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ABSTRACT 

 
We reported previously that prostaglandin E2 (PGE2) upregulates IL-23 in vitro 

in bone marrow-derived dendritic cells (DC), and in vivo in models of collagen-induced 

arthritis and inflammatory bowel disease, leading to preferential Th17 development and 

activity. There is very little information on the molecular mechanisms involved in the 

PGE2-induced upregulation of Il23a gene expression. In the present study we 

investigated the signaling pathways and transcription factors involved in the stimulatory 

effect of PGE2. Although PGE2 does not induce IL-23p19 expression by itself, it 

synergizes with both extra- and intracellular TLR ligands and with inflammatory 

cytokines such as TNFα. We established that the effect of PGE2 in conjunction with 

either LPS or TNFα is mediated through the EP4 receptor and the cAMP-dependent 

activation of both PKA and EPAC. Using the EP4 agonist PGE1OH in conjunction with 

TNFα, we found that PKA-induced PCREB and EPAC-induced PC/EBPβ mediate the 

stimulatory effect of PGE2 on IL-23p19 expression. This is the first report of CREB and 

C/EBPβ involvement in Il23a promoter activation.  Mutation within the putative CREB 

and C/EBP sites combined with in vivo DNA binding (ChIP) assays identified the distal 

CREB site (-1125) and the two proximal C/EBP sites (-274 and -232) as essential for 

PKA-activated CREB and EPAC-activated C/EBPβ induced IL-23p19 expression. 
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CHAPTER 1 

BACKGROUND 

1.1 Prostaglandins 

Prostaglandins (PG) are lipid mediators that belong to the family of polyunsaturated fatty 

acids (PUFA) called essential fatty acids (EFA). PUFA are incorporated into the 

phospholipid bi-layers that compose the cell membrane. Their main functions include 

maintenance of membrane fluidity and contributing to intracellular signaling (Calder, 

2009). There are two types of EFA: ω-3 and ω-6 fatty acids. These fatty acids are called 

“essential” because mammals obtain EFA from diet. Fish, green leafy plants like spinach, 

and a variety of nuts contain linolenic acid, the precursor of ω-3 fatty acid. Vegetable 

oils, corn, sunflower, and soybeans contain linoleic acid, the first precursor needed to 

generate the ω-6 fatty acids.  Mammals cannot synthesize EFA because they lack Δ15 

desaturase. This enzyme is present in plants and is needed to convert linoleic acid (ω-6) 

into linolenic acid (ω-3)(Calder, 2009).  A series of desaturases and elongases are used in 

the generation of EFA (Figure 1A). The two main ω-3 fatty acid products generated from 

linolenic acid are eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). 

Arachidonic acid (AA) is the major ω-6 fatty acid product generated from linoleic acid. 
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A. 

.  

 

B. 

 

 

Figure 1. Generation of ω-3 and ω-6 polyunsaturated acids. 

A. Schematic showing dietary sources of linolenic acid/linolenic acid and generation of 

eicosanoids. A series of desaturases and elongases are used in the generation of essential 

fatty acids. The two main ω-3 fatty acid products generated from linolenic acid are 

eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). B. Schematic showing 

source of arachidonic acid and mediators generated from it. Arachidonic acid (AA) is the 

major ω-6 fatty acid product generated from linoleic acid. AA can also be obtained 

directly from a diet containing animal products.
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1.1.1 Generation of ω-6 EFA and eicosanoids 

Mammals can obtain AA directly from their diet, by synthesizing it from linoleic acid, or 

upon release from cellular membrane phospholipids after cellular stimulation. Western 

diets contain approximately 0.2 – 0.3 g/ day of AA and 10 – 20 g/day of linoleic acid 

(Astudillo et al., 2012). AA is the major precursor used to generate eicosanoids which 

play key roles in physiological and inflammatory processes (Figure 2). 

   

 

 

 

 

Figure 2. Arachidonic acid derivatives. 

Stimulation of PLA2 releases AA from the phospholipid bi-layer. AA becomes the 

substrate for several enzymes that generate a variety of mediators. The COX-1/COX-2 

pathway (bold) leads to the generation of PGE2 and other prostanoids. 
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The intracellular release of AA has potent biological activity which is tightly controlled 

in a balancing act between the rates of AA released and the rate of eicosanoid generation. 

AA is incorporated in an esterified form within the phospholipids that make up the cell 

plasma membrane. It is incorporated within glycerophospholipids, specifically 

phosphatidylcholine, phosphatidylethanolamine, and phosphatidylinositol (Astudillo et 

al., 2012). The release of AA from the cell membrane is initiated by any number of 

cellular stimuli including stress and cytokines (Figure 2). These stimuli activate 

phospholipases, specifically phospholipase A2 (PLA2). Out of the sixteen groups of 

phospholipases, five major families are responsible for the release of AA during 

inflammation: Ca2+ dependent secreted phospholipases (sPLA2), cytosolic Ca2+ 

dependent cellular phospholipases (cPLA2), Ca2+ independent phospholipases (iPLA2), 

platelet activating factor acetylhydrolases, and lysosomal PLA2 (Boyanovsky and Webb, 

2009). The main phospholipases utilized during inflammation belong to cPLA2. It has 

been shown that sPLA2 can have an additive role in the production of AA during 

inflammation (Murakami et al., 2011).  

The realeased AA becomes the substrate for four enzymatic pathways that generate 

eicosanoids: (1) the oxygen species-triggered pathway, (2) the lipooxygenase (LOX) 

pathway, (3) the cytochrome p450 (CYP450) pathway, and (4) the cyclooxygenase 

(COX) pathway.  The oxygen species triggered pathway involves free oxygen radical 

species catalyzing the esterification of AA. This process occurs as an in vivo non 

enzymatic event and has been reported to be a marker of oxidative stress (Milne et al., 

2011).  AA is a substrate for several isoforms of lipooxygenase (LOX). The 5-LOX 
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pathway utilizes AA and converts it into 5-hydroperoxyeicosatetraenoic acid (5-HPETE) 

which is then converted into pro-inflammatory leukotrienes (i.e., LTE4 & LTB4). 

Leukotrienes act as chemoattractants for immune cells and participate in vasodilation 

(Astudillo et al., 2012). 5-HPETE can also be modified into 5-oxo-HETE, a marker of 

oxidative stress present in activated neutrophils and monocytes. The 12-LOX pathway 

leads to the production of 12-HETE which is involved in promoting immune cell 

recruitment. The 15-LOX pathway leads to the formation of 15-HETE, lipoxins A4 & 

lipoxins B4. These compounds exhibit anti-inflammatory properties and aid in the 

resolution of inflammation (Dobrian et al., 2011).  The CYP450 pathway involves 

epoxidation of AA which is converted into 14, 15-DHET. These compounds are secreted 

by endothelial cells and play an anti-inflammatory role in cardiovascular diseases 

(Spector, 2009).  

Finally, the COX pathway involves the COX-1 and-2 enzymes. The constitutive COX-1 

is highly expressed in vascular endothelial cells (including the CNS), platelets, collecting 

tubes of the kidneys, the stomach and smooth muscles (Miller, 2006). The main function 

of COX-1 is to generate basal amounts of prostaglandins for homeostatic regulation of 

organ systems. On the other hand, COX-2 is usually expressed at low or undetectable 

levels in normal tissues, but is highly upregulated during inflammation. Its main function 

is to promote synthesis of pro-inflammatory PG. Once COX-2 is activated by a stimulus, 

for example TLR activation, AA is converted into prostaglandin G2 (PGG2), followed by 

prostaglandin H2 (PGH2) (Smith et al., 2000). PGH2 is used as a substrate for several 

different synthases, which generate several anti- and pro-inflammatory eicosanoids. 

PGH2 can be used to generate PGD2. PGD2 generated by prostaglandin D2 synthase (PGD 
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synthase) in mast cells is involved in lung maintenance and allergic reactions and asthma 

(Arima and Fukuda, 2011). Prostacyclin synthase converts PGH2 into prostacyclin (PGI2) 

mainly produced by endothelial cells, which prevents platelet clot formation. PGH2 is 

converted into thromboxane A2 (TXA2) by thromboxane synthase (Sakata et al., 2010a). 

TXA2 is produced by platelets and functions as a vasoconstrictor and promotes platelet 

aggregation. Prostaglandin E synthase converts PGH2 into prostaglandin E2 (PGE2). 

PGE2, the most abundant prostanoid generated from AA, is a pleiotropic lipid mediator 

involved in a variety of physiological functions. PGE2 maintains homeostatic processes 

throughout the body and contribute to immune responses (Harris et al., 2002).  PGE2 is 

involved in cardiovascular maintenance, reproductive health, vascular permeability and 

fever (Chizzolini and Brembilla, 2009). The role of PGE2 in inflammation remains 

paradoxical, with almost an equal numbers of reports indicating pro- and anti-

inflammatory functions.  This aspect will be reviewed in detail later on in this chapter. 

1.1.2 Prostanoid receptors and signaling 

Prostanoids encompass the family of mediators that are generated by synthases involved 

in the conversion of PGH2 into PGD2, PGE2, PGF2α, PGI2, and TXA2 (Table 1). Each of 

these compounds is specifically recognized by a superfamily of G-protein coupled 

receptors (GPCR) called the prostanoid receptor family (Table 1). The research focus 

pertaining to this thesis focuses on receptors that recognize PGE2 the so-called E-

prostanoid receptors.  
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Table 1. Prostanoid Receptors 

 

Four E-prostanoid (EP) receptors, EP1 through EP4, bind PGE2. The EP receptors 

belong to the family of GPCR. Their affinity to PGE2 from highest to lowest is as 

follows: EP3>EP4>EP2>EP1 in mice and humans (Coleman et al., 1994; Dey et al., 

2006; Sugimoto and Narumiya, 2007). Originally, EP receptors were found to regulate 

the function of smooth muscles, with EP2 and EP4 belonging to the “relaxant” receptors 
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and EP1 and EP3 belonging to the “constrictor” receptors (Gardiner, 1986). EP receptors 

have varied distribution and expression throughout the body.  

EP1 Receptor. The EP1 receptor leads to an increase in intracellular calcium 

through the generation of inositol 1, 4, 5-triphosphate (IP3) and diacylglycerol (DAG). 

EP1 receptor expression is generally low. EP1 receptors are mainly distributed within the 

CNS, kidney, lung, and throughout the GI tract (Sakata et al., 2010b). They maintain 

calcium-regulated channels via the Gq protein signaling pathways. In inflammation, EP1 

plays a role in facilitating Th1 differentiation and recruitment of mast cells during early 

inflammation (Sakata et al., 2010a). 

EP2 Receptor. The EP2 receptor is coupled with Gs-type G-protein leading to the 

stimulation of adenylate cyclase and the rise in intracellular cAMP levels (Billington and 

Hall, 2012). cAMP stimulates protein kinase A (PKA)-dependent or -independent 

signaling pathways. The PKA-dependent pathway is activated when cAMP binds to the 

regulatory subunits of PKA releasing the catalytic domains (Billington and Hall, 2012). 

The catalytic domain of PKA is responsible for the phosphorylation of cAMP response 

element binding protein (CREB). Phosphorylation on serine 133 activates CREB allows 

it to translocate into the nucleus and to bind to cAMP responsive elements (CRE) acting 

as a transcription factor (Fujino et al., 2005; Hata and Breyer, 2004; Johannessen et al., 

2004a; Johannessen et al., 2004b). The PKA independent pathway involves the activation 

of exchange protein directly activated by cAMP (EPAC).  EPAC is part of the family of 

guanine nucleotide exchange factors (GEFs). Downstream proteins activated by EPAC 

are Ras-like GTPases, Rap1 and Rap2 and kinases including ERK and AKT (Billington 

and Hall, 2012). Recent studies have shown that in endothelial cells, EPAC can lead to 
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the phosphorylation of a transcription factor called C/EBPβ leading to the induction of 

SOCS-3 (Borland et al., 2009; Yarwood et al., 2008). EP2 expression is widespread 

throughout the body, including epithelial cells of the large intestine, stomach, thymus, 

lung and spleen. Immune cells including CD4+ T-cells, dendritic cells (DC), mast cells, 

and basophils express EP2 receptors.  In inflammation, EP2 signaling has been shown to 

facilitate Th1 differentiation and Th17 expansion. 

EP3 Receptor. EP3 is coupled to a Gi type G-protein leading to the inhibition of 

intracellular cAMP (Harris et al., 2002). EP3 receptors are expressed abundantly 

throughout the musculature of the GI tract, uterine muscle, adipocytes, platelets and 

kidneys. EP3 has been reported to contribute to fever generation and to negatively 

regulate allergic inflammation (Sakata et al., 2010a). 

EP4 Receptor. EP4 receptor stimulation can activate several signaling pathways. 

Similar to EP2, the EP4 receptor is coupled to the Gs type G-protein and activates both 

PKA-dependent and non-dependent pathways (Fujino et al., 2003). The second pathway 

involves activation of PI3K that can stimulate protein kinase B or AKT to inhibit the 

activity of glycogen synthase kinase-3 (GSK3) (Fujino et al., 2003; Regan, 2003). A third 

signaling pathway recently found to be activated by EP4 involves a newly identified 

protein called EP4 receptor-associated protein (EPRAP), and was found to inhibit NF-κB 

p105 stability leading to a decreased expression of pro-inflammatory cytokines in 

macrophages (Minami et al., 2008).   EP4 receptor expression throughout the body is 

extremely high in the lamina propria and immune cells (i.e., DC, CD4+ T-cells, and 

monocytes/macrophages).  During inflammation, EP4 plays a role in Langerhans cell 
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mobilization and migration, expansion of Th17, and in increased pro-inflammatory 

cytokine production (Sakata et al., 2010a). 
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1.1.3  PGE2 and Inflammation 

PGE2 functions as a general mediator of active inflammation. In the development of 

acute inflammation, PGE2 promotes local vasodilation and recruitment of immune cells 

such as neutrophils, macrophages, and mast cells (Kalinski, 2012). PGE2 also affects the 

inflammatory response by promoting the maturation, activation, and migration of antigen 

presenting cells (APC).  However, in vitro studies suggested an immunosuppressive role 

for PGE2 (Figure 3).  

 

 

 

 

 

 

 

 

Figure 3. The anti-inflammatory and pro-inflammatory properties of PGE2. 

Controversy surrounding the role of PGE2 in immunity stems from the anti-inflammatory 

and pro-inflammatory role it displays. Literature supports both sides of the argument, 

however, we believe that PGE2 mainly acts as a pro-inflammatory mediator in immunity. 
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The immunosuppressive side of PGE2. The traditional view of PGE2 is based on 

in vitro studies. Several studies have shown that PGE2 can suppress the production of IL-

1β and TNFα from LPS-stimulated macrophages. Since the 1980’s it was known that 

PGE2 produced by APC can suppress the production of IL-2, IFNγ and the proliferation 

of T-cells (Sakata et al., 2010b; Walker et al., 1983). This effect was shown to have 

important implications in T-helper cell differentiation.  In a pivotal report, PGE2 was 

shown to selectively inhibit production of IL-2 and IFN-γ by Th1 clones whereas IL-4 and 

IL-5 production was unaffected (Betz and Fox, 1991). Another study found that PGE2 

suppressed cytokine production in macrophages through EP4 activation (Nataraj et al., 

2001). These findings led to the conclusion that PGE2 preferentially supported the 

differentiation of Th2 cells and specifically prevented Th1 differentiation. The same 

suppressive effects mediated by PGE2 in macrophages were also seen in DC. LPS 

stimulation of DC in the presence of PGE2 resulted in the complete inhibition of IL-12 

production starting at a concentration of 10-9 M PGE2 (van der Pouw Kraan et al., 1995). 

Interestingly, increased IL-10 levels were found in the same cultures (van der Pouw 

Kraan et al., 1995). Kalinski et. al showed that although PGE2 selectively induced IL-

12p40 subunit transcription in TNFα-stimulated DC, it suppressed the expression of the 

IL-12p35 subunit and production of IL-12p70 in both LPS and TNFα - stimulated DC 

(Kalinski et al., 2001). We and others reported a similar inhibitory effect on IL-12 in DC 

(Harizi et al., 2002; Vassiliou et al., 2003). Previous observations from our laboratory 

have shown that PGE2 has profound effects on the DC phenotype, cytokine expression, 

and function.  Earlier experiments showed that DC treated simultaneously with PGE2 and 

TLR2 and -4 agonists produced less TNFα and CCL3 and -4, chemokines involved in the 
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recruitment of monocytes and macrophages at inflammatory sites (Jing et al., 2003; 

Vassiliou et al., 2003). In vivo, mice injected intra-peritoneally (i.p.) with PGE2 and LPS 

had lower numbers of peritoneal DC, and reduced amounts of TNFα, CCL3, and -4.  

PGE2 mediated these effects through the EP2 and EP4 receptors (Jing et al., 2003; 

Vassiliou et al., 2003).  Altogether, these results indicated that PGE2 has anti-

inflammatory properties in DC decreasing the expression of pro-inflammatory cytokines 

and chemokines. 

In the midst of all the research showing that PGE2 was immunosuppressive, results from 

the clinic were showing a different picture. Salicyclic acid, the main compound of 

aspirin, is a compound that was purified from willow bark extracts. It is the most widely 

used drug in the world, and has been used as a treatment to reduce fever, pain, headache, 

and inflammation. Lower doses have been prescribed to older patients to lower the risk of 

heart attack and stroke (Vane and Botting, 2003). Going back to the 1960’s and 1970’s, 

researchers found that aspirin could reduce newly found lipid mediators called 

prostaglandins in vitro and in vivo (Vane, 1971). This observation was extremely 

important because until that time, the mechanism of action for aspirin was not known. 

This discovery led John R. Vane, along with Sune K. Bergström and Bengt I. 

Samuelsson, to win the Nobel Prize in Physiology or Medicine in 1982 (Newmark, 1982; 

Vane and Botting, 2003).  

Later on it was also shown that aspirin and other non-steroidal anti-inflammatory drugs 

(NSAIDs) inhibit the action of COX-1 and -2 enzymes (DeWitt et al., 1990; Hemler and 

Lands, 1976; Vane and Botting, 2003). However the use of NSAIDs led to complications 

from gastric damage (ulcers, perforation, obstruction, bleeding, and even sudden death). 
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(Bjarnason and Thjodleifsson, 2005). With the discovery of the COX-2 enzyme a flurry 

of research using selective COX-2 inhibitors began to question the role of COX-2. The 

hypothesis at the time was that “the good guy” (COX-1), which maintained 

gastrointestinal integrity would be spared, while the “bad guy” (COX-2) would be 

suppressed (Bjarnason and Thjodleifsson, 2005). This simplistic view led to the biggest 

boom in the development of selective COX-2 inhibitors. However, one important point 

was being overlooked. Even though inflammation induced COX-2 activity, which in turn 

lead to COX-2 promoting inflammation, COX-2 was needed for physiological 

homeostasis (Grosser et al., 2010). The use of Vioxx (rofecoxib) and Celebrex 

(celecoxib), the most popular selective COX-2 inhibitors, led to severe cardiovascular 

complications (myocardial infarctions, stroke, heart failure, venous thrombosis) and 

killed approximately 26,000 people in the first five years of their release in the U.S. 

(Grosser et al., 2010). 

PGE2 can promote inflammation. Although the in vitro studies mentioned above 

indicated an anti-inflammatory role for PGE2, other in vitro and in vivo studies showed 

that PGE2 contributes to the induction of inflammation. At the initiation of an immune 

response, PGE2 can have stimulatory effects upon DC. In regards to DC maturation, in 

the presence of a cytokine cocktail containing TNFα, IL-1β, and IL-6, PGE2 induces 

maturation and significantly increases the expression of the costimulatory molecules 

CD80 and CD86 (Rieser et al., 1997). DC matured in the presence of PGE2 have an 

enhanced ability to activate naïve T-cells compared to immature DCs (Kalinski, 2012). 

There is also a significant increase of CCR7, the chemokine receptor for CCL19 & 

CCL21 (Scandella et al., 2002). These chemokines are produced within the lymph nodes 
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and recruit mature DC into the T-cell areas within the lymph node. There, DC can initiate 

T-cell clonal expansion by presenting antigens to naïve T-cells and produce cytokines 

that help shape T-helper cell differentiation. Our laboratory showed that PGE2 can also 

stimulate the production of matrix metalloproteinase-9 (MMP-9) in DC, an important 

participant in DC migration (Yen et al., 2008). MMP-9 is a proteinase needed for the 

degradation of the extracellular matrix and of basement membranes composed of type IV 

and V collagen. The upregulation of MMP-9 was due the induction of AP-1, an essential 

transcription factor needed for MMP-9 expression. Our laboratory was the first to show a 

connection between PGE2 and Th17: PGE2 stimulated LPS-treated DC upregulate IL-23 

expression and protein production, while inhibiting IL-12 (Sheibanie et al., 2004). As a 

consequence, PGE2 treated DC promoted Th17 differentiation at the expense of Th1 

(Khayrullina et al., 2008). Our in vivo studies using misoprostol, a stable analog of PGE2, 

showed a significant increase in the severity of collagen-induced arthritis (Sheibanie et 

al., 2007a) and TNBS-induced colitis (Sheibanie et al., 2007b). Overall, these studies 

show that PGE2 can promote inflammation. 

Even more evidence for the pro-inflammatory role of PGE2 was provided by studies in 

COX knockout, prostaglandin E synthase-1 (PGES-1) knockout, and EP receptor 

knockout mice and by the use of selective EP receptor antagonists. PGE2 production was 

abolished in LPS stimulated macrophages from PGES-1 -/- mice (Inada et al., 2006). 

PGES-1 -/- mice developed little to no arthritis in models of collagen-induce arthritis 

(CIA) and antigen-induced edema, and had reduced macrophage migration following 

administration of thioglycolate (Hara et al., 2010; Inada et al., 2006; Trebino et al., 2003). 

These observations were similar to those seen in mice deficient in COX2, cPLA2α, and 
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EP4. Interestingly, when using mice models of inflammatory bowels disease (IBD), the 

COX-2 -/-, EP4-/-, and PGES-1 -/- mice were more susceptible to colitis (Hara et al., 

2010; Kabashima et al., 2002). These studies concluded that EP4 played an essential role 

in the maintenance of the GI tract epithelium. They also showed that PGE2 has a dual 

effect: whereas increased levels of PGE2 promote inflammation, at the same time, PGE2 

signaling is required for suppressing colitis and protecting the host against mucosal 

damage.   
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1.2 Dendritic Cells 

 

Dendritic cells (DC) are the most potent antigen processing and presenting cells among 

immune cells.  DC migrate through the lymphatics and high endothelial venules which 

helps their ability to regulate T-cell responses in steady-state and inflammation 

(Geissmann et al., 2010). In their immature state, DC are highly endocytic.  They express 

high levels of the chemokine receptor CCR5 and intracellular major histocompatibility 

class II (MHC II) molecules, while expressing low levels of costimulatory molecules 

(CD80, CD86, CD40) and CCR7(Alvarez et al., 2008).  After recognizing a foreign 

pathogen through Toll-like receptors, DC increase expression of surface MHC II 

molecules, CCR7, and costimulatory molecules while decreasing CCR5 expression and 

their endocytic/phagocytic capabilities.  These changes enable DC to migrate from 

peripheral tissues to the draining lymph node and present antigen to naïve CD4+ T-cells 

(Steinman, 2012).  DC are also important in cross-presentation to CD8+ T-cells residing 

in the spleen and lymph nodes.  Cross-presentation occurs when exogenous antigen 

internalized by phagocytosis or endocytosis is loaded upon MHC I instead of the MHC II 

molecules and is presented to CD8+ T-cells.  This leads to the activation of CD8+ T-cells 

and induces them to become cytotoxic T-cells.  DC were found to be the only cells in 

vivo able to cross-present (Amigorena and Savina, 2010). 

There are several divisions with the dendritic cell subsets.  The first distinction can be 

made between plasmacytoid and conventional DC.  Plasmacytoid DC (pDC) express 

PDCA-1 (Plasmacytoid dendritic cell antigen-1), B-cell (B220) and granulocyte (Gr-1) 

markers, and have low to intermediate surface expression of MHC II and CD11c(Miloud 
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et al., 2010; Sathe and Shortman, 2008).  pDC produce large amounts of IFN-α in 

response to viruses and contribute to innate immunity (Sathe and Shortman, 2008).  

Three subsets exist for conventional DC residing within the spleen and lymph nodes: 

CD8α+ DC, CD4+ DC, and CD4-CD8α- DC.  CD8α+ DC are essential in endocytosing 

antigen from the blood and cross priming CD8+ T-cells (Miloud et al., 2010).  The 

migratory DC subset contains three DC phenotypes: Langerhans DC (LC), CD11bhigh 

Langerin- classic dermal DC, and CD11blow CD103+ Langerin + dermal DC (Zhan et al., 

2012). During an immune response, dermal DC, CD4+ DC, double negative DC, and 

Langerhans DC all contribute to the activation of naive CD4+ T-cells residing in lymph 

nodes.  Finally, monocyte-derived inflammatory DC (mono-DC) migrate to the site of 

injury/inflammation from the circulation and play a role in stimulating effector and/or 

memory T-cell responses (Heath and Carbone, 2009). The DC used for this thesis are 

derived from murine bone marrow. In brief, the flushed bone marrow cells are 

supplemented with complete tissue culture media that contains granulocyte-macrophage 

colony stimulating factor (GM-CSF). GM-CSF is a cytokine that functions by skewing 

hematopoetic progenitor differentiation towards granulocytes, monocyte/macrophages, 

and DC (Zhan et al., 2012). The phenotype of in vitro generated DC closely resembles 

the mono-DC subset (Xu et al., 2007). 
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1.3 Interleukin-12 family cytokines 

 

DC are major producers of pro- and anti-inflammatory cytokines that help shape the 

immune response after pathogen recognition. The interleukin-12 (IL-12) cytokine family 

are important in controlling the differentiation of several T-cell subsets and play essential 

roles in directing immune responses to a wide variety of pathogens, and in a wide array 

of diseases. To date, four cytokines belong to the IL-12 cytokine family: IL-12, IL-23, 

IL-27, and IL-35. IL-12 and IL-23 are pro-inflammatory cytokines and IL-27 and IL-35 

are anti-inflammatory cytokines. This section of the chapter will briefly describe the 

structure, receptor signaling, and function of each IL-12 family cytokine (Table 2).  

Table 2.  The IL-12 cytokine family 

A summary of the cytokines belonging to the IL-12 cytokine family including subunit 

composition receptor, signaling molecules, and a description of their basic function. 
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1.3.1  Interleukin-12 

IL-12p70 is composed of two subunits: the unique p35 subunit and the p40 subunit, 

shared with IL-23. p35 and p40 are produced in the same cell and are secreted, bound 

together by a disulfide bond linkage, as IL-12p70. IL-12 is recognized by the IL-12 

receptor composed of the IL-12Rβ1 chain and the IL-12Rβ2 chain. The IL-12Rβ1 chain 

activates Jak2 to phosphorylate Stat4 while IL-12Rβ2 activates Tyk2 to phosphorylate 

Stat4 (Ma and Trinchieri, 2001). The major cell types producing IL-12 are the APC: DC, 

macrophages, microglia and B-cells. IL-12 is the essential cytokine needed to support 

naïve CD4+ T-cells differentiation into the Th1 subset. IL-12Rβ1, already present on the 

surface of T-cells, can recognize the IL-12p40 subunit and initiate expression of T-bet, 

the signature transcription factor of Th1, to induce expression of IFNγ (Goriely et al., 

2008). The Th1 subset produces IFN-γ, which in turn leads to an increased production of 

IL-12 in a positive feedback (Vignali and Kuchroo, 2012). 

1.3.2 Interleukin-23 

IL-23 is a pro-inflammatory cytokine composed of the unique p19 subunit and the shared 

p40 subunit, linked together by a disulfide bridge. Functional IL-23 is produced when 

both subunits are made within the same cell. The p19 gene contains four exons and 3 

introns located on chromosome 10 in mice (chromosome 12 in humans) (Vignali and 

Kuchroo, 2012). The IL-23R chain of the IL-23 receptor recognizes the p19 subunit 

which activates Jak2 and phosphorylates Stat3. The p40 subunit is recognized by the 

already described IL-12Rβ1 chain (Goriely et al., 2008). IL-23 is produced by TLR-

stimulated DC, macrophages and microglia. Stimulation of CD40 by CD40 antibodies or 

CD40L has been shown to enhance the expression and production of IL-23 in DC (Yao et 
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al., 2009). IL-23 contributes to the amplification and function of Th17 cells. 

Phosphorylated Stat3 is required for the production of IL-17A, IL-17F, and expression of 

the Th17 signature transcription factor, RORγt (Durant et al., 2010).  Production of IL-23 

from APC induces the expression of IL-23R on CD4+ T-cells, amplifying the effect of 

IL-23 on Th17 maintenance (Vignali and Kuchroo, 2012). IL-23 is important for the 

proliferation and development of CD4+CD45RB+ memory T cells in mice 

(CD4+CD45RO+ in humans) (Tang et al., 2012a). Similar to IL-12, IL-23 can also 

contribute to Th1 differentiation through the induction of Stat4 to induce of IFNγ 

production in memory T cells. However, IL-23 operates mainly in the maintenance of the 

Th17 subtype (Tang et al., 2012a). Recent evidence shows that IL-23 is essential for 

inducing pathogenic IL-17-producing Th17, which produce both IFNγ and IL-17 

(Ghoreschi et al., 2010). 

1.3.3 Interleukin-27 
 
IL-27 is composed of the unique p28 subunit and the Ebi3 subunit which is shared with 

IL-35. Both subunits bind to the IL-27R independently and are not held together by a 

disulfide bond. The IL-27 receptor is composed of the IL-27R chain, also termed WSX-

1) and the gp130 chain, which is shared with the IL-6 receptor. IL-27R chain signals by 

recognizing p28 and leads to the activation of Jak2 and phosphorylation of Stat3. The 

gp130 chain recognizes Ebi3 and activates Jak1 to phosphorylate Stat1 (Jankowski et al., 

2010). IL-27 was thought at first to act as a pro-inflammatory cytokine because of its 

ability to induce differentiation of Th1 subset (Owaki et al., 2005). However, later studies 

showed that IL-27 also exhibited anti-inflammatory properties (Astry et al., 2011). IL-27 

is produced by APCs during the resolution phase of an inflammatory flare. Production of 
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IL-27 is induced by natural T-regs (nTreg), IFN-β, TLR ligands, and statins (Vignali and 

Kuchroo, 2012). In combination with IL-12 and IL-2, IL-27 can induce IFNγ from T-

cells and NK cells. IL-27 itself can decrease production of IL-2, which decreases nTreg 

and CD4+ T-cell proliferation (Villarino et al., 2007). IL-27 has the ability to decrease 

the development of the Th17 subset by decreasing the expression of RORγt, and by 

increasing the production of IL-10 by Tr1 (Vignali and Kuchroo, 2012).   

1.3.4 Interleukin-35 

IL-35 is the most recently added cytokine to the IL-12 family. IL-35 is composed of the 

shared p35 (with IL-12) and Ebi3 (with IL-27) subunits. The receptor that recognizes IL-

35 receptor is composed of the IL-12Rβ1 chain, which recognizes the p35 subunit, and 

gp130 chain, recognizing Ebi3 (Goriely et al., 2008). Two cell populations produce IL-

35: nTreg and the IL-35-producing Treg (iTr35) populations. IL-35 has been reported to 

have potent anti-inflammatory properties by inhibiting the differentiation of pro-

inflammatory CD4+ T-cell subsets and by inducing cell cycle arrest without leading to 

apoptosis (Collison et al., 2007; Vignali and Kuchroo, 2012). The development of iTr35 

is dependent on the presence of IL-35 and does not need expression of Foxp3, IL-10, or 

TGFβ (Collison and Vignali, 2008). The iTr35 subset sustains a positive feedback loop 

by producing IL-35. At sites of inflammation, IL-35 further activates nTreg to express 

more IL-35 in a positive feedback loop (Collison and Vignali, 2008). 
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1.3.5 Role of IL-12 family in disease pathogenesis 

The promiscuous use of subunits and receptors within the IL-12 family, along with the 

recent discovery of IL-27 and IL-35, have made their roles in disease pathogenesis 

confusing. The understanding we have now about their functions are due, in part, to the 

large amount of work done with cytokine subunit knockout mice used in animal disease 

models (Table 3).  

Table 3. Susceptibility of IL-12 cytokine family knockout mice in EAE, CIA, and IBD. 

A summary of the animal models tested with IL-12 cytokine family knockout mice and 

the IL-17-/-mice. +++ = Highly susceptible, + = Mildly susceptible, Rx = treatment. 

Some mice have not been used in CIA and IBD animal models; however, results from 

treatment with recombinant cytokine in the animal model setting are listed. 
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Experimental Autoimmune Encephalomyelitis (EAE). Early reports found IL-12 

to be important for the development of EAE, a widely used model of multiple sclerosis 

(Shevach et al., 1999). However, whereas p40-/- mice were resistant to EAE, p35 -/- mice 

were susceptible, bringing the role of IL-12p70 into question (Shevach et al., 1999). The 

“status quo” changed with the discovery of IL-23, which shares the p40 subunit with IL-

12. Similar to p40-/- mice, p19 -/- mice were resistant to EAE. (Cua et al., 2003). This 

pivotal paper showed that IL-23, and not IL-12, was important for EAE development. 

EAE consists of two phases, i.e. the immunization phase characterized by the generation 

and differentiation of encephalitogenic T cells in lymph nodes, and the effector phase 

when the encephalitogenic T cells migrate to the CNS, are reactivated by 

macrophages/dendritic cells in the perivascular space and enter the spinal cord and brain 

parenchyma where they contribute to myelin destruction. Since p19-/- mice did not 

develop EAE upon immunization, IL-23 could have been involved in either one or both 

of the EAE phases. This issue was resolved by using a transfer EAE model, where 

encephalitogenic T cells generated in an immunized donor mouse were transferred to a 

naïve recipient. When the T cells were transferred to p35/p19 KO, the recipients 

developed disease, which indicated that the effector phase is independent of IL-12/IL-23 

(Thakker et al., 2007). Therefore, IL-23, but not IL-12, is essential in the EAE 

immunization phase, whereas neither cytokine is required in the effector EAE phase.  

Since both p35-/- and Ebi3-/- develop EAE, and exhibit an increase in Th1 and Th17, as 

well as IL-1β and IL-17 production (Liu et al., 2012), IL-35 does not appear to play a role 

in EAE. In terms of IL-27, p28-/- mice developed severe EAE due to increased numbers 

of IL-17 producing T cells and reduced levels of IL-10 (Diveu et al., 2009). These studies 
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concluded that IL-27 plays a role in downregulating the differentiation of the pathogenic 

Th17 subset that contributes to the development of EAE (Diveu et al., 2009). 

Collagen Induced Arthritis (CIA). CIA is one of the experimental mouse models 

used for rheumatoid arthritis. Similar to EAE, p19-/- and p40-/- mice are resistant to CIA, 

although IFNγ+ IL-17- collagen-specific T-cells are present. The p35-/- mice developed 

severe CIA with high levels of IL-17, high numbers of IL-17+ T-cells, and significantly 

increased expression of other pro-inflammatory cytokines (i.e. TNFα, IL-1β, IL-6, etc.) 

(Murphy et al., 2003). This indicates that IL-23 promotes the development of CIA, 

whereas IL-12 plays a protective role. However, what was not taken into consideration 

was the absence of IL-35 in the p35-/- mice. To date, the CIA model has not been tested 

in Ebi3 -/- mice. However, IL-35 was shown to have a therapeutic effect in CIA. In vitro 

experiments showed that IL-35 decreased IL-17 production from activated CD4+ T-cells 

and reduced Th17 differentiation. In vivo, treatment with recombinant IL-35 significantly 

attenuated CIA severity by expanding Treg and decreasing the Th17 population 

(Niedbala et al., 2007). No CIA studies have been conducted in p28 -/- mice which lack 

IL-27. However, administration of IL-27 to CIA mice at disease onset had a significant 

beneficial effect, by downregulating IL-17 and IL-6 production (Niedbala et al., 2008). In 

a second rheumatoid arthritis model called proteoglycan induced arthritis (PGIA) (Cao et 

al., 2008), delayed progression of disease and reduced disease severity was observed in 

the IL-27R-/-. This is in contradiction with the proposed anti-inflammatory role of IL-27. 

However, a reduced number of splenic and peritoneal T-cells producing IFNγ was 

observed in the PGIA IL-27R-/- mice (Cao et al., 2008). More studies are necessary to 

elucidate the role of IL-27 in CIA. 
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Inflammatory Bowel Disease (IBD). IBD is a human inflammatory disease that 

encompasses two types of conditions called ulcerative colitis (UC) and Crohn’s disease 

(CD). UC mainly affects the colon and rectum whereas CD can affect areas throughout 

the gastrointestinal tract. Several animal models have been developed to mimic the 

pathology and symptoms of the human disease. The three animal models that have been 

used extensively are: the trinitrobenzene sulfonic acid (TNBS) model, the dextran sulfate 

sodium (DSS) model, and the oxazolone-induced colitis (OC) .The role of IL-12 cytokine 

family members in animal model of IBD have been investigated by using knockout mice. 

TNBS-induced colitis in p35 -/- mice, lacking IL-12 and IL-35, resulted in milder 

disease, whereas p40 -/- mice, which lack both IL-12 and IL-23, presented with severe 

disease pathology (Camoglio et al., 2002). An increase in disease severity was also seen 

in p35-/- mice treated with anti- p40 antibody (Collison and Vignali, 2008). Interestingly, 

the p19-/- mice are highly susceptible to develop severe colitis in either TNBS-induced or 

DSS-induced models. This was shown to be due to the overproduction of IL-12 (Collison 

and Vignali, 2008). Although IL-12 and IL-23 are active participants of the development 

of the disease, their precise role in IBD is not clear. Other factors that might influence 

disease severity include antagonism due to production of p40 homodimers and the 

presence or absence of IL-35. 

The severity of disease induced in Ebi3-/- mice depends on the animal model being used. 

For example, Ebi3-/- mice are resistant to developing colitis in the OC model, which 

involves the activation of Th2 and NKT cells (Trinchieri et al., 2003). However, in the 

TNBS model, a Th1 mediated model, the Ebi3 -/- mice are highly susceptible and 

develop severe colitis. When using IL-35 as a treatment, it decreased disease severity in 
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DSS-induced colitis (Wirtz et al., 2011). No studies have been done using the IL-27p28-/- 

mice. The role of IL-27 was investigated as treatment used in TNBS- and DSS-induced 

colitis. Mice treated with IL-27 had less severe disease and suppressed production of pro-

inflammatory cytokines including IL-17, TNFα, and IFN-γ (Sasaoka et al., 2010).  

Altogether these studies show that IL-27 and IL-35 may be used as potential therapeutics 

in treating IBD.  
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1.4 The Relationship Between IL-23 and IL-17 

 

 In this thesis, we explore molecular mechanisms involved in IL-23p19 expression in DC. 

The role of IL-23 in T-cell differentiation is discussed below.  DC produce IL-12 to 

support Th1 differentiation, as well as IL-23 to help maintain the Th17 subset. The IL-

12/IL-23 balance controlled by different endogenous factors. We and others showed that 

PGE2 can alter the IL-12/IL-23 balance in favor of IL-23 (Khayrullina et al., 2008; 

Sheibanie et al., 2004; Yao et al., 2009). The switch from IL-12 to IL-23 might also occur 

in vivo in the presence of elevated levels of PGE2, during an immune response or in 

autoimmune disorder, leading to increased numbers of IL-17-producing T-cells. In this 

section I review the relationship between IL-23 and IL-17 and the role of IL-17 in the 

pathogenesis of autoimmune diseases.  

1.4.1 T-helper subsets 

During antigen presentation, several immune mediators including cytokines, chemokines, 

and prostaglandins are produced, contributing to CD4+ T-cell differentiation and 

development of anti-inflammatory or pro-inflammatory subsets (Figure 4).   
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Figure 4. T-helper subsets. 

DC migrate to the draining lymph node and present antigen to naïve CD4+ T-cells. 

During antigen presentation, DC produce cytokines that lead to the differentiation of 

naive T-cells into two main T-helper subsets: A. Anti-inflammatory T-helper subsets and 

B. Pro-inflammatory T-helper subsets. The signature cytokines and transcription factors 

described are needed for the differentiation. The cytokines produced by each subset are 

also summarized. 
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Anti-inflammatory Th subsets. Two CD4+ T-cell subsets, e.g. Th2 and Treg, are 

considered to be anti-inflammatory.  Naïve CD4+ T-cells activated by APCs in the 

presence of IL-4 differentiates into Th2 cells.  Stat6 and GATA-3, two signature Th2 

transcription factors, are induced.  Th2 CD4+ T-cells are able to produce anti-

inflammatory cytokines such as IL-4, -5, and -13 and contribute to humoral immunity, 

clearance of extracellular pathogens, and allergies (Guermonprez et al., 2002).  

Regulatory CD4+ T-cells (Treg) consist of: natural regulatory, inducible regulatory T-cells 

and Tr-1.  Natural Treg develop in the thymus and express the transcription factor FoxP3.  

Induced Treg develop in the periphery in the presence of TGFβ, IL-2, and retinoic acid 

and are able to produce TGFβ, IL-10 and IL-35.  Tr-1 CD4+ T-cells are IL-10 producers 

but lack FoxP3 expression.  Tr-1 cells develop in the presence of TGFβ and IL-27.  These 

cells play a major role in tolerance and immune suppression (Palmer and Weaver, 2010). 

Pro-inflammatory Th subsets. The subsets considered to be pro-inflammatory 

are: Th1, Th17, and Th9.  Th1 CD4+ T-cells develop in the presence of IL-12 and express 

Stat1, -4, and T-bet.  This subset produces IFN-γ which functions in the maintenance of 

cellular immunity and the clearance of intracellular pathogens (Wan and Flavell, 2009).  

The differentiation into Th17 cells occurs in the presence of TGFβ + IL-6 (IL-1β for 

human CD4+ T-cells).  IL-23 is essential in maintaining the Th17 phenotype.  Their 

signature transcription factors are Stat3, RORγt, and RORα, which enable Th17 CD4+ T-

cells to produce IL-17A, IL-17F, IL-22, and IL-21 (Furuzawa-Carballeda et al., 2007). 

Recently, this subset plays a major role in eliminating intestinal pathogens and also 

contributes to tissue inflammation and autoimmunity (Mills, 2011). Recently, the 

discovery of a distinct population of pathogenic Th17 that produce IFNγ, IL-22 and IL-17 
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have been found to express both T-bet and RORγt, which was found to be dependent on 

the presence of TGFβ, IL-6, and IL-23 (Ghoreschi et al., 2010). This is in contrast to the 

nonpathogenic Th17 subset which expresses RORγt and AhR and produces IL-17 and IL-

22, but no IFNγ (Ghoreschi et al., 2010). The newly described Th9 CD4+ T-cell was 

found to develop in the presence of TGFβ and IL-4.  A signature transcription factor(s) 

has not been found yet, however, Th9 cells have been described to exhibit similar 

properties to the Th2 subset.  Th9 cells produce large amounts of IL-9 and -10 and 

maintain intestinal responses to helminthes (Palmer and Weaver, 2010; Wan and Flavell, 

2009). Th17 cells are also reported to produce IL-9 (Jager et al., 2009) and recently IL-9 

has been shown to promote Th17 differentiation (Goswami and Kaplan, 2011). 

1.4.2 Interleukin-17 

The discovery of IL-17 began with a report that described a murine T-cell hybridoma-

derived transcript named cytotoxic T-lymphocyte associated antigen-8 (CTLA-8), found 

to be 57% homologous to a T-lymphotropic herpesvirus open reading frame (Rouvier et 

al., 1993). The CTLA8 gene encoded a low molecular weight protein that was later found 

to be 63% homologous to human IL-17 (Yao et al., 1995). Recombinant mCTLA8 was 

also shown to function as a cytokine, initiating NF-κB activation and stimulating 

fibroblasts to produce IL-6 (Yao et al., 1995). In 2006, three groups definitively showed 

that TGFβ, IL-6, TNFα, and IL-1β induced Th17 differentiation by inducing expression of 

RORγt and IL-23R on naïve T-cells. The maintenance of IL-17 production was shown to 

be dependent on the presence of IL-23 produced by APC (Ivanov et al., 2006; Mangan et 

al., 2006; Veldhoen et al., 2006).  
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The IL-17 cytokine family contains 6 isoforms: IL-17A – IL-17F, consisting of 150 to 

200 amino acids. All of the IL-17 members contain four conserved cysteines within the 

C-terminal region which contains disulfide bonds. The isoforms are expressed as covalent 

dimers, with the exception of IL-17B (Aggarwal and Gurney, 2002). The IL-17 receptor 

family contains 5 receptors: IL-17 receptor A (IL-17RA/IL-17R) through IL-17 receptor 

E (IL-17RE). Interestingly, the IL-17R family does not belong to any of the 6 types of 

cytokine receptor structures. Although each receptor has some unique structural 

characteristics, they all share conserved structural motifs consisting of an extracellular 

fibronectin III-like domain and a cytoplasmic domain called similar expression to 

fibroblast growth factor/ IL17R, SEF/IL17R, (SEFIR) domain (Zhang et al., 2011). IL-

17RA, which recognizes IL-17A, is expressed in lung, kidney, liver, and spleen (Yao et 

al., 1995). The IL-17R signals by activating the NF-κB family members p50 and p65 and 

signaling through the canonical NF-κB pathway. The conserved SEFIR domain interacts 

with an adaptor protein named NF-κB activator -1 (ACT-1). ACT-1 interacts with 

TRAF6/3 and TAK1 that leads to the activation of the canonical NF-κB pathway. ACT-1 

has also been reported to activate C/EBPβ & C/EBPδ heterodimers that induce the 

transcription of pro-inflammatory genes. The MAPK p38 kinase is also utilized for IL-

17R signal transduction for mRNA stability and AP-1 activation(Gaffen, 2008).  

IL-17 is a pro-inflammatory cytokine that acts as a mediator to boost the immune 

response against extracellular pathogens. IL-17 has also been linked to the pathogenesis 

of several autoimmune diseases including multiple sclerosis, IBD, and arthritis primarily 

through the induction of chemokines and subsequent recruitment of neutrophils (Bettelli 

et al., 2006; Liang et al., 2007). 



 

 

33 

 

1.4.3  IL-17-producing cells 

CD4+T-helper cells were the first cell type found to produce IL-17 (Korn et al., 2009; 

Vignali and Kuchroo, 2012). Th17 cells became an established subset once the signature 

cytokines (TGFβ & IL-6) and transcription factors (RORγt, Stat3) needed for 

differentiation were discovered. IL-6, produced by activated DC, and TGFβ are needed to 

maintain the non-pathogenic Th17 phenotype which expresses AhR and RORγt and 

produce IL-22, IL-17, and IL-21 (Figure 5) (Ghoreschi et al., 2010; Korn et al., 2009). In 

the presence of IL-1β and IL-23 pathogenic Th17 cells develop and express T-bet in 

addition to RORγt, have high expression of IL-23R, and produce IL-17A, IL-17F, IL-22, 

INFγ and IL-2 (Ghoreschi et al., 2010).  
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Figure 5. IL-17 producing cells: Th17 subset, γδ T-cells and ILCs. 

A.Naive T-cells in the presence of IL-6 and IL-1β can start to express Rorγt and 

differentiate into non-pathogenic Th17 cells that can produce IL-17. With the addition of 

IL-23, these Th17 cells can start to express T-bet, along with Rorγt, and produce IFN-γ 

and IL-17 to become pathogenic Th17. γδ T cells are important sources of IL-17A and IL-

22 during infections and autoimmune diseases, and secrete IL-17A earlier in disease than 

CD4 or CD8 αβ T cells. Murine γδ T cells can produce IL-17A, IL-22, and IL-21 in 

response to IL-23 and IL-1β without exposure to antigen. LTi cells, ILC17 cells and 

ILC22 cells produce IL-17. They all require the expression of Rorγt and the presence of 

IL-7 for their development. IL-23 has a role in regulating the production of IL-17 from 

ILC17 and ILC22 cells whereas the production of IL-17 from LTi seems to be 

developmentally regulated.  
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γδ T-cells are lymphocytes that express the CD3-TCR complex composed of the γ chain 

and δ chain (Korn and Petermann, 2012). This group of lymphocytes differs greatly from 

CD4+ lymphocytes.  γδ T-cells represent up to 5% of T-cells in blood but are a major 

population of lymphocytes within the gut (25-60%), develop in the absence of MHC 

restriction, and can recognize soluble antigens without requiring APC antigen 

presentation (Carding and Egan, 2002). The general functions of γδ T-cells include 

immunoregulation, immunosurveillance, and releasing Th1-cytokines like IFN-γ. It was 

found later that γδ T-cells were also potent producers of IL-17 against Mycobacterium 

tuberculosis (Lockhart et al., 2006) and  Candida albicans (Lockhart et al., 2006). γδ T-

cells can produce IL-17, along with IL-21, without TCR ligation in the presence of IL-23 

and IL-1 and are the main cells activated early in an immune response against pathogens 

(Figure 5). They are characterized by expressing CCR6, IL-23R, RORγt, and AhR(Korn 

and Petermann, 2012). 

Innate lymphoid cells (ILC) have protective roles in innate immune responses by 

defending the host from pathogens. ILC includes NK cells, lymphoid tissue-inducer 

(LTi), nuocytes, and distinct ILC-subsets that are similar to the T-helper subsets (i.e., 

expressing a signature transcription factor and producing a signature cytokine) (Spits and 

Di Santo, 2011). Among ILCs, LTi and ILC17 produce IL-17 (Figure 5). LTi are 

dependent on the expression of the transcriptional repressor Id2, and RORγt to produce 

IL-17. Along with IL-17, LTi can also produce IL-22 and both cytokines help LTi 

contribute to tissue remodeling and general immunity. The markers for this population of 

ILC are: CD4+CD3-LTα+LTβ+. They also express CXCR5 and CCR7 for lymph node 

migration. Production of IL-22 and IL-17 promotes epithelial cells to produce 
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antimicrobial peptides like β-defensins. In the gut LTi support IgA production and 

maintenance of memory T cells (Spits and Di Santo, 2011). ILC17 have been studied 

thoroughly in mice. They reside within the intestinal tract, mainly in the colon. ILC17 

require the expression of RORγt and produce IL-17 (Eberl, 2012). The ILC17 markers 

are: CD4-CD117+Nkp46-CD90+. ILC17 are recruited to the intestine during 

inflammation. In Helicobacter hepaticus induced-colitis, IL-17-producing ILC mediates 

the severity of intestinal inflammation through the production of IL-17 and IFNγ. 

1.4.4 The role of IL-17 in autoimmune disease pathogenesis 

The use of animal disease models helped elucidate the role of IL-17 and IL-23 in the 

development of autoimmune diseases (Table 3). Multiple sclerosis (MS) is a chronic 

inflammatory disease that affects the central nervous system (CNS).  The disease is a 

result of damage to myelin sheaths insulating nerves in the brain and spinal cord caused 

by auto-antigenic immune cells. Several reports have linked the Th17 cells, the major cell 

subset, and γδ T-cells to MS pathogenesis (Bettelli et al., 2008; Dong, 2008; Korn and 

Petermann, 2012).  In MS patients, IL-6 and IL-17 are highly expressed within lesions. 

Also, an elevated amount of IL-17 in the serum and in cerebrospinal fluid have been 

found in MS patients (Korn et al., 2009). One of the first reports to link IL-23 to EAE 

was a study that concluded IL-23p19 and IL-23R -/- mice were resistant to the 

development of EAE (Cua et al., 2003). The presence of IL-23 is a critical factor for EAE 

development; IL-23 supports the expansion of myelin-specific Th17 that can directly 

interact with neuronal cells within demyelinating lesions (Maddur et al., 2012).  IL-17F-/- 

mice displayed a reduced level of disease susceptibility (Yang et al., 2008). IL-17A 

antibodies used as treatment showed promise by significantly reducing EAE severity, 
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although not completely abolishing disease development (Hofstetter et al., 2005). Other 

studies located IL-17 production in the CNS: Th17 cells were able to breach the blood 

brain barrier due to their production of IL-17 and IL-22 (Kebir et al., 2007).  IL-17 was 

found to be produced by astrocytes, γδ T-cells, and CD4+/ CD8+ T-cells in MS lesions 

(Korn et al., 2009; Korn and Petermann, 2012).  

Recently, Th17 plasticity was questioned in a study examining the ability of cells that had 

once expressed IL-17, termed “ex-Th17” cells, to express other pro-inflammatory 

cytokines. Hirota et al. found that Th17 plasticity was dependent on whether the 

inflammatory environment was chronic or acute. The group used two disease models: 

during induction of EAE, ex-Th17 were found in the spinal cord producing IFNγ, 

whereas in an acute infection of Candida albicans Th17 cells shut off IL-17-production 

during the course of infection. Additionally, these ex-Th17 cells did not induce other pro-

inflammatory cytokines in response to the infection. These observations established that 

chronic infections promote the production of pro-inflammatory cytokines, and therefore 

increase IL-17 production, whereas acute infections produce an anti-inflammatory 

environment thereby decreasing Th17 development (Hirota et al., 2011). 

Rheumatoid arthritis (RA) is one of the first diseases that linked IL-17 and IL-23 to 

inflammation in humans.  An increased number of IL-17+ and IL-22+ CD4+ T-cells were 

found in RA patients, and these cells produce elevated amounts of IL-17 (Astry et al., 

2011).  IL-17 was found to induce human synovial cells to produce IL-6, IL-8, and 

TNFα, which stimulated stromal cells to promote joint inflammation (Fossiez et al., 

1996). Studies have shown a decrease in disease severity, decreased damage to joints, and 

decreased amounts of pro-inflammatory cytokines in the serum of CIA IL-17-/- mice and 
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in mice treated with antibodies to IL-17R (Maddur et al., 2012). IL-23 was found to 

promote high levels of receptor activator of NF-κB ligand (RANKL) in human synovial 

cells (Kim et al., 2007b). High levels of RANKL support the formation of osteoclasts 

leading to bone destruction. 

Genetic, immune and environmental factors contribute to IBD pathogenesis (Mizoguchi 

and Mizoguchi, 2010). Based on studies using p35-/- and p40-/- mice, the dysregulation 

of Th1/Th2-type immune responses has been established as the main immune component 

of IBD. However, recently, the contribution of the Th17 subset has been accepted as a 

major player in IBD development (Mizoguchi and Mizoguchi, 2010). Neutralization of 

IL-17A suppressed colitis development in IL-10-/- mice (Yen et al., 2006),  and IL-17R -

/- mice were resistant to TNBS-induced colitis (Zhang et al., 2006). In addition, Act1-/- 

mice, the major adaptor protein used by the IL-17R, were also resistant to DSS-induced 

colitis (Qian et al., 2007) 

Psoriasis is a chronic skin disease that is the result of a dysregulated interplay between 

the immune response and high activation of keratinocytes.  Patients that suffer from 

psoriasis have psoriatic lesions which are infiltrated with Th1 and Th17 lymphocytes 

(Tang et al., 2012a). Dermal DC and keratinocytes overproduce IL-23 which stimulates 

Th17 cells to produce pro-inflammatory cytokines and chemokines. CCL20 attract 

CCR6+ immune cells to skin lesions which maintain the already high level of 

inflammation (Ma et al., 2008). Production of IL-17 stimulates human skin keratinocytes 

to produce IL-6 and IL-8, attracting neutrophils and other granulocytes. In a psoriasis-like 

mouse model, (Ma et al., 2008) disease progression was found to be dependent on IL-22. 

Neutralization of IL-22 blocked disease development seen by reduced skin thickening 
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and decreased expression of pro-inflammatory cytokines. Also, IL-23 has been a 

successful target therapeutically.  The anti-human IL-23 monoclonal antibody was shown 

to be efficient in treating the symptoms of psoriasis and is now a standard therapy in the 

clinic (Tang et al., 2012a) 
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1.5 The Regulation of IL-23 

 

1.5.1. Transcription factors essential for IL-23p19 expression 

When the connection between IL-23 and Th17 became clear, attention shifted to 

understanding how IL-23 is regulated. There are a number of studies focused on the 

regulation of IL-23. However, only a handful of reports concentrate on the regulation of 

IL-23p19, the unique subunit of IL-23. The majority of these reports concentrate on TLR-

induced IL-23. This section serves to describe the reports focused on transcription factors 

needed for the expression of IL-23p19 (Figure 6). 

 

 

Figure 6. The IL-23p19 promoter. 

The IL-23p19 promoter contains several transcription factor binding sites. Several reports 

have found that cRel, IRF-3, Smad-3, ATF-2, IRF-7 and AP-1 are important for the 

transcriptional activity of the IL-23p19 promoter. 
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It probably came to no one’s surprise that the first transcription factor found to be 

essential for IL-23 was a member of the NF-κB family, c-Rel. The first report on IL-

23p19 transcriptional regulation revealed that murine DC deficient in c-Rel, were 

severely compromised in transcribing the IL-23p19 gene (Carmody et al., 2007). Three 

putative NF-κB binding sites were found upon the IL-23p19 promoter. The two proximal 

sites were found to be essential to TLR-induced IL-23p19 gene expression. Two other 

studies confirmed the role of NF-κB in IL-23p19 expression in human synoviocytes (Liu 

et al., 2007) and murine macrophages (Mise-Omata et al., 2007). Liu et al. found that IL-

23, produced by mononuclear cells and fibroblasts in the synovial fluid of RA patients, 

induced IL-1β in fibroblasts. This, in turn, regulated the expression of IL-23p19 via NF-

κB and AP-1.  

In 2009, the role of AP-1 in p19 transcription was solidified. LPS- induced IL-23 

expression in RAW267.4, a macrophage cell-line, was found to be dependent on MAPK 

activation. Using the 5’-rapid amplification of p19-promoter transcript, a binding site for 

AP-1 was found.  Using the p19-luciferase construct with a mutated AP-1 site, the 

promoter activity was lost upon stimulation with LPS. Also, using EMSA and ChIP 

assays, Liu et al. confirmed AP-1 binding to the p19-promoter (Liu et al., 2009). Another 

study, in splenic macrophages and bone marrow derived macrophages (BMM), studied 

the production of IL-23 following Thelier’s virus (TMEV) infection in mice (Al-Salleeh 

and Petro, 2008). Several binding sites were found within the p19-promoter for IRF-3, 

SMAD-3, ATF-2, and IRF-7. The study showed that deletions at all binding sites, with 

the exception of IRF-7, severely decreased p19-luciferase production in response to 

TMEV or poly I: C, the ligand for TLR3. Following TMEV challenge, binding occurred 
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at the SMAD-3 and ATF-2 sites. This report also indicated that the activation of ATF-2 

and SMAD-3 were dependent on JNK activity. 

Chromatin modifications have an important role in the recruitment of the transcriptional 

machinery. A report by El Mezayen et al. described differences in histone modifications 

surrounding the c-Rel and p65 binding sites within the p19 promoter between young and 

old mice. This report showed that BMDC from older mice (12 weeks) had significantly 

more IL-23p19 expression and production compared to BMDC generated from young 

mice (6 weeks) (El Mezayen et al., 2009). Interestingly, they found that the increase in 

p19- expression in aged cells was associated with di- and tri-methylation of histone 

H3K4. The increase in IL-23 in aged macrophages was associated to increased 

susceptibility of older mice to arthritis. 

Recently is has been shown that IFNγ has anti-inflammatory properties in the initiation 

phase of IL-23 mediated experimental colitis, and decreased LPS-mediated IL-23 

expression in murine macrophages (Sheikh et al., 2010b). It was later shown by the same 

group that this IFNγ-mediated suppression of IL-23 was due to IRF-1 binding to a 

previously unidentified ISRE site within the p19 promoter. IRF-1 binding to the ISRE 

site, shown by ChIP assays, displaced RelA and acted as a transcriptional repressor, 

hence decreasing LPS-induced IL-23p19 expression and IL-23 protein production 

(Sheikh et al., 2010a). Another report showed that IFNγ also affected IL-23p19 post-

transcriptionally, by targeting p19 mRNA stability through the upregulation of 

tristetraprolin (TTP), a protein involved in the destabilization of cytokine primary 

transcripts by binding to the AU-rich elements and promoting their degradations (Qian et 

al., 2011)  
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1.5.2 PGE2 and IL-23 

We were the first to report that treatment of TLR-stimulated BMDC with PGE2 

upregulated p19 expression and IL-23 production (Sheibanie et al., 2004). PGE2 induced 

low levels of IL-23p19 mRNA even in the absence of TLR-stimulation. In agreement 

with the role of IL-23 in Th17 differentiation, CD4+ T-cells co-cultured with DC treated 

with PGE2, butaprost (an EP2 agonist), or misoprostol (a stable analog of PGE2) 

produced higher amounts of IL-17 (Sheibanie et al., 2004).  In addition, mice injected i.p. 

with misoprostol developed more severe TNBS colitis and CIA, mediated by increased 

local levels of IL-23 and IL-17 (Sheibanie et al., 2007a).  In the TNBS colitis model, 

isolated colonic tissue and mesenteric/draining lymph nodes contained increased amounts 

of IL-23 and IL-17, with a decrease in IL-12p35 expression (Sheibanie et al., 2007b; Yen 

et al., 2006).  A higher number of migrating neutrophils was also present in the colon 

compared to controls. In the CIA model, an increase in IL-23p19 and p40 expression and 

increased IL-17, IL-1β, and IL-6 cytokine production was found in the arthritic joints.  

CD4+ T-cells isolated from the draining lymph nodes of misoprostol-treated CIA mice 

and restimulated ex vivo produced higher amounts of IL-17 and lower amounts of IFN-γ 

(Sheibanie et al., 2007a; Sheibanie et al., 2007b). Yao et al. reported that PGE2 treatment 

of splenic DC stimulated with CD40 antibody resulted in increased IL-23 production. 

The effect of PGE2 was mediated by EP4 (Yao et al., 2009). Together, these findings 

show that PGE2 acts as a pro-inflammatory agent contributing to the differentiation of 

the Th17 subset by decreasing IL-12 and inducing IL-23 production in DC (Yao et al., 

2009).  Similar results were reported for human monocyte-derived DC (hMo-DC) 

stimulated with CD40 antibody or TLR ligands (Jefford et al., 2003; Lehner et al., 2008; 
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Schirmer et al., 2010). These studies collectively establish that PGE2 upregulates IL-23 

production in both BMDC and hMo-DC. Examining the direct effect of PGE2 on T-cells 

Boniface et al. reported that PGE2 acting through EP2/EP4 receptors on CD3/CD28 

stimulated CD4 T-cells induced IL-1R and IL-2R expression and subsequent Th17 

differentiation. PGE2 induced RORγt expression, IL-17 production and expression of 

CCL20 and CCR6 (Boniface et al., 2009). Chizzolini et al. reported similar PGE2-

induced effects on IL-17 production in human peripheral blood mononuclear cells 

stimulated with CD3 antibody. However, in this case, the contribution of APC cannot be 

excluded, especially since a significant decrease in the number of IL-17-producing cells 

was observed in the presence of indomethacin, a non-selective COX-1/COX-2 inhibitor, 

and in the presence of antibodies against IL-23 (Chizzolini et al., 2008). This observation 

suggests that in this case the effect on T-cell differentiation was mediated through PGE2-

induced IL-23 release from APC.  

Recently, Narumiya et al. analyzed in detail the effects of PGE2 on T cells (Yao et al., 

2009). They showed that at low concentrations, PGE2 promotes differentiation of 

CD3/CD28 activated CD4+ T-cells into the Th1 phenotype through EP4 and PI3K 

signaling (Yao et al., 2009). At high concentrations, however, PGE2 induced Th17 

differentiation through EP2. This was mediated through intracellular cAMP, leading to 

the activation of PKA. PGE2 also induced expression of IL-23R on CD3/CD28 activated 

T-cells, which plays a role in maintaining the Th17 phenotype (Yao et al., 2009). 

Altogether, these observations show that PGE2 can skew T-cell differentiation through 

EP2/EP4 activation. 
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The effects of PGE2 on T cells and DC are mediated through EP2 and EP4. Our 

laboratory has explored signaling pathways involved in mediating the PGE2 effect. Our 

findings show that primarily EP2/EP4 increases intracellular cAMP and leads to the 

production of IL-23 in bone marrow DC (Sheibanie et al., 2004). Similarly, Yao et al. 

showed that EP4 activation on splenic DC led to increased cAMP levels and activation of 

EPAC to induce production of IL-23 (Yao et al., 2009). These initial observations led to 

the present study regarding the molecular mechanisms involved in PGE2-induced IL-

23p19 expression in DC.  
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1.6 Experimental Objectives 

The IL-12 cytokine family members, specifically IL-12 and IL-23, play an important role 

in the Th17/Th1 axis. Our laboratory reported previously that PGE2 promotes Th17 

differentiation in vitro and in vivo, in physiological and pathological conditions 

(Sheibanie 2004, 2009a, 2009b, Khayrullina 2008). The effect of PGE2 was mediated by 

dendritic cells (DC), through the shift in the IL-23/IL-12p70 balance in favor of IL-23. 

The molecular mechanisms involved in the upregulation of IL-23p19 in DC by PGE2 

were not explored beyond involvement of EP2/EP4 receptors and cAMP induction.  

The goal of this project was to elucidate the mechanism of action through which PGE2 

induces the expression of IL-23p19 in DC. I hypothesized that increased IL-23p19 

expression in DC was due to the stimulation of EP2/EP4 receptors activating the cAMP-

signaling pathway and leading to the increased binding of transcription factors (TF) 

associated with the IL-23p19 promoter. The specific experimental objectives used to test 

this hypothesis were as follows: 

Experimental Objective #1: Determine the nature of the EP receptors responsible for 

PGE2-induced p19 expression in DC. 

Experimental Objective #2: Elucidate the signaling pathways involved in PGE2-induced 

p19 expression in DC.  

I proposed to determine whether the PGE2 effect is transcriptional or posttranscriptional. 

I also proposed to investigate the role of cAMP itself and downstream proteins in the 

cAMP-activated signaling pathway (i.e., PKA and EPAC) as well as the role of PI3K and 

MAPK signaling pathways. 
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Experimental Objective #3: Identify TF involved in the effect of PGE2 on IL-23p19 

expression in DC.  

I proposed to investigate PGE2-induced changes in nuclear TF by using a 

protein/DNA array to identify TF that have putative binding sites within the p19 

promoter sequence. I will test the dependence of selected TF on the previously identified 

signaling pathways and determine the role of the selected TF in p19 expression through 

binding site mutagenesis and in vivo binding to specific sites in the p19 promoter by 

performing chromatin immunoprecipitation assays.  

Experimental Objective #4: Investigate the role of endogenous PGE2 production and its 

participation in IL-23p19 upregulation. 
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CHAPTER 2 

MATERIALS AND METHODS 

2.1 Mice 

6-8 week old male B10.A were purchased from The Jackson Laboratory (Bar Harbor, 

MA) and were maintained in the Temple University School of Medicine (Philadelphia, 

PA) animal facility under pathogen-free conditions. Mice were handled and housed in 

accordance with the guidelines of the Temple University Animal Care and Use 

Committee. 

2.2 Reagents 

Prostaglandin E2, indomethacin and LPS (Escherichia coli O26:56) were purchased from 

Sigma (St. Louis, MO). GM-CSF and TNFα were purchased from Peprotech Inc. (Rocky 

Hill, NJ). Butaprost, sulprostone, and PGE1OH were purchased from Cayman (Ann 

Arbor, MI). Dibutyryl cAMP (dbcAMP), the EPAC-specific activator 8-CPT-2’OMe-

cAMP (8’-CPT), forskolin, PKA chemical inhibitors H89 and KT5720, and PI3K 

chemical inhibitors LY294002 and wortmannin were purchased from Calbiochem (La 

Jolla, CA). The PKA peptide inhibitor, PKI (6-22) amide and antibodies to total CEBPβ 

and phospho-CEBPβ were purchased from Santa Cruz Biotechnolgy (Santa Cruz, CA). 

Antibodies to rabbit-CREB (clone D76D11), mouse-phospho-CREB (Ser133) (1B6), 

mouse-phospho-AKT and total AKT were purchased from Cell Signaling Technology 
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(Beverly, MA). Antibodies to rabbit GST were purchased from Abcam Inc. (Cambridge, 

MA). 

2.3 Generation of murine bone marrow derived dendritic cells 

DCs were generated in vitro from bone marrow. Approximately 2 × 106 bone marrow 

cells were flushed out from the femur and tibiae using a 10 mL syringe with a 26.5” 

gauge needle filled with RPMI. Bone marrow cells were cultured in 100-mm petri dishes 

containing 10 mL RPMI 1640 medium supplemented with 10% heat-inactivated fetal 

bovine serum (FBS) (Atlanta Biologicals, Norcross, GA), 2 mM L-glutamine, and 20 

ng/mL of recombinant GM-CSF. The cells were kept in a tissue culture incubator at 37°C 

at 5% CO2. After 3 days, another 10 mL of complete medium containing 20 ng/mL GM-

CSF was added to each dish. On day 8 the nonadherent cells were harvested and purified 

by immunomagnetic sorting with anti–CD11c-coated magnetic beads using the 

AutoMACS system according to the manufacturer's instructions (Miltenyi Biotech, 

Bergish-Gladbach, Germany).  After cells were washed with running buffer (1X PBS, 

0.5% FBS or BSA) the cells were centrifuged. The cell pellet was resuspended in fresh 

running buffer. A 1:10 dilution of murine anti-CD11c coated magnetic beads were mixed 

into the cell suspension. The mixture was incubated at 4°C for 30-40 minutes in the dark. 

The cells were centrifuged again, washed with running buffer and applied over the 

MACS cell separation column. The column was washed with running buffer and attached 

CD11c+ cells were flushed from the column by forcing running buffer into the column 

with a plunger. The purity of the sorted cells was determined by FACS analysis (> 96% 

for CD11c+ cells). The DC2.4 cell-line was derived from C57BL/6 bone marrow cells 

and was generously provided by Dr. Kenneth L. Rock (University of Massachusetts 
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Medical Center, Worcester, MA).  The cells were maintained in RPMI 1640 medium 

supplemented with 10% heat-inactivated FBS, 2mM L-glutamine, 50 µM β-

mercaptoethanol, and 1% minimum Eagle’s Medium Non-Essential Amino Acids.  

 

2.4 Interleukin-23 and Interleukin-12p70 ELISA 

The IL-23 ELISA was performed by first coating enhanced protein binding ELISA plates 

with 2-4µg/mL of primary antibody against IL-23p19 (Ebioscience, San Diego, CA) 

diluted in IL-23 binding buffer (1X PBS) overnight at 4°C.  The next day the plates were 

washed in a plate washer 3 times with wash buffer (1X PBS with 0.05% Tween-20) and 

blocked with 200 µL/well of blocking buffer (1X PBS with 1% BSA or FBS) for 1 hour 

at room temperature.  The plate was washed 3 times with wash buffer and blotted to 

remove excess buffer. IL-23 protein standards (100µL/well; ranging from 5000pg/mL to 

40pg/mL) and 200 µL/well of supernatant from 2 x 106/mL purified CD11c+ BMDC 

treated with a combination of TNFα (100ng/mL), LPS (1µg/mL), PGE1OH (1µM), PGE2 

(1µM), and butaprost (10µM) for 8 hours were applied to the ELISA plate. The samples 

and standards incubated overnight at 4°C.  Twenty-four hours later the plate was washed 

3 times with wash buffer. One hundred µL/well of secondary biotinylated anti-IL-23p40 

antibody (BD Biosciences, San Jose, CA) was applied to the plate at a concentration of 1-

2µg/mL, diluted in blocking buffer, for 1 hour at room temperature. The plate was 

washed 3 times and avidin-horseradish peroxidase (HRP) conjugate was diluted in 

blocking buffer and added to the plate (100 µL/well) for 30 minutes at room temperature. 

During this incubation a 1:1 3,3’, 5,5’ tetramethylbenzidine (TMB) substrate reagent: 

hydrogen peroxide solution was prepared. After the final incubation, 100 µL/well of the 
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solution was added to the plate. The plate was put in a drawer to prevent light from 

affecting the reaction between HRP and hydrogen peroxide to produce a blue colored 

product. After about 15-20 minutes, the reaction was stopped by adding 50µL/well of 1M 

phosphoric acid (85% stock solution). The plate was shook and read in a 

spectrophotometer at 450nm wavelength. Optical density values from the standard values 

were first plotted against the known protein concentration range to calculate a linear 

equation (y = mx + b). The optical density values from the samples were inserted into the 

equation as the “x” value and protein concentration (in ng/mL) was calculated and 

graphed.  

Some changes were made for the IL-12p70 ELISA: 2-4µg/mL of primary anti-IL-12p35 

antibody was used and diluted in pH 9.6 binding buffer (0.1M Na2HPO4 adjusted to pH 

9.6). The IL-12p70 protein standards (100µL/well; ranging from 5000pg/mL to 

40pg/mL) and 100 µL/well of supernatant from 1 x 106/mL purified CD11c+ BMDC 

were treated with a combination of TNFα (100ng/mL), LPS (1µg/mL), PGE1OH (1µM), 

PGE2 (1µM), and butaprost (10µM) and supernatants were collected at 24h . For 

detection, 100µL/well of secondary biotinylated anti-IL-12p70 antibody (BD 

Biosciences, San Jose, CA) was applied to the plate at a concentration of 0.5-2µg/mL, 

diluted in blocking buffer, for 1 hour at room temperature.  

2.5 Generation of cDNA and detection of IL-23p19 transcript 

4 x 106 DC /mL were treated with a combination of TNFα (100ng/mL), LPS (1µg/mL), 

PGE1OH (1µM) for 1 hour and resuspended in 1mL of Trizol solution (Sigma). Two 

hundred µL of chloroform was added and each sample was vortexed for 15-30 seconds. 

The samples were spun for 15 minutes at 2-8°C (12,000 x g). After centrifugation, the 
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mixture separates into aqueous/organic phases. Approximately 500 µL of the aqueous 

phase was transferred into a new tube that contained 1mL of 100% isopropanol. The tube 

was inverted at least 10 times and incubated at -20°C for 10-20 minutes. The samples 

were then centrifuged for 10 minutes at 2-8°C (12,000 x g).  After centrifugation, a small 

white pellet appeared at the bottom of the tube. The liquid was removed and the 

remaining pellet was washed with 75% ethanol (diluted with DEPC treated nuclease free 

H2O) once. The sample was centrifuged for 5 minutes at 2-8°C (7,500 x g). The RNA 

pellet was allowed to air dry and was later resuspended in DEPC nuclease free H2O. 

cDNA was obtained from 1 µg of total RNA. 0.5µg of random primers were mixed with 

1µg of total RNA in a total volume of 15 µL at 70°C for 5 minutes and then quickly 

cooled at 4°C. A mastermix was made containing 200 units of MMLV-RT, 40 units of 

RNAsin, 0.5 mM dNTPs, and 1xMMLV reaction buffer (Promega, Madison, WI). 15 µL 

of master mix was added to the cDNA/random primers mixture for a total volume of 

30µL at 37°C for 1 hour. The MMLV reverse transcriptase was not added to the “No RT” 

duplicate samples to control for genomic DNA amplification. Sequences for the primers 

used for measuring p19 primary transcript were as follows: 

p19 intron #1: sense  5’–TCCTTGAGTCCTTGTGGGT–3’ 

p19 exon #2: antisense  5’–AAACCTTCCCAGTCCTCCAAGTGT – 3’. 

2.6 Real-time PCR 

2-4 x 106 /mL treated DC were resuspended in Trizol and cDNA was obtained from 1 µg 

of total RNA (see 2.5). The SYBR green-based real time PCR technique was used to 

detect gene expression. The 20 µL (total volume) of the PCR mixture consists of 4 µL of 

1:10 diluted cDNA, 10 µL SYBR green-containing PCR master mixture (2 ×), and 150 
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µM of each primer. Primers used for the real-time PCR reaction were designed using 

Primer-BLAST. The sequences for each primer are as follows:  

IL-23p19: sense 5’-TGCTGGATTGCAGAGCAGTA A-3’ and antisense 5’-

ATGCAGAGATTCCGAGAGA-3’ 

IL-12p35: sense 5’–CTGTGCCTTGGTAGCATCTATG–3’ and antisense 5’–

GCAGAGTCT CGCCATTATGATTC–3’ 

IL-12p40: sense 5’–TGGTTTGCCATCGTTTTGCTG–3’ and antisense 5’–

ACAGGTGAGGTTCACTGTTTCT–3’ 

β-actin: sense 5’-TCCACCACCACAGCTGAGAGG-3’ and antisense 5’-

CAGCTTCTCTTTGATGTCACG-3’ 

COX-2: sense 5’-CTTAGTTCCGTTTCTCGTGGTCA-3’ and antisense 5’-

AACCCAATCAGCGTTTCTCG-3’.  

The cycling conditions were 95°C for 15 s, 60°C for 1 min, for 40 cycles, followed by a 

melting point determination or dissociation curves. The expression level of each gene is 

indicated by the number of cycles needed for the cDNA amplification to reach a 

threshold. The amount of DNA is calculated from the number of cycles calibrated to a 

standard curve to produce copy numbers that are normalized to the housekeeping gene β-

actin. Some calculations include an additional normalization to media to show fold 

change in expression. 

2.7 FACS analysis for phospho-AKT 

DC were treated as indicated and then fixed with 1:1 ratio of 37% formaldehyde for 10 

minutes at 37°C in the cell-culture incubator. Cells were washed with diluted BD 

Phosflow Perm Buffer and 1 ml of buffer was used to permeabilize DC for up to 20 
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minutes. DC were immunostained with anti-rabbit phospho-AKT (1:50 dilution) and anti-

rabbit AKT (1:100 dilution) for 40 minutes at room temperature followed by Alexa-

conjugated goat anti-rabbit IgG (Invitrogen, Carlsbad, CA) for 30 min in the dark at room 

temperature. Data were collected for 10,000 cells and analyzed by FACS. 

2.8 Transcription binding assay & Promoter TF binding sites 

The Protein/DNA Array I (Panomics, Santa Clara, CA) kit was used to assay the 

activation levels of 56 different transcription factors (TF) by observing TF binding to 

oligonucleotides that contain the corresponding consensus sequences. Nuclear extracts 

were isolated by using the Nuclear Extract Kit (Active Motif, Carlsbad, CA) from 8 x 106 

DC stimulated with TNFα (100ng/mL), PGE1OH (1µM) or a combination of TNFα and 

PGE1OH for 1h. Ten µg of nuclear extract proteins were used for the array, as 

recommended by the manufacturer. A set of biotin-labeled DNA binding 

oligonucleotides was preincubated with the  

nuclear extracts to allow the formation of protein/DNA complexes. The  

protein/DNA complexes were separated from the free probes and the probes in the  

complexes are then extracted and hybridized to the Protein/DNA I Array membrane. 

Freed probes hybridizing to the array membrane were detected by using IRDye 680 

Strepavidin antibody (Licor Biosciences, Lincoln, NE) and scanning was done by using 

the Odyssey Infrared Imaging System (Licor Biosciences, Lincoln, NE). 

 Putative transcription factor binding sites were found by scanning the IL-23p19 

promoter with predictive algorithm-based programs: TESS (Transcriptional Element 

Search System) www.cbil.upenn.edu/tess/; EMBOSS 6.3.1: tfscan (European Molecular 

Biology Open Software Suite) bioweb.pasteur.fr/seqanal/interfaces/tfscan.html; and 
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TFSEARCH: Searching Transcription Factor Binding Sites (v1.3) 

http://www.cbrc.jp/research/db/TFSEARCH. 

 

2.9 Chromatin Immunoprecipitation Assay 

Following various treatments, 10-20 million DCs were fixed with 1% formaldehyde 

(final concentration) for 30 min, followed by 125 mM glycine (final concentration) for 10 

min. Cells were washed twice with ice-cold phosphate-buffered saline containing 

protease inhibitors, collected, resuspended in SDS lysis buffer containing protease 

inhibitors, incubated for 30 min on ice, and sonicated to shear DNA. After sonication, the 

lysates were centrifuged at 13,000 rpm for 15 min at 4 °C, and the supernatants were 

diluted in ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 

mM Tris-HCl (pH 8.1), 167 mM NaCl, plus protease inhibitors). The chromatin was 

immunoprecipitated with anti-CREB, anti-C/EBPβ, or anti-GST as a negative control 

(Santa Cruz Biotechnology, Inc, Santa Cruz, CA). After overnight incubation at 4 °C, 

protein A/G-agarose was added for 1 h, and the immune complexes were washed 

sequentially with low-salt wash buffer once (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 

20 mM Tris-HCl (pH 8.1), and 150 mM NaCl), high-salt wash buffer once (0.1% SDS, 

1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl (pH 8.1), and 500 mM NaCl), LiCl 

wash buffer once (0.25 M LiCl, 1% octyl phenyl-polyethylene glycol, 1% deoxycholic 

acid, 1 mM EDTA, and 10 mM Tris-HCl (pH 8.1)), and Tris/EDTA buffer twice (10 mM 

Tris-HCl and 1 mM EDTA (pH 8.0)). Antibodies were eluted from the immune 

complexes with elution buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl (pH 8.0)) and 

cross-linking was reversed by heating at 65 °C overnight. After Proteinase K digestion, 
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10% input DNA and immunoprecipitated DNA were PCR amplified with the following 

specific primers:  

distal CREB site:  sense 5’–AGCCTGCCGTGTGGTCAT–3’, antisense 5’-

TGAAGCTGGGACTCCCCCAACC – 3’ 

proximal CREB site:  sense 5’ – ATAGAAGGCATGACACGGGAACC – 3’, antisense 

5’-CCGAGGGAAAACCAAAACAGCACTCAT–3’ 

C/EBP site # -1195: sense 5’– CCAGGGATACACAGAGAAACC–3’, antisense 5’–

GTCAGAGTGAGGCCATAGATG–3’,  

C/EBP site # -998: sense 5’– TGGGGTTGGGGGAGTCCCAG–3’, antisense 5’–

ACCCGTGCTGGCCTTTCAGC–3’ 

C/EBP site # -496: sense 5’-AGGCATGACACGGGAACCAGACT-3’, antisense 5’-

AGAGGCCTAGGTCGGGACACA-3’ 

C/EBP site # -274/-232: sense 5’- TCCCTGCCCCTTCTGCAGTCT-3’ , antisense 5’- 

TAAGGCCCGCCCTTCACACTAG-3’.  

Results were calculated using ΔΔCt method:  

Experimental Ct value – 10% Input Ct value = ΔCt 

2^(- ΔCt) = ΔΔCt 

2.10 Luciferase assay 

The p19-GL3 vector was a gift from Dr. Youhai H. Chen (University of Pennsylvania). 

Site-directed mutagenesis of the distal & proximal CREB binding sites and C/EBP sites 

were performed by using the QuikChange II Site-Directed Mutagenesis Kit 

(Stratagene/Agilent Technologies, Inc. Santa Clara, CA), according to manufacturer’s 

instructions. The CREB dominant negative construct (CREB133) was purchased from 
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Clontech (Mountain View, CA). DC2.4 were transfected with reporter constructs using 

the GenJet reagent (SignaGen, Rockville, MD). The day before transfections, DC2.4 

were plated at 50 - 70% confluency. The day of the transfection, the media was replaced 

with fresh complete RPMI.  Luciferase constructs (1 - 3µg) were added to cold Opti-

MEM media. GenJet transfection reagent was vigorously vortexed and 12µL/well was 

added to the solution containing the constructs. The GenJet reagent must be added to the 

DNA in this order (manufacturers instructions). The tubes were then vortexted and 

incubated for exactly 20 minutes to allow liposome formation. A range between100-

200µL of the solution containing constructs with liposomes were added to each well in a 

drop wise fashion while swirling the plate at the same time. The plate incubated in a 

tissue culture incubator for 5-6 hours. After the incubation, the media was replaced with 

complete RPMI and treatments with a combination of TNFα (100ng/mL), LPS (1µg/mL), 

and PGE1OH (1µM) began for 14 hours. 

Whole cell lysates were analyzed for luciferase activity using the Dual-Luciferase 

Reporter (DLR) assay system kit (Promega, Madison, WI) according to manufacturer’s 

instructions. After treatments, cells were washed with PBS once and scraped in the 

presence of the 1X lysis buffer provided by the DLR kit.  Twenty µL of sample was 

added to a tube with 100µL of luciferase assay reagent. The sample was placed into a 

luminometer and a reading was taken.  After the reading, 100µL of Stop and Glo reagent 

was added to the same sample that was just read to allow for the Renilla luciferase 

reading. Cotransfection with the Renilla luciferase expression vector, pRL-TK (Promega, 

Madison, WI), was used as a transfection efficiency control. The data were normalized by 



 58 

subtracting empty vector luminescence values and dividing experimental luciferase 

luminescence units by Renilla luminescence units. 

 

2.11 Insertion of mutations within CREB & C/EBP binding sites 

The QuickChange® II XL Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) was 

used to introduce mutation within each CREB and C/EBP binding site according to 

manufacturer’s instructions. Primers designed to introduce the mutations are as follows: 

distal CREB: sense 5’–GGTCATCTATGGCCTCACTC TCAGGACCAGATGGTGC–

3’, antisense 5’- GCACCATCTGGTCCTGAGAGTGAGGCCATAGATGACC–3’, 

proximal CREB: sense 5’-

AACCAGACTTCGAATCTCAGGACACCATGGGATTTGGAG–3’, antisense 5’-

CTCCAAATCCCATGGTGTCCTGAGATTCGAAGTCTGGTT-3’ 

CEBP #-1195: sense 5’–TGAAAGGGGAC 

CCCCATCTCACACTTGTCTCTCAGAGGAAAAG–3’, antisense 5’–

TTCCTCTGAGAGACAAGTGTGAGATGGGGGTCCCCTTTCAC–3’ 

CEBP # 998: sense 5’ - 

TGTTACATCATGGAAGGTGCCACTATCAATCAGCCATCAGCGG–3’, antisense 

5’– ATGGCTGATTGATAGTGGCAC CTTCCATGATGTAACAC–3’ 

CEBP # -496:  sense 5’–AAGAGGAAGTGAGGTCGACGGACTGGGGTTGGGTA–3’, 

antisense 5’–TACCCAACCCCAGTCCGTCGACCTCACTTCCTCTTCCC–3’ 

CEBP# -274: sense 5’–TCTAGCCA 

CAACAACCGAACCGTTCACTTCCCCTGGAACTGAAG–3’, antisense 5’– 

TTCAGTTCCAGGGGAAGTGAACGGTTCGGTTGTTGTGGCTAGAG–3’ 
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CEBP #-232: sense 5’-ATACCTGGGCTCTAGCCTGAGGGAGATGATGTAGGGAG–

3’, antisense 5’– TACATCATCTCCCTCAGGCTAGAGCCCAGGTATGCCG – 3’. 

 

2.12 SDS-PAGE/Western blot analysis 

Three to 6 million DC were stimulated as indicated in Results and lysed with 

radioimmunoprecipitation assay buffer (50mM Tris-HCl, pH 8, 150mM NaCl, 1% NP-

40, 0.5% sodium deoxycholate, and 0.1% SDS plus Sigma protease inhibitor cocktail 

(Sigma, St. Louis, MO), 5mM phenylmethylsulfonyl fluoride, 1mM sodium 

orthovanadate, 1mM sodium fluoride, and 0.2µM okadaic acid. Twenty -30 µg of whole 

protein lysate was mixed with 6x Sample Buffer and boiled for 7min.  The boiled 

samples were loaded into 10% SDS-PAGE gels and the gel was ran for 35-45 minutes at 

200V.  Separated protein samples were transferred onto polyvinylidene fluoride 

membranes (Bio-Rad, Hercules, CA) using a semi-dry protein transfer system.  Blots 

containing transferred protein were blocked for 1 hour in a solution containing a 1:1 ratio 

of 1X PBS: Odyssey Blocking Buffer (LiCor Biosciences) at room temperature. All blots 

were probed with primary antibodies at 1:1000 dilutions in 1:1 1X PBS: Odyssey 

Blocking Buffer overnight on a nutator at 4°C.  Blots were washed three times for 5 

minutes with 1X TBST (1X TBS, 0.1% Tween-20). Goat-α-mouse IRDye 800CW & 

goat-α-rabbit IRDye 680CW antibodies (LICOR Biosciences, Lincoln, NE) were used as 

secondary antibodies. Blots were incubated with secondary antibodies in the dark, on a 

nuator at room temperature for 30-40 minutes.  Blots were washed three times with 1X 

TBST and transferred proteins were visualized by using the Odyssey infrared image 

system (LICOR Biosciences, Lincoln, NE). 
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2.13 Statistics 

Results are expressed as mean ± SD. Comparisons between multiple groups were 

performed by ANOVA and followed by Bonferroni t-test. Statistical significance was 

determined as:  * p < 0.05, ** p< 0.01, *** p < 0.001. Data were analyzed using 

Graphpad Prism 5 software. 
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CHAPTER 3 

RESULTS 

3.1 PGE2 increase TLR-induced IL-23 in DC 

 

We showed previously that PGE2 can significantly increase LPS induced IL-23p19 

expression and protein production, while suppressing IL-12p70 release from bone 

marrow derived DC. Consistent with our previous results, we showed here that PGE2 

increases p19 and decreases p35 and p40 expression in LPS-stimulated DC (Figure 7A). 

Next, we examined the effect of PGE2 on p19 expression in response to other TLR 

ligands. DC were stimulated with peptidoglycan (TLR2 and 6), poly I:C (TLR3), CpG 

(TLR9) and LPS (TLR4) in the presence or absence of PGE2. We used PGE2 at 1µM, 

concentration previously determined as optimal. Although PGE2 alone did not induce 

significant p19 expression, it synergized with both extra- and intracellular TLR signaling 

(Figure 7B).   

The first experimental objective was to determine the nature of the EP receptors 

responsible for PGE2-induced p19 expression in DC. To verify which of the four EP 

receptors were involved in the effect of PGE2 on p19 expression, we used selective 

agonists in combination with LPS. We reported previously that murine bone marrow-

derived DC expressed primarily EP2 and EP4 (Jing et al., 2003). Similar to PGE2, 

treatment with agonists alone did not induce p19 expression. In the presence of LPS, both 
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butaprost and especially PGE1OH led to an increase in p19 expression (Figure 7C). 

Butaprost is an EP2 selective agonist, and PGE1OH binds to EP4. 
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Figure 7.  PGE2 increases TLR-induced IL-23 in DC.  

(A) Purified CD11c+ DC were cultured at a concentration of 3 x 106 cells/mL and 

stimulated with LPS (1µg/mL) and PGE2 (1µM) for 3 and 6h. Total RNA was isolated 

and the expression of IL-23p19 (3h), IL-12p35 (6h), IL-12p40 (6h) was determined by 

real-time RT-PCR. B.  CD11c+ DC were stimulated with the TLR ligands peptidoglycan 

(PGN) (40µg/mL), poly I:C (50µg/mL), LPS (1µg/mL), and CpG (2µM) in the presence 
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or absence of PGE2 for 3h. RNA was isolated and the expression of IL-23p19 was 

determined by real-time RT-PCR. C. DC were stimulated with LPS in combination with 

the EP receptor agonists butaprost (10µM), sulprostone (10µM), PGE1OH (1µM), and 

PGE2 (1µM) for 3h. Expression of IL-23p19 was determined by real-time RT-PCR. EP 

receptor agonist affinities are listed from highest to lowest for each EP receptor.  D. DC 

were stimulated with LPS in the presence of PGE1OH at 3 different concentrations (0.1 

µM, 1 µM, and 10µM) for 3 hours. RNA was isolated and expression of IL-23p19 was 

determined by real-time RT-PCR.  * indicates p<0.05 compared to LPS alone (D); *** 

indicates p<0.001 compared to LPS alone (A, C, D) and corresponding TLR ligand alone 

(B). Data are representative of at least three independent experiments. 
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and with lower affinity to EP3. Since sulprostone, a selective EP3 agonist, did not 

increase p19 expression, we concluded that the effect of PGE1OH was mediated through 

EP4, and that the EP4 receptor was significantly more effective than EP2. Therefore, we 

used PGE1OH in most of the subsequent experiments. Different doses of PGE1OH were 

used to show that 1µM, a concentration used in the past, was an optimal concentration to 

use for our experiments. At three hours, a significant increase in p19 expression was seen 

with 1µM and 10µM of PGE1OH (Figure 7D). Similar results were obtained in terms of 

IL-23 secreted protein, with PGE1OH as the major inducer (Figure 8A). In addition, 

PGE1OH inhibited IL-12p70 release as the same level as PGE2 (Figure 8B), supporting 

the involvement of EP4 in switching the IL-12/IL-23 balance in favor of IL-23. Based on 

these results, we concluded that the synergistic effect of PGE2 on IL-23 expression and 

production in LPS-activated DC was mediated primarily through EP4, and to a much 

lesser degree through EP2. 
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Figure 8. PGE2 induces IL-23 and downregulates IL-12. 

(A) DC were stimulated with LPS in the presence or absence of PGE2, PGE1OH, or 

butaprost. Supernatants were collected 8h later and subjected to ELISA for IL-23 protein 

determination. B.  DC were stimulated with LPS in the presence or absence of PGE2 or 

PGE1OH. Supernatants were collected 24h later and subjected to ELISA for IL-12p70 

protein determination.  * Indicates p<0.05 compared to LPS alone (A); *** indicates 

p<0.001 compared to LPS alone (A, B) and corresponding TLR ligand alone (B). Data 

are representative of at least three independent experiments. 
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3.2 PGE2 affects IL-23p19 expression by stimulating de novo mRNA synthesis 

 

Steady-state mRNA levels depend both on de novo synthesis and mRNA stability. Time 

course experiments using mRNA isolated at 2h versus 4h showed a rapid and similar 

decrease in p19 mRNA for LPS and LPS+PGE1OH treatments, arguing against a 

PGE1OH effect on p19 mRNA stability (Figure 9A). The second experimental objective 

of this project includes determining if the PGE1OH occurs at the transcriptional level or 

posttranscriptional level. To investigate if the PGE1OH-induced increase in p19 

expression is due to de novo synthesis, DC stimulated with LPS+PGE1OH for 1h were 

subjected to total RNA isolation and the amounts of p19 mRNA initial transcripts were 

determined by RT-PCR using primers within intron one and exon two of the Il23a gene 

(Figure 9B). We observed an increase in p19 initial transcripts following LPS 

stimulation, which was significantly augmented in the presence of PGE1OH (Figure 9C). 

To rule out the contribution of genomic DNA, duplicate samples with no reverse 

transcriptase were used as a control. These data indicate that signaling through the EP4 

receptor in addition to TLR stimulation increases the de novo transcription of Il23a in 

bone marrow-derived DC. 
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Figure 9.  PGE2 affects p19 expression by stimulating de novo mRNA synthesis. 

A. DC were stimulated with LPS in the presence or absence of PGE1OH. Total RNA was 

harvested at 2h and 4h and expression of IL-23p19 was determined by real-time RT-PCR. 

B. Schematic of IL-23p19 primary transcript. Arrows indicate the primers (within intron 

one and exon two). C. Total RNA was extracted from DC stimulated with LPS in the 

presence or absence of PGE1OH for 1h and reverse transcribed. Primers within intron 1 

and exon 2 were used for real-time RT-PCR. Control samples with no RT are labeled 

“No RT”.  **p<0.01 compared to LPS alone (C), and *** p<0.001 compared to LPS 

alone (A). Data shown are representatives of at least two independent experiments. 
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3.3 PGE1OH increases IL-23p19 through induction of cAMP in TNFα stimulated DC 

 

LPS signaling through TLR4 involves a complex network of regulatory molecules that 

make the identification of signaling pathways initiated by EP4 during the combined 

LPS+PGE1OH treatment quite difficult. Therefore, we decided on a simplified approach 

using TNFα stimulation instead of LPS. TNFα has been described as an essential 

component of the cytokine cocktail inducing DC maturation (Jonuleit et al., 1997). 

Similar to LPS, the combination of TNFα+PGE2 strongly synergized in terms of p19 

induction, induced a slight increase in p40 and did not significantly affect p35 expression 

(Figure 10A and B). It is worth mentioning however that the levels of p40 and p35 

induced by TNFα alone or in combination with PGE1OH are much lower compared to 

LPS.   

Once again, PGE1OH and butaprost, but not sulprostone, induced p19 expression and 

1µM of PGE1OH was the optimal concentration to induce p19 expression (Figure 10B). 

Similar to LPS, TNFα induced a high mount of p19 expression with PGE1OH at a 

concentration of 1µM (Figure 10C). PGE1OH+TNFα induced more initial p19 transcripts 

than TNFα alone, supporting IL-23p19 upregulation at the transcriptional level (Figure 

10D).  
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Figure 10.  PGE2 increases TNFα-induced IL-23. 

A. DC were stimulated with TNFα (100ng/mL) and PGE1OH (1µM) for 3 and 6h. Total 

RNA was isolated and the expression of IL-23p19 (3h), IL-12p35 (6h), IL-12p40 (6h) 

was determined by real-time RT-PCR. B. DC were stimulated with TNFα in combination 

with EP receptor agonists butaprost (10µM), sulprostone (10µM), PGE1OH (1µM), and 

PGE2 (1µM) for 3h. Expression of IL-23p19 was determined by real-time RT-PCR.  
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C. DC were stimulated for 3h with TNFα and 3 different concentrations of PGE1OH (0.1 

µM, 1 µM, and 10µM) for 3 hours. RNA was isolated and expression of IL-23p19 was 

determined by real-time RT-PCR.  D. Total RNA was extracted from DC stimulated with 

TNFα in the presence or absence of PGE1OH for 1h and reverse transcribed. Primers 

within intron 1 and exon 2 were used for real-time RT-PCR. Control samples with no RT 

are labeled “No RT”. Data are representative of at least three independent experiments. 

** indicates p<0.01 compared to TNFα alone (A & D), and *** indicates p<0.001 

compared to TNFα alone (A, B & C). N.S. indicates no statistical difference compared to 

TNFα alone (A)  
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Next we explored the signaling pathway downstream of the EP4 receptor. The EP4 

receptor has been reported to activate both adenylate cyclase and PI3K (Sugimoto and 

Narumiya, 2007). Within the second objective of this project, I proposed to investigate 

the role of cAMP itself and downstream proteins involved in the cAMP-activated 

signaling pathway in PGE2-induced p19 expression. To analyze the role of adenylate 

cyclase and cAMP, we used two chemical activators in combination with TNFα. Both 

forskolin, a chemical activator of adenylate cyclase, and dibutyryl cAMP, a stable analog 

of cAMP, increased p19 expression (Figure 11A and B). Similar results were obtained for 

LPS-stimulated DC (Figure 11C and D). These data show that EP4 receptor activation 

utilizes a cAMP-dependent signaling pathway to induce IL-23p19 mRNA expression in 

DC. The second pathway activated by the EP4 receptor involves the recruitment of β-

arrestin and activation of the PI3K pathway. To investigate whether the PI3K signaling 

pathway was involved in the induction of p19 expression we used two chemical 

inhibitors of PI3K, wortmannin and LY2940032. Instead of reducing p19 expression, the 

PI3K inhibitors actually increased TNFα+PGE1OH and LPS+ PGE1OH induced p19 

expression (Figure 12A and B). We observed the same phenomenon in LPS+PGE1OH 

treated DC, although the inhibitors were able to inhibit AKT phosphorylation (Figure 

12C). These data indicate that the EP4-induced PI3K activity does not contribute 

positively to the induction IL-23p19 mRNA expression in DC. In addition, p38, ERK1/2, 

and JNK inhibitors did not reduce p19 induction by the TNFα+PGE1OH treatment 

(Figure 12D), suggesting that MAPK do not play an essential role. 
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Figure 11.  PGE1OH increases IL-23p19 through induction of cAMP in TNFα stimulated 

DC. 

(A)DC were stimulated for 3h with TNFα in the presence or absence of PGE1OH and 

forskolin (10µM) (B), or dibutyryl cAMP (dbcAMP) (10µM, 100µM). DC were also 

stimulated for 3 hours with LPS in the presence or absence of PGE1OH and forskolin 

(10µM) (C) or (dbcAMP) (10µM) (D).   Expression of IL-23p19 was determined by real-

time RT-PCR. Data are representative of at least three independent experiments. * 

indicates p<0.5 compared to TNFα alone (B), ** indicates p<0.01 compared to TNFα 

alone (B), and *** indicates p<0.001 compared to TNFα alone (A) and LPS alone (C & 

D). 
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Figure 12.  PGE1OH-induced IL-23p19 in LPS-treated DC is not mediated through PI3K 

or MAPK signaling. 

A.DC were pretreated for 30min with wortmannin (0.1µM, 1µM) or LY294002 (1µM), 

followed by stimulation with TNFα in the presence or absence of PGE1OH for 3h. 

Expression levels of IL-23p19 were determined by real-time RT-PCR. B. DC were 

pretreated with wortmannin (1µM) for 30min followed by stimulation for 3h with LPS 

(1µg/mL) in the presence or absence of PGE1OH (1µM). Expression of IL-23p19 was 

determined by RT-PCR. C. DC were pretreated with wortmannin or LY294002 (1µM) 

for 30min, followed by stimulation with LPS for another 30min. Cells were fixed, 

washed, permeabilized, stained for total Akt and phosphorylated Akt, and analyzed by 
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flow cytometry. D. DC were pretreated for 30min with the following MAPK inhibitors: 

p38 inhibitor SB203580 (1µM), ERK inhibitor PD98059 (10µM), MEK 1/2 inhibitor 

UO126 (10µM), and JNK inhibitor JNK inhibitor II (10µM), followed by stimulation 

with TNFα in the presence or absence of PGE1OH for 3h. Expression of IL-23p19 was 

determined by RT-PCR. Data are representative of at least three independent 

experiments. *** indicates p<0.001 compared to TNFα alone (A), LPS alone (B), and 

TNFα+PGE1OH (D). N.S. indicates no statistical difference compared to 

TNFα+PGE1OH. 
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3.4 EP4 signals through EPAC and PKA to mediate PGE1OH induction of IL-23p19 

 

cAMP activates two independent downstream signaling pathways which involve protein 

kinase A (PKA) and a more recently described guanine nucleotide exchange factor (GEF) 

named exchange protein activated by cAMP (EPAC). To evaluate the contribution of 

EPAC activation proposed within the second experimental objective, we used 8-CPT-2’-

O-Me-cAMP, a selective activator of EPAC. In combination with TNFα, the EPAC dose 

dependently increased p19 expression (Figure 13A). The role of PKA was determined by 

using three PKA inhibitors, i.e. the chemical inhibitors H89 and KT5720 and the peptide 

inhibitor PKI (6-22). All three inhibitors reduced p19 induction by TNFα+PGE1OH 

(Figure 13B-D). These data indicate that PGE1OH induces IL-23p19 expression through 

the activation of both EPAC and PKA. 
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Figure 13.  EP4 signaling through EPAC & PKA mediates PGE1OH induction of IL-

23p19. 

A. DC were stimulated with TNFα in the presence or absence of PGE1OH or the EPAC 

activator 8-CPT-2’OMe-cAMP (8’CPT) (100µM, 250µM). B, C, D.  DC were pretreated 

with the PKA inhibitors H89 (B), KT5720 (KT) (C), and PKI5-24 (PKI) (D) for 3h. 

Expression levels of IL-23p19 were determined by real-time RT-PCR. ** indicates 

p<0.01 compared to TNFα+PGE1OH (B & C), *** indicates p<0.001 compared to TNFα 

alone (A) and to TNFα+PGE1OH (B, C, D). Data are representative of three independent 

experiments. 
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3.5 PGE1OH induces CREB and C/EBP in DC 

 

Several TF including c-Rel, AP-1, SMAD-3 and ATP-2, have been reported to bind to 

the murine p19 promoter and play essential roles in Il23a transcription. The third 

experimental objective describes identifying TF involved in the effect of PGE2 on IL-

23p19 expression in DC. To do this I used a protein/DNA array to evaluate changes in 

the levels of a number of TF following treatment of DC with TNFα+PGE1OH as 

compared to TNFα alone. Treatment with PGE1OH increased the binding levels of AP-1, 

NF-kB, SMAD3/4, STAT3 and IRF-1, previously described as participants in Il23a 

expression. In addition, several other potential positive TF were identified (Table 4). 

Among those, the cAMP responsive element binding protein (CREB) and C/AATT 

enhancer binding protein (C/EBP), previously not identified as regulators of Il23a 

transcription, have predicted binding sites within the p19 promoter (Figure 14). CREB is 

a classical PKA target, and C/EBPβ phosphorylation has been recently linked to EPAC 

activation (Sands et al., 2012; Shaywitz and Greenberg, 1999). These results go in-line 

with the hypothesis of this project in that PGE1OH induced novel TF targets that may 

have a role in the regulation of IL-23p19. Since PGE1OH stimulation of p19 expression 

appears to be mediated through both PKA and EPAC, we investigated CREB and C/EBP 

as potential PGE1OH targets in the stimulation of p19 transcription. 
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Table 4. PGE1OH induces CREB and C/EBP. 

Purified CD11c+DC were stimulated with TNFα in the presence or absence of PGE1OH 

for 1h. Nuclear extracts were prepared and subjected to a protein/DNA array as described 

in Experimental Procedures. Listed transcription factors had increased binding affinities 

to oligonucleotides with consensus sequences in response to PGE1OH.  

 

Transcription Factors: IL-23p19 Promoter 

Targets Previously Reported AP-1, IRF-1, NFκβ, Smad 3/4, Stat3 

New Investigated Targets CREB, C/EBP 

Future Potential Targets Ets, GATA, Myc, Sp1 
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Figure 14.  The IL-23p19 promoter contains CREB and C/EBP binding sites.  

Nucleotide sequence for the IL-23p19 promoter region (NCBI reference sequence). 

Putative transcription factor binding sites (boxed-in sequences) were identified by using 

predictive algorithm-based programs listed in Experimental Procedures. Underlined 

sequences refer to binding sites for transcription factors previously described for IL-

23p19 regulation. 
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3.6 PGE1OH induced CREB phosphorylation is required for increased p19 expression 

 

CREB phosphorylation is required for its nuclear translocation and function as a TF. To 

assess whether PGE1OH induces CREB phosphorylation we treated DC with PGE1OH, 

TNFα, or TNFα+PGE1OH and determined the amounts of PCREB by Western blot using 

an antibody that recognizes CREB phosphorylated at Ser133. Although both PGE1OH 

and TNFα induced PCREB, PGE1OH acted at an earlier time point as compared to TNFα 

(Figure 15A). Next, we treated DC with PGE1OH in the presence or absence of the PKA 

inhibitor H89, and, as expected, observed a significant decrease in CREB 

phosphorylation in the presence of H89. In contrast to PKA, EPAC activation did not 

lead to CREB phosphorylation (Figure 15B). Based on these results we concluded that 

PGE1OH induces CREB Ser133 phosphorylation through the activation of PKA.  

To assess the role of PCREB in the effect of PGE1OH on p19 expression, we transiently 

transfected the DC2.4 cell line with the p19 reporter construct p19-GL3 which consists of 

the firefly luciferase gene under the control of the p19 promoter (Carmody et al., 2007).   

Cotransfections with CREB133, a dominant negative CREB construct that cannot be 

phosphorylated due to a point mutation changing serine to alanine at position 133, were 

also performed. TNFα or PGE1OH alone did not induce reporter activity, whereas the 

TNFα+PGE1OH treatment resulted in significant induction of luciferase (Figure 15C). 

Cotransfection with the dominant negative CREB resulted in reduction of reporter 

activity to almost control levels (Figure 15C). Altogether, these data indicate that 

phosphorylated CREB is an essential factor for PGE1OH induction of IL-23p19 

expression in DC. 
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Figure 15.  PGE1OH induced CREB phosphorylation is required for increased p19 

expression. 

A. DC were treated with TNFα±PGE1OH. Total cell lysates were prepared at different 

time points and subjected to SDS-PAGE/western blotting analysis with antibodies 

specific for Ser133 phosphorylated CREB and total CREB. Bands were quantified by 

scanning densitometry. B. DC were treated with PGE1OH with or without the PKA 

inhibitor H89 (20µM) or with the EPAC activator, 8’CPT (500µM) for 15 min. Total cell 

lysates were subjected to western blotting with antibodies specific for phosphorylated 

CREB and total CREB. Bands were quantified by scanning densitometry. C. DC2.4 cells 

were transfected with CREB dominant negative constructs along with p19-luciferase and 
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Renilla (pRL-TK) constructs. Cells were stimulated with TNFα±PGE1OH for 14h. 

Luciferase units were divided by their renilla control and the empty vector control was 

then subtracted. Fold change was calculated by dividing each experimental value by the 

value for untreated (medium) cells. Reporter activity is presented as fold change. * 

indicates p<0.05 compared to TNFα+PGE1OH and ** indicates p<0.01 compared to 

TNFα alone.  Results are representative of at least three independent experiments. 
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3.7 CREB is important for IL-23p19 transcriptional activity 

 

Through sequence analysis two putative CREB binding sites were identified in the p19 

promoter cloned into the GL3 plasmid, i.e. the proximal site at positions -563 to -572 and 

the distal site at -1125 to -1132. To examine their function, we mutated either site or 

both, and DC2.4 cells were transfected with the mutated constructs. Mutations of the 

proximal CREB binding site did not affect reporter activity following treatment with 

TNFα+PGE1OH. However, mutations within the distal CREB site or in both distal and 

proximal sites significantly reduced reporter activity (Figure 16A).  

To examine CREB binding to the IL-23p19 promoter we performed ChIP assays in 

primary DC. There was no significant CREB binding to either site upon treatment with 

TNFα alone, but we observed increased CREB binding to the distal site following 

treatment with PGE1OH alone. Treatment with TNFα+PGE1OH resulted in significant 

binding to both sites (Figure 16B). Taken together, these results indicate that the CREB 

distal site is an important regulator of PGE1OH-induced IL-23p19 transcription. 
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Figure 16.  CREB is important for IL-23p19 transcriptional activity.  

A. DC2.4 cells were transfected with the p19-luciferase construct (p19-GL3), pRL-TK 

construct, and constructs containing mutations within the distal CREB binding site, the 

proximal CREB binding site, or both CREB binding sites of p19-GL3. Six hours later, 

the cells were stimulated with TNFα±PGE1OH for 14h. Luciferase units were divided by 

their renilla control and the empty vector control was then subtracted. Fold change was 

calculated by dividing each experimental value by the value for untreated (medium) cells. 

Reporter activity is presented as fold change. B.DC were treated with TNFα in the 

presence or absence of PGE1OH for 2h. Cells were fixed, sonicated, and subjected to 
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ChIP analysis using antibodies for CREB (black bar) or control GST (white bar). 

Precipitated DNA was isolated and evaluated by PCR using specific primers for the 

proximal (-563) and distal (-1125) CREB binding site.  **, p<0.01 and *** p<0.001 

compared to TNFα (B) and to p19-GL3 (A).  Data are representative of 4 independent 

experiments. 
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3.8 EPAC activates C/EBPβ and induces in vivo C/EBPβ binding to the IL-23p19 

promoter 

 

Results from the protein/DNA array demonstrated that higher levels of C/EBP were 

bound to DNA following stimulation with TNFα+PGE1OH as compared to TNFα alone. 

To investigate if activation of EPAC, a downstream effector of PGE1OH, alters C/EBPβ 

phosphorylation we performed Western blots. Both TNFα and 8’-CPT (a selective EPAC 

activator) induced C/EBPβ phosphorylation, although with different kinetics, i.e. 

maximum effect for TNFα at 5 min as opposed to 8’-CPT which had a stronger effect at 

60 min. The combined treatment resulted in sustained C/EBPβ phosphorylation over the 

entire 60 min (Figure 17A). Stimulation with PGE1OH alone or in combination with LPS 

or TNFα also induced C/EBPβ phosphorylation (Figure 17B). These data suggest that 

EPAC stimulation can modify C/EBPβ phosphorylation status in DC.  

Five potential C/EBP binding sites were identified in the p19 promoter (Figure 14).  To 

investigate their contribution to IL-23p19 transcriptional activity, we mutated each site, 

and the mutated constructs were transfected into DC2.4. Mutations in the four more 

proximal C/EBP sites (site 1: -232 to -243; site 2: -274 to -286; site 3: -496 to -509 and 

site 4: -998 to -1011) reduced the reporter activity following TNFα+8’-CPT treatment to 

control levels. In contrast, mutations in the most distal site (site 5: -1195 to -1204) had 

much less of an effect (Figure 18A). Altogether, these results show that C/EBPβ is an 

important regulator of IL-23p19 promoter transcriptional activity. 

To analyze binding of C/EBP to the IL-23p19 promoter, we performed ChIP assays in 

primary DC stimulated with TNFα or 8’-CPT. The binding to the two most distal sites (4 
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and 5) was not consistent. Interestingly, TNFα or 8’-CPT induced C/EBP binding at 

different sites, i.e. site 3 (-496 to-509) in response to TNFα stimulation, and sites 1-2 (-

232 to -243 and -274 to -286) for 8’-CPT (Figure 18B and C).   
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Figure 17.  EPAC induces C/EBPβ phosphorylation.  

A.DC were treated with TNFα±8’-CPT for 5 and 60min. Total cell lysates were subjected 

to SDS-PAGE/western blotting analysis with antibodies specific for phosphorylated 

C/EBPβ and β-actin. Bands were quantified by scanning densitometry.   
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Figure 18.  EPAC stimulates p19 transcriptional activity through activation of C/EBPβ.  

A.DC2.4 cells were transfected with empty vector, pRL-TK construct, p19-GL3, and 

p19-GL3 with mutations within C/EBP binding sites. Six hours later the cells were 

stimulated with TNFα with or without 8’-CPT for14h. Luciferase units were calculated as 

in Figure 17 and 18. Reporter activity is presented as fold change. B, C. DC were treated 

with TNFα or 8’-CPT for 2h. Cells were fixed, sonicated, and subjected to ChIP analysis 

using antibodies to C/EBPβ (black bar) or control GST (white bar). Precipitated DNA 

was isolated and evaluated by PCR using specific primers for C/EBPβ binding sites at 
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(B) -496 and (C) -274 & -232 within the IL-23p19 promoter. **p <0.01 and *** p<0.001 

compared to untreated (B and C), and to p19-GL3 (A) Data are representative of at least 

3 independent experiments. 
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3.9 Endogenous PGE2 plays a role in IL-23-p19 upregulation  
 

Within the final experimental objective of this project, I proposed to determine the role of 

endogenous PGE2 production and its participation in IL-23p19 upregulation. Since LPS 

stimulation results in production of PGE2, we investigated whether endogenous PGE2 

plays a role in IL-23p19 upregulation in DC. DC were stimulated with LPS or TNFα in 

the presence or absence of the Cox1/2 inhibitor indomethacin and p19 expression was 

determined by RT-PCR. In parallel experiments the effect of indomethacin was also 

tested in DC treated with either LPS+PGE1OH or TNFα+PGE1OH. As expected, in the 

absence of exogenous PGE1OH, LPS, but not TNFα induced Cox2 and p19 expression 

(Figure 19A-B). Indomethacin partially inhibited LPS-induced p19 expression, 

suggesting that LPS-induced endogenous PGE2 plays a role in p19 upregulation. The 

addition of exogenous PGE1OH increased the levels of both Cox2 and p19 expression in 

both LPS- and TNFα-stimulated DC and again, indomethacin had an inhibitory effect on 

p19 expression (Figure 15A-B). These results support a role for endogenous PGE2 in the 

upregulation of p19 expression. 
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Figure 19. Endogenous PGE2 plays a role in IL-23-p19 upregulation. 

DC were pre-treated for 30 min with indomethacin (1mM). Cells were stimulated with 

(A) LPS (1µg/mL) or (B) TNFα (100ng/mL) in the presence or absence of PGE1OH 

(1µM) for 3h. Expression levels of IL-23p19 and Cox2 were determined by RT-PCR. ** 

indicates p < 0.01 compared to LPS alone, LPS + PGE1OH, and TNFα + PGE1OH. Data 

are representative of two independent experiments. 
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CHAPTER 4 

DISCUSSION 

Previously, our group reported that PGE2 induced IL-23p19 expression in LPS-

stimulated bone marrow-derived murine DC and promoted Th17 amplification in vivo 

and in vitro (Khayrullina et al., 2008; Sheibanie et al., 2007a; Sheibanie et al., 2004; 

Sheibanie et al., 2007b). Similar results were obtained in PGE2-treated splenic DC 

stimulated through CD40 (Yao et al., 2009), and in human monocyte-derived DC 

exposed to Neisseria gonorrhoeae (Stefanelli et al., 2012). Interestingly, IL-23 

production by TLR-activated DC was up-regulated more than 40 fold in aged mice 

through increased release of endogenous PGE2 (Myer et al., 2010). Our laboratory and 

others reported that the stimulatory effect of PGE2 on IL-23 induction in DC was 

mediated primarily through EP4 and cAMP (Sheibanie et al., 2004; Yao et al., 2009).  

In this thesis I identified the signaling pathways and the transcription factors involved in 

the stimulatory effect of PGE2 on Il23a gene expression in DC. I investigated the EP 

receptors involved in the induction of IL-23p19 expression and the signaling pathways 

activated to stimulated transcription factor binding upon the IL-23p19 promoter. I 

concluded that the signaling pathway primarily through EP4 resulted in a cAMP-

dependent activation of PKA and EPAC, with both pathways contributing to IL-23p19 

induction in DC through the activation of CREB and C/EBP, respectively. Mutations 

within the CREB and C/EBP binding sites combined with ChIP assays identified the 
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distal CREB site (-1125) and the two proximal C/EBP sites (-274 and -232) as essential 

for PKA-activated CREB and EPAC-activated C/EBP induced p19 expression. Other 

signaling pathways involving PI3K, ERK, JNK and p38 MAPK, have been shown to 

contribute to IL-23p19 induction in various cell types following stimulation with TLR 

ligands, IL-17, angiotensin II or serum amyloid A (Kim et al., 2007a; Li et al., 2008; 

Migita et al., 2010; Yang et al., 2012). In this study, the inhibition of PI3K contributed to 

the induction of IL-23p19 in primary DC. This suggests that PI3K may play as a negative 

regulator of IL-23p19 following activation of the EP4 receptor.  

The effects of PGE2 are mediated through four G-protein coupled receptors, i.e. EP1 

through 4, which use different signaling pathways (Sugimoto and Narumiya, 2007). 

Immune cells, including DC, express primarily EP4 and EP2 (Jing et al., 2003). Whereas 

EP2 receptors are Gs-protein coupled and signal through activation of adenylate cyclase 

and increase in cAMP, EP4 uses both Gα protein mediated adenylate cyclase activation 

and PI3K activation. In addition, a third pathway is mediated through binding of EP4 

receptor associated protein (EPRAP) to the intracellular EP4 tail resulting in suppression 

of EP4 phosphorylation and reduction in NFκB activation (Minami et al., 2008; 

Takayama et al., 2002). Activation of adenylate cyclase and PI3K are primarily involved 

in the pro-inflammatory effects of PGE2, whereas binding of EPRAP and inhibition of 

NFκB appear to be responsible for the anti-inflammatory effect resulting from the 

inhibition of cytokine and chemokine expression in macrophages, DC and T cells 

[reviewed in (Tang et al., 2012b)]. 

This thesis established that EP4 and to a lesser degree EP2 receptors mediated the PGE2 

effect on IL-23p19 expression in DC. The pro-inflammatory role of EP4 in vivo is 
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supported by numerous reports. EP4-deficient mice showed decreased incidence and 

disease severity in a model of arthritis (McCoy et al., 2002), and EP4 antagonists were 

shown to suppress disease in contact hypersensitivity, experimental autoimmune 

encephalomyelitis, and several models of arthritis by reducing accumulation of both Th1 

and Th17 cells (Chen et al., 2010; Yao et al., 2009). In contrast, administration of the 

PGE2 stable agonist misoprostol, or of EP4 selective agonists, in models of arthritis and 

TNBS-induced colitis exacerbated disease, increased IL-23p19 expression and promoted 

Th17 expansion and accumulation in draining lymph nodes and in the affected tissues 

(Chen et al., 2010; Sheibanie et al., 2007a; Sheibanie et al., 2007b). 

EP4 signals through both cAMP and PI3K. This study indicates that cAMP signaling, but 

not PI3K activation, is involved in the induction of IL-23p19 by PGE1OH in bone 

marrow-derived DC. cAMP, but not PI3K, involvement has been also reported for 

splenic DC (Yao et al., 2009). Interestingly, both cAMP and PI3K were shown to be 

involved in the direct effects of PGE2 on T cells, with PI3K facilitating Th1 

differentiation in Th1 polarizing conditions, and cAMP/PKA facilitating Th17 expansion 

in the presence of IL-23, presumably through the up-regulation of IL-23R on T cells (Yao 

et al., 2009). cAMP activates two major downstream targets, i.e. PKA and EPAC. In our 

system, both PKA and EPAC signaling pathways are involved in IL-23p19 expression 

through the activation of CREB and C/EBPβ, respectively. In contrast to Yao and 

colleagues (Yao et al., 2009) reported that only EPAC contributed to IL-23p19 

expression in splenic DC. This could be a characteristic of splenic DC, but could also 

reflect the relative insensitivity of PKA to H89 in DC. Yao et al did not observe an 

inhibitory effect for H89 at a concentration of 3 µM. We observed an inhibitory effect 
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only at high H89 concentrations (20 µM), whereas the other two PKA inhibitors were 

effective over a broader range of concentrations. H89 is a broad spectrum kinase inhibitor 

that has been used to inhibit PKA activity in several studies. However, H89 has off target 

effects and can inhibit other kinases such as Rho-associated kinases (ROCK), MAPK 

Erk-1 and -2, MSK1(Murray, 2008). 

Expression of IL-23p19 in activated macrophages or DC has been shown to be controlled 

by the positive TF c-Rel, RelA, AP-1, SMAD-3 and ATF-2, and by the negative regulator 

IRF-1 (Al-Salleeh and Petro, 2008; Carmody et al., 2007; Liu et al., 2009; Mise-Omata et 

al., 2007; Sheikh et al., 2011). CREB and C/EBP are newly identified PGE2-induced 

transcription factors that enhance IL-23p19 expression in DC activated through TLRs or 

by the pro-inflammatory cytokine TNFα. Although PGE2 alone doesn’t induce IL-23p19 

expression, it synergizes with LPS or TNFα, suggesting that CREB and C/EBP are part 

of an enhanceosome consisting of several transcription factors. An enhanceosome 

consisting of CREB, c-Rel, RelA, NFAT and SMAD3 has been described for the Foxp3 

promoter in T cells (Ruan et al., 2009).  

There are a small number of reports exploring the interactions between CREB and 

C/EBP. A study investigating the c-fos promoter in a murine pre-adipocyte cell line 

showed that CREB and C/EBP occupy the same site on the c-fos promoter in response to 

growth hormone stimulation (Cui et al., 2008). In an attempt to determine if CREB and 

C/EBP cooperate with each other on the IL-23p19 promoter, sequential ChIP assays 

could be performed. In brief, a transcription factor associated with chromatin is 

immunoprecipitated with a specific antibody. The DNA/protein complex is eluted and is 

then subjected to a second immunoprecipitation with a second antibody specific for 
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another transcription factor that may have interacted with the first one (Furlan-Magaril et 

al., 2009). Specifically specific antibodies for CREB and C/EBP would be used to 

immunoprecipitate both transcription factors in both orders (i.e., primary ChIP with α-

CREB; secondary ChIP with α-C/EBP and primary ChIP with α-C/EBP; secondary ChIP 

with α-CREB). Precipitated DNA would then be subjected to real time RT-PCR with 

primers specific for CREB and C/EBP binding sites within the IL-23p19 promoter. These 

experiments may help determine the placement of CREB and C/EBP, to each other and to 

other participating transcription factors within an enhancesome. 

Upon phosphorylation at Ser133 by kinases such as PKA and MAPK, CREB translocates 

to the nucleus where it functions as a positive transcription factor for genes whose 

promoters contains CRE elements [reviewed in (Wen et al., 2010)]. CREB can also 

function as a negative regulator by sequestering CBP or p300, which becomes 

unavailable for interactions with NFκB, leading to a reduction in NFκB transcriptional 

activity. The IL-23p19 promoter has two CREB sites, and our results suggest that PGE2 

enhances p19 promoter activity through EP4cAMPPKAPCREBbinding to the 

distal CREB site. Although CREB phosphorylation and a relatively low level of p19 

promoter activity was observed following treatment with TNFα alone, we could not 

detect CREB binding to the p19 promoter.  Since TNFα induces delayed CREB 

phosphorylation as compared to the combined TNFα+PGE1OH treatment, p19 binding of 

pCREB induced by TNFα alone might be detectable only at later time points (Fig. 20).  
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Figure 20.  Mechanism of PGE2-induced IL-23p19 expression. 

Stimulation with TNFα through TNF receptor-1 (TNFR1) signaling induces 

NFκB activation. Previously, two out of three NFκB binding sites were shown to be 

critical for IL-23p19 expression (Yen, 2007). PGE2 acts primarily on EP4 on DC 

activating adenylate cyclase, increasing intracellular cAMP and activating both PKA and 

EPAC signaling pathways. PKA activation leads to phosphorylation of CREB. pCREB 

translocates to the nucleus and binds to the two IL-23p19 CRE sites, located at positions -

563 and -1125. Activation of EPAC leads to C/EBPβ phosphorylation and binding to the 

proximal C/EBPβ binding sites within the IL-23p19 promoter (sites -274 and -232). At 

the same time, TNFα stimulation alone induced C/EBPβ binding at site -496. Together, 

these signaling pathways lead to the induction of IL-23p19 expression. 
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The C/EBP family consists of six leucine zipper TF factors, i.e. C/EBP α, β, γ, δ, ε, and ζ 

which bind to the CCAAT box motifs in various promoters [reviewed in (Roos and Nord, 

2012)]. C/EBPβ and δ are the major factors in inflammation, and TNFα as well as LPS 

have been reported to modulate C/EBPβ transcriptional activity (Poli, 1998).  Following 

phosphorylation by various kinases, C/EBPα, β, and δ form heterodimers required for 

DNA binding. Although the three C/EBP family members bind to a virtually identical 

DNA sequence, there are some differences in binding site specificity, especially for 

C/EBPβ. Therefore, cell exposure to various stimuli might lead to the activation of 

different C/EBP family members, which could result in binding to different C/EBP sites 

within the same promoter. The IL-23p19 promoter has five C/EBP binding sites, and four 

of those appear to be essential for promoter activity in response to TNFα and PGE1OH. 

Interestingly, in vivo C/EBPβ shows binding to different sites for TNFα and PGE1OH, as 

determined by ChIP assays. This could be due to the formation of different dimers 

following stimulation with either TNFα or PGE1OH, or to epigenetic modifications that 

could open up various parts of the promoter. Alternatively, TNFα and EPAC-induced 

C/EBPβ binding might follow different kinetics.  

Our results suggest that PGE2 enhances p19 transcriptional activity through a second 

pathway initiated by EP4, i.e. EP4cAMP EPACPC/EBPβbinding to the two 

proximal C/EBP sites. Although C/EBP is not among the classical EPAC targets which 

include primarily the Ras-like GTPases Rap1 and 2 (Billington and Hall, 2012; Breckler 

et al., 2011), activation of EPAC has been recently reported to lead to C/EBPβ 

phosphorylation and subsequent SOCS3 induction in endothelial cells and fibroblasts 

(Sands et al., 2012; Yarwood et al., 2008) (Fig. 20). 



 101 

In conclusion, we identified CREB and C/EBPβ as positive transcription factors in the 

PGE2-induced up-regulation of Il23a gene in TLR- or TNFα-stimulated bone marrow-

derived DC.  The effect is mediated through EP4 induced activation of adenylate cyclase, 

resulting in cAMP increases, activation of both PKA and EPAC, and subsequent 

phosphorylation and DNA binding of CREB and C/EBPβ, respectively, to the p19 

promoter. PGE2 is released from immune cells in the early inflammatory phase, and can 

act either as a pro- or an anti-inflammatory agent depending on the target cell type, nature 

of EP receptors, concentration, and inflammatory environment. Although PGE2 has been 

reported to inhibit pro-inflammatory cytokine and chemokine production by macrophages 

and dendritic cells, and to reduce Th1 differentiation primarily through the inhibition of 

IL-12 and IL-2 [reviewed in (Kalinski, 2012; Tang et al., 2012b)], most in vivo data 

support a pro-inflammatory role [(reviewed in (Hara et al., 2010; Liang et al., 2011; 

Narumiya, 2009; Sakata et al., 2010a; Tang et al., 2012b)]. This is particularly relevant in 

models of autoimmune diseases with a strong Th17 component such as arthritis and EAE. 

The present findings that PGE2 contributes in a significant manner to the up-regulation of 

IL-23 expression and to the amplification of Th17 response, are highly relevant, 

particularly in view of the recent finding that IL-23 plays the central role in the 

generation of pathogenic Th17 cells [reviewed in (Duvallet et al., 2011). 
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