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Abstract 

IL-17-producing helper T cells (Th17) play critical roles in various inflammation-

related diseases, including autoimmune diseases and cancer. Although basic principles 

underlying differentiation and expansion of Th17 cells have been clarified, how these 

processes are modified in the microenvironment of each specific disease remains to be 

defined. Furthermore, recent studies show that Interleukin (IL)-23 is the key cytokine 

for generation of pathogenic IL-17-producing helper T (Th17) cells that critically con-

tribute to autoimmune diseases and cancer. However, how IL-23 generates pathogenic 

Th17 cells remains to be elucidated. 

It was previously shown that prostaglandin E2 (PGE2) facilitates IL-23-

mediated Th17 expansion). Here, I examined the molecular mechanism and clinical im-

plications of this PGE2 action. I found that IL-23 and PGE2 synergistically induce ex-

pression of Il23r in Th17 cells differentiated by IL-6 plus TGF-β. Intriguingly, IL-23 

induces expression of COX-2 during incubation, and the Il23r induction by this cyto-

kine is partially suppressed by a COX inhibitor, indomethacin, indicating that the above 

PGE2-mediated facilitation functions endogenously downstream of IL-23. This PGE2 

action is dependent on EP2 and EP4, and is reproduced by activation of cAMP-PKA 

signaling. Interestingly, cAMP increases STAT3 Y705 phosphorylation and JAK2 

Y1007/1008 phosphorylation in a PKA and Src-dependent manner, and both cAMP- 

and IL-23-mediated Il23r induction is inhibited by inhibitors of STAT3, indicating that 

cAMP and IL-23 converge on STAT3 phosphorylation.  In addition, I found that the 

PGE2-EP2/EP4 signaling pathway and IL-23-IL-23R signaling activate not only 

STAT3 but also CREB1 and NF-κB to induce Il23r expression. Il23r induction by 

cAMP, IL-23 and in combination is significantly suppressed by CREB1 inhibitor and 
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RNAi. Deficiency of p105 (NF-κB subunit) and inhibition of NF-κB also suppressed 

the induction of Il23r mRNA expression.  I also confirmed that both PGE2-EP2/EP4 

signaling and IL-23-IL23R activate p65, another subunit of NF-κB, and PGE2-EP2/EP4 

signaling activates p105. 

Moreover, microarray analyses revealed that this PGE2 signaling induces the 

expression of various inflammation-related genes, which possibly function in Th17 cell-

mediated pathology.  

Finally, I confirmed the in vivo relevance of these findings in a mouse IL-23-

induced psoriasis model and found that genetic deletion or pharmacological inhibition 

of EP2 and EP4 significantly suppressed skin inflammation, with a concomitant de-

crease in the Th17 cell population in the lesion. Also, combined deletion of EP2 and 

EP4 selectively in T cells abolished inflammation in the IL-23-induced mouse model of 

psoriasis, with suppression of the accumulation of IL-17+ and IL-17+IFN-γ+ T cells in 

the lesion. Thus, T cell-intrinsic EP2/4 signaling is critical in IL-23-driven Th17 cell 

pathogenesis, which points to these receptors as potential targets for therapeutic inter-

vention. 
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Introduction	

CD4+ helper T (Th) cells are differentiated into distinct effector cell subsets, Th1, Th2, 

and Th17 cells, in response to the specific cytokine milieu present in the microenviron-

ment of inflammation, and they mediate immune inflammatory responses in respective 

settings (Dong, 2008; Kemper & Atkinson, 2007; Korn, Bettelli, Oukka, & Kuchroo, 

2009; Zhu & Paul, 2010). Among these Th subsets, Th17 cells are suggested to mediate 

inflammatory responses in many autoimmune diseases including multiple sclerosis, in-

flammatory bowel disease (IBD), Crohn’s disease, psoriasis and rheumatoid arthritis 

(RA). The importance of this Th subset in these processes was suggested first in animal 

models of these diseases such as experimental autoimmune encephalomyelitis (EAE), 

collagen-induced arthritis (CIA) and IL-23- or imiquimod (IMQ)-induced psoriasis 

(Cua et al., 2003; Cua & Tato, 2010; Murphy et al., 2003; Torchinsky & Blander, 2010; 

Yen et al., 2006).   

 Th17 cells are differentiated from naïve CD4+ T cell by the combined actions 

of interleukin-6 (IL-6) and transforming growth factor-β1 (TGF-β1) (Ivanov et al., 

2006; Morishima, Mizoguchi, Takeda, Mizuguchi, & Yoshimoto, 2009; Yang et al., 

2008; Zhou et al., 2007; Zhou et al., 2008). However, Th17 cells thus differentiated 

have little capacity to induce autoimmune and inflammatory pathology (Lee et al., 

2012), and require exposure to IL-23  to acquire pathogenic Th17 character (Lee et al., 

2012; Wu et al., 2013).  

 IL-23 acts on its own receptor, IL-23R, activates STAT3, and effectively in-

duces expression of this receptor gene, Il23r, thus forming a self-amplification loop. 

The importance of this IL-23-IL23R signaling pathway has been suggested also by sev-

eral genomic studies showing that single nucleotide polymorphisms (SNP) in genes in-
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volved in this pathway, IL23R, IL12B (p40), JAK2, and STAT3, have a positive correla-

tion with a wide range of IL-17-dependent autoimmune diseases (Anderson et al., 2011; 

Franke et al., 2010; Stuart et al., 2015). The IL-23-IL-23R signaling is also implicated 

in various human cancers, including those of the colon, ovary, lung, breast, stomach, 

skin, liver and head and neck (Wang & Karin, 2015).  

 It is known that this IL-23 signaling induces many other Th17 pathogenic sig-

nature genes, e.g. Ifng, Il18r1, and Tgfb3 (Burkett, Meyer zu Horste, & Kuchroo, 2015; 

Gaffen, Jain, Garg, & Cua, 2014), but this signaling alone appears not sufficient for 

such action, because IL-6 that activates STAT3 similarly cannot substitute for IL-23 

(Gaffen et al., 2014). However, the identity of additional signaling and the precise tran-

scriptional mechanisms to induce expression of pathogenic genes remain to be elucidat-

ed. Further, how IL-23 cooperates with other inflammatory factors formed in the dis-

ease microenvironment and how critical such cooperation is for pathogenic conversion 

of Th17 cells and overall pathology remain to be clarified. The latter point may be ther-

apeutically important, because anti-IL-23 therapy suppresses the whole population of 

Th17 cells and theoretically has an intrinsic risk of adverse effects through impairing 

host defense and tumor surveillance (Teng et al., 2015).  

 Prostanoids including prostaglandin (PG) D2, PGE2, PGF2α, PGI2, and throm-

boxane A2 (TXA2) are oxygenated metabolites of arachidonic acid produced by sequen-

tial actions of cyclooxygenase (COX) and respective synthases, which act on their cog-

nate receptors, DP for PGD2, EP1 to 4 for PGE2, IP for PGI2, FP for PGF2α, and TP for 

TXA2, to exert their actions (T. Hirata & Narumiya, 2011). While prostanoids were tra-

ditionally regarded as immunosuppressants (Harris, Padilla, Koumas, Ray, & Phipps, 

2002; Sreeramkumar, Fresno, & Cuesta, 2012), recent studies have revealed their im-
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munostimulatory actions in processes such as cytokine production, dendritic cell matu-

ration, macrophage activation, and differentiation and expansion of Th subsets (Takako 

Hirata & Narumiya, 2012; Sakata, Yao, & Narumiya, 2010). Indeed, the PGE2-EP2 and 

EP4 (EP2/EP4) signaling enhances Th1 differentiation by inducing the expression of 

IL-12 receptor, Il12rb2, and interferon-γ receptor, Ifngr1, thus facilitating IL-12 signal-

ing (Yao et al., 2013; Yao et al., 2009). The same PGE2-EP2/EP4 signaling was also 

reported to synergize with IL-23 to facilitate IL-23-induced expansion of Th17 cells not 

only in murine but also human T cells (Boniface et al., 2009; Yao et al., 2009). Howev-

er, whether the PGE2-EP2/EP4 signaling is involved in induction of pathogenic Th17 

cells and how it does so remain to be elucidated. 

 In this study, I have examined how the PGE2-EP2/4 signaling is linked to IL-23 

stimulation and together regulates IL-23-induced expansion of Th17 cells and how this 

process contributes to induction of pathogenic Th17 cells. Furthermore, I have identi-

fied the transcription mechanisms in addition to STAT3 that regulate the above process. 

Finally, I have evaluated the importance of this PGE2 signaling in the Th17-mediated 

immune inflammation in vivo. 
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Results	  

IL-23 enhances induction of Il23r mRNA expression in Th17 cells. 

To analyze how PGE2 enhances IL-23-induced expansion of Th17 cells, I first cultured 

naïve CD4+ T cells purified from spleen under the Th17-skewing condition (IL-6 plus 

TGF-β1) for 4 days to differentiate them to Th17 cells and then incubated with IL-23 

for an additional 3 days to induce pathogenic Th17 cells (Langrish et al., 2005). Con-

sistent with our previous findings (Yao et al., 2009), the addition of exogenous PGE2 to 

the latter culture significantly enhanced IL-23-induced Th17 expansion. Under this con-

dition, I noted that PGE2 markedly up-regulated IL-23-induced expression of Il23r 

gene, and that this effect was mimicked by both EP2- and EP4-selective agonists (Fig. 

1A). As both EP2 and EP4 are coupled with G-proteins to increase intracellular cAMP 

as a second messenger, and activate PKA and Epac (T. Hirata & Narumiya, 2011), I ex-

amined the effect of compounds acting on these signaling pathways, and found that a 

cAMP analogue, dibutyryl cAMP (db-cAMP), forskolin and a phosphodiesterase inhibi-

tor, IBMX, all synergized with IL-23 and significantly amplified IL-23-induced Il23r 

expression and IL-17A production in these cells (Fig. 1B and C). This effect of db-

cAMP was mimicked by the addition of a PKA agonist (N6-Bnz-cAMP, 300 µM) but 

not by an Epac activator (8-pCTP-2’-O-Me-cAMP, 300 µM) (Fig. 1D), and, consistent-

ly, was significantly ameliorated by treatment with a PKA inhibitor (H-89, 10 µM) (Fig. 

1E). These results indicate that PGE2 enhances IL-23-induced Th17 expansion via 

EP2/4-cAMP-PKA signaling pathway. 

 

IL-23 mobilizes the endogenous COX2-PGE2-EP2/EP4 signaling. 

 Notably, IL-23 stimulation significantly increased Ptgs2 (COX2) gene expression in 
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Th17 cells (Fig. 2A) and produced subnanomolar concentrations of PGE2 in the culture 

medium (Fig. 2B). Intriguingly, incubation with indomethacin, a non-selective COX 

inhibitor, or antagonists selective to EP2 (PF-04418945) or EP4 (ONO-AE3-208) sig-

nificantly blocked the induction of Il23r expression in response to both IL-23 alone and 

IL-23 and PGE2 in combination (Fig. 2C and D). These data suggest that IL-23 induces 

low concentration of production of PGE2, which are enough to acts back to EP2 and 

EP4 on Th17 cells to enhance Il23r gene expression in a positive feedback manner in 

Th17 cells. 

 

STAT3 is the major transcription factor for induction of Il23r mRNA expression 

by IL-23 and PGE2-cAMP signaling. 

I then investigated transcription factors responsible for induction of Il23r expression in 

Th17 cells by IL-23 and PGE2 signaling. Because signal transducer and activator of 

transcription 3 (STAT3) was reported to mediate IL-23-induced Il23r expression (Che 

Mat, Zhang, Guzzo, & Gee, 2011), I first used a STAT3 inhibitor and assessed in-

volvement of STAT3 in enhancement of Il23r induction by db-cAMP.  The addition of 

STAT3 inhibitor VII concentration-dependently and almost completely suppressed 

Il23r expression not only by IL-23 but also by db-cAMP alone and IL-23 and cAMP in 

combination (Fig. 3A), indicating that STAT3 is an essential transcription factor for 

Il23r expression that also mediates the enhancing action of db-cAMP. To detect the 

phosphorylation signals clearly, Th17 cells differentiated with IL-6 and TGF-β1 were 

first cultured with IL-23 for 3 days to induce IL-23R and used after the phosphorylation 

level returned to the basal by resting. As expected, stimulation with IL-23 increased 

Y705 phosphorylation of STAT3 at 30 min (Fig. 3B). In addition, treatment with db-
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cAMP increased Y705 phosphorylation of STAT3 at the earlier time points, 5 and 30 

min after the stimulation (Fig. 3B). This increase was ameliorated not only by the addi-

tion of STAT3 Inhibitor VII and also by H-89 (Fig. 3C). These results indicated the in-

volvement of PKA in db-cAMP-mediated Y705 phosphorylation of STAT3. STAT3 

Y705 is phosphorylated by JAK2, which shows auto-phosphorylation at Y1007 and 

Y1008 upon activation. Intriguingly, the JAK2 Y1007/1008 phosphorylation in Th17 

cells was enhanced by their treatment with db-cAMP, and this enhancement was sup-

pressed by Src Kinase Inhibitor I (Fig. 3D), indicating the presence of a cAMP-PKA-

Src-JAK2 pathway in differentiated Th17 cells for activation of STAT3 by cAMP. c-

Src-mediated STAT3 activation was previously reported (Cirri et al., 1997). 

 

Not only STAT3 but also CREB1 and NF-κB mediate the induction of Il23r mRNA 

expression by IL-23 and PGE2-cAMP signaling. 

It is well known that IL-6 cannot substitute for IL-23 for induction of Il23r mRNA ex-

pression (Gaffen et al., 2014), indicating that STAT3 is not a sole transcription factor 

regulating induction of Il23r expression. Given our previous finding that CREB1 regu-

lates PGE2-EP2/4-mediated Il12b2 induction downstream of PKA in Th1 cells (Yao et 

al., 2013), I investigated the role of CREB1 in Il23r expression by using a CREB inhibi-

tor, KG-501, as well as depleting CREB1 by RNAi. Both KG-501 treatment and RNAi 

for CREB1 suppressed Il23r induction not only in response to the stimulation with 

cAMP alone, IL-23 alone or in combination but also the basal level of expression, sug-

gesting the involvement of CREB1 in Il23r expression in Th17 cells (Fig. 4A and B). 

As IL-23 signaling enhances endogenous PGE2 production via induction of COX2 ex-

pression in Th17 cells (Fig. 2A and B), the suppression of Il23r expression by inhibition 
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or depletion of CREB1 could be due to inhibition of the fraction of the Il23r expression 

augmented by endogenous PGE2.  

 By screening for phosphoproteins, I further detected an increase in S536 phos-

phorylation of NF-κB p65 (p65) in Th17 cells incubated with db-cAMP, IL-23 or both 

for 24 h (Fig. 4C).  I also detected S933 phosphorylation of the NF-κB p105 subunit, a 

precursor of p50, in response to db-cAMP and IL-23 and db-cAMP in combination 

(Fig. 4C), which is consistent with our previous finding in dendritic cells that PGE2-

cAMP signaling activates the p50 subunit (Ma, Aoki, & Narumiya, 2016) and a report 

that phosphorylation of p105 S933 is PKA-dependent (Christian, Smith, & Carmody, 

2016). I then used Th17 cells from mice deficient in Nfkb1 (p105 KO) or a pharmaco-

logical inhibitor of NF-κB, NBD-peptide, and examined the involvement of NF-κB in 

Il23r induction. Interestingly, both genetic deficiency of p105 and treatment with NBD-

peptide inhibited Il23r induction in response to the combination of db-cAMP and IL-23 

(Fig. 4D and E). These results show that PGE2-EP2/4-cAMP-PKA signaling is im-

portant to activate NF-κB as a transcription factor for Il23r mRNA in the presence of 

IL-23. 

  These results combined together suggest that PGE2-EP2/4-cAMP-PKA signal-

ing works together with IL-23 signaling to activate STAT3, NF-κB and CREB1 for in-

duction of Il23r expression in Th17 cells.  

 

Gene signature induced by PGE2-EP2/4-cAMP signaling in CD4+ T cell popula-

tions primed with IL-6 and TGF-β. 

Since IL-23R is the most important marker of pathogenic Th17 cells (Lee et al., 2012) 

and pathogenic Th17 cells should express a variety of other genes responsible for their 
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pathogenicity, I next wondered how much the PGE2-EP2/4-cAMP signaling contributes 

to expression of pathogenic gene candidates (Fig. 5A). CD4+ T cells were cultured un-

der the Th17-skewing conditions with IL-6 and TGF-β1 for 3 days, then incubated with 

db-cAMP alone, IL-23 alone or IL-23 and db-cAMP in combination for 24 h, and sub-

jected to microarray analysis. Only 54 genes were more than 2-fold up-regulated in ex-

pression in response to IL-23 alone compared to the vehicle-treated control cell popula-

tion cultured with TGF-β1 and IL-6. The addition of db-cAMP alone up-regulated ex-

pression of 1,200 genes that included 24 genes up-regulated by IL-23. The combined 

addition of IL-23 and db-cAMP up-regulated expression of 1,661 genes, which included 

47 genes up-regulated by IL-23 alone that are further divided into the 24 genes up-

regulated by both IL-23 and db-cAMP (Cluster 1U) and the 23 genes up-regulated by 

IL-23 but not by db-cAMP (Cluster 2U), 1075 genes up-regulated by db-cAMP alone 

(Cluster 3U) and additional 539 genes that were up-regulated by neither IL-23 nor db-

cAMP alone but by their combination  (Cluster 4U). Expression of representative genes 

in each cluster is shown in the heat map (Fig. 5B). Cluster 1U included Il17a, Il17f, 

Il23r and Il1r1, expression of which were up-regulated synergistically by IL-23 and db-

cAMP. Cluster 2U included Il22, expression of which was not induced by db-cAMP 

alone and not affected when db-cAMP was added to IL-23. Cluster 3U encompasses a 

variety of genes, including genes involved in cell migration and adhesion such as Ccr2, 

Cxcr4, Cx3cr1, Ccr6, S1pr1, Sema4f, Sema6c, Efna2, Sell, Selp and Itgb3, those in-

volved in induction of IFN-γ such as Il12rb2, Il18r1 and Il18rap, and those involved in 

cell activation such as Tlr4, Tgfb3, Rasa, Rasgrp2, Lat2, Txk, and Rora. Cluster 4U in-

cluded Il1b, Il17rc, Il17re, Prkcq, Sema3c, Sema6a and Tlr12. As for genes whose ex-

pression was down-regulated compared to the vehicle-treated control population, 14 
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genes were more than 2-fold down-regulated in expression in response to IL-23 alone. 

The addition of db-cAMP alone down-regulated 410 genes including 9 genes down-

regulated by IL-23 alone, and the combined addition of IL-23 and db-cAMP down-

regulated 330 genes (Fig. 5A). These down-regulated genes are similarly clustered and 

are displayed in heat maps (Fig. 5B). Representative genes down-regulated newly by 

the addition of db-cAMP included Il10, Il2, Il4 and Il9, which are known as suppressive 

factors (Fig. 5B). Thus, cAMP signaling regulates expression of a variety of genes, 

which are not regulated by IL-23 alone and may confer pathogenic property to T cells. 

 

T cell-intrinsic PGE2-EP2/EP4 signaling is critical in IL-23-mediated psoriatic skin 

inflammation in vivo.  

Accumulating evidence now suggests that Th17 cells become pathogenic via the IL-23-

IL17 axis and play the crucial role in development of various autoimmune-related dis-

eases including psoriasis (Lowes, Russell, Martin, Towne, & Krueger, 2013; Rizzo et 

al., 2011; van der Fits et al., 2009). Although basic principles of differentiation from 

naïve CD4+ cells to and expansion of Th17 cells have been clarified (Gaffen et al., 

2014; Korn et al., 2009; Miossec & Kolls, 2012; Teng et al., 2015; Zhu & Paul, 2010), 

how these cells are pathogenic in vivo and how much the microenvironment of these 

diseases contributes to this process remain to be defined. Given the above in vitro find-

ing that the PGE2-EP2/4 signaling enhances IL-23-mediated responses in Th17 cells, I 

therefore took the IL-23-induced psoriasis model as an example, and examined if IL-23 

activates the above PGE2-EP2/EP4 signaling, and this PGE2 signaling contributes to 

immune pathogenesis.  

 I injected IL-23 into the skin of WT C57BL/6 mice and EP2 knockout (KO) 
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mice (Hizaki et al., 1999) with or without administration with a selective EP4 antago-

nist, AS1954813 (Zenkoh, Nozawa, Matsuura, & Seo, 2008), and assessed skin in-

flammation by ear thickness and histology. The EP2 deficiency or the EP4 antagonism 

alone reduced IL-23-induced ear swelling by half and attenuated edema and cell infiltra-

tion, and, when combined, led to nearly complete suppression of IL-23-dependent skin 

inflammation (Fig. 6A and B). Blockade of EP2 and/or EP4 caused no alteration in 

PBS-injected control ear (Fig. 6A and B). To examine at which step of inflammation 

EP2 deficiency and EP4 antagonism suppress inflammation and whether it is related to 

generation of pathogenic Th17 cells, I digested ear tissues and analyzed CD4+ cell pop-

ulations in the skin by flow cytometry. While there were few cells producing IL-17A or 

IFN-γ in the PBS-injected control ear, significant accumulation of the IL-17A+ and IL-

17A+IFN-γ+ CD4+ T cell populations were observed in the IL-23-injected ear, and this 

accumulation was significantly reduced by blockade of either EP2 or EP4 alone and 

nearly completely suppressed by blockade of both EP2 and EP4 (Fig. 6C). Consistently, 

expression of IL-17A and IFN-γ genes that was induced by tens to hundreds folds in the 

IL-23-injected ear was also reduced to the negligible level by EP2 and/or EP4 blockade 

(Fig. 6D, left and middle). Notably, expression of IL-23R gene, Il23r, the key marker 

for pathogenic Th17 cells, was more than 60-70 folds enhanced by IL-23 injection and 

this increase was markedly inhibited by EP2 and EP4 blockade (Fig. 6D, right).  

 These findings indicated that the EP2/EP4 signaling was indeed involved in 

generation of pathogenic Th17 cells in this model.  I then asked whether T-cell intrinsic 

EP2/EP4 signaling is responsible for IL-23-driven pathogenic Th17 cell generation and 

psoriatic inflammation. To this end, I crossed Lck-Cre mice successively with EP4-

floxed mice (Aoki et al., 2017) and then EP2-floxed mice (Schneider et al., 2004) to de-
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lete both EP2 and EP4 selectively in T cells in EP2flox/floxEP4flox/floxLck-Cre+ mice. Defi-

ciency of both EP2 and EP4 in T cells prevented accumulation of Th17 cells in the ear 

and almost completely attenuated IL-23-induced skin inflammation (Fig. 6E and F). 

This finding thus shows that the PGE2-EP2/EP4 signaling in T cells is required for gen-

eration of pathogenic Th17 cells that are responsible for IL-23-driven inflammation.  
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Discussion 

The IL-23-IL-23R signaling plays a critical role in elicitation of pathogenicity of Th17 

cells in various autoimmunity and cancer (Wang & Karin, 2015). However, there re-

main several issues to be resolved on this action, namely how this signaling gets pro-

moted, what transcriptional mechanisms other than STAT3 are involved in this process, 

what, along with the Il-23 signaling, makes Th17 cells pathogenic, whether and how 

much such mechanism operates in vivo and the human relevance of the findings ob-

tained in mouse. Here I have focused on the previously reported action of PGE2 on 

Th17 expansion (Boniface et al., 2009; Napolitani et al., 2009; Yao et al., 2009), and 

examined these issues.  I first found that PGE2 synergizes with IL-23 and enhances 

Il23r expression through EP2 and EP4. This finding is consistent with the findings by 

Boniface et al.  in human Th17 cells (Boniface et al., 2009). However, I intriguingly 

found that IL-23 stimulation induces production of PGE2 in Th17 cells and the IL-23-

induced Il23r expression was attenuated with treatment of the cells with indomethacin 

or EP2/EP4 antagonists. On the other hand, EP2/EP4 antagonists have not shown re-

dundant effects on Il23r expression. It may indicate that either EP2 or EP4 is critical for 

COX2-EP2/4 intrinsic amplification mechanism. These results suggest that there is an 

intrinsic amplification mechanism mediated by the PGE2-EP2/4 signaling built in Th17 

cells that help trigger the initial IL-23 responses in premature Th17 cells. 

  I have analyzed the above synergistic action of IL-23 and PGE2-EP2/4 signal-

ing on Il23r expression, and found that this action is mediated by not only STAT3 but 

also CREB1 and NF-κB. The involvement of CREB1 is analogous to its action on the 

Il12rb2 induction during Th1 cell differentiation by the same PGE2-EP2/4 signaling, 

and may be consistent with the findings by Hernadez et al. (Hernadez et al., 2015) that 
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the CREB1/CRTC2 pathway regulates IL-17 expression and Th17 differentiation is de-

fective in CRTC-2 mutant mice. IL-23R and IL-12 Rβ2 make a pair with the same mol-

ecule, IL-12Rβ1, to form IL-23 receptor and IL-12 receptor, respectively. It is interest-

ing that the same pathway regulates expression of these two genes. Here I confirmed the 

involvement of NF-κB both genetically with T cells from p105 NF-κB1-deficient mice 

and pharmacologically with NBD-peptide. Previously, p105 NF-kB1 was shown to be 

required for proper development of Th1 cells and Th2 cells (Das et al., 2001; Artis et 

al., 2003). but not for regulatory T cell development (Deenick et al., 2010).  I recently 

found that the PGE2-EP2 or the PGE2-EP4 signaling activates NF-κB involving NF-κB1 

in various types of cells and induces expression of a variety of inflammation-related 

genes including COX2, and that the resultant COX2 produces PGE2 and amplifies this 

process (Ma et al., 2015; Ma et al., 2016; Aoki et al., 2017). 

 Microarray analyses revealed that stimulation of the EP2/4 signaling together 

with IL-23 induces not only amplification of Il23r expression but also expression of 

various pathogenic Th17 signature genes (i.e. Il17a, Il17f, Il18r1, and Tgfb3). Interest-

ingly, PGE2-EP2/4 signaling also induced and up-regulated the expression of various 

genes related to chemotaxis and migration such as S1pr1, Ccr2, Cxcl3, Cx3cr1, Cxcr4, 

Sema4f, Sell, Sema3c, and Sema6a (Fig. 5 B). These results reveal that PGE2-EP2/EP4 

signaling may contribute to migration and infiltration of Th17 into inflammation lesion. 

In addition, genes for a group of killer cell lectin type receptors and those for granzymes 

are also induced by the EP2/4-cAMP signaling. On the other hand, the addition of db-

cAMP down-regulated expression of Il10, Il2, Il4 and Il9, which are known as suppres-

sive factors for Th17 cells. Although some of these results such as IL-17 are consistent 

with the previous findings in human Th17 cells (Boniface et al., 2009), others such as 
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IFN-γ and T-bet are not, which may reflect the stages of Th17 cells examined in each 

study (Lee et al., 2012; McGeachy et al., 2009; Wu et al., 2013), It is also cautioned that 

my analysis was carried out in the whole CD4+ T cell population pretreated with IL-6 

and TGF-β1 and stimulated with each stimulus, in which IL-17+ cells comprise about 

10%. Single cell RNA sequencing analysis is required to establish the gene expression 

signatures specific to Th17 cells matured with each stimulus.    

 The most important point irrespective of gene expression signature in this study 

was whether the EP2/4 signaling in Th17 cells identified here is critical in eliciting their 

pathogenicity in vivo in immune inflammation. I tested this issue in IL-23-induced 

mouse psoriasis model. Intriguingly, not only the systemic inhibition of EP2/4 signaling 

using the EP4 antagonist in EP2 KO mice but also selective loss of EP2 and EP4 in T 

cells almost completely suppressed inflammation induced by IL-23.  This was accom-

panied by suppression of accumulation of IL-17+ and IL-17+IFN-γ+ T cells and suppres-

sion of expression of Il17a, Ifng, Il23r genes in the lesion, suggesting that the PGE2-

EP2/4 signaling functions critically in generation of pathogenic Th17 cells induced by 

IL-23 in situ. This is rather surprising, given that PGE2-EP2/EP4 signaling can function 

in various steps and various types of cells in inflammatory processes. The EP2/EP4 in 

Th17 cells may initially be activated by PGE2 derived from the same Th17 cells, but 

subsequently by PGE2 derived from various cells in inflammation sites, and expand and 

be converted to pathogenic Th17 cells in situ.  Furthermore, C. Yao et al. showed that 

PGE2 is a critical molecule to constrain sepsis, systemic inflammation, through an in-

nate lymphoid cell-IL-22 axis (Duffin et al., 2016). IL-22 is also produced from patho-

genic Th17 cells. These findings indicate a possibility that T cell-intrinsic EP2/4 signal-

ing is critical in IL-23-driven Th17 cell pathogenesis also in humans, and the combined 
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inhibition of EP2 and EP4 may be of value in therapeutic intervention of IL-23-

mediated diseases.  
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Materials and methods 

Mice 

All animal experiments were approved by the Institutional Animal Care and Use Com-

mittee of Kyoto University Graduate School of Medicine, and complied with the Na-

tional Institutes of Health Guide for the Care and Use of Laboratory Animals.  

C57BL/6NCrSlc mice were purchased from Shimizu laboratory supplies Co., Kyoto, 

Japan. Mice deficient in Ptger2 with C57BL/6 background (Hizaki et al., 1999) and 

mice with floxed Ptger2 (Aoki et al., 2017; Hizaki et al., 1999) were established in our 

laboratory). Mice with floxed Ptger4 was a kind gift of Richard Breyer (Schneider et al., 

2004). LCK-Cre mice (Stock number #003802) and B6.Cg-Nfkb1tm1Bal/J mice (p50-

deficient mice, Stock number #006097) were purchased from Jackson Laboratory (Bar 

Harbor, ME). Mice were housed under specific-pathogen free condition at the Institute 

of Laboratory Animals in Kyoto University Graduate School of Medicine with a free 

access to chow and water. 

 

Purification of naive CD4+ T cells and differentiation into Th17 cells 

Spleen was dissected from 6-10 week-old female C57BL/6 mice and cells were dissoci-

ated and collected. Naive CD4+ T cells were purified from spleen cells by magnetic ac-

tivated-cell sorting (MACS) using anti-CD4 microbeads (L3T4) (#130-049-201, Mil-

tenyi) on auto-MACS (Miltenyi). The purity of CD4+ T cells was 98 % (n=3) as as-

sessed by FACS (FACS LSR Fortessa, BD Bioscience, San Jose, CA). Purified CD4+ T 

cells were differentiated into Th17 cells by the combination of TGF-β1 (1ng/ml, #240-

B-002, R&D systems, Minneapolis, MN) and IL-6 (20ng/ml, R&D systems) in the 

presence of 5 µg/ml of anti-CD3 antibody (#14-0031-86) and 2.5 µg/ml of anti-CD28 
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antibody ( #14-0281-86, eBioscience, San Diego, CA) in RPMI-1640 medium contain-

ing 10 % fetal bovine serum (FBS) for 4 days.	Differentiated cells were then collected, 

washed and again plated for experiments with TCR stimulation during the whole exper-

imental period. Experimental condition of each experiment is shown in the Results or 

the Figure Legends.	

 

Reagents	

Agonists selective to each PGE receptor subtype, EP1, EP2, EP3, and EP4 (ONO-DI-

004, ONO-AE1-259, ONO-AE-248, ONO-AE1-329, respectively) and an EP4 antago-

nist, ONO-AE3-208 (Sugimoto & Narumiya, 2007), were kindly provided by Ono 

Pharmaceutical Co., Osaka, Japan. An EP2 antagonist, PF-04418948 was synthesized 

according to the previous report (af Forselles et al., 2011). An EP4 antagonist, 

AS1954813, was kindly provided by Astellas Pharmaceutical Co. (Tsukuba, Japan). 

PGE2 was purchased from Cayman Chemical, Ann Arbor, MI. Dibutyryl cAMP (db-

cAMP), forskolin, the N6-Bnz-cAMP, the 8-pCTP-2’-O-Me-cAMP, indomethacin, and 

KG-501 (Jennifer L. Best, 2004) were from Sigma, St. Louis, MO. STAT3 inhibitor VII, 

Src Kinase Inhibitor-I, H-89, and CPT-NBD peptides were from Calbiochem, San Die-

go, CA. 

 

Quantitative Real-time PCR (Quantitative RT-PCR) 

RNA purification and reverse transcription were performed by the RNeasy Mini Kit 

(Qiagen GmbH,	Hilden, Germany) and the High-capacity cDNA Reverse Transcrip-

tion Kit (ABI biosystems, Grand Island, NY) according to manufacturers’ instructions. 

cDNA were then analyzed by quantitative RT-PCR using the FastStart DNA Master-
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PLUS SYBR Green kit (Takara, Shiga, Japan), using primer sets shown as follows; 

forward 5′-TGAACGGGAAGCTCAC-3′ and reverse 5′-TCCACCACCCTGTTGC-3′ 

for Gapdh, forward 5′-TGTGAAGGTCAACCTCAAAGTC-3′ and reverse 5′-

GAGGGATATCTATCAGGGTCTTCA-3′ for Il17a, forward 5′-

CCAAGTATATTGTGCATGTGAAGA-3′ and reverse 5′-

AGCTTGAGGCAAGATATTGTTGT-3′ for Il23r, forward 5’- TCGCAGGAAGGG-

GATGTTGT -3’, reverse 5’- CTGAAGCCCACCCCAAACAC -3’ for Ptgs2, forward 

5′-CCAAACTAGCAGTGGGCAGT-3′ and reverse 5′-CCCCATCCGTACCATTGTT-

3′ for Creb1, forward 5′-GGAAGACAGCACCATGAAC-3′ and reverse 5′-

TGGACAATGGGCTTGACAG-3′ for Il17f, forward 5′-

GTTGAGATGGAGGATGAGGG-3′ and reverse 5′-GACAGAAAACACGCAGGAG-

3′ for Il18r1, forward 5′-AGCCTTTAACTCTCCCCTG-3′ and reverse 5′-

ACACCACCTCTTCCTTCTTC-3′ for Il18rap, forward 5′-

CATTCTCATCTGCTGCTTCATC-3′ and reverse 5′-

CCACAAACATACTCCCTTCCC-3′ for S1pr1, forward 5′-

TGAGAAGAAGAGGCACAGG-3′ and reverse 5′-

CAACAAAGGCATAAATGACAGG-3′ for Ccr2, forward 5′-

ATCTGTGACCGCCTTTACCC-3′ and reverse 5′-ATCCTTGCTTGATGACCCCC-3′ 

for Cxcr4, forward 5′-CTTTCACCTCTGCCTTCAC-3′ and reverse 5′-

TACAATTCCACCTGCTGCC-3′ for Tlr4, forward 5′-

GAACACCCTCAGGCTCAAGG-3′ and reverse 5′-

CCACCAACCAAAGAATACACATGG-3′ for Cxcl3, forward 5′-

ACAAAGAGAAAGGACAACGAG-3′ and reverse 5′-

TGATGCGGAAGTAGCAAAAG-3′ for Cx3cr1, forward 5′-
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AAGAAAGGCAAGAAAGAGGAC-3′ and reverse 5′-

CACATCAATAACCCCGCAC-3′ for Sema4f, forward 5′-

TGCCAAGAGACAAACAGAAG-3′ and reverse 5′-

CCAGCCAAATGAGAAATGCC-3′ for Sell, forward 5′-

CACCGAAAGACATCTCTTCC-3′ and reverse 5′-ACAACCCCAAACTGACCAC-3′ 

for Txk, forward 5′-ACAACCCCAAACTGACCAC-3′ and reverse 5′-

GGGCAGCAAATCAAAGGAG-3′ for Il17re, forward 5′-

TGGGTGAGAAGCTGAAGACC-3′ and reverse 5′-TTCATGGCCTTGTAGACACC-

3′ for Il10, forward 5’-ATCTGGAGGAACTGGCAAAA-3’ and reverse 5’-

TTCAAGACTTCAAAGAGTCTGAGGTA -3’ for Ifng, Expression level of each gene 

was normalized to that of Gapdh and calculated relative to the expression in vehicle-

treated group. 

 

Concentration of IL-17 and PGE2 in culture supernatant of Th17 cells 

Concentration of IL-17 in culture supernatant of differentiated Th17 cells stimuated 

with db-100 µM cAMP, 10 µM FSK or 100 µM IBMX for 3 days was measured by a 

Mouse IL-17 Quantikine ELISA Kit (M1700 , R&D systems).  

Differenrtiated Th17 cells were stimulated with 10 ng/ml IL-23 for 3 days in the ab-

sence or presence of 100 µM indomethacin and concentration of PGE2 in culture super-

natant was examined by a Prostaglandin E2 ELISA kit - monoclonal (514010, Cayman 

Chemical, Ann Arbor, MI). 

 

Gene expression of Th17 cells stimulated IL-23 and/or cAMP from microarray 

analysis 
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Naive CD4+ T cells were incubated in Th17-skewing condition for 4 days. Differentiat-

ed Th17 cells were stimulated by IL-23, db-cAMP or combination for 24 h. RNA was 

purified with an RNeasy Mini Kit, amplified and revers transcribed by the High-

capacity cDNA Reverse Transcription Kit. cDNA was fragmented and labeled by a Low 

Input Quick Amp Labeling Kit (Agilant, Santa Clara, CA), and then hybridized to a 

Gene Expression Large Volume Hybridization Kit (Agilent). Hybridized genes were 

scanned by Gene chip scanner 3000 system. Data were analyzed by Genespring (Ag-

ilent Technology, Santa Clara, CA). 

 

Flow cytometry 

The medium was removed after each incubation, and cells were re-stimulated with 50 

ng/ml phorbol 12-myristate 13- acetate (PMA) (Sigma) and 500 ng/ml ionomycin 

(Sigma) in the presence of GolgiPlug (BD bioscience) for 4 h, followed by fixation and 

permeabilization with a fixation/permeabilization solution (Cytofix/Cytoperm, BD 

Pharmingen). Cells were then stained with anti-mouse CD45.2 antibody, anti-mouse 

CD4 antibody, anti-mouse IFN-γ antibody, and anti-mouse IL-17 antibody (eBioscience 

or BioLegend) followed by FACS analysis on LSR Fortessa (BD Bioscience). 

 

Western blot analysis 

Total cell lysates were prepared with RIPA buffer (Sigma) containing a phosphatase 

inhibitor cocktail (PhosSTOP, Roche, Basel, Switzerland) and a proteinase inhibitor 

cocktail (Complete Protease Inhibitor Cocktail, Roche). Lysates were then subjected to 

SDS-PAGE (sodium dodecyl sulfate-poly-acrylamide gel electrophoresis) and separated 

proteins were transferred to a PVDF membrane (Millipore, Darmstadt, Germany). After 



 

25 

blocking with an ECL Blocking Agent (GE Healthcare, Piscataway, NJ), membranes 

were incubated with primary antibodies, followed by incubation with secondary anti-

bodies conjugated with horseradish peroxidase (GE). Signals were detected using an 

ECL Prime Western Blotting Detection Reagent (GE) on LAS-4000 (GE). Primary an-

tibodies used are; mouse monoclonal anti-α-tubulin antibody (#T6199, Sigma), mouse 

monoclonal anti-GAPDH antibody (Clone 6C5, #AM4300, Ambion, Austin, TX), rab-

bit monoclonal anti-STAT3 antibody (Clone 79D7, #4904, Cell Signaling Technology, 

Danvers, MA), rabbit monoclonal anti-phosphorylated form of STAT3 antibody (Y705, 

#9145, Cell Signaling Technology), rabbit monoclonal anti-phosphorylated form of 

STAT3 antibody (S727, #9134, Cell Signaling Technology), rabbit monoclonal anti-

Jak2 antibody (D2E12) (#3230, Cell Signaling Technology), rabbit monoclonal anti-

phosphorylated form of Jak2  antibody (Tyr1007/1008, #3771, Cell Signaling Technol-

ogy), rabbit monoclonal anti-NF-κB p65 (D14E12) antibody (#8242, Cell Signaling 

Technology), rabbit monoclonal anti-phospho-NF-κB p65 (93H1) antibody (S536, 

#3033, Cell Signaling Technology), rabbit monoclonal anti-p105/p50 antibody (#3035, 

Cell Signaling Technology), and rabbit monoclonal anti-phosphorylated form of p105 

antibody (S933, #4086, Cell Signaling Technology). 

 

RNA interference 

siRNA for mouse Creb1 (5′-UUGAACAACAACUUGGUUGCUGGGC-3′ (sense) or 

5′-GCCCAGCAACCAAGUUGUUGUUCAA-3′ (antisense) ) and scrambled control 

siRNA were obtained from Invitrogen (Stealth RNAi, Carlsbad, CA). Th17 cells differ-

entiated with TGF-β1 (1 ng/ml) and IL-6 (20 ng/ml) were transfected with 500 pmol of 

each siRNA using an Amaxa P3 Primary Cell 4D-Nucleofector X Kit with the program 
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DN100 on a 4D-Nucleofector (Lonza, Basel, Switzerland) in 100 µl. After transfection 

for 4 h, the cells were washed and stimulated with 10 ng/ml IL-23 for 3 days or left 

treated with anti-CD3 and anti-CD28 antibodies only for two days and the stimulated 

with 100 µM db-cAMP for 1 day. Total RNA was prepared and subjected to RT-PCR 

analysis. 

 

Psoriasis models 

To induce psoriasis-like lesion in ear, mice were subcutaneously injected with IL-23 

(500 ng, #130-096-677, Miltenyi, Bergisch Gladbach, Germany) once a day into one 

ear, with PBS injected in the contralateral ear as a control. Ear thickness was then 

measured by a digital micrometer (#KM-BMB1-25, Mitutoyo, Kawasaki, Japan) every 

other day. In some experiments, an antagonist for EP4 (AS1954813) suspended in 

0.5 % methylcellulose was orally administered twice a day during the whole experi-

mental period. 

 

Statistical Analysis 

Data are shown in mean ± SEM. Statistical comparisons among more than two groups 

were conducted using One-way ANOVA with Bonferoni test. Statistical comparisons 

between two groups were conducted using Mann-Whitney test. P values of 0.05 or less 

were considered significant. 
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Figure 1. 

 

 
Fig. 1. IL-23 mobilizes endogenous PGE2-EP2/EP4-cAMP-PKA pathway to facili-
tate Th17 expansion through synergistic Il23r mRNA induction.  
(A-D) Effects of agonists selective to each EP subtype and related compounds on IL-23-
induced Il23r expression. Th17 cells were incubated with 100 nM of PGE2, an agonist 
selective to each EP subtype, ONO-DI-004 (EP1), ONO-AE1-259 (EP2), ONO-AE-248 
(EP3), or ONO-AE1-329 (EP4), 100 µM dibutyryl cAMP (db-cAMP), 10 µM forskolin 
(FSK), 100 µM 3-isobutyl-1-methylxanthine (IBMX) 2, 300 µM N6-Bnz-cAMP (a 
PKA agonist), or 300 µM 8-pCTP-2’-O-Me-cAMP (an Epac activator) in the absence or 
presence of IL-23. Il23r mRNA expression (A, B and D) or concentrations of IL-17A 
(C) in culture supernatant was examined. (E) Expression of Il23r by Th17 cells stimu-
lated with IL-23 in the presence or absence of H-89 for 3 days. All bars indicate mean ± 
SEM (n=3, each in A-D). *, p<0.05, **, p<0.01, ***, p<0.001. 
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Figure 2 

 

 

Fig. 2. IL-23 mobilizes the endogenous COX2-PGE2-EP2/EP4 signaling.  
(A and B) Expression of COX-2 (Ptgs2) mRNA (A) in Th17 cells stimulated by IL-23 
and PGE2 levels in the supernatants (B). (C) Expression of Il23r gene expression by 
Th17 cells stimulated with PGE2 and IL-23 in the presence or absence of indomethacin 
for 3 days. (D) Expression of Il23r gene expression by Th17 cells stimulated with PGE2 
and IL-23 in the presence or absence of EP2 (PF-04418948) and/or EP4 (ONO-AE3-
208) antagonists for 3 days. All bars indicate mean ± SEM (n=3, each in A-D).  
*, p<0.05, **, p<0.01, ***, p<0.001. 
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Figure 3 

 
 
Fig. 3. STAT3 is the major transcription factor for induction of Il23r mRNA ex-
pression by IL-23 and PGE2-cAMP signaling.  
(A) Expression of Il23r mRNA by Th17 cells stimulated with db-cAMP and IL-23 in 
the presence or absence of various concentrations of STAT3 inhibitor VII for 3 days. 
(B) Time-course of STAT3 Y705 phosphorylation by cAMP and IL-23 signaling in 
Th17 cells. Th17 cells were treated with IL-23 (10 ng/ml) for 3 days to induce IL-23R 
expression. The cells were then stimulated with either 100 µM db-cAMP or 100 ng/ml 
IL-23 or in combination for indicated times. Phosphorylation of STAT3 at Y705 resi-
dues under each condition was examined at indicated times by western blot analysis us-
ing total cell lysate and antibodies to each phosphorylation site, total STAT3 and α-
tubulin. Representative images are shown. (C) Western blot analysis of STAT3 Y705 
phosphorylation in Th17 cells cultured with IL-23 and/or db-cAMP for 3 days, then re-
stimulated with either 100 µM db-cAMP or 100 ng/ml IL-23 or in combination for 30 
min in the presence of 2 µM STAT3 inhibitor VII or 10 µM H-89. (D) Involvement of 
Src family kinase in cAMP-induced JAK2 Y1007/Y1008 phosphorylation. Th17 cells 
were stimulated with 100 µM db-cAMP for 10 min in the presence of a Src inhibitor, 10 
µM Src Kinase Inhibitor I, and subjected to western blot analysis. Representative imag-
es are shown. 
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Figure 4 

 

Fig. 4. Not only STAT3 but also CREB1 and NF-κB mediate the induction of Il23r 
mRNA expression by IL-23 and PGE2-cAMP signaling. 
(A) Effects of RNA interference for CREB1 on IL-23- and db-cAMP-induced expres-
sion of Il23r gene in Th17 cells . RNA interference and subsequent culture and stimula-
tion of Th17 cells were performed as described in Material and Methods. CREB1 
knockdown efficiency was confirmed by measuring Creb1 gene expression (right). 
(n=18) (B) Suppression of Il23r mRNA expression by KG-501, a CREB inhibitor. Th17 
cells were stimulated with IL-23 in the presence of various concentration of KG-501. 
(C) Western blot analysis of S536 phosphorylation of NF-κB p65 (pp65), S933 phos-
phorylation of NF-κB p105 (pp105), p65, and p105 in Th17 cells stimulated by db-
cAMP and/or IL-23 for 24 h. Representative images from 2 independent experiments 
are shown. (D and E) Effects of p50 KO (D) or a NF-κB inhibitor, CPT-NBD (E) on 
expression of Il23r gene in Th17 cells stimulated with db-cAMP and/or IL-23 for 3 
days. All bars indicate mean ± SEM. (n=3, each in A, D, F, and G) *, p<0.05,  
**, p<0.01, ***, p<0.001. 
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Figure 5 

 

 

Fig. 5. Activation of the COX2-PGE2-EP2/4-cAMP pathway confers pathogenic 
Th17 phenotype.  
(A) Gene expression profiles in Th17 cells stimulated with db-cAMP and/or IL-23 fol-
lowed by microarray analysis. Venn diagram analysis of genes two folds up- or down-
regulated upon each stimulus compared to the vehicle control (One-way ANOVA 
p<0.05, n=3) (upper and lower, respectively). (B) Heat-map analysis of expression of 
selected genes from each cluster. Scale showed the fold-change. 
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Figure 6 
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Fig. 6. PGE2-EP2/EP4 signaling in T cells is required for IL-23-driven psoriatic 
skin inflammation.  
(A-D) Ear swelling (A) (n=16~17), representative Hematoxylin-Eosin (HE) staining of 
the ear (B) (n=3~4), ear IL-17+ and IL-17+IFN-γ+ CD4+ T cells (C), and expression of 
Il17a, Ifng, and Il23r mRNA in whole ear tissue (D) in WT or EP2 KO C57BL/6 mice 
subcutaneously injected with IL-23 or PBS into the ear daily. An EP4 antagonist 
(AS1954813, 100 mg/kg) or vehicle was administered twice a day orally to indicated 
mice. Bar in B, 50 µm. Typical quantification results of the cell number in each popula-
tion from 4 independent FACS experiments are shown in C (n=3). Gene expression was 
expressed as fold-change compared to PBS-injected ear in D (n=3). (E and F) Ear 
swelling (E) and IL-17+ and IL-17+IFN-γ+ CD4+ T cells (F) in EP2flox/floxEP4flox/floxLck-
Cre+ mice (Lck-Cre+) and their EP2flox/floxEP4flox/floxLck-Cre- littermates (Lck-Cre-) sub-
jected to IL-23-induced psoriasis model (n=4, each). All bars indicate mean ± SEM.  
*, p<0.05, **, p<0.01, ***, p<0.001 




