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Interleukin (IL-9) (A001559) is regarded as a cytokine produced by 
activated TH2 lymphocytes and is involved in TH2-associated diseases 
such as asthma and parasite infection1–5. However, IL-9 seems to be 
regulated differently from other classical TH2-derived cytokines. For 
instance, transforming growth factor (TGF)-β strongly induces IL-9 
production6. Although IL-4 (A001262) is a critical TH2 inducer, IL-4  
alone has a minimal effect on IL-9 expression during naive T cell 
differentiation6. However, adding IL-4 together with TGF-β greatly 
enhances IL-9 production6–8 and inhibits the production of classical 
TH2 cytokines, IL-4, IL-5 and IL-13 (refs. 7,8). The resulting cells 
were therefore called TH9 cells to distinguish them from classical TH2 
cells. IL-10 is produced by both TH9 and classical TH2 cells. Because 
IL-9 expression is only partially reduced in IL-4-deficient mice9, IL-4-
independent IL-9 regulation was proposed. Moreover, the regulation 
of IL-9 expression in vivo remains unclear.

The IL-17 family consists of six cytokines, and the IL-17 receptor 
family is comprised of IL-17 receptors A, B, C, D and E. IL-17RB 
binds IL-25, and this interaction was initially reported to regulate 
type-2 immune responses in vivo10,11. Recently it was reported that 
mouse and human TH2 cells, but not TH1 or TH17 cells, express  
IL-17RB12,13. IL-25 functions to promote differentiation toward TH2 
cell fate in an IL-4-dependent manner.

In this study, we have further explored the regulation of IL-9 
expression by IL-25 and IL-17RB. We detected IL-17RB expression 
not only in TH2 but also in TH9 cells and noted that IL-25 treatment 
of differentiated TH9 cells enhanced IL-9 production. Overexpression 
of IL-17RB in T cells strongly induced IL-9 production as well as TH2 
cytokine expression in response to IL-25. Whereas the induction of 
TH2 cytokines was IL-4 dependent, that of IL-9 was not. In addition, 
IL-9 production in vivo was found to be greatly enhanced in IL-17RB 
transgenic mice challenged with an allergen, whereas IL-25 deficiency 
resulted in marked reduction of IL-9, associated with the attenuation 
of allergic responses. These results thus establish IL-25 as a regulator 
of IL-9 expression.

RESULTS
IL-17 receptor B expression in TH9 cells
IL-17RB mRNA is expressed by naive T and TH2 cells but not by 
TH1 or TH17 cells12. To further understand the regulation of IL-17RB 
during T cell differentiation, we analyzed its expression in activated 
T cells treated with TH1- or TH2-inducing cytokines with or without 
neutralizing antibodies by real-time RT-PCR analysis. Although IL-12  
and interferon (IFN)-γ induced the expression of IL-12 receptor 
(IL-12R)-β2, IL-17RB mRNA expression was inhibited (Fig. 1a). 
In contrast, IL-4, in the presence or absence of anti-IFN-γ, greatly 
enhanced IL-17RB mRNA expression and suppressed mRNA expres-
sion of IL-12Rβ2 (Fig. 1a). Because IL-4 and TGF-β drive TH9 cell  
differentiation, we analyzed the expression of IL-17RB upon treatment 
with IL-4 and/or TGF-β. IL-4 or TGF-β enhanced IL-17RB mRNA 
expression, and treatment with both cytokines induced the high-
est amounts of IL-17RB mRNA (Fig. 1b). Because IL-4 and TGF-β  
both regulate IL-17RB expression, we further assessed the IL-17RB 
mRNA expression in differentiating TH9, TH1, TH2 and TH17 cells 
by real-time RT-PCR on day 1 and day 2 after activation. Whereas we 
detected no change in the expression of IL-17RA and IL-17RC in dif-
ferent polarizing conditions, IL-17RB mRNA was greatly upregulated 
in TH2- and TH9-polarized cells (Fig. 1c). In addition, fully differ-
entiated TH9 cells, which expressed IL-9 but not IL-4, and TH2 cells 
that expressed IL-4 but not IL-9 showed similarly enhanced IL-17RB 
mRNA expression compared with naive T cells (Fig. 1d). To confirm 
these results, we analyzed IL-17RB cell surface expression on TH1, TH2 
and TH9 cells by using an antibody to IL-17RB14. Consistent with the 
abovementioned data, we did not detect IL-17RB expression on TH1 
cells but did observe it on TH2 and TH9 cells (Supplementary Fig. 1). 
Thus, IL-17RB is expressed in both TH2 and TH9 cells.

IL-25 enhances IL-9 expression in TH9 cells
Expression of IL-17RB in TH9 cells prompted us to investigate whether 
IL-25 might regulate TH9 differentiation or function. Naive T cells 
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The physiological regulation of the expression of interleukin (IL)-9, a cytokine traditionally regarded as being TH2 associated, 
remains unclear. Here, we show that IL-9-expressing T cells generated in vitro in the presence of transforming growth  
factor-b and IL-4 express high levels of mRNA for IL-17 receptor B (IL-17RB), the receptor for IL-25. Treatment of these cells 
with IL-25 enhances IL-9 expression in vitro. Moreover, transgenic and retroviral overexpression of IL-17RB in T cells results in 
IL-25-induced IL-9 production that is IL-4 independent. In vivo, the IL-25–IL-17RB pathway regulates IL-9 expression in allergic 
airway inflammation. Thus, IL-25 is a newly identified regulator of IL-9 expression.
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Figure 1  IL-17RB expressed by TH9 cells enhances IL-9 production.  
(a) Real-time RT-PCR of IL-17RB mRNA expression in T cells activated 

were isolated and activated with anti-CD3 and anti-CD28 with or 
without IL-25 in the presence or absence of TGF-β and analyzed for 
IL-9 production. Whereas treatment with IL-4 and TGF-β drove TH9 
differentiation, we did not detect IL-9 production after IL-25 stimula-
tion with or without TGF-β, suggesting that IL-25 does not initiate 
TH9 polarization in this system (Fig. 1e). Because TGF-β together with 
IL-4 induced the highest expression of IL-17RB, we tested whether 
IL-25 might enhance the IL-9–inducing effect of TGF-β and IL-4. In 
naive T cells differentiated under TH9 conditions, IL-25 treatment 
led to significantly (P = 0.047) enhanced IL-9 and IL-10 secretion 
(Fig. 1f). Consistent with a previous report8, we found that, upon 
IL-25 treatment, IL-5-producing TH2 cells appear distinct from IL-9-
secreting T cells as assessed by intracellular cytokine staining (Fig. 1g)  
or IL-9 mRNA expression (Fig. 1h). Because GATA3 expression was 

not affected by IL-25 treatment (Fig. 1h), IL-25 seems to regulate IL-9  
expression independent of this TH2-regulating factor. Altogether, our 
data suggest that IL-17RB is expressed in TH9 cells and that IL-25 
enhances the production of IL-9 in the presence of TGF-β and IL-4.

IL-25-mediated in vivo pathology is abrogated in mice lacking IL-
17RA15. To test whether IL-17RA expression in T cells is essential for 
IL-25 function, we isolated naive T cells from wild-type and IL-17RA-
deficient mice, activated them as above in the presence of anti-IFN-γ 
with or without IL-25, and assessed their cytokine profile. We found that 
IL-17RA deficiency resulted in impaired IL-25-mediated TH2 differen-
tiation (Fig. 2a). Addition of IL-25 to T cells cultured in TH9-inducing 
conditions significantly (P = 0.004) enhanced IL-9 secretion in wild-
type cells but had no effect on IL-17RA-deficient cells (Fig. 2b), indi-
cating that IL-17RA is required for the IL-25 effect on IL-9 production.  

with the indicated cytokines or antibodies. (b) Real-time RT-PCR of IL-17RB mRNA expression in T cells activated in the presence or absence of IL-4 
and/or TGF-β for 2 d. (c) Real-time RT-PCR of IL-17RB mRNA expression at the indicated time points in naive T cells differentiated under TH1, TH2, 
TH17 and TH9 conditions. Fold induction was calculated using TH1 cells as control and normalizing to actin (Actb) expression. (d) Real-time PCR of 
IL-17RB mRNA expression in naive T cells differentiated under TH2 and TH9 condition for 5 d and restimulated with anti-CD3 for 4 h. Naive T cells 
were used as control. (e) ELISA of IL-9 production in activated naive T cells cultured with or without IL-25 in the presence or absence of TGF-β or in 
the presence of IL-4 and TGF-β for 4 d, followed by restimulation with anti-CD3. (f–h) ELISA (f), intracellular cytokine staining (g) or real-time PCR, 
with the control being no treatment (h) of cytokine production in naive T cells stimulated with anti-CD3 and anti-CD28 in the presence of IL-4 and 
TGF-β with or without IL-25 for 4 d. Data shown are representative of at least two independent experiments.
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To determine whether IL-17RB as well is required for the IL-25-
mediated TH9 differentiation, we added soluble IL-17RB protein during 
TH9 differentiation. The soluble IL-17RB profoundly inhibited IL-25-
enhanced IL-9 production as well as IL-5 and IL-13 production (Fig. 2c). 
Thus, our data suggest that IL-17 receptors A and B are required for 
IL-25-mediated regulation of TH2 and TH9 cytokine expression.

Enhanced IL-17RB signaling induces IL-9 expression
Although naive T cells express IL-17RB12, TH9 cells express more of 
it. Because IL-25 regulates IL-9 expression in the presence of TGF-β 

and IL-4 but not on its own or together with TGF-β, we next tested 
whether increasing IL-17RB expression in naive T cells could induce 
IL-9 expression. We thus generated transgenic IL-17RB mice using 
the CD4 mini-gene16 (Fig. 3a). Insertion of a full-length cDNA into 
this transgenic cassette that contains the CD4 promoter, enhancer 
and first intron without the silencer results in transgene expression 
in all T cells. Five founder lines resulted, and four of them were trans
mitted to progeny. We compared the expression of IL-17RB mRNA in 
naive CD4+ T cells from four transgenic lines to that in their control 
littermates (Fig. 3a). Lines 1, 3 and 5, expressing more IL-17RB 
mRNA, were selected for further characterization. Surface expression 
of IL-17RB protein on CD4+ and CD8+ T cells from CD4–IL-17RB 
transgenic mice was confirmed by staining with an anti–IL-17RB anti-
body (Supplementary Fig. 2). The CD4–IL-17RB transgenic mice 
showed normal populations of T and B lymphocytes and monocytes 
in lymphoid organs (data not shown).

Cytokine expression was analyzed in naive T cells isolated from 
CD4–IL-17RB transgenic mice or littermate controls activated with 
anti-CD3 and anti-CD28, with or without IL-25. Consistent with 
the previous report on the role of IL-25 in promoting TH2 differ-
entiation12, IL-25 treatment induced an increase in the frequency 
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Figure 2  IL-17RA expression in T cells is essential for IL-25 function.  
(a) ELISA of cytokine production in naive T cells isolated from wild-type 
or IL-17R knockout (KO) mice and activated with anti-CD3 and anti-CD28 
in the presence of an anti-IFN-γ antibody with or without IL-25 for 4 d, 
followed by restimulation with anti-CD3 for 24 h. (b) ELISA of cytokine 
production in naive T cells activated as above in the presence of IL-4 
and TGF-β with or without IL-25 or with IL-17. (c) ELISA of cytokine 
production in naive T cells activated as above with IL-4 and TGF-β with or 
without IL-25 in the presence or absence of soluble IL-17RB. Data shown 
are representative of at least two independent experiments.
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of IL-5-positive cells whereas the frequency 
of IFN-γ expressing cells was reduced in 
CD4–IL-17RB transgenic T cells (Fig. 3b). Using an enzyme-linked 
immunosorbent assay (ELISA), we found enhanced production of 
TH2 cytokines, including IL-5 and IL-13, and decreased IFN-γ pro-
duction in cells from two independent transgenic lines compared 
to wild-type cells (Fig. 3c). IL-4 production was decreased, possibly 
because of the rapid consumption of IL-4 in the culture of IL-17RB 
transgenic T cells. Indeed, anti–IL-4 receptor (IL-4R)-α treatment 
resulted in enhanced IL-4 protein expression in the culture super-
natants (Supplementary Fig. 3). Consistently with that, we found 
upregulation of TH2 cytokine gene expression, as assessed by quan-
titative RT-PCR (Fig. 3d). We could not detect IL-9 expression in 
IL-25-treated wild-type T cells; however we found a strong induction 
of IL-9 expression in IL-17RB-transgenic T cells treated with IL-25. 
Likewise, in wild-type T cells infected with a retrovirus expressing 
IL-17RB or an empty vector containing IRES-GFP (Supplementary 
Fig. 4), IL-25 treatment induced IL-9 secretion only in GFP+,  
IL-17RB-expressing T cells (Fig. 3e). In addition, T cells expressing 
IL-9 were distinct from IL-4-producing T cells. Our results using a 
transgenic mouse models and retroviral transduction suggest that 
overexpression of IL-17RB on naive T cells allows IL-25 to induce 
IL-9-producing T cells.

Because IL-17RB and IL-17RA both are critical for IL-25 func-
tion, we further examined the signaling mechanisms by which IL-25 
regulates IL-9 expression. Isolated naive T cells from wild-type or 
IL-17RA-deficient mice were retrovirally transduced with IL-17RB 
or control IRES-GFP and were cultured with IL-25. Cytokine gene 
expression was examined by real-time RT-PCR in purified GFP+ cells 
restimulated with anti-CD3. Whereas IL-17RB overexpressing T cells 
upregulated IL-13 and IL-9 expression, this effect was completely 
absent in IL-17RA-deficient T cells (Fig. 4a).

Because IL-25 regulation of IL-9 expression seems to require 
both IL-17RA and IL-17RB, we next tested the physical interaction 
between IL-17RA and IL-17RB. When IL-17RA and hemagglutinin 
(HA)-tagged or wild-type IL-17RB were expressed simultaneously 
in 293T cells, IL-17RA coimmunoprecipitated with IL-17RB (Fig. 4b 
and Supplementary Fig. 5), suggesting the association of IL-17RA and 
IL-17RB as a signaling complex for IL-25. As IL-25 was initially found 
to bind to IL-17RB but not IL-17RA10, it is not clear whether IL-17RB 
only mediates ligand recognition or also transduces signals in T cells. 
IL-17RA binds to the Act1 adaptor protein through the SEFIR (similar 
expression to fibroblast growth factor genes and IL-17Rs) domain17. 
Although the SEFIR domain in IL-17RB is critical for IL-25-mediated  

induction of granulocyte colony-stimulating factor in embryonic 
fibroblast cells18,19, the importance of this domain in T cells is unclear. 
Overexpression of IL-17RB containing a truncated cytoplasmic 
domain in activated T cells did not regulate IL-9 or other classical 
TH2 cytokine expression upon IL-25 treatment (Fig. 4c). Altogether, 
our data suggest that IL-25 signaling through an IL-17RA and IL-17RB 
complex in T cells regulates TH2 and TH9 differentiation.

IL-25-mediated IL-9 production is IL-4 independent
Because overexpression of IL-17RB induced IL-9 expression in the 
absence of TGF-β and IL-4, we next analyzed whether endogenous 
expression of TGF-β or IL-4 in CD4–IL-17RB transgenic T cells con-
tributes to IL-9 production. We isolated naive T cells from CD4–IL-
17RB transgenic mice or littermate controls, activated them with or 
without IL-25 in the presence of neutralizing antibodies to TGF-β, 
IL-4, both TGF-β and IL-4, IL-13, or IL-4Rα. IL-25 treatment induced 
substantial amounts of IL-9 in CD4–IL-17RB transgenic T cells; TGF-β  
blockade resulted in a reduction in IL-9 production but no change in 
IL-5 expression (Fig. 5a). There was no further reduction of IL-9 pro-
duction with the inclusion of other antibodies. In contrast, whereas 
treatment with antibodies to IL-4 and/or IL-13 or IL-4Rα affected 
the IL-5 expression, these agents did not significantly reduce IL-9 
cytokine expression (Fig. 5a).

To confirm the above results, we assessed IL-9 expression in puri-
fied naive T cells from IL-4-deficient mice retrovirally transduced with  
IL-17RB. Upon IL-25 stimulation of these cells, we found a strong reduc-
tion of conventional TH2 cytokine expression in IL-4-deficient versus 
wild-type T cells, but no change in the abundance of IL-9 mRNA (Fig. 5b).  
Thus, our data suggest that IL-25 signaling promotes IL-9 expres-
sion through TGF-β-dependent but IL-4-independent mechanisms. 
Thus, TGF-β not only regulates IL-17RB expression but may also act 
together with IL-25 signaling to induce IL-9 expression.

IL-9 production in vivo
We next analyzed the in vivo IL-9 production in CD4–IL-17RB 
transgenic mice using an allergen-induced allergic lung disease 
model. CD4–IL-17RB transgenic or control littermate mice were 
repeatedly challenged (4 doses every other day) with the Aspergillus 
oryzae protease and chicken ovalbumin (OVA) protein allergens 
intranasally. Mice were put to death 24 h after the last challenge and 
bronchoalveolar lavage (BAL) fluid cells collected for analysis of 
inflammatory cell infiltration. CD4–IL-17RB transgenic mice showed 

Figure 4  IL-17RA and IL-17RB are essential for 
IL-25-mediated IL-9 expression. (a) Real-time 
PCR of cytokine mRNA expression in wild-type 
and IL-17R knockout (KO) T cells retrovirally 
transduced with IL-17RB or control viral vector 
(RV-GFP) and cultured with IL-25 for 4 d. Sorted 
GFP+ cells were activated with anti-CD3 for 4 h 
before mRNA isolation. (b) Immunoblot analysis 
of IL-17RA or HA-tagged IL-17RB of lysates 
from 293T cells transfected with IL-17RA or  
HA-tagged IL-17RB or both and immunoprecipitated  
with anti-HA. (c) Real-time PCR of cytokine 
mRNA expression in wild-type T cells retrovirally 
transduced with full-length IL-17RB (RB) or with 
IL-17RB lacking the cytoplasmic domain (RB-cyt) 
or with control viral vector (E) and activated for  
4 d. Data shown are a representative of at least 
two independent experiments.
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more cells in the BAL fluid than did wild-type control mice (Fig. 6a).  
Lung-infiltrating cells consisted predominantly of eosinophils and 
CD4+ T cells. Analysis of OVA-specific cytokine production in wild-
type and CD4–IL-17RB transgenic splenocytes showed no change 
in OVA-specific IL-4 production, possibly owing to consumption 
of IL-4 by T cells in the culture, but showed increased IL-5 and 
IL-13 production in cells from transgenic mice (Fig. 6b). Analysis 
of lung cells and draining lymph node cells taken from allergen- 
challenged CD4–IL-17RB transgenic or wild-type mice and stimulated  
with 12-O-tetradecanoylphorbol-13-acetate (PMA) and ionomycin 
showed similar results (Supplementary Fig. 6). In addition, although 
we could not detect OVA-specific IL-9 expression in allergen-
challenged wild-type mice, we consistently observed significant  
(P = 0.03) OVA-specific IL-9 cytokine production in CD4–IL-17RB 
transgenic mice compared to challenged wild-type mice (Fig. 6b).

Although IL-9 is known to be important in allergic inflamma-
tion4,5,20, its role in IL-25-mediated pathology has not been directly 

analyzed. To further address the role of IL-9 
in allergic inflammation in CD4–IL-17RB 
transgenic mice, we assessed lung inflamma-
tion and TH2 cytokine production in trans-
genic mice administered a blocking antibody 
to IL-9 during the induction of allergic lung 

disease. IL-9 blockade resulted in a significant reduction of total cells 
and eosinophils in the airway (Fig. 6c). Moreover, we found a strong 
reduction of OVA-specific IL-5 and IL-13 production in splenocytes 
from anti–IL-9 treated CD4–IL-17RB transgenic mice (Fig. 6d). These 
data indicate that IL-17RB overexpression upregulates IL-9 and con-
ventional TH2 cytokines in vivo and that IL-25-mediated IL-9 func-
tions to regulate allergic lung inflammation.

IL-25 deficiency attenuates allergic lung inflammation
We next examined whether IL-25 is required for IL-9 expression in an 
allergen-induced allergic mouse model. We generated IL-25 mutant 
mice through gene-targeting in mouse ES cells (Supplementary Fig. 7).  
Two loxP sites were introduced into the IL-25 gene locus, flanking 
exons 2 to 3, and germline IL-25-deficient mice were produced by 
breeding these ‘floxed’ mice with CMV-Cre mice. IL-25 mRNA could 
not be detected by real-time PCR in the lung tissue of IL-25-deficient 
mice (Supplementary Fig. 8c).
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Figure 5  IL-9 production induced by enhanced 
IL-17RB signaling requires TGF-β but not IL-4. 
(a) ELISA of cytokine production in naive T cells 
isolated from CD4–IL-17RB transgenic mice 
stimulated with anti-CD3 and anti-CD28 in the 
presence or absence of IL-25 and the indicated 
neutralizing antibodies for 4 d, followed by 
reactivation with anti-CD3 for 24 h. (b) Real-
time RT-PCR analysis of cytokine expression in 
wild-type or IL-4-deficient T cells retrovirally 
transduced with IL-17RB or control vector and 
treated with IL-25 for 4 d. Sorted GFP+ cells 
were activated with anti-CD3 for 4 h before 
mRNA isolation. Data shown are representative 
of at least two independent experiments.
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We found fewer infiltrating inflammatory cells and classical 
TH2 cytokines in the BAL fluid of IL-25-deficient mice after 
repeated allergen challenge (Supplementary Fig. 8a,b). Although 
we could not detect IL-9 protein in the BAL fluids or spleno-
cytes from either wild-type or IL-25-deficient mice, mRNA 
expression analysis from individual lungs revealed a significant  
(P = 0.02) reduction in IL-9 mRNA expression in IL-25-deficient mice 
(Supplementary Fig. 8c).

IL-9 production was previously reported in the BAL fluid in a dif-
ferent allergic lung disease model21. According to this alternate sen-
sitization protocol, IL-25-deficient or wild-type mice were sensitized 
with OVA in alum at day 0 and 14, followed by intranasal challenge 
with OVA at day 14, 25, 26 and 27, and inflammatory cell infiltration 
in the BAL fluid was analyzed 24 h after the last challenge. We found 
a notable decrease in total cell infiltrates, predominantly composed 
of eosinophils, in the BAL fluid from IL-25-deficient compared to 
wild-type mice (Fig. 7a). As previously described using this model, 
we could detect IL-19, in addition to conventional TH2 cytokines, in 
OVA-specific cells in splenocytes from challenged wild-type mice. 
However, production of IL-9 and conventional TH2 cytokines in 
IL-25-deficient mice was strongly decreased (Fig. 7b). Analysis of 
OVA-specific cytokine response in draining lymph node cells (Fig. 7c) 
and BAL fluid (Fig. 7d) from IL-25-deficient mice showed no detect-
able IL-9 and marked reduction of IL-4, IL-5 and IL-13. Consistent 
with protein expression, we found a significant reduction of IL-9 and 
TH2 cytokine mRNA expression in the lungs of IL-25-deficient mice 
(Fig. 7e). Thus, our data suggest that IL-25 expression is required for 
IL-9 expression in allergic lung diseases in vivo.

DISCUSSION
IL-9 was originally described as a TH2-derived cytokine. IL-4 alone 
can induce classical TH2 cytokines but cannot induce IL-9 expression6.  
Indeed, TGF-β was found to be a crucial factor for inducing IL-9, and 
maximal production could be achieved by adding IL-4. Moreover, 
recent data have suggested that IL-9-producing T cells are distinct 
from a conventional TH2 lineage7,8. However, the regulation of these 

cells remains unclear. Here, we found that IL-17RB is expressed  
by IL-9-producing T cells and regulates IL-9 production in vitro  
and in vivo.

IL-17RB is a protein with a single transmembrane domain  
that binds to IL-25 with high affinity. IL-17RB is expressed by TH2 
but not by TH1 or TH17 cells, and IL-25 functions to promote the 
differentiation of TH2 cells12. In this study, we found that TH9 cells also 
express IL-17RB, and IL-25 plays an additional role in promoting TH9 
differentiation. Because IL-25 could not replace IL-4 in inducing TH9 
differentiation, and IL-4 induced IL-17RB expression, it is probable 
that optimal IL-4-induced IL-17RB expression on T cells is necessary 
to promote IL-9 production. Indeed, naive T cells from CD4–IL-17RB 
transgenic mice secreted substantial amounts of IL-9 in response 
to IL-25 in the absence of IL-4. In contrast, TGF-β seems not only  
to regulate IL-17RB expression but also to act with IL-25 signaling to  
induce IL-9 expression. Future studies will be needed to elucidate how 
downstream signals of the receptors for TGF-β, IL-4 and IL-25 act in 
inducing and/or enhancing IL-9 expression.

In addition to IL-17RB, IL-17RA is essential for IL-25 function. 
IL-25-mediated type-2 immune responses require IL-17RA and  
IL-17RB15; however, whether the expression of both receptors on  
T cells is required for IL-25 function on T cell differentiation is unclear. 
Our analysis of TH cell differentiation in vitro indicates that IL-17RA 
and IL-17RB are essential for IL-25-enhanced TH2 and TH9 differen-
tiation in vitro. Thus, constitutive expression of IL-17RA in T cells and 
inducible expression of IL-17RB may contribute to the determination 
of T helper lineages. The physical interaction of IL-17RA and IL-17RB 
indicates that IL-25 functions require the association of the two recep-
tors to form a receptor complex. In addition, the cytoplasmic domain 
of IL-17RB was required for IL-25 action in enhancing the production 
of TH2 cytokines and IL-9, suggesting that IL-17RB not only mediates 
ligand recognition, it contributes to signal transduction in T cells. 
Recent studies indicate that the adaptor protein Act1, also known as 
CIKS (connection to IκB kinase and stress-activated protein kinases) 
is essential in IL-25-mediated allergic inflammation18,19. It remains 
unclear whether Act1 is required for IL-25-enhanced TH2 and TH9 
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differentiation. Dissecting the signal transduction pathways involved 
in IL-25 actions on T cells requires further investigation. Previous work 
has shown IL-17R-deficient mice show reduced airway inflammation 
in association with attenuated TH2 responses in a model of OVA-
induced allergic inflammation22; these defects may therefore not 
be due solely to a defect in IL-17 signaling but also to a defect in  
IL-25-signaling.

TGF-β, IL-2 and IL-4 can regulate IL-9 expression6,23. In CD4–IL-
17RB transgenic T cells secreting large amounts of IL-9 in response to 
IL-25, inhibition of IL-4 and IL-2 had little effect on IL-9 expression. 
However, neutralization of TGF-β abolished the production of IL-9.  
Furthermore, overexpression of IL-17RB in IL-4-deficient T cells 
resulted in normal induction of IL-9 expression, although it did not 
affect IL-5 and IL-13 expression. These data suggest that IL-25 uses 
different mechanisms to mediate TH2 differentiation and IL-9 expres-
sion. IL-25 may promote TH2 polarization through an IL-4-dependent  
pathway, whereas the regulation of IL-9 expression by IL-25 is inde-
pendent of IL-4 but dependent of TGF-β signaling. Our in vitro data 
not only identify IL-25 as a IL-9 regulator, but also support the notion 
that expression of IL-9 and of TH2 cytokines is regulated by common 
but also by distinct regulatory mechanisms.

Our in vivo experiments confirm the importance of IL-25 in 
regulating IL-9 expression. Because IL-25 is an important regulator 
in allergic asthma12,13,24,25 and IL-9 is a key player in airway inflam-
mation and asthma4,5,26, IL-25 may contribute to IL-9-mediated lung 
inflammation. In mouse model of allergic lung diseases, the enhanced 
IL-9 expression in IL-17RB transgenic mice and reduced IL-9 expres-
sion in IL-25-deficient mice, indicating the importance of IL-25 in 
the regulation of IL-9. The reduced allergic inflammation in IL-17RB 
transgenic mice upon inhibition of IL-9 production indicates that 
IL-25 is one regulator of IL-9 in vivo. Because IL-25 can regulate the 
production of TH2 cytokines from non-T, non-B cells and the differ-
entiation of TH2 and TH9 cells in allergic diseases, it may serve as an 
important therapeutic target for treatment of allergy and asthma.

In conclusion, we have provided in vitro and in vivo evidence that 
IL-25 acts as a regulator of IL-9-producing T cells through the expres-
sion of IL-17RB on these cells. Our results indicate an important 
function of IL-25 in coordinating both conventional TH2 cytokine 
and IL-9 expression. Further research on the regulation of TH9 and 
TH2 subsets and their function in immune-mediated diseases will be 
required to understand the complex effector mechanisms involved 
in immune responses.

Methods
Methods and any associated references are available in the online  
version of the paper at http://www.nature.com/natureimmunology/.

Accession codes. UCSD-Nature Signaling Gateway (http://www. 
signaling-gateway.org): A001559 and A001262.

Note: Supplementary information is available on the Nature Immunology website.
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ONLINE METHODS
Generation of CD4–IL-17RB transgenic mice. A full-length cDNA 
encoding mouse IL-17RB was cloned into SalI site of the CD4 mini-gene 
plasmid, which contains CD4 promoter/enhancer and the first intron with-
out the silencer element (a gift from D. Littman)16. The IL-17RB transgene 
construct was digested with NotI and microinjected into C57BL/6 mice at 
the Transgenic Mouse Facility at MD Anderson Cancer Center. Transgene 
integration was analyzed by genomic PCR by using the following primers: 
forward, 5′-GCTCAGATTCCCAACCAACAAGAG-3′; reverse, 5′-CAGGG 
CCATCTCCAGAGT-3′. Five transgenic founders were obtained and bred 
with C57BL/6 mice. Subsequent screening of CD4–IL-17RB transgenic 
mice was carried out by genomic PCR using the following primers: for-
ward, 5′-ATGGTCCAACACACACTCACTCCA-3′; reverse, 5′-ACAGACAAA 
GAAGGGCTGTCCTCA-3′. The three lines expressing the most IL-17RB 
mRNA were further characterized.

Generation of IL-25 knockout mice. IL-25-deficient mice were generated by 
introducing a pair of loxP sites into the IL-25 locus in the 129/TC1 embryo
nic stem cell line. The targeting vector contained NeoR as a positive selec-
tion marker and the diphtheria toxin A gene as a negative selection marker. 
Targeted ES clones were selected and injected into C57BL/6 blastocysts to 
generate chimeras. High-percentage chimeras were bred with female CMV-
Cre transgenic mice to obtain IL-25+/− mice. Heterozygous mice were then 
bred to obtain homozygous knockout mice and wild-type littermates for 
experiments. The genotyping primers for IL-25−/− mice were as follows: 
forward, 5′-CTGCTCCAGTCAGCCTCTCT-3′; reverse1, 5′-AGCAGC 
TGGGCAAGTGAC-3′; reverse 2, 5′-AGGTGGAGAAAGTGCCTGT-3′. The 
primers forward and reverse1 primers, surrounding the first loxP site, amplify 
a 368-bp wild-type band, whereas the forward and reverse2 primers, flanking 
the deleted exons, give a 500-bp knockout band. Mice 6–10 weeks of age were 
used in experiments following protocols approved by Institutional Animal 
Care and Use Committee, MD Anderson Cancer Center.

Induction and analysis of asthma models. For the allergen-induced asthma 
model, mice (5 per group) were challenged intranasally with antigen. Mice 
were anesthetized with isoflurane and allowed to inhale a mixture contain-
ing A. oryzae and OVA every other day for four total challenges. A blocking 
antibody to IL-9 (222622 (MAB4091), R&D Systems) or a control antibody 
(rat immunoglobulin; Chrom-Pure (012-000-003), Jackson Laboratories) was 
given intraperitoneally at the time of challenge in some experiments. Mice 
were put to death 24 h after the final challenge and BAL fluid and antigen-
specific T cell responses analyzed as previously described12. For OVA-induced 
asthma model, mice were immunized with 100 µg OVA (Sigma-Aldrich) in 
alum at days 0 and 14, followed by intranasal challenge with 50 µg OVA at 
days 14, 25, 26 and 27. Mice were put to death 24 h after the last challenge and 
analyzed for inflammatory cell infiltration in BAL fluid and antigen-specific 
T cell response as above.

TH cell differentiation. Lymph nodes and spleens of mice were sorted by flow 
cytometry as described12 and stimulated with plate-bound anti-CD3 (1 µg/ml;  
2C11; BioXcell) plus soluble anti-CD28 (2 µg/ml; 37.51, BioXcell) in the presence  
of the indicated stimuli or neutralizing antibodies (20 µg/ml anti–TGF-β  
(100-21, Peprotech), 10 µg/ml anti–IL-4 (11B11 (BE0045); BioXcell), 10 µg/ml  
anti–IL-13 (38213 (MAB413), R&D Systems), 10 µg/ml anti–IL-2 (JES6-1A12  
(MAB702), R&D Systems), 10 µg/ml anti–IL-4Rα (M1(552288), BD 
Pharmingen), 10 µg/ml anti–IFN-γ (XMG 1.2 (BE0055), BioXcell), 10 µg/ml  
soluble IL-17RB (IL-17RB Fc chimera (1040-BR), R&D Systems) or with  

polarizing cytokines (10 µg/ml anti–IL-4, 10 ng/ml IL-12 (210-12, Peprotech) 
and 50 U/ml human IL-2 for TH1; 10 µg/ml anti-IFN-γ, 10 ng/ml IL-4 
and 50 U/ml human IL-2 for TH2; 20 ng/ml IL-6 (216-16; Peprotech),  
5 ng/ml TGF-β, anti-IFNγ and anti–IL-4 for TH17; and 5 ng/ml IL-4 and  
1 ng/ml TGF-β for TH9) with or without IL-25 immunoglobulin fusion 
protein (IL-25Ig; 2 µg/ml). After 4 d of restimulation, cells were washed and 
restimulated with plate-bound anti-CD3 (1 µg/ml) for 4 h, and cells were then 
collected for RNA extraction. For cytokine measurement by ELISA, culture 
supernatants were collected at 24 h. For intracellular cytokine analysis, cells 
were restimulated with 500 ng/ml of ionomycin and 50 ng/ml of PMA in the 
presence of Golgi Stop (BD Pharmingen) for 5 h. Cells were then permea-
bilized with Cytofix/Cytoperm Kit (BD Pharmingen) and analyzed for the 
expression of IL-4, IL-5 or IFN-γ (BD Pharmingen) or IL-9 (Biolegend). For 
detection of IL-17RB surface expression, T cells after activation were stained 
with biotinylated anti–IL-17RB14, followed by streptavidin-allophycocyanin.

Retroviral transduction. pGFP-RV–full-length-IL-17RB and pGFP-RV–
mutated IL-17RB were generated. The plasmid pGFP-RV contains an inter-
nal ribosomal entry site (IRES)–regulated green fluorescent protein gene 
(IRES-GFP). Naive CD4+CD25−CD62LhiCD44lo T cells from C57BL/6 mice, 
IL-17R-deficient mice or IL-4-deficient mice were sorted by flow cytometry 
and activated with plate-bound anti-CD3 and anti-CD28 in the presence of 
polarizing cytokines. Thirty-six hours after activation, cells were spin-infected 
with retrovirus expressing IL-17RB, retrovirus expressing IL-17RB with the 
cytoplasmic domain deleted, or control empty vector, and medium was 
replaced with IL-25 added after 4 h of infection. Four days after activation, 
GFP+ cells were sorted by flow cytometry and gene expression was assessed 
by quantitative real-time PCR.

Immunoprecipitation. 293T cells expressing HA–IL-17RB or wild-type  
IL-17RB and/or IL-17RA were washed once with ice-cold PBS and lysed in 
lysis buffer. Lysates were used for immunoblot or immunoprecipitation as pre
viously described17. For immunoprecipitation, cleared cell lysate was incubated 
with anti-HA antibody or anti–IL-17RB antibody (Santa Cruz Biotechnology) 
for 90 min, followed by four washes in lysis buffer. Immunoprecipitates were 
denatured with 2× SDS sample buffer before SDS-PAGE. Protein transfer was 
followed by overnight incubation with anti-HA, anti–IL-17RB (R&D Systems) 
or anti–IL-17RA (R&D). After incubation with HRP-conjugated secondary 
antibody, the signal was detected with ECL reagent (Promega).

Real-time RT-PCR analysis. Total RNA extracted using Trizol reagent 
(Invitrogen) was used to generate cDNA using oligo(dT), random hexa
mers, and MMLV reverse transcriptase (Invitrogen). For quantitation 
of cytokine, cDNA samples were amplified in IQ SYRB Green Supermix 
(Bio-Rad Laboratories). The data were normalized to an Actb refer-
ence. The primer pairs for analysis of IL-4, IL-5, IL-13, and IFN-γ were as  
previously described12. Primer pair for IL-9: forward, 5′-CATCAGTGTCTC 
TCCGTCCCAACTGATG-3′; reverse, 5′-GATTTCTGTGTGGCATTGGTC 
AG-3′. Primer pair for IL-17RB: forward, 5′-CCATCCCTCCAGATGACA 
AC-3′; reverse, 5′-TGCTCCTTCCTTGCCTCCAAGTTA-3′. Primer pair for  
IL-17RA: forward, 5′-AGTGTTTCCTCTACCCAGCAC-3′; reverse, 5′-GAA 
AACCGCCACCGCTTAC-3′. Primer pair for IL-17RC: forward, 5′-GCTGCC 
TGATGGTGACAATGT-3′; reverse, 5′-TGGACGCAGGTACAGTAAGAAG-3′.

Statistical analysis. Data are presented as mean value + s.d. Data were  
analyzed using Student’s t-test (n = 2 groups). A value of P < 0.05 was  
considered significant.
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Supplementary Figure 1.   Surface expression of IL-17RB protein in TH2 and TH2 cells.  

Cell surface expression of IL-17RB in naïve T cells differentiated in the presence of IL-12 and 

anti-IL-4 (TH1 condition), IL-4 and anti-IFN-γ (TH2 condition), or TGF-β, and IL-4 and TGF-β 

(TH9 condition) for 5 days. 
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Supplementary Figure 2.   Surface expression of IL-17RB in the CD4-IL-17RB transgenic 

mice.  Cell surface expression of IL-17RB in total splenocytes from wild type and IL-17RB 

transgenic mice stained with CD4, CD8, and anti-IL-17RB. 
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Supplementary Figure 3.   Anti-IL-4Rα enhances IL-4 protein accumulation in IL-25-

treated CD4-IL-17RB transgenic T cells. ELISA of of IL-4 and IL-5 production  in naïve T 

cells from IL-17RB transgenic mice purified and activated as in Figure 3c in the presence of IL-

25 with or without an anti-IL-4 receptor alpha antibody or an anti-IL-4 antibody.   

 

 

 

 4
Nature Immunology: doi:10.1038/ni.1846



RV-GFP

RV-GFP-IL-17RB

Biotin-Isotype
Biotin-IL17RB

0

SA-APC

%
 M

ax

RV-GFP

RV-GFP-IL-17RB

Biotin-Isotype
Biotin-IL17RB

00000

SA-APC

%
 M

ax

 

 

Supplementary Figure 4.  Surface expression of IL-17RB protein in T cells retrovirally 

transduced with IL-17RB.  Cell surface expression of IL-17RB in naïve T cells retrovirally 

transduced with IL-17RB or control viral vector (RV-KM). 
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Supplementary Figure 5.    IL-17RA physically associates with IL-17RB.  Immunoblot 

analysis of IL-17RA and IL-17RB in lysates from 293T cells transfected with IL-17RA or IL-

17RB or both and immunoprecipitated with an anti-IL-17RB antibody.   

 

 

 

 

 

 

 

 6
Nature Immunology: doi:10.1038/ni.1846



IL-5

4.8 0.35

0.36

10.9 1.75

2.31

13.6 3.71

2.73

14.9 3.24

1.46

4.66 0.15

0.54

3.53 0.24

0.7

WT

TG

Lung DLN

IL
-4

10.5 1.99

1.8

5.75 0.38

0.9

6.29 0.71

1.04

8.42 0.81

0.69

7.02 1.53

1.02

18.5 14.4

4.96

IL-5

4.8 0.35

0.36

4.84.8 0.35

0.36

10.9 1.75

2.31

10.9 1.75

2.31

13.6 3.71

2.73

13.6 3.71

2.73

14.9 3.24

1.46

14.9 3.24

1.46

4.66 0.15

0.54

4.66 0.15

0.54

3.53 0.24

0.7

3.53 0.24

0.7

WT

TG

Lung DLN

IL
-4

10.5 1.99

1.8

10.5 1.99

1.8

5.75 0.38

0.9

5.75 0.38

0.9

6.29 0.71

1.04

6.29 0.71

1.04

8.42 0.81

0.69

8.42 0.81

0.69

7.02 1.53

1.02

7.02 1.53

1.02

18.5 14.4

4.96

18.5 14.4

4.96

 

 

Supplementary Figure 6.  Increased numbers of IL-4- and IL-5-producing cells in the lung 

and draining lymph node of wild-type or IL-17RB transgenic mice. Intracellular cytokine 

staining of cytokine production in lungs and draining lymph nodes of CD4-IL-17RB transgenic 

mice (TG) or wild-type littermate controls intranasally challenged with A. oryzae allergen and 

OVA every other day for a total of six times.  Cells were activated with PMA and ionomycin in 

the presence of Golgi Stop for 5 hrs prior to analysis. 
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Supplementary Figure 7.  Generation of IL-25 knockout mice. The targeting vector was 

generated by introducing two loxP sites into the IL-25 gene locus, flanking exons 2 to 3. A DTA 

gene was attached to the 5′ end of the genomic fragment for negative selection. The external 

homologous regions shown in the targeting allele were used as the genomic probe for Southern 

blot analysis. DNA-hybridization analysis for targeted clone screening was carried out using 

NheI.   This floxed mouse was bred with a CMV-Cre mouse to generate germline IL-25 deficient 

mice. Primers F, R1, and R2 were used for genotyping of mice.  
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Supplementary Figure 8.  Reduced IL-9 expression in IL-25 deficient  mice in an allergen-

induced allergic response.   (a) Total cell infiltrates in the BAL fluid of IL-25-deficient mice 

(KO) or wild-type littermate controls intranasally challenged with A. oryzae allergen and OVA 

every other day for a total of six times. Four-five mice were anlysed in each group. (b) ELISA of 

cytokine production in BAL fluid of mice challenged as in a,* p< 0.05.  (c) Real-time PCR of 

cytokine mRNA expression in lung cells harvested from wild-type or IL-25KO mice challenged 

as in a. Results were normalized to naïve mice,* p< 0.05.  Data are a representative of at least 

two independent experiments.  
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