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including treating mice with 1) a non-hydrolysable ATP homo-
logue, ATPγS; 2) an ATP-hydrolyzing enzyme, apyrase; and 3) 
an antagonist of P2X receptors for ATP, TNP-ATP. Remarkably, 
administration of ATPγS to gnotobiotic mice resulted in a sig-
nificant increase in the frequency of TH17 cells. This effect was 
specific for CD4+ T cells producing IL-17 since IFN-γ-produc-
ing T cells were not affected by this treatment. Alternatively, 
TH17 cells were significantly diminished in SPF mice treated 
with apyrase or TNP-ATP. Collectively these results suggested 
that ATP plays a vital role in LP TH17 differentiation.

Introduction

The intestinal mucosa has a unique and extremely compli-
cated immune system composed of a variety of cell popu-

lations, such as immunoglobulin A (IgA)-producing B cells, 
regulatory T cells, γδT cells, and T cells that are dominated 
by a TH1 or TH2 phenotype. Among these, the best-character-
ized is the IgA-producing B cells, which are regulated by the 
presence of microflora for their own development and, in turn, 
regulate gut microbial ecology. Another cell population gaining 
much attention in the intestinal immune system is TH17 cells. 
TH17 cells are a subset of activated CD4+ T cells character-
ized by their Stat3-dependent expression of the transcription 
factor RORγt and production of IL-17 and IL-22 and thought 
to be required for the control of a variety of bacterial and fun-
gal infections at mucosal surfaces (1) (2). More importantly, 
it has been shown that aberrant TH17 responses play leading 
roles in inflammatory bowel diseases, such as ulcerative colitis 
and Crohn’s disease. The development of TH17 cells has been 
shown to be controlled by the local cytokine milieu including 
IL-6, TGF-β and IL-23; however, the mechanism of TH17 
development in the intestine is at present not fully understood..

TH17 induction by commensal bacteria
We first confirmed the presence of high frequencies of TH17 

cells in the small and large intestinal lamina propria (LP) but 
not the spleen, mesenteric lymph nodes or Peyer’s patches of 
healthy mice housed in a specific-pathogen-free (SPF) environ-
ment. It was noted that the frequency of TH17 cells appeared to 
increase with age. Since the temporal accumulation of TH17 in 
the LP correlated with the development of commensal bacteria, 
we analyzed TH17 in germ-free mice as well as mice treated 
with the antibiotics. In both situations elimination of commen-
sal bacteria resulted in a marked reduction in the frequency of 
TH17 cells as well as fecal IgA. These observations suggested 
that the microflora somehow contributes to the development of 
TH17 cells in the intestine.

ATP derived from commensal bacteria promotes TH17 differentiation
Extracellular ATP has recently been shown to modulate 

immune cell functions via the activation of ATP sensors--P2X 
and P2Y receptors (3). In addition, bacteria have been shown to 
generate and secrete high amounts of extracullular ATP. Indeed, 
fecal samples from SPF mice exhibited dramatically higher 
levels of ATP than did samples derived from gnotobiotic or 
antibiotic-treated mice. Additionally, freshly isolated commen-
sal bacteria produced high levels of ATP in supernatants during 
in vitro culture. To directly examine the role of ATP in TH17 
differentiation, we used several complimentary approaches 
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Fig. 1 The administration of ATP leads to a marked increase in the lam-
ina propria TH17 cells in otherwise TH17-lacking germ-free mice.  a–d, 
Representative FACS dot plots gated on colonic lamina propria CD4+ cells in 
the indicated mice are shown in a and c, and the percentages of IL-17-produc-
ing CD4+ cells of individual mice are shown in b and d. GF, germ free. e, f, Fecal 
ATP levels (pmol per g faeces) in the indicated individual mice. g–k, Germ-free 
mice (ICR) were daily injected intraperitoneally (i.p.) or rectally with medium or 
ATPS (g–i). SPF mice were i.p. injected with PBS or apyrase, or with TNP-ATP 
(j, k). All mice were processed for FACS as in a–d. Horizontal bars indicate the 
means. **P < 0.01, *P < 0.05; NS, not significant.
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ATP acts on denderitic cells to promote TH17 differentiation
Dendritic cells (DCs) play a pivotal role in dictating CD4+ T 

cells to differentiate into TH1, TH2 or TH17 cells (4). Thus, we 
next tested whether extracellular ATP promotes TH17 differ-
entiation via stimulation of the LP DCs. LP DCs significantly 
higher levels of mRNA for numerous P2X and P2Y receptors 
for ATP compared to DCs in other organs. In response to ATP, 
LP DCs expressed mRNA for several genes believed to be 
involved in TH17 differentiation. We also observed TH17 dif-
ferentiation in co-cultured naïve CD4+ T cells with the lamina 
propria DCs in the presence of ATPγS in vitro. These results 
suggest that ATP acting on LP DCs induces IL-6 and TGF-β 
and subsequent TH17 differentiation. 

Finally, we demonstrated a role for ATP in regulating intes-
tinal inflammation in vivo using the well-established naïve 
CD4+ transfer model of colitis. Repeated administration of ATP 
exacerbated the symptoms of colitis including weight loss and 
diarrhea, and led to enhanced intestinal edema, inflammatory 
cell infiltrate, epithelial hyperplasia and goblet cell depletion. 
Importantly, increased disease severity correlated with the 
enhanced frequency of TH17 cells. Overall, these results sug-
gest that ATP may play a role in promoting the differentiation 
of TH17 cells involved in the pathogenesis of intestinal inflam-
mation.

Conclusion
In the present study, we identified extracellular ATP as a 

commensal bacteria-derived factor responsible for the TH17 
differentiation in the lamina propria. The physiologic nature of 
these TH17 cells in the intestine will be an interesting future 
issue to be addressed in the context of the maintenance of 
homeostasis of intestinal mucosa against commensal and patho-
genic bacteria. The elucidation of the entire picture of the 
regulation of development of intestinal regulatory T cells, TH17 
cells, and other types of cells by ATP and its metabolites (ADP 
and adenosine) will provide valuable information on our under-
standing of the complicated intestinal mucosal immunity as 
well as establishment of an innovative ATP-targeted approach 
to treat patients with inflammatory bowel diseases.

Fig. 3 Treatment with ATP exacerbated experi-
mental colitis induced by adoptive transfer of 
naïve CD4+ T cells.  SCID mice were transferred 
with naive CD4+ T cells on day 0, and were intra-
peritoneally injected with ATP (1.5 mg per mouse) 
or RPMI 1640 medium every 3 days for 1 month. 
a, The mean body weights of SCID mice injected 
with ATP or RPMI (n = 6 per group) were monitored. 
Error bars, s.e.m. *P < 0.05 versus RPMI-injected 
mice. b, Haematoxylin- and eosin-stained colon 
sections of SCID mice treated with ATP or RPMI. 
The numbers of IL-17- and IFN-γ-producing colonic 
lamina propria CD4+ cells (n = 3 per group) are 
shown in c, and representative flow cytometry plots 
of CD4+ T cells are shown in d. Error bars, s.d. *P < 
0.02. NS, not significant. Two independent experi-
ments were performed with similar results.

Fig. 2 ATP induces differentiation of naïve 
CD4+ T cells into TH17 cells.  a, Splenic naive 
CD4+ T cells were co-cultured with colonic 
lamina propria CD11c+ with 20% conditioned 
medium from cultures of intestinal commensal 
bacteria (ICB) or S. typhimurium (S. typhi) in the 
presence or absence of apyrase. After 4 days, T 
cells were collected, restimulated and assayed 
for expression of Il17 and Ifng by rRT–PCR. b, 
rRT–PCR analyses for the indicated genes of 
splenic naive CD4+ T cells cultured with colonic 
lamina propria (LP) or splenic CD11c+ cells in 
the presence of ATPγS. Error bars, s.d. *P < 
0.05, **P < 0.01. 
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