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SUMMARY

In the mammalian intestine, crypts of Leiberkühn
house intestinal epithelial stem/progenitor cells at
their base. The mammalian intestine also harbors a
diverse array of microbial metabolite compounds
that potentially modulate stem/progenitor cell activ-
ity. Unbiased screening identified butyrate, a promi-
nent bacterial metabolite, as a potent inhibitor of in-
testinal stem/progenitor proliferation at physiologic
concentrations. During homeostasis, differentiated
colonocytes metabolized butyrate likely preventing
it from reaching proliferating epithelial stem/progen-
itor cells within the crypt. Exposure of stem/progen-
itor cells in vivo to butyrate through either mucosal
injury or application to a naturally crypt-less host or-
ganism led to inhibition of proliferation and delayed
wound repair. The mechanism of butyrate action
depended on the transcription factor Foxo3. Our
findings indicate that mammalian crypt architecture
protects stem/progenitor cell proliferation in part
through a metabolic barrier formed by differentiated
colonocytes that consume butyrate and stimulate
future studies on the interplay of host anatomy and
microbiome metabolism.

INTRODUCTION

The mammalian intestinal epithelium undergoes rapid and per-
petual renewal throughout the life of the organism (Stappenbeck
et al., 1998). Stem and progenitor cells that drive this process
give rise to all the differentiated cell types and are housed near
the base of invaginations into the intestinal wall called crypts of
Lieberkühn (discovered in 1745) (van der Flier and Clevers,
2009). Host genetic programs involving Wnt, Hedgehog, and
Noggin signals influence the development and turnover of these
stem cells (Haramis et al., 2004; Lickert et al., 2000; Wang et al.,
2002). Despite knowledge of their existence for nearly three cen-
turies, the function of the crypt structure remains unclear. It has

been broadly inferred that crypts may protect rapidly dividing
stem and progenitor cells from potentially damaging luminal
factors, including pathogenic invasive microbes and genotoxic
agents (Cheng and Leblond, 1974). However, evidence to sup-
port this idea is lacking.
The host factors regulating intestinal stem cells and their

differentiated progeny include molecules commonly involved in
the development ofmany tissues. For active, Lgr5-positive intes-
tinal epithelial stem cells, canonical Wnts and R-spondins are
critical host factors for their maintenance. (Barker et al., 2007;
de Lau et al., 2011; Sato et al., 2009; van der Flier et al., 2009).
Bone morphogenetic protein (BMP) signaling limits the number
of crypts (Haramis et al., 2004). The Notch pathway affects cell
fate decisions (VanDussen and Samuelson, 2010; Yang et al.,
2001). In sum, these classical host pathways interact to drive
stem cell turnover and dictate cell differentiation of the intestinal
epithelium. An open question is how the neighboring microbiota
modulates stem cell function.
A variety of host functions including metabolism, immunity, as

well as neuronal and vascular development, are regulated by the
intestinal microbiota (Erny et al., 2015; Kabat et al., 2014; Kaiko
and Stappenbeck, 2014; Ridaura et al., 2013; Stappenbeck
et al., 2002). Important mediators of these interactions can
be microbial metabolites. These are small, diffusible factors
capable of engaging host cells, which could facilitate their ability
to modulate basic physiologic processes (Donia and Fischbach,
2015). Specific molecules influence important aspects of host
metabolism (Tolhurst et al., 2012), pathogenesis of atheroscle-
rosis (Koeth et al., 2013), and the development of immune cell
subsets (Arpaia et al., 2013; Furusawa et al., 2013; Mazmanian
et al., 2005; Smith et al., 2013).
Broadly, the microbiota affects the intestinal epithelium during

damage. Several studies have proposed a role for themicrobiota
through immune cell-epithelial cross-talk in promoting intestinal
epithelial repair. These pathways include important contribu-
tions from Toll-like and formyl peptide receptors in detecting
broad bacterial ligands (Leoni et al., 2013; Pull et al., 2005; Rak-
off-Nahoum et al., 2004). Yet, how specific microbiota-derived
signals directly influence the stem/progenitor cells of the intesti-
nal crypt remains unknown. We hypothesized that the crypt
structure may act to protect stem/progenitor cells from soluble
microbiota-derived signals present in the intestinal lumen. To
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Background

- Stem and progenitor cells located in the crypts of Lieberkühn give rise 
to all differentiated cell types of the intestinal epithelial layer.  

- The impact of the microbiota and its metabolites is poorly understood. 

Findings

- Butyrate suppresses epithelial proliferation.  
- Colonocytes protect stem and progenitor cells from the butyrate by 

metabolizing it.  
- Butyrate suppresses stem cell proliferation via a Foxo3-dependent 

mechanism. 
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SUMMARY

Gut microbiota profoundly affect gut and systemic
diseases, but the mechanism whereby microbiota
affect systemic diseases is unclear. It is not known
whether specific microbiota regulate T follicular
helper (Tfh) cells, whose excessive responses can
inflict antibody-mediated autoimmunity. Using the
K/BxN autoimmune arthritis model, we demon-
strated that Peyer’s patch (PP) Tfh cells were essen-
tial for gut commensal segmented filamentous
bacteria (SFB)-induced systemic arthritis despite
the production of auto-antibodies predominantly
occurring in systemic lymphoid tissues, not PPs.
We determined that SFB, by driving differentiation
and egress of PP Tfh cells into systemic sites,
boosted systemic Tfh cell and auto-antibody re-
sponses that exacerbated arthritis. SFB induced PP
Tfh cell differentiation by limiting the access of inter-
leukin 2 to CD4+ T cells, thereby enhancing Tfh cell
master regulator Bcl-6 in a dendritic cell-dependent
manner. These findings showed that gut microbiota
remotely regulated a systemic disease by driving
the induction and egress of gut Tfh cells.

INTRODUCTION

Gut microbiota provide essential health benefits to their host,
particularly by regulating the immune system (Hooper et al.,
2012). Recent studies have shown that alterations in gut mi-
crobiota (dysbiosis) can lead to many autoimmune diseases,
including diseases with clear association to the gut, notably in-
flammatory bowel disease (Cerf-Bensussan and Gaboriau-
Routhiau, 2010; Wu and Wu, 2012). Dysbiosis has also been
implicated in autoimmune diseases that occur outside the gut
(gut-distal or systemic), such as autoimmune arthritis, type 1 dia-
betes, and experimental autoimmune encephalomyelitis (EAE)
(Chervonsky, 2013; Scher et al., 2013; Wu et al., 2010; Wu and
Wu, 2012). However, the cellular and molecular mechanisms
by which microbiota in the gut influence systemic autoim-

mune diseases such as rheumatoid arthritis (RA) remain largely
unknown.
In contrast to the abundant gut-luminal commensals, mucosa-

associated commensal species such as segmented filamentous
bacteria (SFB) represent a minority among the commensal com-
munity, yet they can powerfully modulate host immunity (Hill and
Artis, 2010; Ivanov et al., 2009; Palm et al., 2014). We have
previously shown that SFB can drive autoimmune arthritis in
the K/BxN mouse model of arthritis by inducing gut T helper
17 (Th17) cells to enhance the production of auto-antibodies
(Abs) (Wu et al., 2010). However, neutralizing interleukin 17 (IL-
17) in vivo still leaves animals with a substantial auto-Ab titer,
suggesting that SFB can augment auto-Ab production via other
pathways and/or cell types. T follicular helper (Tfh) cells are one
likely candidate, because they are a crucial subset of CD4+

T cells that helps B cells produce high-affinity and high-titer
Abs (Crotty, 2011, 2014; Ma et al., 2012). Tfh cells co-express
high levels of inhibitory co-receptor PD-1 and chemokine recep-
tor CXCR5. The differentiation of Tfh cells requires the master
transcription factor Bcl-6. Both dendritic cells (DCs) and B cells
are involved in completing the full differentiation program of Tfh
cells. Because the function of Tfh cells is to induce germinal cen-
ter (GC) formation, which helps B cells produce high-titer, high-
affinity, isotype-switched Abs and long-lived plasma cells, Tfh
cells are known to play a crucial role in generating protective
immunity. However, for the exact same reason, an excessive
Tfh cell response can lead to many autoimmune conditions
including RA (Ueno et al., 2015). It is thus not surprising that spe-
cific signaling pathway(s) such as IL-2 and STAT5 signaling path-
ways have evolved to counter-regulate the Tfh cell response
(Ballesteros-Tato et al., 2012; Johnston et al., 2012).
Several specific commensal species have recently been

shown to control host immunity by regulating select T cell sub-
types including Th1, Th17, and T regulatory (Treg) cells (Hooper
et al., 2012;Wu andWu, 2012). Despite much recent attention on
the Tfh cell field, little is known regarding the interaction of com-
mensals and Tfh cells. Most studies have focused on the Tfh cell
response induced by infection or immunization with the excep-
tion of two pioneer studies showing that impairment of Tfh cells,
due to lack of expression of either inhibitory co-receptor PD-1
or ATP-gated ionotropic P2RX7 receptors, can alter the gut
commensal community (Kawamoto et al., 2012; Proietti et al.,
2014). Here, we looked at the reverse interaction, to determine
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Background
- SFB drives autoimmune arthritis in the K/BxN mouse model by the 

induction of Th17 cells.  
- T follicular helper cells can play a role in the development of 

rheumatoid arthritis.  
- Impairment of the TFH can alter the microbiota. 

Findings
- SFB drives K/BxN arthritis in SPF conditions with increased TFH and 

GC B cells in the spleen, lymph nodes and PP.  
- TFH differentiation is induced in the PP; the generated cells migrate to 

systemic sites.  
- PP and DCs are essential for the SFB-induced arthritis.  
- SFB enhances TFH differentiation by inhibitin IL-2 signaling. 



Graphical abstract

Article

Gut Microbiota Drive Autoimmune Arthritis by
Promoting Differentiation and Migration of Peyer’s
Patch T Follicular Helper Cells

Graphical Abstract

Highlights
d SFB enhance autoimmune arthritis, reflected by elevated

auto-Ab, GC, and Tfh cell responses

d SFB-driven differentiation and egress of PP Tfh cells to

systemic sites cause disease

d SFB induce PP Tfh cell differentiation by limiting the access of

IL-2 to PP CD4+ T cells

d DCs are required for SFB-mediated IL-2Ra suppression and

Bcl-6 upregulation in PPs

Authors

Fei Teng, Christina N. Klinger,

Krysta M. Felix, ..., Nhan L. Tran,

Yoshinori Umesaki,

Hsin-Jung Joyce Wu

Correspondence
joycewu@email.arizona.edu

In Brief
The mechanism by which gut microbiota

affect systemic diseases is unclear. Wu

and colleagues demonstrate that a type

of commensal gut bacteria, segmented

filamentous bacteria, triggers

autoimmune arthritis by inducing

differentiation and migration of gut T

follicular helper cells to systemic

lymphoid sites, leading to increased auto-

antibody production and exacerbation of

arthritis.

Teng et al., 2016, Immunity 44, 875–888
April 19, 2016 ª2016 Elsevier Inc.
http://dx.doi.org/10.1016/j.immuni.2016.03.013



References
Review on the modulation of pro-inflammatory responses by the 
microbiota 
Cerf-Bensussan, N., and Gaboriau-Routhiau, V. (2010). The immune system and the gut 
microbiota: friends or foes? Nat. Rev. Immunol. 10, 735–744.  

Review: TFH and disease pathogenesis  
Ueno, H., Banchereau, J., and Vinuesa, C.G. (2015). Pathophysiology of T follicular 
helper cells in humans and mice. Nat. Immunol. 16, 142–152.  

SFB, arthritis and Th17 cells 
Wu, H.J., Ivanov, I.I., Darce, J., Hattori, K., Shima, T., Umesaki, Y., Littman, D.R., Benoist, 
C., and Mathis, D. (2010). Gut-residing segmented filamentous bacteria drive 
autoimmune arthritis via T helper 17 cells. Immunity 32, 815–827.  

Arthritis model 
Monach, P.A., Mathis, D., and Benoist, C. (2008). The K/BxN arthritis model. Curr Protoc 
Immunol 15. Unit 15, 22.  


