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TH17 cells are a subset of differentiated CD4+ T helper cells char-
acterized by secretion of IL-17 and IL-22. IL-17 is a cytokine with 
pleiotropic functions, including the recruitment and activation 
of neutrophils and activation of innate epithelial defense mecha-
nisms1,2, whereas IL-22 acts as a mediator of mucosal barrier func-
tion that elicits production of antimicrobial peptides and tissue repair  
factors by epithelial cells2,3. In cell culture systems, naive CD4+ T cells 
develop into TH17 cells through the combined action of the cytokines 
transforming growth factor-  and IL-6 (refs. 4,5), whereas sustained  
activation of these cells requires stimulation with IL-23 (ref. 6).  
In addition to TH17 cells, a variety of intestinal cells can secrete both 
IL-17 and IL-22, including CD8+ T cells, T cells, RAR-related 
orphan receptor –expressing natural killer and lymphoid tissue 
inducer (LTi) cells7–12.

The TH17 response is a crucial component of mucosal immunity 
to bacterial pathogens in the lung and intestine. In particular, the 
IL-17 and IL-22 axis mediates protection in a number of models 
of lung infection, including Klebsiella pneumoniae, Pseudomonas 
 aeruginosa, Shigella flexneri and several Mycobacterium species13–18. 
In the gastrointestinal tract, IL-17 and IL-22 confer protection against 
Helicobacter pylori, Citrobacter rodentium and Salmonella enterica 
serovar Typhimurium19–23. C. rodentium–induced colitis triggers a 
robust colonic TH17 response by the second week after infection, 
which is required for full protection against this pathogen24,25. 
Streptomycin-pretreated mice infected with S. typhimurium develop 
an acute inflammatory response in the cecum, with IL-17 produced 
early (24–48 h) by T cells and other unidentified cells21,23,26.

Depending on the infection model used, IL-17 production in the 
intestine could occur immediately after infection (hours to days 
after infection)23,25 or at late stages (weeks after infection)24,25, sug-
gesting the involvement of distinct levels of control by the innate 
and adaptive immune systems. In particular, early IL-17 production 
 following bacterial infection suggest the existence of regulatory path-
ways directly linking innate microbial detection to the activation of 
IL-17–producing cells. However, neither the host sensing systems 
responsible for inducing early IL-17 secretion nor the identity of the 
IL-17–producing cells providing early responses to bacterial patho-
gens in vivo have been clearly identified.

Here we determined that the innate immune receptors Nod1 and 
Nod2 were crucial for induction of mucosal TH17 responses at early 
stages of infection in the cecum during C. rodentium- (4 d after infec-
tion) and S. typhimurium-induced colitis (24 h after infection). We 
termed these cells innate TH17 cells (iTH17 cells) because of their 
early induction and their distinct regulation by Nod1 and Nod2 com-
pared to late-stage (10 d after infection) adaptive-phase TH17 cells. 
Regulation of the intestinal Nod-iTH17 axis was dependent upon the 
expression of IL-6 and required intestinal microbiota for induction. 
Taken together, these results identify the Nod-iTH17 axis as a key 
element of mucosal immunity against bacterial pathogens.

RESULTS
Nod1 and Nod2 are required to control C. rodentium infection
Nod1 and Nod2 are intracellular sensors of bacterial peptidoglycan,  
have key roles in host responses to bacteria27 and are implicated  
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Identification of an innate T helper type 17 response to 
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Interleukin 17 (IL-17) is a central cytokine implicated in inflammation and antimicrobial defense. After infection, both innate 
and adaptive IL-17 responses have been reported, but the type of cells involved in innate IL-17 induction, as well as their 
contribution to in vivo responses, are poorly understood. Here we found that Citrobacter and Salmonella infection triggered early 
IL-17 production, which was crucial for host defense and was mediated by CD4+ T helper cells. Enteric innate T helper type 
17 (iTH17) responses occurred principally in the cecum, were dependent on the Nod-like receptors Nod1 and Nod2, required 
IL-6 induction and were associated with a decrease in mucosal CD103+ dendritic cells. Moreover, imprinting by the intestinal 
microbiota was fully required for the generation of iTH17 responses. Together, these results identify the Nod-iTH17 axis as 
a central element in controlling enteric pathogens, which may implicate Nod-driven iTH17 responses in the development of 
inflammatory bowel diseases.
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• C. rodentium–induced colitis: robust colonic Th17 response at 2 weeks after 
infection 

• Streptomycin-pretreated mice infected with S. typhimurium develop an 
acute inflammatory response in the cecum, with IL-17 produced early (24-48 h) by ϒδ 
T cells and other unidentified cells

• Both early (innate) and late (adaptive) IL-17 production in intestinal infections

• What are the innate immune receptors involved in early IL-17 
production?

• What are the cells producing early IL-17?

Models



C.rodentium infection (1×109 CFU)

• Nod1-/-Nod2-/- have less colonic inflammation 7d after C.rodentium infection
• Both  Nod signaling in radio-resistant and radio-sensitive cells is required for 
control of infection

Nod1 and Nod2 are involved in early inflammation



Early IL-17 responses are Nod1 and Nod2 dependent
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Figure 3: Similar with Salmonella infection (except that Nod signaling is also involved in ϒδT cell-
derived IL-17) 



IL-6 induction is required for early Th17 responses
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Cecum - Salmonella infection 
at 24 h

Reduction in proportion of 
CD4+TCRβ+ expressing 

IL-17A and IL-22.

Total numbers also drop in 
anti-IL6 and IL-6-/-.
BM chimeras: IL-6 

produced by 
hematopoietic cells drives 
IL-17A - IL-22 production

IL-6 induction is required for early Th17 responses



Are innate Th17 conditioned by the microbiota?
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Supplementary Figure 6. Intestinal colonization with segmented filamentous bacteria (SFB). (a) Levels of 
SFB DNA encoding 16s rRNA were measured by qPCR in both the ileum and caecum of uninfected wild-type and 
Nod1–/–Nod2–/– mice. (b) Numbers of SFB were also quantified in uninfected Ripk2–/– and Ripk2+/+ littermate mice. Bar 
graphs depict four–eight mice per group. (NS = not significant, error bars represent mean ± SEM.)

Nature Medicine doi:10.1038/nm.2391

The SPF colony is SFB+ but 
Nod1 and Nod2 does not 
influence SFB colonization

cecum 24h

Compensatory mechanism? 
Also observed following CD4 

depletion

Swiss Webster



• Nod1-/-Nod2-/- mice do not generate early Th17 responses in the cecum - 
named iTh17

• Results in delayed pathology and increased disease

• Th17 cells may have innate-like properties

• IL-23 has been shown to regulate innate IL-17 from LT1 and ϒδT cells but 
iTh17 require IL-6

• This iTh17 response may not happen in very clean mice?

Discussion - Summary
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Germinal centers are clusters of rapidly dividing B cells formed in 
secondary lymphoid tissues in response to T-dependent antigens. 
Within the germinal center, mutation of the B receptor cell V–region 
genes together with subsequent selection results in the production of 
high-affinity plasma cells and memory B cells1. Defective selection 
can result in the production of autoantibodies and a break in self 
tolerance2,3. Germinal center B cell selection can in part be medi-
ated by a specialized helper T cell subset, CXCR5highPD-1high TFH 
cells4. TFH cells develop in a Bcl-6–dependent manner and provide 
germinal center B cells with survival and selection signals. Limiting 
the numbers of TFH cells within germinal centers is critical to pre-
vent the emergence of autoantibodies5,6. Little is known about TFH 
control cells; in mice, CD8+ T cells expressing the nonclassical major 
histocompatibility complex class 1 molecule Qa-1 can regulate the 
TFH compartment7, and in humans, CD4+CD25+CD69− T cells with 
a suppressive function in vitro have been found in germinal centers8,9. 
Treg cells have also been shown to enter the primary B-cell follicle in 
mice, but their phenotype, ontogeny and ability to control TFH cells 
remain unknown10.

Treg cells that develop in a Foxp3-dependent manner repress the 
growth and function of CD4+ effector T cells. Humans and mice lack-
ing Foxp3 cannot form Treg cells and develop fatal autoimmunity11–15. 
To repress T helper type 1 (TH1)-, TH2- and TH17-mediated immune 
responses, Treg cells have been shown to co-opt selective aspects of 
the differentiation programs required for these TH subsets: T box 21  

(Tbet) and/or signal transducer and activator of transcription 1 
(Stat1), interferon regulatory factor 4 (IRF-4) and retinoid-acid recep-
tor–related orphan receptor t (Ror t) signaling, respectively16–18. 
Here we show that Foxp3+ Treg cells can be diverted to become TFH cell 
repressors through expression of Bcl6 and SAP-mediated interaction 
with B cells. The resulting TFR cells share features of both TFH and 
Treg cells, localize to germinal centers and regulate the size of the TFH 
cell population and germinal centers in vivo.

Follicular regulatory T cells are distinct from TFH and Treg cells
After immunization with a T-dependent antigen, ~10–25% of 
CD4+CXCR5highPD-1high TFH cells expressed the transcriptional 
regulator of the Treg cell lineage, Foxp3 (Fig. 1a). These cells followed 
the same formation and resolution kinetics as conventional TFH cells 
(Fig. 1b). Foxp3+ cells could be visualized within germinal centers 
identified by immunofluorescence staining of frozen spleen sections 
from immunized mice (Fig. 1c); 17  8% s.d. of germinal center CD3+ 
cells also expressed Foxp3.

To obtain information about the identity and function of 
CD4+CXCR5highPD-1high Foxp3+ cells (designated follicular regu-
latory T cells, or TFR cells), we performed microarray expression 
profiling on sorted populations from Foxp3gfp mice19 7 d after sheep 
red blood cell (SRBC) immunization. We also included Treg, TFH, 
non-TFH effector memory (TEM) and naive T (TN) cells (the sort-
ing strategy is depicted in Supplementary Fig. 1). TFR cells more 
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Foxp3+ follicular regulatory T cells control the germinal 
center response
Michelle A Linterman1,2, Wim Pierson3, Sau K Lee2, Axel Kallies4, Shimpei Kawamoto5, Tim F Rayner1,  
Monika Srivastava2, Devina P Divekar1, Laura Beaton2, Jennifer J Hogan2, Sidonia Fagarasan5, Adrian Liston3, 
Kenneth G C Smith1,6 & Carola G Vinuesa2,6

Follicular helper (TFH) cells provide crucial signals to germinal center B cells undergoing somatic hypermutation and selection 
that results in affinity maturation. Tight control of TFH numbers maintains self tolerance. We describe a population of 
Foxp3+Blimp-1+CD4+ T cells constituting 10–25% of the CXCR5highPD-1highCD4+ T cells found in the germinal center after 
immunization with protein antigens. These follicular regulatory T (TFR) cells share phenotypic characteristics with TFH and 
conventional Foxp3+ regulatory T (Treg) cells yet are distinct from both. Similar to TFH cells, TFR cell development depends on  
Bcl-6, SLAM-associated protein (SAP), CD28 and B cells; however, TFR cells originate from thymic-derived Foxp3+ precursors, 
not naive or TFH cells. TFR cells are suppressive in vitro and limit TFH cell and germinal center B cell numbers in vivo. In the 
absence of TFR cells, an outgrowth of non–antigen-specific B cells in germinal centers leads to fewer antigen-specific cells. Thus, 
the TFH differentiation pathway is co-opted by Treg cells to control the germinal center response.



• Secreted cytokines are directing CSR and SHM: Reinhardt et al.. Nat Immunol (2009)

• Bcl6 -/-: multiple organs inflammatory disease, elevated IgE, defective GC formation

• What cells control TFH cells?

• mice: Kim et al. Inhibition of follicular T-helper cells by CD8(+) regulatory T cells is 
essential for self tolerance. Nature (2010) vol. 467 (7313) pp. 328-32 (Qa-1 non-
classical MHC)

• humans: CD4+CD25+CD69- T cells found in GCs

TFH cells



• Foxp3+ are converted into Tfh in PP: Tsuji et al. Science (2009)

• IFNg secretion: Treg cell upregulate T-bet and CXCR3

• Koch et al. The transcription factor T-bet controls regulatory T cell homeostasis and function during type 1 
inflammation. Nat. Immunol. (2009) vol. 10 (6) pp. 595-602

• High amounts of IRF4, a transcription factor essential for Th2 effector cell 
differentiation, is dependent on Foxp3 expression.  Ablation of a conditional Irf4 allele in 
Treg cells results in selective dysregulation of Th2 responses, IL4-dependent 
immunoglobulin isotype production,

• Zheng et al. Regulatory T-cell suppressor program co-opts transcription factor IRF4 to control T(H)2 responses. 
Nature (2009) vol. 458 (7236) pp. 351-6

• Suppression was lost upon Treg-specific ablation of Stat3, a TF critical for Th17 
differentiation, and resulted in the development of a fatal intestinal inflammation.

• Chaudhry et al. CD4+ Regulatory T Cells Control TH17 Responses in a Stat3-Dependent Manner. Science (2009) pp. 

Plasticity of Treg cells



Retain intense CXCR5 expression - migration 
to CXCL13-rich areas within GCs

Tfh cell differentiation: ICOSL-
dependent

(as well as GC formation and 
antibody production)

CXCR5+ ICOS+ CD28+ CD40L+ PD-1+ 
IL21R+ BTLA+,SLAM (CD150)lo, CD122lo 

CD200hi secrete IL-21



TFR are distinct but share similarities with TFH and Treg

TFR resemble Treg but also TFH gene expression
Treg: FoxP3, Ctla4, Gitr, Klrg1 and Prdm1, Il10
TFH: Cxcr5, Pdcd1, Bcl6, Cxcl13, Icos
No expression of IL-4 and IL-21 or CD40L

SRBC immunization Similar kinetics as TFH

FoxP3+ cells are present within the Bcl6 area



TFR and TFH colocalize: do they require similar signaling 
cues for their formation?

Tcell priming through CD28 is one of the first signals required for TFH cell development

Rag2-/-

CD45.2+ CD28-/-

CD45.1+ CD28+/+

Immunization with SRBC - 7 days after analysis



TFR and TFH colocalize: do they require similar signaling 
cues for their formation?

SAP interaction of TFH cell precursors with B cells are required for TFH cell formation/
maintenance

Immunization with SRBC - 7 days after analysis

In the absence of B cells In the absence of SAP

Nature Medicine doi:10.1038/nm.2425

Treg cells formed independently of B cells 
and were only slightly reduced in the 
absence of SAP

Development from TFH and TFR are similar and Treg cells differentiate 
independently of TFH or TFR



TFR co-express Bcl6 and Blimp1

Bcl6 is the transcription factor of TFH and Blimp1 is the transcription repressor. (they mutually 
repress each other). Is the same true in TFR?

Nature Medicine doi:10.1038/nm.2425

Sorting strategy



TFH

i.n influenza infection- 10d after in Mediastinal lymph node
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Precursors of TFH?

1x105 naive CD4+CD25-CD44low TCRHEL 
CD45.1+

CD45.2+ B10.BR (I-Ak)

HEL in alum

7d

all TFR were derived from 
endogenous T cells

same with OTII-OVA model

spleen



Precursors of TFR?
1x106 naive CD4+FoxP3-CD44low or
CD4+FoxP3+CD44int (CD45.2 
FoxP3gfp)

KLH in Ribi

Both donor Treg and naive 
developed into CCR5+PD-1+ 
but only Treg cells maintained 

FoxP3 expression

1x106 naive CD4spFoxP3+ thymic Treg 
or
CD4spFoxP3- (FoxP3gfp CD45.2)

CD45.1
SRBC 7 days after

Nature Medicine doi:10.1038/nm.2425



Supplementary Table 2. 

Chimera Genotype Allotype Tfh* Treg* Tfr* 

Sh2d1a+/+ CD45.2 50 100 100 Control 
(intact Tfr) FoxP3DTR CD45.1 50 0 0 

Sh2d1a-/- CD45.2 0 100 0 Experimental 
(lacking Tfr) FoxP3DTR CD45.1 100 0 0 
* These numbers represent the percentage of cells expected to derive from the bone 
marrow cells in each of the chimeras after immunisation and DT treatment. 
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In vivo selective depletion of TFR

8 weeks after reconstitution: DT 
treatment one day before SRBC 
immunization and 2 and 5 days 

after

day 8

Comparable Tregs Reduced TFR

Increased TFH
Germinal center B cells increase

TFR suppress TFH cell numbers and B 
cell numbers



Do TFR control germinal center B cell selection?

FoxP3DTR FoxP3WT

NP-KLH in alum

DT 6 days later
analysis 10 days later

no differences in germinal center B cell percentages
NP-sp B cells were reduced in the germinal center
With BM chimeras (Sh2d1a:FoxP3) where TFR are specifically depleted they suggest 
that antigen-specific B cells are reduced whereas non-antigen specific B cells are 
increased



• In response to T-D antigens, Treg cells adopt a TFH differentiation program 
(Bcl6, CXCR5...)

• They suppress TFH cells and the B cell germinal center response

• Thus: Treg cell can mold their differentiation program to the environment 
even for TFH cells in the germinal center response. 

Discussion - Summary


