correlated with presence of Cytophaga-Flavobacter-
Bacteroidetes bacteria in the intestine, was independent of TLR, IL-21 or IL-23 signaling, but
required appropriate activation of TGF-β. Absence of Th17 cell-inducing bacteria was
accompanied by increased Foxp3+ regulatory T cells in the LP. Our results suggest that the
composition of the microbiota regulates the Th17:Treg balance in the lamina propria and may thus
influence intestinal immunity, tolerance, and susceptibility to inflammatory bowel diseases.

INTRODUCTION
The gastrointestinal tract of mammals is normally colonized with an extraordinarily large
number of highly diverse microorganisms termed the commensal microbiota. The
commensal microbiota provides multiple benefits for the host. In addition to occupying
luminal niches to out-compete pathogenic bacteria, providing a protective biofilm, and
participating in the processing of foods and in energy metabolism, it is also actively
involved in immune regulation and homeostasis (Backhed et al., 2005; Macpherson and
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Harris, 2004). Uptake of bacteria by M cells, detection by interdigitating dendritic cells that
extend processes in the lumen, and activation of innate immune receptors on epithelial cells
are some of the known mechanisms by which signals from the luminal microbiota are
transmitted to the immune system (Kelsall and Leon, 2005). It has been known for some
time that germ-free animals possess an underdeveloped immune system. Introduction of
commensal bacteria leads to increase in CD4+ T cell numbers, induction of secretory IgA
(sIgA) and development of organized gut-associated lymphoid tissues (GALT) (Macpherson
and Harris, 2004). All of these effects have been ascribed to the presence of commensal
bacteria per se. However, little is known as to whether distinct components of the
commensal microbiota participate in the induction of particular immune mechanisms.

The composition of the microbiota has been suggested to influence susceptibility to
inflammatory bowel diseases (IBD) (Elson et al., 2005; Sartor, 2008), which are mediated
by both innate and adaptive arms of the host immune system (Coombes et al., 2005; Rakoff-
Nahoum et al., 2004; Strober et al., 2007). It is thus possible that distinct members of the
commensal microbiota engage specific components of the immune system and in such a way
participate in the regulation of intestinal immune homeostasis (Backhed et al., 2005;
Macpherson and Harris, 2004; Rakoff-Nahoum et al., 2004). Whether specific commensal
microorganisms regulate the homeostasis of effector T cells in the lamina propria is an
important question that is only now beginning to be addressed. For example, it has been
reported that the gut commensal, Bacteroides fragilis affects systemic Th1 responses
through the action of the bacterial-derived polysaccharide A (PSA) (Mazmanian et al.,
2005). The presence of PSA also induced an IL-10-dependent T cell response that protected
mice from Helicobacter hepaticus-induced colitis, consistent with the notion that the
composition of the intestinal microbiota can influence susceptibility to inflammatory bowel
diseases (Mazmanian et al., 2008).

The lamina propria of the small intestine at steady state contains large numbers of two
homeostatically regulated and developmentally related populations of CD4 T cells, IL-17+

helper Th17 cells and Foxp3+ regulatory T cells (Treg) (Bettelli et al., 2006; Ivanov et al.,
2006; Zhou et al., 2008). Th17 cells produce the cytokines IL-17 (also known as IL-17A),
IL-17F, and IL-22. Among these, IL-17 has been the most thoroughly studied and is
considered the signature effector cytokine for this subset. Th17 cells have been shown to
participate in inflammatory responses and to have critical functions in host defense against
bacterial and fungal pathogens, particularly those encountered at mucosal surfaces (Aujla et
al., 2008; Aujla et al., 2007; Bettelli et al., 2007; Khader et al., 2007; McKenzie et al., 2006;
Ouyang et al., 2008). Th17 cell differentiation in vitro from naïve T cells requires the
coordinated action of multiple cytokines, including TGF-β, IL-6, IL-21, and IL-23 (Bettelli
et al., 2006; Korn et al., 2007; Langrish et al., 2005; Mangan et al., 2006; Nurieva et al.,
2007; Veldhoen et al., 2006; Zhou et al., 2007). These cytokines have also been reported to
be required for Th17 cell differentiation in vivo in the context of protective responses to
mucosal pathogens or inflammatory reactions (Korn et al., 2007; Mangan et al., 2006;
Nurieva et al., 2007). Despite considerable recent progress in understanding of Th17 cell
responses, our knowledge of the signals and requirements for Th17 cell differentiation in
vivo at steady state in the absence of autoimmune inflammation and of their role in
protective immunity remains fragmentary.

Here we show that Th17 cells are induced in the small intestinal lamina propria in response
to specific components of the commensal microbiota. Th17 cells appeared in the intestine
only after colonization with specific pathogen-free microbiota, and their differentiation was
inhibited by treating mice with selective antibiotics. In addition, mice obtained from
different commercial vendors had marked differences in the number of Th17 cells in their
lamina propria, and animals that lacked Th17 cells acquired them after they were co-housed
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with Th17 cell-sufficient mice. Differentiation of intestinal Th17 cells was correlated with
the presence of members of the Cytophaga-Flavobacter-Bacteroides phylum, but was
independent of TLR signaling and of IL-21 and IL-23, cytokines implicated in Th17 cell
differentiation and/or function. Reductions in the proportion of Th17 cells were
accompanied by increases in Foxp3+ regulatory T cells (Tregs), which share with Th17 cells
a requirement for TGF-β. The composition of the intestinal microbiota thus regulates the
balance between Th17 and Treg cells in the lamina propria and is likely to influence
intestinal immunity, tolerance, and IBD susceptibility.

RESULTS
Th17 Cells Are Specifically Enriched in the Small Intestinal Lamina Propria

CD4+ T cells that express IL-17 (Th17 cells) were previously found to be present in large
numbers in the small intestine (SI) lamina propria (LP) (Ivanov et al., 2006). We have
expanded our analysis of IL-17-producing cells by examining expression of intracellular
IL-17 or GFP in cells obtained from additional tissues of wild type mice and mice
heterozygous for insertion of GFP in the locus encoding RORγt, a transcription factor
required for Th17 cell differentiation (Eberl et al., 2004; Ivanov et al., 2006). In earlier
studies, all IL-17+ T cells in the SI LP were shown to be contained within the cell fraction
that expressed RORγt-GFP (Ivanov et al., 2006). Most IL-17+ cells in lung and liver were
also GFP+, but not all GFP+ cells expressed IL-17, consistent with what was previously
observed in the SI LP (Ivanov et al., 2006) (Figure 1A). In the small and large intestines and
in organized gut-associated lymphoid tissues (GALT), 80-90% of the IL-17+ cells were
CD4+TCRαβ + (Th17 cells). In contrast, more cell types produced IL-17 in the lung than in
the intestine, and only a small proportion of these (less than 10%) were Th17 cells
(CD4+TCRβ+αGalCer/CD1d-) (Figure 1B and Suppl Fig 1C, 1D). In the lung, a large
proportion of TCRγδ+ T cells expressed IL-17 and RORγt (35 and 65% of γδ T cells,
respectively) (Figure 1C, 1D and Suppl Fig 1B). This is consistent with the recent
demonstration that a large fraction of antigen-inexperienced CD122lo γδ T cells in lung
produce IL-17 upon stimulation (Jensen et al., 2008). However, only a very small proportion
of TCRαβ +CD4+ T cells in the lung expressed IL-17 or RORγt at steady state (fewer than
1% in both cases) (Figure 1C and 1D). Additionally, ∼15% of the iNKT cells, identified by
αGalCer/CD1d tetramer staining, expressed both IL-17 and RORγt(GFP) and were NK1.1-

(Figure 1C, 1D and Suppl Fig 1B). Thus, the types of IL-17- and RORγt-expressing cells in
the lung and other non-gut-related tissues were markedly different from those in the LP and
GALT. It should also be noted that, in our mouse colony, the proportion of CD4+ T cells
that expressed IL-17 was markedly lower in the large intestine (LI) and cecum than in the
small intestine (2-3% in the LI as compared to 10-15% in the SI) (Ivanov et al., 2006);
however, similarly to the SI, 80-90% of the IL-17 expressing cells were CD4+ in these
locations (Ivanov et al., 2006 and data not shown). These results suggest that, at steady state,
the SI LP provides a unique environment for the differentiation of Th17 cells.

Role of Cytokine and TLR Signaling in SI LP Th17 Cell Differentiation
Because TGF-β, IL-6, IL-21 and IL-23 are all involved in Th17 cell differentiation in vitro
or in the context of inflammatory immune responses (Bettelli et al., 2006; Korn et al., 2007;
Langrish et al., 2005; Mangan et al., 2006; Nurieva et al., 2007; Veldhoen et al., 2006; Zhou
et al., 2007), we examined their involvement in SI LP Th17 cell differentiation. We
previously showed that LP Th17 cell differentiation at steady state requires IL-6 and STAT3
(Ivanov et al., 2006; Zhou et al., 2007). To investigate the role of TGF-β, we examined
Tgfb1C33S/C33S knock-in mice (Yoshinaga et al., manuscript in preparation), which have
normal production of TGF-β but abnormal TGF-β activation by the extracellular matrix due
to prevention of covalent binding to latent TGF-β binding protein 1 (LTBP-1) (see
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Methods). In this model, conversion of the cysteine at position 33 to serine leads to
disruption of the large latent complex (LLC) between the inactive form of TGF-β and the
extracellular matrix. This leads to normal production of latent TGF-β, but abnormal TGF-β
activation by the extracellular matrix. These mice have a phenotype similar to TGF-β1-
deficient mice, but the phenotype is much delayed and less severe and animals survive to
adulthood (Yoshinaga et al., manuscript in preparation). Dissociation of TGF-β activation
from the extracellular matrix led to a marked reduction in Th17 cells in the SI LP of 6 week
old mice (Figure 2A). As in TGF-β1-deficient mice, there was also an increase in IFNγ-
producing CD4+ T cells, consistent with a reduction in Treg cells (Suppl Fig 2).

IL-21 and IL-23, like IL-6, signal through the induction of STAT3 phosphorylation and, in
the presence of TGF-β, induce Th17 and repress Treg cell differentiation (Korn et al., 2007;
Nurieva et al., 2007; Yang et al., 2007; Zhou et al., 2007; Zhou et al., 2008). IL-21 was also
reported to be required for the differentiation of Th17 ce in adjuvant-induced inflammation,
yet Th17 cells were present, and even consistently increased in number, in the SI LP of mice
defective for the IL-21 receptor (Figure 2A). Mice deficient for IL-23 (Il23a-/-) also had
Th17 cells in the SI LP, consistent with the notion that IL-23 may be required mostly for the
maintenance or expansion of this population (Weaver et al., 2006; Weaver et al., 2007).
However, there was a decrease in their proportions that was mostly due to the loss of Th17
cells that also expressed IL-22. In addition, TCRγδ T cells expressed very little IL-17 in the
absence of IL-23 (Suppl Fig 3). Thus, different cytokines may be required for the
differentiation of different subpopulations of Th17 cells.

We also investigated whether signaling downstream of TLRs, which detect microbial
products and have been implicated in Th17 cell differentiation (Uematsu et al., 2008;
Veldhoen et al., 2006), is required for induction of the Th17 lineage. Both MyD88- and
TRIF- deficient mice had normal numbers of Th17 cells in the SI LP. In addition, mice
deficient for both MyD88 and TLR3 (which signals by way of TRIF) had Th17 cell numbers
similar to wild type controls (Figure 2B and Ivanov et al., 2006). We therefore conclude that
TLR-signaling as well as IL-1R signaling, which also requires MyD88, are dispensable for
the induction of Th17 cells in the SI LP.

Small Intestine LP Th17 Cells in Ontogeny
We next examined the appearance of LP Th17 cells during ontogeny. Neither GFP(RORγt)-
expressing nor IL-17+ CD4+ T cells were detected in the small intestines of 4 day old mice
(Figure 3). In comparison, at this age, RORγt+ and IL-17+ γδ T cells were present in adult
(6+ week old) proportions (Suppl Fig 4A and 4B). Thus, although IL-17-producing cells are
found in the gut of newborn mice, they are not Th17 cells. TCRβ+CD4+IL-17+ (and GFP+)
cells did not appear in the SI LP until day 25, and by day 33 they represented most of the
IL-17-producing population (Figure 3). The appearance of Th17 cells in the LP correlated
with the colonization of the intestines with normal commensal bacteria upon weaning, as
indicated by the change in the size of the cecum in the examined mice (Suppl Fig 4C).
Proportions and numbers of GFP- and IL-17-expressing γδ T cells did not change
significantly during ontogeny (Suppl Fig 4A and data not shown). In addition, at day 4 a
significant proportion (∼25%) of lymphoid tissue inducer (LTi)-like CD4+CD3- cells, that
are found in cryptopatches and isolated lymphoid follicles in gut (Mebius, 2003), also
expressed IL-17 (Suppl Fig 4B). Their proportion decreased during ontogeny and in adult 8-
week old mice only about 3% of these cells from gut expressed IL-17 (2.9 ± 1.2 %, N=10).
Notably, in 8-week old mice a large proportion of the CD4+CD3- LTi-like cells expressed
IL-22 (Suppl Fig 4D).
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LP Th17 Cells Do Not Develop in the Absence of Intestinal Microbiota
Because of the timing of Th17 cell appearance in the newborn gut, we investigated whether
intestinal microbiota may have a role in the differentiation of these cells. To this end we
examined Th17 cell representation in the small intestines of germ-free mice, which are
completely devoid of bacteria and fungi. Germ-free 129S6 and C57BL/6 mice had few, if
any, detectable Th17 cells in the LP and the presence of IL-17 mRNA in total RNA from
terminal ileum was at the threshold of detection (Figure 4A, 4B and Suppl Fig 5). In
addition, germ-free Swiss-Webster (SW) mice from Taconic Farms, examined immediately
after receipt, were completely devoid of SI LP Th17 cells (Figure 4A and Suppl Fig 6).
Because Th17 and Treg cells are thought to be closely related in their differentiation
programs (Bettelli et al., 2006; Zhou et al., 2008), we examined the frequency of Foxp3+

cells in the SI LP of germ-free mice by flow cytometry (Figure 4C and Suppl Fig 7). The
proportion of Foxp3+ cells was consistently increased in germ-free mice of all examined
strains compared to age-matched conventionally raised specific pathogen-free (SPF) control
mice of the same strain, even though the total number of CD4+ T cells was reduced 2-3 fold
(Suppl Fig 7 and data not shown). In addition, IL-17-producing γδ T cells were only slightly
reduced in the absence of intestinal microbiota (Figure 4D). Thus, the lack of Th17 cells in
the absence of bacteria is specific and is not due to a general immune system deficiency.

To directly determine if the scarcity of Th17 cells in the LP was due to the absence of
microbiota, we colonized germ-free animals with fecal homogenates from SPF mice. This
treatment induced the presence of Th17 cells in the LP as well as IL-17 mRNA in the
terminal ileum by 2 weeks after colonization, and a further increase was observed by 6
weeks (Figure 4B and Suppl Fig 5). In addition, both Foxp3+ Treg and IL-17-expressing γδ
T cell proportions returned to the values observed in SPF mice (Figure 4C and 4D). Thus, SI
LP Th17 cells do not develop in the absence of intestinal microbiota and are induced by the
introduction of SPF fecal microbiota into adult germ-free animals.

A Specific Component of the Intestinal Microbiota Is Required for the Development and
Maintenance of SI LP Th17 Cells

We next investigated the role of intestinal microbiota in maintenance of Th17 cells in the gut
of adult mice by treating the animals with a cocktail of four antibiotics reported to ablate
most of the intestinal commensal bacteria (Rakoff-Nahoum et al., 2004). After four weeks of
treatment we observed a 50% decrease in the proportion of SI LP Th17 cells within the
TCRβ+CD4+ population (Figure 5A and 5C), but not in other IL-17-expressing cells (Suppl
Fig 8).

When mice were treated with the antibiotic cocktail from birth, SI LP Th17 cells were
decreased by more than 80% by 6-7 weeks of age and the residual Th17 cells had less IL-17
by intracellular staining (Figure 5B and 5D). These results suggest that intestinal bacteria are
required for SI LP Th17 cell development, as well as partially for SI LP Th17 cell
maintenance in the gut once the cells have been established.

We then asked if treatment with individual antibiotics influences the number of intestinal
Th17 cells. Treatment of adult or neonate mice with vancomycin alone, which inhibits
predominantly Gram-positive bacteria, as well as some Gram-negative species, led to a
similar decrease in Th17 cells to that observed with the cocktail (Figure 5B-D and Suppl Fig
9). In contrast, treatment with a combination of metronidazole, which targets anaerobes, and
neomycin sulfate, which targets Gram-negative bacteria, did not significantly decrease SI LP
Th17 cell numbers in adult mice and led to only a partial decrease in the proportion of
IL-17+CD4+ T cells in mice treated with the antibiotics from birth (Figure 5C and 5D).
However, with this treatment we observed a substantially greater depletion of IL-22+ Th17
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cells compared to IL-22- Th17 cells (Suppl Fig 10). Ampicillin, which, similarly to
vancomycin, inhibits preferentially Gram-positive bacteria, also reduced LP Th17 cell
numbers (Figure 5D). Both vancomycin and ampicillin treatment, but not metronidazole/
neomycin treatment, also resulted in a two-fold decrease in the number of IgA-producing
cells in the LP. There was an almost two-fold increase in the proportion of Foxp3+ cells
among the SI LP CD4+ T cells in vancomycin-treated mice (Figure 5E and 5F).

To determine if a transmissible component of the microbiota could influence restoration of
Th17 cells following antibiotic treatment, newborn mice were exposed to vancomycin for
6.5 weeks and were then transferred to cages alone or with untreated control mice for an
additional 4.5 weeks. Mice kept on vancomycin for the entire period contained very few SI
LP Th17 cells compared to controls kept on regular water. SI LP Th17 cell numbers and
IL-17 mRNA levels in terminal ileum were recovered completely only in mice co-housed
with untreated controls (Figures 5G, 5H and Suppl Fig 9). Indeed, mice taken off antibiotics
but not co-housed with untreated mice failed to recover SI LP Th17 cell numbers even after
6.5 weeks (Figure 5H and data not shown). These results demonstrate that a vancomycin
(and ampicillin)-sensitive component of the commensal bacteria, but not all bacteria,
mediates the induction of Th17 cells in the small intestine.

Differences in the Commensal Microbiota Influence Differentiation of SI LP Th17 Cells
Our results with antibiotic treatment suggested that specific components of intestinal
microbiota induce Th17 cell differentiation. Therefore we examined mice obtained from
different SPF facilities to determine if they differ in number of Th17 cells in the SI LP.
C57BL/6 mice obtained from the SPF facilities of several academic medical centers and
commercial vendors had similar proportions of SI LP Th17 cells, typically 10-15% of total
CD4+ T cells. In contrast, C57BL/6 mice obtained from the Jackson Laboratory consistently
had only 1-2% SI LP Th17 cells (Figure 6A).

To address the possibility that the lack of SI LP Th17 cells may be due to a genetic
difference between C57BL/6 mice from the Jackson Laboratory and those in other facilities,
we co-housed Jackson mice with mice obtained from Taconic Farms, thus allowing for
horizontal transfer of intestinal bacteria between the two strains. SI LP Th17 cell numbers in
Jackson mice “recovered” after only 2 weeks of co-housing with Taconic B6 animals
(Figure 6B). In contrast, Jackson mice that were kept in separate cages did not acquire SI LP
Th17 cells (Figure 6B). Jackson B6 mice also had almost a two-fold increase in the
proportion of Foxp3+ cells and fewer IgA-producing cells compared to those from Taconic
Farms (Figure 6C). Both of these trends were similar to those observed with the other “Th17
cell-deficient” models (germ-free and antibiotic-treated mice). These results further
strengthen the conclusion that a specific component of the intestinal microbiota, rather than
simply the presence of bacteria, is required for induction of SI LP Th17 cell differentiation.

To directly demonstrate the existence of a Th17 cell-inducing component of the microbiota
in mice from different commercial sources, we colonized 4-week-old Swiss-Webster germ-
free mice (Taconic Farms) that lack Th17 cells (Suppl Fig 6) with cecal contents from
Jackson B6 or Taconic B6 mice by oral gavage. 10 and 12 days later the presence of SI LP
Th17 cells in the colonized mice was compared to that of littermate germ-free mice and to
age- and sex-matched mice raised under conventional conditions (SPF) (Figure 6D). All
animals were successfully colonized as demonstrated by the presence of intestinal bacteria
in the gut, which was monitored by changes in cecum size and Gram staining (Suppl Fig 11
and data not shown). Introduction of microbiota from Taconic B6 mice led to recovery of
normal proportions of Th17 cells at day 10 after colonization. In contrast, mice colonized
with microbiota from Jackson B6 mice had few SI LP Th17 cells, although there was some
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increase compared to non-colonized GF mice housed under the same conditions (Figure
6D).

Comparison of the Composition of the Intestinal Microbiota between Th17 Cell-Sufficient
and Th17 Cell-Deficient Mice

In an attempt to identify Th17-cell inducing organisms, we colonized germ-free mice with
several defined intestinal bacterial species. However, germ-free mice colonized with
Enterococcus faecalis or with the defined bacterial “cocktail” altered Schaedler’s flora
(ASF) (Dewhirst et al., 1999) lacked Th17 cells and similarly to germ-free mice had
increased proportions of Foxp3+ cells and reduced proportion of IgA+ cells (Suppl Fig 12
and data not shown).

More than 90% of the commensal intestinal bacteria in both mice and humans fall into two
major classes — Gram-negative members of the Cytophaga-Flavobacteria-Bacteroides
(CFB) phylum and Gram-positive bacteria of the phylum Firmicutes (Ley et al., 2008; Lupp
et al., 2007). Gram-staining of cecal material revealed a large diversity of Gram-positive and
Gram-negative commensal bacteria in control Taconic B6 animals (Figure 7A). After
vancomycin treatment, which eliminates Th17 cells, only Gram-positive cocci and
diplococci and Gram-negative E. coli-like γ-proteobacteria were discernible. In contrast to
the decreased morphological diversity observed after vancomycin treatment, the microbiota
in Jackson B6 mice, which also lack Th17 cells, was still morphologically highly diverse
(Figure 7A) supporting our finding that only a specific component of the microbiota and not
simply the presence of bacteria is required for Th17 cell induction. Similarly, SYBR green
staining showed the loss of diverse filamentous bacteria after vancomycin treatment (Figure
7B). This diversity was recovered after introduction of SPF microbiota from Taconic B6
mice, which have abundant Th17 cells. However, the reduction in Th17 cells was not due to
the loss of the filamentous bacteria as a class because they were present in Jackson B6 mice
(Figure 7B).

Vancomycin is a glycopeptide antibiotic that in vitro inhibits proper cell wall synthesis
preferentially in Gram-positive bacteria. However, in the gut, vancomycin treatment led to a
loss of both Gram-positive and Gram-negative species (Figure 7). Indeed, the bacterial
communities in the intestine exist in a very well balanced equilibrium and thus the
elimination of one group of microorganisms may lead to the loss of a number of other
species that depend on this group for their survival. Hence treatment, even with antibiotics
with a narrow specificity, would be expected to reduce much more than just the antibiotic-
sensitive species. It is thus difficult to predict what organisms are involved in Th17 cell
differentiation purely based on their antibiotic sensitivity in vivo.

To examine in more detail the composition of the microbiota, we performed fluorescent in
situ hybridization (FISH) of commensal bacteria isolated from ceca of Th17 cell-sufficient
mice (Taconic B6 mice and mice treated first with vancomycin and then exposed to normal
SPF bacteria) and Th17 cell-deficient mice (Jackson B6 mice and mice treated with
vancomycin from birth) using probes specific for CFB or γ-proteobacteria (a phylum that
represents a very minor component of the conventional microbiota, but are known to expand
during intestinal inflammation (Lupp et al., 2007)) combined with an eubacterial probe that
identifies all bacterial cells. Firmicute numbers were calculated after subtracting the
numbers of CFB and γ-proteobacteria positive cells from the total eubacteria probe positive
cells (Methods and Lupp et al., 2007). Notably, in all groups the presence of Th17 cells in
the SI LP correlated with the presence of large numbers of the CFB phylum, thus directly
implicating this group in Th17 cell differentiation (Figure 7C). To ask if similar changes in
the microbiota composition are also present in the small intestine, we performed the FISH
analysis on bacteria isolated from the terminal ileum of Taconic B6, Jackson B6, and mice
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treated with vancomycin from birth. Similarly to the cecum, CFB members were not present
in the Th17 cell-deficient Jackson B6 and vancomycin-treated animals (Figure 7D).

DISCUSSION
The biology of Th17 cells has elicited considerable excitement in recent years due to the
recognition that these cells are involved in a wide variety of inflammatory conditions and
autoimmune diseases. There has been extensive investigation of the cytokine requirements
and genetic regulation in Th17 cell differentiation both under well-defined conditions in
vitro and in the context of inflammatory stimuli in vivo (Bettelli et al., 2007; Ivanov et al.,
2007; Stockinger and Veldhoen, 2007). The role of Th17 cells in normal physiology and the
requirements for their differentiation at sites where they are most prevalent has received
comparatively little attention. We previously reported that Th17 cells are abundant in the
small intestinal lamina propria at steady state (Ivanov et al., 2006). In this report, we have
shown that the small intestine provides an environment that uniquely favors the
differentiation of Th17 cells, which are scarce in other organs and at other mucosal sites.
The composition of the commensal intestinal bacteria was found to have a crucial role in the
differentiation of SI LP Th17 cells and in their balance with Treg cells, which also make up
a large proportion of CD4+ T cells in the intestinal mucosa. Our results indicate that only a
subset of bacterial species can induce Th17 cell differentiation, and suggest that unique
innate immune signaling pathways, distinct from the TLR-mediated signals that can be
initiated by numerous microorganisms, are required for this process.

Commensal bacteria have been shown to have a critical role in intestinal epithelial cell
repair and homeostasis, acting through TLR-dependent mechanisms (Rakoff-Nahoum et al.,
2004). It is not clear how different members of the microbiota specifically affect different
branches of innate or acquired mucosal immunity. However, it has been reported that certain
bacterial species are more potent immune stimulators than others (Talham et al., 1999);
(Umesaki et al., 1999). In support of this notion, recent studies have identified Bacteroides
fragilis as capable of inducing Th1 systemic immunity as well as IL-10 producing regulatory
T cells in the colonic lamina propria (Mazmanian et al., 2005; Mazmanian et al., 2008). We
found that simply the presence of commensal bacteria, even with a diverse composition, as
in C57BL/6 mice from the Jackson Laboratories, is not sufficient to induce Th17 cells in the
lamina propria. Instead, specific vancomycin-sensitive species in the commensal microbiota
appear to be required. In our experiments, the presence of Th17 cells in the mucosa
correlated with the presence of members of the CFB phylum, implicating these bacteria as
Th17 cell inducers. In contrast, the abundance of γ-Proteobacteria and Firmicutes did not
correlate with presence of Th17 cells. γ-Proteobacteria were present in high numbers in the
cecum only after vancomycin treatment, but were scarce in Jackson B6 mice (Figure 7C)
and total numbers of Firmicutes were actually increased in the ileum of Th17 cell-deficient
Jackson B6 mice (Figure 7D). However, the species composition of the Firmicutes phylum
was not investigated in this study and thus we cannot rule out the involvement of individual
species from this phylum. The exact nature of components of the microbiota that induce
Th17 cells awaits a more detailed species-specific comparison of the microbiome of Th17
cell-sufficient and Th17 cell-deficient mice.

Induction of SI LP Th17 cells by specific microbiota is likely to involve activation of
distinct innate signaling pathways in epithelial cells or different subsets of antigen
presenting cells in the lamina propria (Denning et al., 2007; Fujiwara et al., 2008; He et al.,
2007; Mucida et al., 2007; Uematsu et al., 2008). Our results with TLR signaling-deficient
mice rule out an absolute requirement for this pathway in Th17 cell induction. Instead,
combined with the results with mice from different sources, they suggest that activation of
other microbial pattern recognition pathways or production of a metabolite by subsets of
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commensal organisms in the gut direct the differentiation of IL-17 producing T-helper cells.
While this paper was under review, another study reported the absence of Th17 cells in large
intestine of germ-free mice and showed that TLR signaling is not required for their
accumulation in the lamina propria (Atarashi et al., 2008). That study showed that luminal
ATP can drive the differentiation of colonic Th17 cells, most likely by activating a specific
population of intestinal DCs (Atarashi et al., 2008). Combined, the two studies suggest that
similar signals from the intestinal microbiota drive Th17 cell differentiation in both small
and large intestine. Our study demonstrates that the presence of even very diverse
populations of intestinal bacteria is not sufficient to induce Th17 cell differentiation, but that
a specific subset of the intestinal microbiota is required. Although ATP can clearly induce
Th17 cell differentiation as demonstrated by Atarashi et al., it is unclear at this point if this is
the main mechanism of Th17 cell induction in vivo and whether it involves bacterial-derived
ATP. It is formally possible that Th17 cell-inducing bacteria represent a small intestinal
subpopulation that specifically produces ATP. On the other hand, ATP may be produced by
many types of bacteria, in which case there may be bacterial species-specific sequestration
of ATP accessibility to dendritic cells or engagement of ATP-independent mechanisms for
induction of Th17 cell differentiation in the intestine.

An unexpected finding was that neither the IL-21 nor the IL-23 ligand-receptor interaction
was required for the differentiation of Th17 cells in the SI LP. We and others showed that
IL-21 is induced by IL-6 in vitro in naïve CD4+ T cells and contributes significantly towards
production of IL-17 in response to the combination of IL-6 and TGF-β(Korn et al., 2007;
Nurieva et al., 2007; Zhou et al., 2007). Normal or even enhanced differentiation of mucosal
Th17 cells in IL-21R-deficient mice suggests that cytokines other than IL-21 can mediate
the inductive effect of IL-6 in vivo in the intestinal lamina propria. Consistent with our data,
two recent studies have demonstrated that IL-21 is dispensable for Th17 cell differentiation
in vivo in a model of autoimmunity (Coquet et al., 2008; Sonderegger et al., 2008). In
contrast to studies on IL-21, there is a consensus that IL-23 is required in vivo for Th17 cells
to mediate inflammatory and protective immune responses (McKenzie et al., 2006; Weaver
et al., 2007). In vitro, IL-23 can enhance production of IL-17, particularly at low TGF-β
concentrations (Zhou et al., 2008). It is therefore difficult to explain why Th17 cells were
present in the lamina propria of Il23a-/- mice. We noted that lack of IL-23 selectively
depleted IL-22-producing Th17 cells in the SI LP at steady state. Thus, IL-23 may
selectively influence the differentiation of distinct Th17 cell subpopulations. Mice lacking
IL-23 have been shown to succumb to intestinal infection with Citrobacter rodentium even
though there was little effect on IL-17 levels in the colon (Mangan et al., 2006). Absence of
IL-22 results in similarly increased susceptibility to C. rodentium infection, and the IL-22
response was shown to require IL-23 and to be independent of adaptive immunity (Zheng et
al., 2008). Therefore, IL-22 may execute an innate effector function that has been
appropriated by Th17 cells, and its expression may be more dependent than that of IL-17 on
IL-23R signaling.

We also show in this report that appropriate activation of TGF-β by the extracellular matrix
is necessary for steady-state Th17 cell differentiation. TGF-β, depending on its
concentration and the presence of other cytokines, controls the balance between Foxp3+

Treg and Th17 cell differentiation in vitro (Bettelli et al., 2006; Zhou et al., 2008). Of note,
the mutation that we have generated in TGF-β leads to abnormal targeting of TGF-β to the
extracellular matrix. It does not decrease the amount of TGF-β precursor, nor does it
decrease the level of activated TGF-β in the serum (data not shown). In addition, all
mechanisms of TGF-β activation are still in place. Thus, this mutation may lead to
activation of TGF-β at a different location or by different mechanisms, which may result in
changes in the local concentration of active TGF-β, and thus affect Th17 as well as Foxp3+

Treg cell production. Accordingly, Th17 cells were not present in the lamina propria in these
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mice. Another study recently reported that lack of αvβ8, one of the major TGF-β activators,
on DCs led to loss of Foxp3+ Tregs in the lamina propria (Travis et al., 2007). However
Th17 cell differentiation was not investigated in that study. The mechanism of αvβ8
activation is not expected to be affected in our model. Nevertheless we also found that
Foxp3+ cell proportions in the lamina propria were greatly reduced in our mice. Combined,
these data suggest that the concentration of TGF-β established by the appropriate activation
mechanism at the appropriate location is crucial for Th17 and Foxp3+ Treg cell
differentiation in the lamina propria.

Our findings demonstrate the importance of the composition of the intestinal bacteria in
regulating the balance and homeostasis of different helper T cell populations in the lamina
propria and further emphasize the critical role that the microbiota play in the development of
the immune system. In addition to controlling the Th17:Treg balance, the composition of the
commensal microbiota may also have a role in regulating levels of different Th17 cell
subpopulations (IL-22+, IL-17F+, IL-10+, and IFNγ +) whose functions in disease and host
defense have yet to be defined. The representation of different effector T cell populations
generated by a particular commensal repertoire will dictate the nature and robustness of the
immune responses in the intestine. Elucidation of intestinal microbial species and products
that influence the differentiation of the various effector CD4+ T cell subsets promises to
provide a better understanding of how the intestinal host-microbial relationship regulates
host defense and inflammation.

EXPERIMENTAL PROCEDURES
Mice

C57BL/6 mice were obtained from Taconic Farms, Jackson Laboratory, or Charles River
and housed under SPF conditions in isolator cages. Rorγt gfp/+ mice were described
previously (Eberl et al., 2004). Il23a-/- mice on the C57BL/6 background were kindly
provided by Dan Cua, Schering-Plough Biofarma, and were obtained from the Jackson
Laboratory. Il21r-/- mice on the C57BL/6 background were a kind gift from Warren
Leonard, NIH. Trif-/- mice on the C57BL/6 background were obtained from the Jackson
laboratory. Myd88-/-/Tlr3-/- mice on C57BL/6 background were a kind gift from Thomas
Moran, Mount Sinai. Mice with a knock-in mutation of Cysteine 33 to Serine in the LAP
portion of the TGF-β gene were generated in the laboratory of Dan Rifkin, NYU and were
on a mixed C57BL/6/129 background (Yoshinaga et al., manuscript in preparation). Swiss-
Webster SPF, germ-free, or altered Schaedler’s flora (ASF) associated mice were obtained
from Taconic Farms. Germ-free mice on the C57BL/6 and 129S6 background and mice
monocolonized with Enterococcus faecalis were housed at the National Gnotobiotic Rodent
Resource Center and Gnotobiotic Animal Core, Center for Gastrointestinal Biology and
Disease at the University of North Carolina at Chapel Hill.

Co-housing and Microbiota Reconstitution
For co-housing experiments mice were transferred into an isolator cage with the
corresponding line for the indicated time. All mice were housed at the Skirball Institute SPF
facility in regular isolator cages. Jackson mice were housed in isolator cages in the same
room and on the same diet for at least 4 weeks without change in SI LP Th17 cell numbers.
For the microbiota reconstitution experiments, two approaches were used: Germ-free
C57BL/6 mice were transferred out of the germ-free isolators, housed in sterile
microisolator cages for 2 days and then conventionalized by swabbing their mouths with
homogenized fecal pellets from SPF Charles River C57BL/6 mice and by placing bedding
and feces from the SPF mice into the cages. Alternatively, germ-free Taconic Swiss-
Webster mice were transferred out of the germ-free container into autoclaved sterile
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microisolator cages and gavaged with 200 ul of cecal bacteria obtained by homogenizing the
full contents of two cecums from the corresponding donor mice in 50 ml water (the
remaining homogenate was distributed on the bedding and food in the cage).

Cell Isolation and Flow Cytometry
Lamina propria lymphocytes (LPL) were isolated as described before (Ivanov et al., 2006).
For LPL isolation from 4-,8-, or 16- day old mice intestines from 2-5 pups were pooled and
subjected to the same protocol. Lung and liver lymphocytes were isolated using the same
protocol, but without EDTA treatment. For intracellular cytokine staining, immediately after
isolation, the cells were incubated for 4 hours with 50 ng/ml PMA (Sigma), 750 ng/ml
Ionomycin (Sigma) and 10 μg/ml GolgiPlug (BD) in a tissue culture incubator at 37°C.
Surface and intracellular cytokine staining was performed as described before (Ivanov et al.,
2006). Flow cytometry was performed on LSR II (BD Biosciences) or CyAn ADP (Becton-
Coulter (Dako)). All antibodies were purchased from eBioscences or BD Pharmingen. Anti-
mouse IL-22 monoclonal antibody was a kind gift from Jean-Christophe Renauld,
Universite Catholique de Louvain and was conjugated to Alexa-647.

Antibiotic Treatment
For ablation of intestinal bacteria, an antibiotic cocktail of 1 g/L each of Ampicillin (sodium
salt, SIGMA), Neomycin sulfate (Fisher), Metronidazole (Fisher) and 0.5 g/L Vancomycin
hydrochloride (Fisher) was used as previously described (Rakoff-Nahoum et al., 2004).
Individual antibiotics or combinations of two antibiotics were also used. Antibiotics were
added into the drinking water on a weekly basis. For treatment from birth, mice were raised
in cages in which breeding pairs were set and kept on the indicated antibiotic. Control cages
were kept on regular water. Antibiotic activity was gauged by changes in cecum size due to
bacterial death, as well as by Gram-staining of cecal material that demonstrated depletion of
different bacterial groups with different treatments in all cases.

Bacterial Analysis
For Gram staining, undiluted or 10-fold diluted fecal material from the indicated organ was
mounted on a glass slide, heat-fixed and stained consecutively for 30-60 sec with crystal
violet, Gram’s iodine, isopropyl/methyl alcohol, and safranin.

For FISH and SYBR green DNA staining, distal half of small intestines as well as ceca and
colons were collected and the whole organ homogenized with Mixer Mill. A 1:10 dilution of
each organ homogenate was stored in 3.7% formalin at 4 °C until use. SYBR green DNA
staining and FISH hybridization were performed as described before (Lupp et al., 2007).
The percent composition of CFB and γ-Proteobacteria phyla was determined by dividing the
numbers obtained for the specific probe to all Eubacteria (EUB338 probe). The percent
composition of “Firmicutes/others” group was determined by subtracting the result obtained
for CFB and γ-Proteobacteria from 100%.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Th17 Cells Are Preferentially Present in the Small Intestine
(A) Expression of GFP and IL-17 in total cells from lung and liver of Rorγt gfp/+ and
C57BL/6 mice. Data are representative of 3 independent experiments. Lung and liver cells
were isolated as described in Methods. All plots were gated on lymphocytes.
(B) Representation of different cell populations among the IL-17+ cell fraction in lungs and
small intestines (SI LP) of C57BL/6 mice. Data are combined from three independent
experiments. N = 5 mice for lung and N = 8 mice for the SI LP. Error bars represent
standard deviation of the mean.
(C, D) Expression of GFP (C) and IL-17 (D) in total cells from lung of Rorγt gfp/+ (C) and
C57BL/6 (D) mice. Data are representative of 3 independent experiments. Lung cells were
isolated as described in Methods. All plots are gated on lymphocytes.
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Figure 2. Signaling Requirements for Small Intestine Lamina Propria Th17 Cell Differentiation
(A) Requirement for TGF-β, but not for IL-21R or IL-23, in SI LP Th17 cell differentiation.
(B) TLR signaling is dispensable for SI LP Th17 cell differentiation.
Lamina propria lymphocytes were isolated from the small intestines of mice with the
indicated genotypes as described in the Methods. Immediately after isolation the cells were
incubated for 4 hours with PMA/Ionomycin and GolgiPlug (BD). All plots represent
individual mice and were gated on TCRβ+CD4+ lymphocytes. For analysis of IL-23
requirement, Il23a-/- mice from Jackson Laboratory were co-housed for 17 days with
Taconic B6 mice to equalize the intestinal microbiota. N = 5 (Tgfb1C33S/C33S), 6 (Il21r-/-), 3
(IL23a-/-), 2 (Trif-/-), 2 (Myd88-/-,Tlr3-/-).
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Figure 3. Th17 Cell Differentiation during Ontogeny
Lamina propria lymphocytes were isolated from the small intestines of Rorγt gfp/+ mice at
the indicated ages. For day 4 and day 16 studies, small intestines from 3-4 pups from the
same litter were combined in order to obtain sufficient cell numbers for analysis. For day 25
and 33, plots represent individual mice. Top panels — surface staining and RORγt-GFP
analysis; bottom panels — intracellular staining for IL-17 after 4 hour stimulation with
PMA/Ionomycin in the presence of GolgiPlug (BD). Data are representative of two
independent experiments with 2-3 samples/mice in each. Plots are gated on lymphocytes.
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Figure 4. Lamina Propria Th17 Cell Differentiation Requires Commensal Microbiota
(A) SI LP Th17 cells in 4-month-old 129S6/SvEv, C57BL/6, and 6-week-old Swiss-Webster
germ-free (GF) or conventionally raised (SPF) mice. Representative plots shown are
samples from individual mice gated on TCRβ+CD4+ cells. Two independent experiments
with identical results were performed for each strain and 5-9 mice from each group were
analyzed.
(B) SI LP Th17 cells in 6-month-old C57BL/6 SPF, GF, and GF mice reconstituted with
fecal slurries from SPF mice for the indicated times. Data are combined from two
independent experiments with identical results. A total of 6 SPF, 7 GF, and 7 SPF
reconstituted GF mice were analyzed.
(C) Proportion of Foxp3+ cells within the TCRβ+CD4+ SI LP lymphocytes from the mice in
(B).
(D) Proportion of IL-17+ cells within the TCRγδ + SI LP lymphocytes from the mice in (B).
Error bars represent standard deviation of the mean. Statistics, unpaired Student t test.
*p<0.05, ***p<0.005, ******p < 0.0001. Lines represent the two populations being
compared for the statistical analysis.
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Figure 5. Specific Antibiotic Treatment Selectively Prevents Intestinal Th17 Cell Differentiation
(A, C) Th17 cells in SI LP of 16-week-old C57BL/6 mice treated with antibiotics in the
drinking water for 4 weeks. In (A), all four antibiotics were included. In (C), N — no
treatment (N=9), A — all four antibiotics (N=6), M/N — metronidazole plus neomycin
sulfate (N=9), V — vancomycin only (N=6). 2-3 independent experiments for each
condition were performed with similar results. Combined histograms from all experiments
(C) as well as representative plots from individual mice gated on TCRβ+CD4+ lymphocytes
(A) are shown.
(B, D, E) Lamina propria lymphocyte populations in mice treated with antibiotics in the
drinking water from birth. Representative data from individual mice (gated on TCRβ+CD4+

lymphocytes) are shown from one of multiple experiments. Error bars represent standard
deviation of the mean. N — no treatment, V — vancomycin only, Amp — Ampicillin only,
M/N — metronidazole plus neomycin sulfate.
(F) Relative proportions of IgA+ cells. Data were combined from two experiments.
Percentage of IgA+ cells in the lymphocyte gate was calculated for each condition and the
data are presented as percentage of the untreated control (N) mean value.
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(G, H) Mice were treated with vancomycin (Vanco) or all four antibiotics (A) from birth. At
6.5 weeks of age some mice were transferred into cages with regular water with (Vanco then
SPF) or without (Vanco then H2O) co-housing with SPF mice not treated with any
antibiotics. Th17 cell numbers in the SI LP were analyzed 4.5 weeks later. Results shown
are from one of two independent experiments with similar results. Individual mouse plots
(G) were gated on TCRβ+CD4+ lymphocytes. Histogram (H) is from one of two
independent experiments with similar results. N = 4 mice for the 6.5 week time point and N
= 2 mice for the 11 week time point; error bars represent standard deviation of the mean.
Statistics, unpaired Student t test. *p<0.05, ** p<0.01, *** p<0.005, ****p<0.001,
*****p<0.0005. For the statistical analysis, in all cases the corresponding population was
compared to the WT (untreated) control.
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Figure 6. C57BL/6 Mice from Jackson Laboratory Are Deficient for Th17 Cell-Inducing
Microbiota
(A, C) LPL populations in 10-week-old C57BL/6 mice from Taconic Farms (black bars) or
The Jackson Laboratory (white bars). Data are combined from two out of three experiments
with similar results. Error bars represent standard deviation from the mean. In (C) γδ T
refers to percentage of IL-17+ cells in the TCRγδ + lymphocyte gate; Foxp3 refers to
percentage of Foxp3+ cells within the TCRβ+CD4+ lymphocyte gate; and IgA+ refers to
percentage of IgA+ cells within the lymphocyte gate.
(B) Jackson B6 mice were co-housed with Taconic B6 mice for 2 weeks before analyzing SI
LP Th17 cells. Data are representative of two experiments with identical results (total of 4-6
mice in each group). Individual plots represent individual mice (2 mice of each group are
shown) and were gated on TCRβ+CD4+ lymphocytes. (D) 4 week-old Swiss-Webster germ-
free (GF) mice were colonized with homogenized cecal content from Jackson B6 (GF+Jack)
or Taconic B6 (GF+Tac) mice and SI LP Th17 cells were analyzed on days 10 and 12 after
colonization (results combined from both days). All GF mice were littermates. SPF, age and
sex-matched controls raised under conventional conditions. N = 4 (SPF, GF) and 5 (GF
+Jack, GF+Tac). Statistics, unpaired Student t test. *p<0.05, ***p<0.005, ****p<0.001,
*****p<0.0005, ****** p < 0.0001, ns, not statistically significant (p>0.05). For statistics
on (D), p values refer to comparisons to the SPF group, except on the horizontal line, which
compares GF+Jack to the GF group.
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Figure 7. Bacterial Composition in Mice with and without SI LP Th17 Cells
(A) Gram staining of undiluted cecal material from 8-week-old Taconic B6 mice, Jackson
B6 mice, and Taconic B6 mice treated with vancomycin (Vanco) from birth.
(B) SYBR green staining of cecal bacteria after dilution and filtration of the solid matter in
Taconic B6, Jackson B6, vancomycin-treated from birth, and vancomycin-treated mice
exposed subsequently to SPF mice to recover the SI LP Th17 cells.
(C) FISH analysis of intestinal bacteria from ceca of Taconic B6 (Tac B6) mice, mice
treated from birth with vancomycin (Tac+Vanco), vancomycin-treated mice subsequently
co-housed with non-treated mice (Tac+Vanco+SPF), and Jackson B6 (Jackson B6) mice,
performed as described in the Methods.
(D) FISH analysis of intestinal bacteria from terminal ileum of Taconic B6 (Tac B6), mice
treated from birth with vancomycin (Tac+Vanco), and Jackson B6 (Jackson B6) mice,
performed as described in the Methods. For (C) and (D) data are presented as number of
bacteria per gram tissue. Error bars represent standard deviation of the mean. 3 samples for
each group were analyzed. Statistics, unpaired Student t test. p-values were calculated in
comparison to the control Taconic B6 mice value. *p<0.05, ** p<0.01, *** p<0.005, nd —
not detected.
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