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ABSTRACT 

Interluekin-23 (IL-23) is a pro-inflammatory cytokine critical to the regulation of innate 

and adaptive immune responses. The main role for this cytokine is in the proliferation 

and differentiation of the IL-17 producing CD4 T helper cell, Th17. Virus infection 

deregulates IL-23 expression and function, but little is known about the mechanism 

behind this phenomena. Here, I demonstrate a reduction of Toll like receptor (TLR) 

ligand-induced IL-23 expression in lymphocytic choriomeningitis virus (LCMV)-infected 

bone marrow-derived dendritic cells (BMDCs), indicating that a function of these cells is 

disrupted during virus infection. I propose a mechanism of TLR ligand-induced IL-23 

expression inhibition upon LCMV infection via the deactivation of p38, AP-1, and NF-

κB. Further analysis revealed a direct relationship between LCMV infection with the IL-

10 and SOCS3 expression. To understand IL-23 function, I characterized IL-23-induced 

JAK/STAT signalling pathway and IL-23 receptor expression on human CD4 T cells. My 

results demonstrate that IL-23 induces activation of p-JAK2, p-Tyk2, p-STAT1, p-

STAT3, and p-STAT4 in CD4 T cells. For the first time I show that IL-23 alone induces 

the expression of its own receptor components, IL-12Rβ1 and IL-23Rα, in CD4 T cells. 

Blocking JAK2, STAT1, and STAT3 activation with specific inhibitors detrimentally 

effected expression of IL-23 receptor demonstrating that activation of JAK/STAT 

signalling is important for IL-23 receptor expression. I also addressed the effect of viral 

infection on IL-23 function and receptor expression in CD4 T cells using cells isolated 

from HIV positive individuals. These studies were based on earlier reports that the 

expression of IL-23 and the IL-23 receptor are impaired during HIV infection. I 

demonstrate that the phosphorylation of JAK2, STAT1, and STAT3 induced by IL-23, as 



iii 

 

well as IL-23 receptor expression are deregulated in CD4 T cells isolated from HIV 

positive individuals. This study has furthered the understanding of how the expression 

and function of IL-23 is regulated during viral infections. 
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INTRODUCTION OF IL-23 REGULATION AND FUNCTION 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 

 

1.1 Interleukin 23 (IL-23) 

Interleukin 23 (IL-23), a heterodimeric cytokine composed of covalently linked p40 and 

p19 subunits, was originally described in 2000 and identified as a member of interleukin-

12 (IL-12)-related cytokine family (Oppmann, Lesley et al. 2000) (Figure1). IL-23 is 

predominantly produced by activated myeloid cells such as activated monocytes (Lee, 

French et al. 2004), activated antigen-presenting cells (APCs) including dendritic cells 

(DCs) and macrophages (Oppmann, Lesley et al. 2000; Parham, Chirica et al. 2002; van 

Seventer, Nagai et al. 2002; Lee, French et al. 2004), T cells, B cells and endothelial cells 

(Oppmann, Lesley et al. 2000). IL-23p19 by itself lacks biological activity and requires 

the covalent linkage with the IL-12/IL-23p40 subunit in order to activate cells (Oppmann, 

Lesley et al. 2000).  Additionally, the synthesis of IL-23p19 and IL-12/IL-23p40 within 

the same cells is required for the formation of biologically active IL-23. IL-23p19, a key 

subunit for IL-23 has 70% homology between human and mouse and is closely related in 

structure with IL-12p35.  

The induction of IL-23 expression from APCs can be induced by different stimuli. 

Stimulation via CD40 was able to up-regulate IL-23 production in monocyte-derived 

dendritic cells (Oppmann, Lesley et al. 2000; Jefford, Schnurr et al. 2003; Smits, van 

Beelen et al. 2004) and colon-derived dendritic cells (Krajina, Leithauser et al. 2003). 

Stimulation of monocyte-derived dendritic cells with Gram-negative bacteria including 

Escherichia coli, Bacteroidesvulgates, and Veilonellaparvula leads to a significant up-

regulation of IL-23p19 expression (Jefford, Schnurr et al. 2003). A study also 

demonstrated that Mycobacterium tuberculosis H37Rv and zymosan preferentially 

induced IL-23 production in monocyte-derived dendritic cells  



3 

 

 

 

 

 

 

 

 

Figure 1: The heterodimeric cytokines IL-12, IL-23 and their receptor. IL-12 (p40 

and p35 subunits) binds the IL-12 receptor complex comprised of the IL-12Rβ1 and IL-

12Rβ2 subunits. IL-23 (p40 and p19 subunits) binds the IL-23 receptor complex 

comprised of IL-12Rβ1 and the novel IL-23Rα. (Gee, Guzzo et al. 2009). 
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(Gerosa, Baldani-Guerra et al. 2008). Importantly, a similar effect has also been noted in 

the APCs response to viral infection. It has been demonstrated that Sendai virus induces 

the production of IL-23 in human monocytes (Pirhonen, Matikainen et al. 2002), and HIV 

induces the production of IL-23 in monocyte-derived dendritic cells (Louis, Dutertre et 

al. 2010).  

1.2 Regulation of IL-23 production 

IL-23 expression by APCs has been widely studied for the past 10 years. Indeed, many 

pathogens and TLRs agonists enhance expression of IL-23p19 and IL-12p40 resulting in 

the release of bioactive IL-23 (Yang, Panopoulos et al. 2007; Dobreva, Stanilova et al. 

2008; Dearman, Cumberbatch et al. 2009; Jang, Son et al. 2009; Louis, Dutertre et al. 

2010). The mechanism of IL-23 regulation has been shown to be dependent on mitogen-

activated protein kinases (MAPKs) and nuclear transcription factor kappa B (NF-κB) 

pathway (Ma, Gee et al. 2004; Carmody, Ruan et al. 2007; Mise-Omata, Kuroda et al. 

2007; Liu, Ouyang et al. 2009).  TLR2 and TLR4 ligand stimulation demonstrated the 

induction of IL-23 expression is via the activation of p38, extracellular signal-regulated 

kinase (ERK), c-Jun N-terminal kinase (JNK) MAPKs (Agrawal, Agrawal et al. 2003; 

Krishnegowda, Hajjar et al. 2005; Liu, Ouyang et al. 2009) and also NF-κB protein 

subunits such as c-Rel, p50 and p65 (Carmody, Ruan et al. 2007; Mise-Omata, Kuroda et 

al. 2007; Liu, Ouyang et al. 2009) 

 

1.2.1 Toll like receptor 2 (TLR2) 

TLR2 recognizes a diverse set of microbial products from Gram-negative and Gram-

positive bacteria, fungi, spirochetes and mycobacteria and signals as a heterodimer with 
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TLR1 or TLR6. Animal studies show that TLR2 deficient mice were more susceptible to 

Gram-positive bacteria Staphylococcus aureus (Takeuchi, Hoshino et al. 2000) and 

Streptococcus pneumonia (Echchannaoui, Frei et al. 2002; Koedel, Angele et al. 2003) 

compared to the wild type mice. Binding of TLR2 ligand to the receptor will induce the 

recruitment of the bridging adaptor, MyD88 adaptor-like (MAL) and signalling adaptor 

myeloid differentiation primary response gen 88 (MyD88) (Brikos and O'Neill 2008). 

This will cause a recruitment of IL-1R-associated kinases (IRAKs) to the receptor 

complex and this result in the phosphorylation of IRAK-1 (Kawagoe, Sato et al. 2007; 

Koziczak-Holbro, Joyce et al. 2007). Phosphorylated IRAK-1 further binds and forms a 

complex with tumor necrosis factor-associated factor 6 (TRAF6) and activates the NF-κB 

and/or MAPK pathway, resulting in induction of target genes for inflammatory responses 

(Brikos and O'Neill 2008) (Figure 2).   

 

1.2.2 Toll like receptor 4 (TLR4) 

TLR4 can signals through both MyD88-dependent and independent pathways. This 

receptor recognizes lipopolysaccharides (LPS) that are derived from cell walls of gram-

negative bacteria, virus envelop proteins, heat-shock proteins and fungi (Lasker and Nair 

2006). When TLR ligand binds to the receptor; LPS-binding protein (LBP), CD14 and 

MD-2 (Lu, Yeh et al. 2008) will form a complex and result in MyD88 recruitment. As 

described above, this recruitment will lead to the complex formation of phosphorylated 

IRAK-1 with TRAF6. With the MyD88 dependent pathway, the receptor and its ligand 

activate a similar signalling cascade as TLR2 signalling (Brikos and O'Neill 2008). 

However, TLR4 also activates interferon regulatory factor 5 (IRF5) when MyD88  
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Figure 2: TLR2- and TLR4-mediated signalling. Signalling downstream of TLR2 and 

TLR4 in response to their respective ligands leads to the activation of MAPK and 

production of cytokines. TLR2 activates the MyD88-dependent pathway, whereas TLR4 

activates both the MyD88-dependent and MyD88-independent pathways. The activation 

of the MyD88 dependent pathways begins when the cytoplasmic domain of the TLR 

associates with TIR-associated adapter protein called MyD88 or TIR domain-containing 

adaptor protein-inducing IFN-β (TRIF). The recruitment of MyD88 with IRAK and 

TRAF6 will activate transcription factors including NF-κB and activator protein1 (AP-1). 

This activation will lead to the transcription and production of proinflammatory 

cytokines. The MyD88-independent pathway induced by TLR4 activates tank binding 

kinase 1 (TBK1) by recruiting the adaptor TRIF, which then induces the transcription of 

type I IFN through the phosphorylation and activation of the transcription factor IRF3. 
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associates with TRAF6. This activation results in the activation of transcription involved 

in proinflammatory cytokine gene expression (Takaoka, Yanai et al. 2005) (Figure 2). 

Several studies have shown that TLR4 plays a significant role in host defence against 

bacterial, mycobacterial, fungal and viral infection. This is receptor involved in host 

defence against Salmonella (Bernheiden, Heinrich et al. 2001) infection and Haemophilus 

influenza (Wang, Moser et al. 2002). Candida albicans infection on TLR4-null animals 

demonstrated decreased neutrophil recruitment and reduction of chemokine and 

macrophage inflammatory protein (MIP)-2 (Netea, Van Der Graaf et al. 2002).  

 

1.2.3 MAPK pathway 

MAPKs are composed of sequential acting kinases; a MAPK kinase (MAPKK), 

and a MAPKK kinase (MAPKKK). The phosphorylation of serine/threonine kinase or the 

interaction with a small guanosine 5'-triphosphate (GTP)-binding protein of the Ras/Rho 

family in response to extracellular stimuli will activate MAPKKKs. This activation leads 

to the phosphorylation and activation of a MAPKK, which then stimulates MAPK 

activity (Kolch 2000; Dan, Watanabe et al. 2001). MAP kinase has 5 distinct groups 

including ERK1/2,JNK1, 2, and 3, p38 isoforms α, ß, γ, and δ, ERK 3 and4, and ERK5 

(Chen, Gibson et al. 2001; Kyriakis and Avruch 2001). ERK1 and ERK2 are activated in 

response to growth factors and phorbol esters, while the JNK and p38 kinases are more 

responsive to stress (Pearson, Robinson et al. 2001). 

The activation of ERK1/2 can be induced by different stimuli such as growth 

factors, serum, phorbol ester, and cytokines (McKendrick, Thompson et al. 2001). The 

ERK1/2 activating pathway consists of MAPKKKs A-Raf, B-Raf, and Raf-1, the 
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MAPKKs MEK1 and MEK2, and the MAPKs ERK1 and ERK2.The ERK1/2 pathway 

starts with the activation of Raf. Activated Raf will bind and phosphorylate MAPK/ERK 

kinase (MEK) 1 and MEK2, which then phosphorylates  ERK1/2 (Hallberg, Rayter et al. 

1994). The other two MEK proteins; MEK3 and MEK6 have been shown to have a 

significant effect on the activation of p38. Phosphorylation of MEK1/6 results in the 

activation of p38. Besides that, p38 activation also can be induced by MEK4 molecule 

(Chen, Juo et al. 1996; Brancho, Tanaka et al. 2003).  Like ERK1/2 and p38, the 

activation of JNK also involves two MEK proteins. The activation of JNK is catalyzed by 

phosphorylated MEK4 and MEK7. The phosphorylation of MEK4 and MEK7 can be due 

to autophosphorylation or be induced by other MAPKKKs including MEKK1-4, mixed 

lineage kinase (MLK2) and -3, TAK1, and apoptosis signal-regulating kinase 1 (ASK1) 

and -2 (Kyriakis and Avruch 2001) (Figure 3).  

 

1.2.4 NF-κB pathway 

The nuclear factor –κB (NF-κB) consists of different members including RelA (p65, NF-

κB 1 (p50; p105), NF-κB 2(p52; p100), c-Rel and RelB (Verma, Stevenson et al. 1995; 

Ghosh, May et al. 1998).  The activation of this transcription factor is depending on the 

transactivation domain. The p65, c-Rel and RelB have a carboxy-terminal non 

homologus transactivation domain that intensely activates transcription from NF-κB 

binding sites in target genes. Some of them have a lack of transactivation domain, such as 

p50 homodimers. However, they still can bind to NF-κB consensus sites in DNA but then 

function as transcriptional repressors(Silverman and Maniatis 2001). Each member of the 

NF-κB proteins can form homodimers or heterodimers with one another, except for  
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Figure 3: Extracellular stimuli activate the MAPK pathways. When MAPKKKs, such 

as Raf, TGF-β-activating kinase 1 (TAK), and MEKK (MAPK/ERK kinase kinase) and 

are activated, they phosphorylate on two serine residues. MAPKKs in turn phosphorylate 

the MAPKs ERK, p38 and JNK on both theronine and tyrosine residues, which results in 

the catalytic activation of these MAPKs. Activated MAPKs can translocate to the nucleus 

to phosphorylate a number of transcription factors and activate genes involved in 

inflammation, apoptosis, cell growth, and differentiation. 
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RelB. Activated NF-κB is usually formed by a heterodimer p65 subunit that associates 

with either the p50 or p52 subunit (Ghosh, May et al. 1998).  The expression of p50 and 

p65 subunits can be found in various cell types, but not for RelB and c-Rel. RelB is 

expressed in specific organs such as thymus, lymph nodes and Peyer’s patches, while c-

Rel is limited to haematopoietic cells and lymphocytes (Ghosh, May et al. 1998).  

The activation of NF-κB is regulated by its interaction with inhibitory proteins 

called IB. Different inhibitors of kappa B (IB) proteins have different affinities for 

individual NF-B dimers (Chen, Juo et al. 1996; Ghosh, May et al. 1998; Chen, Gibson 

et al. 2001).  Phosphorylation of IBs results in their ubiquitination and subsequent 

degradation. The activation process of NF-B begins when IB degrades and allows NF-

κB to translocate into the nucleus and bind to deoxyribonucleic acid (DNA). This binding 

will lead to the transcription of a large number of genes, including antimicrobial peptides, 

cytokines, chemokines, stress-response protein and anti-apoptotic proteins (Gilmore 

2006).   

 

1.3 IL-23 receptor and signalling pathway 

The high affinity IL-23 receptor complex is comprised of an IL-12Rβ1 (as found in IL-12 

receptor) and a unique IL-23Rα subunit (Parham, Chirica et al. 2002) (Figure 1). IL-

23Rα, a novel receptor specific for IL-23, was discovered by Parham and colleagues in 

2002 using a retroviral library created from an IL-23-responsive T cell line (Parham, 

Chirica et al. 2002). Even though IL-23Rα and IL-12Rβ2 confer binding for IL-23 and 

IL-12 respectively, IL-23Rα shares many features with IL-12Rβ2 including signal 

sequences, an immunoglobulin-like domain, and two cytokine receptor domains (Parham, 
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Chirica et al. 2002). Both the IL-12Rβ2 and IL-23Rα are the main signalling chains of 

their respective receptors. In humans, both IL-23 receptor chains are predominantly co-

expressed on activated T cells, memory T cells, T cell clones and natural killer cells (NK) 

(Parham, Chirica et al. 2002; Langrish, Chen et al. 2005). The IL-23 receptor chains may 

also be expressed at a low level on monocytes, macrophages and DC populations 

(Belladonna, Renauld et al. 2002; Parham, Chirica et al. 2002). In mice, the IL-23 

receptor is found on activated T cells, bone marrow-derived DCs and macrophages 

activated with LPS (Parham, Chirica et al. 2002). Recently, a study found that myeloid 

cells also express IL-23 receptor (Awasthi, Riol-Blanco et al. 2009).  

 

IL-23 activates the same spectrum of Janus kinase (Jak)/ signal transducer and 

activators of activation (Stat) signalling molecules as IL-12. The molecules involved in 

this pathway are Jak2, Tyk2, STAT1, STAT3, and STAT4 (Figure 4). The level of 

STAT3 and STAT4 phosphorylation is a major difference between signal transduction 

cascades of these two cytokines. Compared to IL-12, IL-23 was able to induce a strong 

phosphorylation of STAT3 and a weak phosphorylation of STAT4 (Oppmann, Lesley et 

al. 2000; Parham, Chirica et al. 2002; Lee, French et al. 2004). This difference indicates 

that IL-23 affects different target genes than IL-12 (Parham, Chirica et al. 2002). During 

activation, IL-12Rβ1 binds to Tyk2, while IL-23Rα associates with Jak2 (Bacon, 

McVicar et al. 1995; Zou, Presky et al. 1997; Parham, Chirica et al. 2002). The activation 

of JAKs then will lead to the phosphorylation of IL-23Rα at the key sites, forming 

docking sites for the STATs. Once IL-23Rα is phosphorylated, it will direct the 

dimerization of STAT1, STAT3, and STAT4 followed by translocation to the nucleus to 
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Figure 4: The IL-23 signalling pathway. IL-23 binds the IL-23 receptor composed of 

IL-23R and IL-12R1. IL-23 signal transduction is activated through the Janus kinase 

(Jak)-signal transducer and activation of transcription (STAT) pathways. This involves 

the activation of Jak2, Tyk2, STAT1, STAT3 and STAT4.  
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activate target genes (Oppmann, Lesley et al. 2000; Parham, Chirica et al. 2002; 

Langrish, Chen et al. 2005; Gee, Guzzo et al. 2009). 

 

1.4 IL-23 function 

IL-23 induces the proliferation of CD4 memory T cells and the production of IL-

12 and interferon (IFN)-γ (Zou, Presky et al. 1997; Oppmann, Lesley et al. 2000; 

Belladonna, Renauld et al. 2002). IL-23 only acts on memory T cells and not on naïve T 

cells (Hunter 2005). A critical function of IL-23 is to support the differentiation of a 

novel subset of CD4 T cells, called Th17 (Aggarwal, Ghilardi et al. 2003; Langrish, Chen 

et al. 2005; McAllister, Henry et al. 2005; Vanden Eijnden, Goriely et al. 2005) (Figure 

5). Different cytokines are responsible for mediating CD4 T cell differentiation as 

summarized in Figure 5. With respect to the Th17 cells, regulation of IL-23 expression 

and IL-23 receptor is critical to the differentiation of this pathway. Two recent studies 

showed that IL-23 receptor expression plays a vital role in the production of IL-17. A 

study using a murine model demonstrated that IL-23 and IL-23 receptors were critical for 

the expansion and maintenance of IL-17-producing T cells (Riol-Blanco, Lazarevic et al. 

2010). Kyttaris and colleagues found that IL-23R-deficient mice have decreased numbers 

of IL-17A-producing cells in the lymph nodes (Kyttaris, Zhang et al. 2010). These 

experiments indicate that IL-23R-mediated signalling is important in the development of 

Th17 cells. Two previous studies supported this finding when they showed a down-

regulation of Th17 cells in IL-23R-deficient mice (Awasthi, Riol-Blanco et al. 2009; 

McGeachy, Chen et al. 2009).  
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Figure 5: Overview of Th subset generation. APCs such as macrophages and dendritic 

cells produce IL-12 family cytokines which result in the regulation of induction of Th cell 

subsets. IL-23 production is involved in the induction of Th17 cells which also require 

IL-6 and TGF-β. IL-27 primes naïve Th cells and as with IL-12, these cytokines induce 

the development of IFN-γ-producing Th1 cells. The presence of IL-27 inhibits the 

development of Th17 cells. The novel cytokine IL-35 has been demonstrated to play a 

role in the immunosuppressive effects of T regulatory (Treg) cells (Gee, Guzzo et al. 

2009). 
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IL-23 is widely known as a major pro-inflammatory mediator in autoimmune 

disease due to its ability to support the differentiation of Th17 cells. Many studies have 

been done using IL-23p19 knockout mice as a model for autoimmune disease. For 

example, mice lacking IL-23p19 were shown to be resistant to disease induction in 

models of collagen-induced arthritis (CIA), experimental autoimmune encephalomyelitis 

(EAE) and inflammatory bowel disease (IBD) (Cua, Sherlock et al. 2003; Murphy, 

Langrish et al. 2003; Yen, Cheung et al. 2006). In these models, the lack of IL-23 

resulted in impaired IL-17 production from Th17 cells. Involvement of the IL-23/Th17 

axis not only has been reported in animal models, but it has been linked with human 

autoimmune inflammatory disease. The IL-23/Th17 axis is involved in psoriasis, 

rheumatoid arthritis (RA), multiple sclerosis (MS), Crohn’s disease (CD) and ulcerative 

colitis (Lee, French et al. 2004; Stallmach, Giese et al. 2004; Schmidt, Giese et al. 2005; 

Vaknin-Dembinsky, Balashov et al. 2006).  

The relevance of IL-23 in inducing various inflammatory diseases in humans has 

been demonstrated via IL-23 receptor single nucleotide polymorphisms (SNPs). A few 

studies report that regulation of IL-23 receptor expression by immune cells plays a vital 

role in the development of inflammatory disease. Duerr et al. reported anIL-23Rgene 

locus polymorphism was associated with susceptibility to IBD, Crohn’s disease and 

ulcerative colitis (Duerr, Taylor et al. 2006; Lee and Parkes 2011).  However, two 

separate studies on IL-23 receptor SNPs showed IL-23 receptor did not appear to play an 

important role in susceptibility of systemic lupus erythematosus (SLE) (Sanchez, Rueda 

et al. 2007) and MS (Begovich, Chang et al. 2007). After that, another study revealed a 

strong correlation between IL-23R SNPs with Graves’ disease (GD) and Graves’ 
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ophthalmopathy (GO). IL-23 receptor variants expression alter and extent of 

inflammatory signaling cascade by affecting IL-23 receptor function (Huber, Jacobson et 

al. 2008). Recently, it has been reported that IL-23 is also involved in tumor 

development. The expression of IL-23 and IL-23 receptor is highly significant in 

colorectal carcinoma tissue.  This suggests that IL-23/IL-23 receptor pathway is a crucial 

route to induce the progression of malignant cancer (Lan, Zhang et al. 2011). Alternative 

splicing of the standard form of IL-23R can generate six variants. The expression of 

these isoforms, in particular the IL-23R2 and IL-23R4 variants has been detected in 

human lung carcinoma tissue. This result indicates that IL-23 alternative splicing may 

influence the pathogenesis of cancer (Zhang, Zhang et al. 2006).  

 Other than in inflammatory disease, Th17 cells are also involved in host defense 

against extracellular bacteria and fungi, particularly at epithelial surfaces (Weaver, 

Harrington et al. 2006; Bettelli, Korn et al. 2007; Weaver, Hatton et al. 2007). IL-17 can 

induce the secretion of proinflammatory cytokines such as IL-8, tumor necrosis factor 

(TNF) and granulocyte colony-stimulating factor (G-CSF) by stromal, epithelial and 

endothelial cells, and a subset of monocytes (Hymowitz, Filvaroff et al. 2001; Jones and 

Chan 2002; Numasaki, Lotze et al. 2004; Numasaki, Takahashi et al. 2004; Numasaki, 

Tomioka et al. 2004). The secretion of these cytokines promotes rapid neutrophil 

recruitment, which is important for the control of acute infection (Laan, Cui et al. 1999; 

Witowski, Pawlaczyk et al. 2000; Miyamoto, Prause et al. 2003). By directly inducing 

IL-17 production and early neutrophil recruitment, IL-23 may play a critical role in 

driving early inflammatory immune response to pathogens or injuries. 
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Clinical studies report diseases linked to Th17 deficiency in humans. 

Polymorphisms of STAT molecules have been identified as the main cause of Th17 

deficiency in humans. A very recent study reported that chronic mucocutaneous 

candidiasis disease (CMCD) may be caused by autosomal dominant (AD) IL-17F 

deficiency or autosomal recessive (AR) IL-17RA deficiency. The deficiency on IL-17F 

and IL-17RA was due to a mutation of the STAT1 molecule (Liu, Okada et al. 2011). 

Similar to Liu et al. (2011), another study reported that the heterozygous missense 

mutations in the DNA sequence encoding thecoiled-coil (CC) domain of STAT1 led to 

defective responses of Th17 cells. The authors suggested that the down-regulation of IL-

23 receptor signalling pathways directed the poor production of IL-17 and IL-22 (van de 

Veerdonk, Plantinga et al. 2011). Additionally, patients with a dominant-negative 

mutation in STAT3 were susceptible to CMCD and staphylococcus disease in lungs and 

skin (Minegishi 2009).  These patients were found to have a very low proportion of IL-

17A and IL-22 producing T cells (Minegishi 2009), and this was attributed to possible 

impaired production of IL-6, IL-21 and/ or IL-23 (Ma, Chew et al. 2008; Milner, 

Brenchley et al. 2008; Renner, Rylaarsdam et al. 2008; Minegishi 2009).  Taken together, 

these findings illustrate a role for IL-23 and IL-23 receptor expression in Th17 cell 

development and resulting IL-17 production. In particular, a deficiency in Th17 cells 

contributes to diseases resulting from bacterial or fungal infections.  

The role of IL-23/Th17 axis in viral infection is unclear. In 2002, Pirhonen and 

colleagues found IL-23 increased in Sendai virus infection. The authors demonstrated 

that human macrophages are able to express IL-23p19 and IL-12/IL-23p40 mRNA. In 

contrast, influenza virus failed to stimulate IL-23 expression in macrophages (Pirhonen, 
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Matikainen et al. 2002). A significant role of IL-23 in host defense against vaccinia virus 

was shown for the first time by Kohyama and colleagues in 2007. This study proved that 

IL-23, together with IL-17, was able to enhance resistance to vaccinia virus infection in 

mice (Pirhonen, Matikainen et al. 2002; Kohyama, Ohno et al. 2007). From such data, it 

seems that IL-23 may have promise as a treatment, not only in bacterial but also in some 

viral infections. In 2004, a study revealed that IL-23 has potent adjuvant effects on 

induction of epitope-specific cytotoxic T lymphocytes (CTLs). The authors found that co-

administration of an IL-23 expression plasmid in a prime-boost immunization enhanced 

the induction of Hepatitis C virus (HCV)-specific CTLs in mice (Matsui, Moriya et al. 

2004). Taken together, these studies show that IL-23 is vital for the immune system as 

this cytokine is needed to battle against various infectious pathogens.  

 

1.5 Virus infection  

1.5.1 Human immunodefiency virus (HIV) 

HIV is a member of the genus lentivirus, part of the family of Retroviridae. Lentivirus is 

an enveloped virus with single-stranded positive sense RNA (Samuel 2006). During the 

infection, the viral genome is converted into double-stranded DNA by viral reverse 

transcriptase which is present in the virus particle. The HIV genome is surrounded by a 

layer of protein known as the capsid, which is enclosed by a host-derived envelope with 

spikes. The spikes consist of two types of glycoprotein; transmembrane glycoprotein 

(gp41) and envelope glycoprotein (gp120). The gp41 molecule penetrates the cell 

membrane after gp120 attaches to the cell surface via interaction with CD4 (Helseth, 
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Olshevsky et al. 1991; Maerz, Drummer et al. 2001; Follis, Larson et al. 2002; York and 

Nunberg 2004). 

 Virus binding to CD4 cells triggers a conformational change in the surface 

glycoprotein (gp) of the virus, namely gp120. This conformational change will expose a 

binding site that enables gp120 to interact with one of two cell surface chemokine 

receptors, (i.e. the ‘co-receptor’) CCR5 or CXCR4 (Deng, Liu et al. 1996; Feng, Broder 

et al. 1996). The observation of natural ligands such as macrophage inflammatory protein 

(MIP)-1α, MIP-1β and ‘regulated on activation, normal T-cell expressed and secreted’ 

(RANTES) (Mueller and Strange 2004) that can inhibit HIV-1 entry (Cocchi, DeVico et 

al. 1995) led to the identification of CCR5 as a required co-receptor for HIV-1 (Alkhatib, 

Combadiere et al. 1996). The presence of the endogenous ligands for CCR5 can slow 

down the progression to AIDS (Cocchi, DeVico et al. 1995).  However, after HIV 

infection is established, the viruses prefer to bind to CXCR4 and usually promote 

progression to AIDS (Michael and Moore 1999). Based on tropism, HIV strains can be 

divided into two; T-tropic and M-tropic. T-tropic strains usually use the CXCR4 co-

receptor for entry while M-tropic strains utilize the CCR5 co-receptor (Bjorndal, Deng et 

al. 1997; Berger, Doms et al. 1998; Berger, Murphy et al. 1999). CCR5 is expressed on 

memory T cells while CXCR4 is present on a higher number of naïve CD4 T cells (Bleul, 

Wu et al. 1997). HIV-1 requires these chemokine receptors as an entry and they are 

important to determine the viral diversity and pathogenesis (Shaheen and Collman 2004).  

The HIV genome consists of nine genes. Based on their function, these genes can 

be divided into two groups. Three genes; gag, pol and env provide genetic information 

for HIV structural components (Fauci 1988; Fauci 1993; Greene 1993; Jiang and Liu 
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2010). The remaining 6 genes; tat, rev, nef, vif, vpr and vpu are known to be regulatory 

genes (Rhee and Marsh 1994; Philippon, Matsuda et al. 1999; Le Rouzic and Benichou 

2005; Wildum, Schindler et al. 2006; Nomaguchi and Adachi 2009). These proteins are 

involved in the penetration of the cell host, uncoating of the HIV genome, production of 

HIV genome, production of viral DNA and integration of the provirus. However, two 

proteins; tat and rev are essential for viral replication in vivo and in vitro, while nef, vif, 

vpr and vpu are dispensable (Ranki, Lagerstedt et al. 1994; Nomaguchi and Adachi 

2009).  

HIV infects primarily CD4 T cells and macrophages (Alimonti, Ball et al. 2003). 

Infection is characterized by CD4 T cell depletion and progressive immune dysfunction; 

particularly impacted are HIV-specific T cell responses (Letvin, Daniel et al. 1987; Fauci 

and Desrosiers 1997; Cohen, Shaw et al. 2011). HIV infection, if left untreated, leads to 

the destruction of the CD4 T cell population. The immune system starts to breakdown 

when enough CD4 are destroyed by HIV (Alimonti, Ball et al. 2003). Initiation of 

antiviral therapy is needed to suppress HIV replication and the progression of HIV 

disease (Sterne, May et al. 2009; Goebel and Nitschmann 2010; Siegfried, Uthman et al. 

2010) 

 

1.5.2 Lymphocytic choriomeningitis virus (LCMV) 

LCMV is an enveloped virus with a helical nucleocapsid containing RNA genome 

consisting of two single-stranded RNA circles (Meyer, de la Torre et al. 2002). This virus 

belongs to the Arenaviridae family. The virus nuclear material consists of two RNA 

genomes, large (L) (5.7kb) and small (S) (2.8kb). The L segment encodes for the RNA-
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dependent RNA polymerase (L) and a small RING finger protein called Z (Pinschewer, 

Perez et al. 2003; Strecker, Eichler et al. 2003). This Z protein is able to inhibit RNA 

synthesis mediated by the virus polymerase and can interact with several host cell 

proteins (Meyer, de la Torre et al. 2002). The S segment directs the synthesis of the 

glycoprotein precursor (GPC) and the nucleoprotein (NP). GPC will be cleaved into 

mature viral glycoprotein GP-1 and GP-2 by the cellular subtilase S1P (Beyer, Popplau et 

al. 2003; Unterstab, Ludwig et al. 2005). GP-1 and GP-2 form a complex that becomes a 

spike on the virion envelope and mediates virus interaction with the receptor on the host 

cells (Kunz, Borrow et al. 2002). It is widely accepted that intracellular NP levels 

correlate with viral infection levels. The encapsidated viral genome mediates the 

replication of the genome and the antigenome (Beyer, Popplau et al. 2003; Pinschewer, 

Perez et al. 2003). These proteins are also important in biological assays since as the 

quantification of NP and GP expression by immunostaining indicates LCMV infection 

and replication (Zinkernagel and Doherty 1975; Zinkernagel 2002). LCMV infection is 

capable of inducing infection without causing cell death. This virus is an effective 

research model to study immune responses induced by virus infections such as immune 

complex disease, persistent infections, immunological induction and tolerance, and major 

histocompatibility complex (MHC) restriction in CD8 T cell responses (Zinkernagel and 

Doherty 1975; Zinkernagel 2002) 
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1.6 Rationale and Hypothesis 

Researchers have shown that viral infections affect the production of IL-23-

associated Th17 cells. Interestingly, an observation reported that IL-23 enhances host 

defense against vaccinia virus infection via a mechanism partly involving IL-17 

(Kohyama, Ohno et al. 2007). This suggests that the IL-23/Th17 axis is not only 

important in host defenses against bacterial, but also viral infection. Since IL-23 is 

strongly correlated with the development of chronic inflammation and host defences, 

studying how virus infection affects IL-23 is critical towards furthering understanding of 

this key cytokine. Therefore the regulation of both IL-23 expression and function during 

virus infection is the focus of this study.  

Herein I use two model systems of virus infection to study: 1) how IL-23 

expression is regulated during infection, using LCMV-infected murine bone marrow-

derived dendritic cells as the model system, and 2) how IL-23 function and IL-23-

mediated intracellular signalling pathways are affected by viral infection using CD4 T 

cells isolated from HIV positive individuals. 
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Hypothesis:  

1) LCMV infection inhibits TLR ligands induced-IL-23 expression from BMDC by 

interfering with intracellular signalling pathways.  

2) HIV infection down-regulates IL-23 function inCD4 T cells by affecting IL-23 

receptor expression and JAK/STAT signalling pathways.  

 

1.7 Research objectives 

Based on my hypothesis, the objectives of my study are: 

Objective 1: To examine the effect of TLR ligands during LCMV infection onIL-

23 production by BMDCs.  

Objective 2: To elucidate IL-23 functions, including signalling pathways 

regulating IL-23 receptor expression in human CD4 T cells. 

Objective 3: To examine the effect of HIV infection on IL-23 function, including 

the intracellular signalling pathways induced by IL-23 that are modulated by HIV.  
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DISSECTION OF THE SIGNALLING PATHWAYS INVOLVED IN 

THE INHIBITION OF TLR-INDUCED IL-12/IL-23 EXPRESSION IN 

DENDRITIC CELLS BY LYMPHOCYTIC CHORIOMENINGITIS 

VIRUS INFECTION 
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2.1 Abstract 

Interleukin 23 (IL-23), a new member of the interleukin-12 (IL-12) family, is a 

heterodimeric cytokine composed of covalently linked IL-12/IL-23p40 and IL-23p19 

subunits. The synthesis of IL-23p19 and IL-12/IL-23p40 within the same cell is required 

for the formation of biologically active IL-23. APCs such as macrophages and dendritic 

cells produce IL-23 when activated, but the molecular mechanisms whereby 

inflammatory signals control IL-23 expression are not fully understood. A previous study 

showed that the expression of IL-23p19 was induced via the p38 MAPK, ERK, and NF-

κB pathways. However, little is known about the regulation of IL-23 production during 

viral infection. I demonstrate that induction of IL-23 expression by TLR ligands was 

inhibited by Lymphocytic choriomeningitis virus clone 13 (LCMV-CL13) infection by 

measuring mRNA levels of IL-23p19 and IL-12/IL-23p40 subunits, as well as the 

secreted IL-23 by ELISA. Interestingly, a similar pattern of inhibition was observed for 

IL-12. Since both cytokines share the IL-12/IL-23p40 subunit, this indicates that they 

might share a common mechanism of regulation. Western blot analyses demonstrated that 

the phosphorylation of p38 MAPK, but not JNK or ERK MAPKs, was inhibited in 

LCMV-CL13 infected cells after TLR activation. Electrophoretic mobility shift assay 

(EMSA) analysis showed that LCMV-CL13 infection inhibited both AP-1 and NF-κB 

DNA complex formation. Interestingly, I also found that the expression of interleukin-10 

(IL-10) and suppressor of cytokine signalling (SOCS) 3 was induced by LCMV-CL13 

infection, indicating that LCMV-CL13 infection may inhibit TLR ligand-induced IL-23 

expression through the induction of IL-10 and SOCS3. Taken together, these results show 

that certain virus infections may interfere with the magnitude of the innate immune 
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responses directed against subsequent microbial entities by repressing IL-12/23 

expression via the inhibition of specific intracellular signalling pathways and up-

regulation of immunosuppressive proteins IL-10 and SOCS3. 
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2.2 Introduction 

Dendritic cells are professional antigen presenting cells (pAPCs) that produce the IL-12 

cytokine family members, IL-12 and IL-23. These two cytokines share their IL-12/IL-

23p40 subunit while the IL-23p19 subunit is a novel protein that is related to p35 of IL-

12 (Oppmann, Lesley et al. 2000). Both cytokines have similar activities; they induce the 

proliferation of T cells and enhance the production of IFN-γ (Oppmann, Lesley et al. 

2000). Toll-like receptor ligands such as lipopolysaccharride (LPS) and lipoteichoicacid 

(LTA) are strong inducers ofIL-23 production (Utsugi, Dobashi et al. 2006; Wang, Ma et 

al. 2011). During virus infection, the ability of cell-mediated immunity to secrete IL-23 is 

deregulated. It has been shown that influenza virus-infected human primary macrophages 

are not able to induce IL-23p19, IL-12p35 and IL-12/IL-23p40 mRNA expression while 

Sendai virus infection enhanced mRNA levels of IL-23p19, IL-12p35 and IL-12/IL-

23p40 subunits (Pirhonen, Matikainen et al. 2002).  Additionally, HIV infection has been 

shown to inhibit the production of IL-23p19 and IL-12/IL-23p40 expression (Chambers, 

Parato et al. 2002; Lee, French et al. 2004). Recently, IL-23 protein production was found 

to be increased during HIV infection, compared to non-infected samples (Louis, Dutertre 

et al. 2010). Based on these studies, virus-induced IL-23 production may be differentially 

regulated, depending on the type of virus infection. Additionally, it is not clear how virus 

infection impacts the ability of APC to produce IL-23 in response to TLR ligation.  

As TLR ligands can strongly induce the production of IL-23, understanding of the 

ability of dendritic cells to respond to secondary bacteria during a viral infection is 

critical for understanding IL-23 regulation.  In light of the role played by IL-23 in the 

regulation of Th cell development, the ability of dendritic cells to produce IL-23 during 
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viral infections will have implications on effective Th cell support. Currently, the 

molecular mechanisms regulating the production of IL-23 subunits p19 and p40 have 

been well-studied in the context of TLR ligation. For example, it has been shown that the 

inhibition of p38MAPK was able to inhibit LPS-induced IL-23 expression (Dobreva, 

Stanilova et al. 2008).  Supporting this finding, another study has reported that MyD88-

dependent TLR signalling induces IL-23 p19 gene expression through both MAPKs and 

NF-κB(Liu, Ouyang et al. 2009). On the other hand, protein phosphatase 2A has been 

shown to act as a negative regulator to LPS-induced IL-23 expression in dendritic cells 

(Chang, Kunkel et al. 2009). How viral infections can affect the molecular mechanisms 

of both IL-12 and IL-23 expression still an unexplored. Moreover, how virus infections 

affect the ability of pAPCs to induce IL-12 /IL-23 expression on subsequent TLR 

engagement has not been adequately addressed. LCMV-CL13 is a well-characterized 

mouse infection model commonly employed in vivo to investigate immunopathogenesis 

during chronic viral infections. LCMV-CL13 studies have been useful for investigation 

of immunological phenomena associated with immune suppression and interventions 

therein (Jin, Anderson et al. 2010; Pellegrini, Calzascia et al. 2011; Sarikonda and von 

Herrath 2011).   

In this study, I analyzed the effect of LCMV-CL13 infection on TLR ligand-

induced IL-23 production in BMDCs. I found a significant decrease in IL-23 and IL-12 

protein production in LCMV-infected BMDCs in response to TLR ligation. An 

examination of the molecular mechanisms indicated that the inhibition of IL-23 and IL-

12 production was affected by deregulation of signalling molecules. Six hours of 

infection with LCMV resulted in inhibition of the activation of p38 MAPK, AP-1 and 
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NF-B in TLR ligand-stimulated BMDCs. As well, I examined the effect of LCMV 

infection on the SOCS3 and found that LCMV was able to increase the expression of this 

molecule. In addition, I report that the suppressive cytokine, IL-10, was also increased in 

LCMV-infected BMDCs. Taken together, my results demonstrate that the inhibition of 

IL-23/12 production is not only due to the inhibition of signalling molecules involved in 

IL-23/12 expression, but also due to the induction of negative regulators such as SOCS3 

and IL-10. Understanding how LCMV regulates the production of IL-23/12 at the 

molecular level may have implications for the development of new therapies for viral 

infections.  
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2.3 Materials and Methods 

2.3.1 Mice and Viruses 

C57BL/6 mice (8 weeks) were purchased from The Jackson laboratory (Bar Harbor, 

Maine). Mice were used according to Canadian Council of Animal Care guidelines to 

isolate primary BMDC. LCMV-WE and LCMV-CL13 were used throughout all 

experiments and were originally obtained from F. Lehmann-Grube (Hamburg, Germany). 

These viruses were propagated and titrated as previously described (Dunbar, Alatery et 

al. 2007).  

 

2.3.2 Generation of bone marrow-derived dendritic cells (BMDCs) 

Mouse bone marrow-derived dendritic cells were generated from bone marrow stem cells 

in the presence of GM-CSF for 7 days  as previously described (Alatery and Basta 2008). 

Cells were cultured in RPMI containing 10% FBS (Bioshop Canada Inc) and GM-CSF 

(10ng/mL) (Cedarlane) after lysis of red blood cells.  

 

2.3.3 In vitro infection and stimulation 

BMDC cells were cultured in RPMI medium with 10% FBS at 37°C. The non-adherent 

cells were transferred into new 6 well plates after 6 days of culture. After 24 h, loosely 

adherent cells expressing CD11c
+
 MHC-II

+
 were harvested and used on day 7 post 

culture. The cells were then infected with LCMV (MOI=3) for 6 h prior to LPS (1µg/ml) 

or LTA (1µg/ml) stimulation for another 4 h. LPS (E. coli 055:B5) (TLR4) was 
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purchased from Sigma-Aldrich and purified LTA (S. aureus) (TLR2) were purchased 

from Cedarlane. 

2.3.4 Detection of LCMV NP protein 

LCMV-NP detection was determined using intracellular staining and flow cytometry 

(FCM) analyses. BMDCs infected with the virus were fixed with 4% Formalin for 30 min 

at room temperature, then permeabilized with 1% Triton-X for 20 min at room 

temperature and incubated for 1 h with rat anti-LCMV-NP Ab (clone VL4) supernatants 

in DMEM-1% FCS (Dunbar, Alatery et al. 2007). The cells were then further incubated 

with FITC-conjugated goat anti-rat IgG Ab (1 µg/ml, Cedarlane) for 1h at room 

temperature after washing twice with PBS. Data were acquired with the Epics XL-MCL 

flow cytometer and analysed with the Expo 32 Advanced Digital Compensation Software 

package (Beckmann Coulter). 

 

2.3.5 Flow cytometric analysis for phenotypic markers 

The phenotypic characteristics of BMDCs following 4h of treatment with TLR ligands or 

medium alone, with and without virus infections were evaluated by flow cytometry 

(Beckmann Coulter, Miami, FL).  The cells were stained for 20 min at 4ºC with 

fluorochrome-labeled anti-mouse Abs (Cedarlane) - specific for MHC-II, I-Ab (clone 25-

9-17s), CD11c (clone N418), TLR2 (cloneT2.5) TLR4/MD2 complex (clone MTS510). 

Background staining was measured using non-immune antibody isotype controls.  
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2.3.6 Cytokine ELISA 

The supernatants from time course incubations of BMDCs with stimuli were collected 

and stored at -80°C until the enzyme-linked immunosorbent assays (ELISA) were 

performed. The mouse IL-23 kit was purchased from Invitrogen, and the IL-12p70 and 

IL-10 ELISA kit were purchased from e-Biosciences. The IL-23 and IL-12p70 kits are 

detected both heterodimer subunits for each cytokine. Assays were performed according 

to manufacturer’s instructions.  

 

2.3.7 Western blot analysis 

Protein cell lysates (50µg of protein per lane) from BMDC cells were separated on 12% 

SDS-PAGE transferred onto polyvinylidene fluoride (PVDF) membranes (Pall 

Corporation) and then blocked 1 h in 2.5% bovine serum albumin (BSA) (Bioshop 

Canada, Inc.). The blots were stained with different primary antibodies: phosphorylated 

p38 (Santa Cruz), pan p38 (Cell Signalling), phosphorylated JNK (Santa Cruz), pan JNK 

(Santa Cruz), phosphorylated ERK (Santa Cruz), pan ERK (Santa Cruz) and SOCS3 

(Santa Cruz) for overnight at 4°C,  followed by secondary staining (1 h at room 

temperature) with peroxidase-conjugated goat anti-rabbit IgG (Santa Cruz). Hsp90 (Santa 

Cruz) was used as a loading control as indicated. The protein bands in membranes were 

visualized using ECL Advance Detection Kit (Amersham Biosciences) and detected with 

HD2 Alphalnnotech imaging system (Fisher Scientific).  
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2.3.8 Electrophoretic Mobility Shift Assay (EMSA) 

Nuclear extracts were prepared from BMDC cells using NE-PER Nuclear and 

Cytoplasmic Extraction Reagents kit (Pierce) according to the manufacturer’s 

instructions. EMSA were performed by incubating the nuclear proteins (10µg) with 

biotin-labeled NF-κB or AP-1 oligonucleotides (Table 1) for 30 min and DNA binding 

complexes were separated by electrophoresis on a 5% non-denaturing polyacrylamide 

gel. The gel was transferred to nylon membranes (Pierce) and cross-linked (Spectroline 

UV Crosslinker; Fisher Scientific). To determine the specificity of NF-κB and AP-1 

binding, parallel EMSA reactions were performed using a 200-fold excess of unlabeled 

specific and non-specific nucleotides. Supershift experiments were performed with 

mouse anti-NF-κB p65 and p50 and anti-c-Jun antibodies (Santa Cruz Technology). 

Chemiluminescence detection was performed using the ECL Advance detection kit 

(Amersham Biosciences) and detected using the HD2 Alphalnnotech imaging system 

(Fisher Scientific).  

 

2.3.9 RNA isolation and Reverse transcriptase-polymerase chain reactions (RT-

PCR) 

Total RNA was extracted using the TRI-Reagent (Bioshop Canada, Inc.) method and 

reverse transcribed with Moloney murine leukemia virus reverse transcriptase 

(Invitrogen) as described (Che Mat, Zhang et al. 2011). Aliquots of 2µl cDNA equivalent 

to 1µg of RNA were amplified by PCR for IL-23p19, IL-12/IL-23p40, IL-10, IFN-α, IL-

1β, 18srRNA, TLR2, TLR4 and SOCS3. The primer sequences used for this study were 

as in Table 1. The PCR products were separated on 2% agarose gels (Bioshop Canada 
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Inc) containing ethidium bromide (Sigma) and were observed using the HD2 

Alphalnnotech imaging system. 
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Table 1: Primers and oligonucleotides 
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2.4 Results 

2.4.1 Inhibition of TLR ligand-induced IL-23 and IL-12 expression by LCMV 

infection 

Bone marrow cells were isolated and cultured under conditions to induce formation of 

BMDCs. These cells were confirmed to be BMDCs by flow cytometry surface staining 

for MHC-II
+
 and CD11c

+
.  Cells were either left uninfected or infected with LCMV for 

6h or followed by LPS or LTA stimulation for another 4h. The cell population used was 

positive for both phenotypic markers, as shown in Figure 1. The expression of surface 

markers was unchanged in uninfected and infected cells, and also in unstimulated and 

stimulated cells. Results showed that the expression of phenotypic markers for BMDCs 

was the same in every condition.    

It has been reported that different viruses have a different ability to regulate IL-23 

production in antigen presenting cells (Pirhonen, Matikainen et al. 2002; Louis, Dutertre 

et al. 2010). To investigate the impact of viral infection on TLR-induced IL-12 and IL-23 

expression, I used LCMV infection as a model system. BMDCs were cultured in 24 well 

plates, infected with LCMV for  6 h ,and followed by 4 h treatment with LPS (1 μg/ml) 

or LTA (1 μg/ml), optimized time points. I detected optimal cytokine expression (data not 

shown) 4 h post TLR ligand stimulation of cells that were LCMV-infected for 6 h. As 

show in Figure 2a, IL-23 was not basally expressed in unstimulated-BMDC cells. LCMV 

infection alone induced a relatively low level of IL-23 secretion. LCMV infection 

resulted in a significant inhibition of LPS-induced IL-23 expression and a striking 

abrogation of LTA-induced IL-23 expression. Similarly, LPS- and LTA-induced IL-12 

production was significantly inhibited in LCMV-infected  
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Figure 1: Phenotypic staining of bone marrow-derived dendritic cells (BMDCs). The 

cells either were left uninfected or infected with LCMV for 6 h prior to LPS or LTA 

stimulation for an additional 4 h. The cell surface expression of phenotypic markers: 

CD11c
+
 (a) and MHC-II

+
 (b) was determined by flow cytometry analysis. Black fill 

represents unstained cells (autofluorescence) while the black line represents stained cells. 

Data shown are a representative of three independent experiments.   
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cells (Figure 2a). To confirm that the BMCDs were infected with LCMV, I tested the 

expression of LCMV-NP after 6 h and 24 h infection with and without stimulation with 

TLR ligands. The infected cells were either left unstimulated or stimulated with LPS or 

LTA for 4 h. Results demonstrated that the level of LCMV-NP expression was similar in 

unstimulated and stimulated cells, indicating that TLR-ligation did not impact virus 

infection. As expected, in the cells that were left infected for 24 h, the expression of 

LCMV-NP increased as the time of infection increased, accounting for virus replication 

(Figure 2b).  

 To determine whether the LCMV infection affected TLR ligand-induced IL-23 

expression at the mRNA level, I stimulated the infected cells with LPS or LTA for 4 h 

and examined IL-23p19 and IL-12/23p40 mRNA gene expression by RT-PCR. 

Comparable to protein expression, the level of IL-23p19 and IL-12/IL-23p40 mRNA 

expression was inhibited during virus infection. There was a significant inhibition of 

cytokine mRNA expression in LCMV-infected cells compared to uninfected cells 

(Figure 2c). To address whether the effect of LCMV infection was specific for IL-23p19 

and IL-12/IL-23p40, I analyzed the effect of LCMV infection on IL-1β and IFN-α 

mRNA expression. LCMV infection was induced mRNA expression of IL-1β and IFN-α 

(Figure 2c).  

To ensure the IL-23 inhibition was specifically due to the LCMV infection, I 

examined the expression of IL-23 and IL-12p70 protein with other virus controls. The 

cells were left uninfected or infected with LCMV-CL13, LCMV-WE, mock and UV-

inactivated virus for 6 h prior to 4 h TLR ligand stimulation. Similar to results obtained 

with LCMV-CL13, LCMV-WE also showed the same pattern of inhibition in IL-23 and 
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Figure 2: LCMV infection inhibits IL-12/IL-23 expression in BMDCs. (a) BMDC 

cells were either left uninfected or infected with LCMV with an MOI=3, for 6 h prior to 

treatment with LPS (1 μg/ml) or LTA (1 μg/ml) for an additional 4h. Cell supernatants 

were collected and used to examine the production of IL-23 and IL-23p70 by ELISA. (b) 

NP expression determined by flow cytometry analysis in uninfected cells (gray fill) and 

cells infected with LCMV for either 6h or 24 h prior to treatment with TLR-Ligand 

(black line). (c) With the same set stimulation from (a), cells pellet were collected and 

total RNA was isolated. The mRNA levels of IL-23p19, IL-12p40, IL-Iβ, IFN-α, and 

18srRNA were analyzed by RT-PCR. (d). Cells were either left uninfected or infected 

with LCMV-CL13, LCMV-WE, mock or CL13-UV-inactivated virus. After 6 h 

infection, the cells were stimulated with LPS (1 μg/ml) or LTA (1 μg/ml) for an 

additional 4 h. The supernatant was collected and analyzed for IL-12p70 and IL-23 

secretion by ELISA. Data shown are a representative of three independent experiments.  

 

 

 

 



54 

 

 

 



55 

 

IL-12p70 protein expression compared to uninfected cells. LCMV-WE was used to 

evaluate if such observations were only unique to LCMV-CL13 which appears not to be 

the case in this model of infection. The ELISA result showed that both strains showed a 

similar pattern of IL-23 inhibition. The rest of experiment shown in this thesis was using 

LCMV-CL13. Moreover, as was seen in uninfected cells, the expression of these 

cytokines was completely recovered in mock and UV-inactivated infected cells (Figure 

2d). 

 

2.4.2 LCMV infection down-regulates TLR4 expression in BMDC cells. 

It is possible that the observed inhibition of IL-12 and IL-23 expression in response to 

TLR ligation may be due to decreased levels of surface TLR on the BMDCs.  Therefore, 

to examine whether LCMV infection altered TLR expression, I measured expression 

levels of TLR2 and TLR4 by RT-PCR and flow cytometry. LCMV-infected or uninfected 

cells were either left unstimulated or stimulated with TLR ligands for 4 h. Cells were 

harvested and TLR expression was measured by RT-PCR analysis. TLR2 expression 

levels were increased in LCMV-infected BMDCs compared to uninfected cells. The 

induction of TLR2 expression in response to LPS and LTA was greater in LCMV-

infected cells. However, TLR4 expression was affected in the opposite manner by LCMV 

infection.  LCMV-infected BMDC cells showed an inhibition of TLR4 expression, not 

only in LPS- and LTA-stimulated cells but also at basal levels, however it was not 

completely abrogated (Figure 3a).   

 Surface expression of TLR2 and TLR4 was likewise affected by LCMV infection.  

The cells were infected with LCMV for 6 h prior to 4 h stimulation with LPS and LTA. 
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Figure 3: TLR2 and TLR4 expression is deregulated by LCMV infection. (a) BMDC 

cells were either left untreated or infected with LCMV for 6h prior to treatment with 

either LPS (1 μg/ml) or LTA (1 μg/ml) for an additional 4h. RT-PCR analysis was used 

to measure TLR2 and TLR4 expression. 18srRNA was used as an internal control. (b) 

TLR2 and TLR4 surface expression was analyzed using flow cytometry analysis. Cells 

were surface stained with labelled anti-TLR2 (left panel, white histogram) or TLR4 (right 

panel, white histogram) antibodies. Unstained cells (autofluorescence) were plotted in 

black histograms. “*” indicates statistical significance (p<0.01) when averages of the 

mean channel fluorescence of “uninfected medium” were compared to LCMV-CL13 

medium” from three independent experiments. Data shown are a representative of three 

independent experiments.  
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Flow cytometry analysis showed that TLR2 expression increased slightly in LCMV-

infected cells, in contrast to the observed inhibition of TLR4 expression (Figure 3b). The 

decrease in TLR4 surface expression from 24% to 12% was statistically significant 

(p<0.01). Together, these data indicate that deregulation of TLR4 expression plays a 

minor role in the regulation of IL-12/23 gene expression; however this does not 

sufficiently explain the inhibition of IL-12 and IL-23 expression in response to TLR2 

ligation. 

 

2.4.3 LCMV inhibits TLR ligand-induced phosphorylation of p38, but not JNK and 

ERK MAPKs. 

TLR2 expression was not negatively affected by LCMV infection. Although TLR4 

expression was inhibited, but it was not completely abrogated. This prompted me to 

investigate other possible underlying mechanisms responsible for down-regulated IL-12 

and IL-23 expression. To determine whether LCMV infection affected the signalling 

molecules that regulate IL-12 and IL-23 expression, I investigated the effect of infection 

on the MAPK signalling molecules previously shown to be involved in IL-12 and IL-23 

expression (Li, Chu et al. 2008; Jang, Son et al. 2009).  LCMV infected and uninfected 

cells were stimulated with TLR ligands for 15 min and p38, ERK, and JNK MAPKs 

phosphorylation was analyzed using western blotting analysis.  I found that LPS and LTA 

were able to induce the activation of p38, ERK and JNK protein in uninfected cells. In 

contrast, in LCMV-infected cells, I found a strong inhibition of p38, but not ERK and 

JNK MAPK phosphorylation (Figure 4a).  
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Figure 4: LCMV inhibits LPS- or LTA-induced activation of p38 MAPKs, AP-1 and 

NF-κB. (a) 2 x10
6
 BMDCs were infected with LCMV for 6 h followed by LPS (1 μg/ml) 

or LTA (1 μg/ml) stimulation for 15 min. Total protein was analyzed for p38, JNK and 

ERK phosphorylation by western blotting analysis using anti-phospho p38, anti-phospho 

JNK, and anti-phospho ERK antibodies. To ensure equal loading, the blots were stripped 

and reprobed with anti-p38, anti-JNK and anti-ERK respectively. (b) and (c): Nuclear 

protein was extracted from uninfected and infected cells for EMSA. Extract and probe 

were incubated at room temperature for 30 min. (b) EMSA was performed using probes 

specific for the AP-1 binding site in the IL-23p19 promoter. Cold competitor (CC) using 

200 fold excess of unlabeled probe and supershift analysis using anti-c-Jun antibodies 

were performed to confirm specificity of binding. (c) EMSA was performed using probes 

specific for the NF-κB binding site in the IL-23p19 promoter. Cold competitor (CC) 

using 200 fold excess of unlabeled probe and supershift analysis using anti-c-Jun 

antibodies were performed to confirm specificity of binding. Data shown are a 

representative of three independent experiments.  
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To further explore possible downstream effects of LCMV infection, I also 

examined transcription factor activation. Liu et al. demonstrated that AP-1 and NF-κB 

have a binding site located in the IL-23p19 promoter (Liu, Ouyang et al. 2009). 

Additionally, both AP-1 and NF-κB regulate the expression of IL-12/IL-23p40 (Plevy, 

Gemberling et al. 1997; Wang, Contursi et al. 2000; Zhu, Rao et al. 2003). Involvement 

of these transcription factors was elucidated by determining the binding of NF-κB and 

AP-1 transcription factors to their cognate binding sites found in the IL-23p19 promoter 

using gel shift assays. As would be predicted from results in Figure 4b, LPS and LTA 

also induced AP-1 DNA binding. In the presence of LCMV infection, the formation of 

protein-oligonucleotide complex TLR ligand-stimulated cells was inhibited compared to 

uninfected cells. LCMV infection alone seems to induce the activation of AP-1 compared 

to uninfected cells. The specificity of AP-1 binding was demonstrated by competition 

with specific and nonspecific nucleotides and by supershift analysis with anti-cJun 

antibody (Figure 4b). Similar to AP-1, LCMV-infected BMDCs showed significantly 

inhibited binding of NF-κB to IL-23p19 promoter site after TLR ligand stimulation. 

Furthermore, supershift analysis with NF-κB p65 and p50 antibodies inhibited the 

formation of the protein-DNA complex (Figure 4c), demonstrating that NF-κB subunits 

bind to the IL-23p19 promoter sites.  These results confirmed that LCMV infection does 

inhibit the activation of both AP-1 and NF-κB, which is important for IL-12/IL-23p40 

and IL-23p19 promoter activation. Overall, these data suggest that the inhibition of 

cytokine production by LCMV infection is due to the inhibition of p38 MAPK and the 

downstream AP-1 and NF-κB.  
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2.4.4 Up-regulation of IL-10 and SOCS3 expression in LCMV-infected BMDCs. 

LCMV infection of BMDCs may induce negative regulators of cytokine expression. To 

explore the involvement of these secondary measures in the inhibition of IL-12 and IL-23 

expression, I examined expression levels of IL-10 and SOCS3, known negative 

regulators of cytokine production (Yoshimura, Naka et al. 2007; O'Shea and Murray 

2008; Chang, Kunkel et al. 2009; Nold-Petry, Nold et al. 2009). To explore this 

possibility, I examined the expression of IL-10 and SOCS3 at the protein and mRNA 

levels in uninfected and LCMV-infected cells. IL-10 expression was assayed by ELISA 

in LCMV infected cells and uninfected cells either left untreated or treated with LPS or 

LTA. The results show that both LPS and LTA induced IL-10 expression in uninfected 

cells, and LCMV alone significantly induced the secretion of IL-10. The addition of LPS 

further enhanced LCMV-induced IL-10 expression whereas LTA did not. Similar to 

uninfected cells, the level of IL-10 was not induced in mock LCMV infected and UV-

inactivated LCMV treated cells (Figure 5a). As shown in Figure 2, similar results were 

obtained with LCMV-WE infected cells. LCMV-WE was able to up-regulate IL-10 

expression compared to uninfected cells (Data not shown). To confirm these results, I 

also examined the expression of IL-10 in uninfected and infected cells in response to LPS 

or LTA treatment at the mRNA level. The expression of IL-10 was increased after 4 h 

stimulation with TLR ligands compared to unsitmulated cells. Corresponding with the 

results from the ELISA, IL-10 mRNA expression was also elevated in LCMV-infected 

cells compared to uninfected cells (Figure 5b).   
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Figure 5: LCMV up-regulates IL-10 and SOCS3 expression. (a) BMDCs were 

infected with different virus controls: mock and UV-inactivated LCMV prior to 

stimulation with LPS (1 μg/ml) or LTA (1 μg/ml) for an additional 4 h.  IL-10 expression 

in the supernatant was measured by ELISA. (b) IL-10 and (c) SOCS3 mRNA expression 

was measured in the cells either left uninfected or infected with LCMV for 6 h prior to 

treatment with either LPS (1 μg/ml) or LTA (1 μg/ml) for an additional 4 h. 18srRNA was 

use an internal control. (d) BMDCs were as in (b) and (c) and cell lysates were prepared 

for western blotting for detection of SOC3 expression. Membranes were stripped and 

reprobed with Hsp90 as an internal housekeeping control. These results are representative 

of three different experiments.  
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A recent study demonstrated that LCMV-CL13 was able to up-regulate SOCS3 

expression in T cells from LCMV-CL13 infected mice (Pellegrini, Calzascia et al. 2011). 

To examine if LCMV infection was able to increase SOCS3 expression in BMDCs, cells 

were both left uninfected or infected with LCMV prior to TLR ligand stimulation for 4 h 

and harvested for RT-PCR and western blotting analysis. The expression of SOCS3 

mRNA was induced with LPS and LTA stimulation in uninfected cells, and greater 

induction was found in LCMV-infected cells (Figure 5c). Parallel with mRNA 

expression, SOCS3 protein expression showed a significant increase in LCMV-infected 

cells compared to uninfected cells (Figure 5d). Taken together these results indicate that 

induction of secondary inhibitory measures may play a role in the observed LCMV-

induced inhibition of TLR-mediated IL-12 and IL-23 expression in BMDCs. 
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2.5 Discussion 

This study establishes that TLR-mediated induction of IL-23/IL-12 expression is 

inhibited in LCMV-infected BMDC cells. I established that TLR 2 and TLR 4 ligands 

were able to induce the expression of IL-23 and IL-12 in BMDCs, with highly enriched 

CD11c
+
 and MHC-II

+
 expression (Figure 1). A proper balance between IL-12 and IL-23 

plays a key role in immunoregulation and controls the development of Th cells mediated 

autoimmune and inflammatory disease (Holscher 2004). These two cytokines exhibit 

similar immunobiological functions as they both promote the production of IFN-γ and T 

cell proliferation. However, each cytokine acts to stimulate different subtypes of CD4 T 

cells. While IL-12 acts to induce the production of IFN-γ from naïve CD4 T cells, IL-23 

induces the production of IFN-γ from memory CD4 T cells as well as from DCs.   

(Oppmann, Lesley et al. 2000; Belladonna, Renauld et al. 2002; Frucht 2002). IL-12 is 

composed of covalently subunits, IL-12p35 and IL-12/IL-23p40, whereas IL-23 is 

composed of IL-12/IL-23p40 and IL-23p19 (Gee, Guzzo et al. 2009). Expression of each 

subunit is independently regulated. The production of IL-12/IL-23p40 subunit is usually 

constitutive and is found in greater amounts compared to the IL-12p35 subunit which is 

tightly regulated (Wolf, Temple et al. 1991). IL-23p19 is closely related to the IL-12p35 

subunit and is more tightly regulated with the IL-12/IL-23p40 subunit (Oppmann, Lesley 

et al. 2000). Therefore, as these two cytokines share the IL-12/IL-23p40 subunit, and IL-

12p35 and IL-23p19 share homology, mechanisms regulationing the expression of these 

cytokines may be shared.  

 Deregulation of IL-23 expression during viral infection has been shown in several 

studies. (Oppmann, Lesley et al. 2000). In the first study demonstrating that virus 
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infection was able to induce IL-23 expression, the authors treated 293 T cells with 

adenovirus and the expression of IL-12/IL-23p40 and IL-23p19 in cell supernatants was 

detected by Western blotting. Recently, it has been demonstrated that different viruses 

exhibit differential effects on the production of IL-23 (Oppmann, Lesley et al. 2000). 

Using human macrophages cells, infection with either the Sendai virus or influenza A 

(Pirhonen, Matikainen et al. 2002) virus resulted in different IL-12 and IL-23 production.  

The expression of IL-23p19, IL-12p35 and IL-12/IL-23p40 mRNA increased in Sendai 

virus-infected human macrophage cells, but not in influenza A virus infected cells. A 

combination of anti-IFN-αβ and IL-8 administration showed a production of IFN-γ in 

Sendai virus-infected cells however, in influenza A infected cells, the production of IFN-

γ was completely abrogated.  This study indicated that IL-23 acts as IFN-γ inducer in 

Sendai virus-infected macrophages cells (Pirhonen, Matikainen et al. 2002). Taken 

together, these studies indicated that regulation of the IL-12 and IL-23 subunits may be 

differentially regulated depending on the cell type and virus infection system studied.  

I found that LCMV infection inhibits TLR ligand-induced IL-12/IL-23 expression 

in BMDCs. The expression of these genes was reduced at both the protein and mRNA 

levels after 6 h LCMV infection (Figure 2).  Based on these results, LCMV infection 

seems to affect the ability of BMDCs to respond properly to TLR ligand stimulation. 

However, other studies have demonstrated virus infections increase susceptibility to 

secondary bacterial or fungal infections in an IL-23 dependent manner. Recently, a study 

found that influenza A virus was able to inhibit Th17-mediated host defence against 

bacterial pneumonia in mice. It is well know that IL-23 is involved in the development of 

Th17 cells. Co-infection with influenza A resulted in decreased expression of IL-17, IL-
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22 and IL-23 after S. aureus infection. The bacterial clearance in influenza A- S. aureus-

coinfected mice was improved when the expression of IL-17 and IL-22 was increased by 

the over expression of IL-23 (Kudva, Scheller et al. 2011). Kudva’s study proved that IL-

23/Th17 axis plays an important role in secondary bacterial infection during viral 

infection. Additionally, the IFN-γ inducing cytokine, IL-12 was found to be deregulated 

during viral infection (Ma and Montaner 2000; Mirani, Elenkov et al. 2002; Zhang, Chen 

et al. 2007). Since IL-12 and IL-23 have essential role in viral immunity, I believe that 

further dissection of the molecular regulation of the expression of these cytokines during 

virus infection is essential.  

The regulation of IL-23 expression during virus infection is still an open question, 

but the transcriptional regulation of IL-23 gene expression in antigen presenting cells has 

been widely studied. It has been demonstrated that the MAPK and NF-κB pathways are 

the main pathways that regulate IL-23 expression (Ma, Gee et al. 2004; Carmody, Ruan 

et al. 2007; Mise-Omata, Kuroda et al. 2007; Liu, Ouyang et al. 2009).  In particular, the 

MAPK pathway has been implicated in control of both IL-12 and IL-23 expression (Guha 

and Mackman 2001; Liu, Ouyang et al. 2009). Several studies report that p38 MAPK 

plays a significant role in response to TLR2 and TLR4 ligation. By using a specific p38 

inhibitor, the ability of TLR2 ligand to induce proinflmmatory responses in macrophages 

was completely abolished (Krishnegowda, Hajjar et al. 2005).  In addition, Eschericia 

coli LPS, a TLR4 agonist, induced IL-12p70 expression dependent on the activation of 

p38 and JNK 1/2 (Agrawal, Agrawal et al. 2003).  Macrophages from TLR4-/- and 

MyD88 -/- mice have severely impaired LPS-induced IL-23p19 gene expression. Liu’s 

study also revealed that LPS-induced p19 gene expression is dependent on the activation 
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of ERK, JNK, and p38 MAPK pathways (Liu, Ouyang et al. 2009). Two independent 

pathways, calcium/calmodulin-independent protein kinase II (CaM/CaMK-II) and JNK 

were found to regulate the LPS-induced IL-12p40 production through the activation of 

NF-κB and AP-1 transcription factors (Ma, Gee et al. 2004; Ma, Mishra et al. 2007). 

Here, I demonstrate that the TLR ligands, LPS and LTA were able to induce the 

activation of MAPKs in BMDCs. Furthermore, I demonstrated that LCMV infection 

inhibited both LPS and LTA induced p38 MAPK, correlating with the inhibition of IL-12 

and IL-23 expression (Figure 4a). This result showed that LCMV inhibited the IL-12 and 

IL-23 expression via the suppression of p38 MAPK activation.  

The AP-1 transcription factor consists of a variety dimers composed of Jun, Fos 

and activating transcription factor (ATF) families protein (Jochum, Passegue et al. 2001). 

The Fos proteins can both homo- and heterodimerize with Jun proteins to form 

transcriptionally active complexes. Previously, it was reported that AP-1 is important for 

IL-12/IL-23 p40 gene expression (Zhu, Rao et al. 2003). Liu et al. confirmed the AP-1 

transcription factor was also involved in the regulation of IL-23p19 expression (Liu, 

Ouyang et al. 2009).  In this study I demonstrate that AP-1 transcription factor is 

activated in BMDCs after a 15 min stimulation with LPS and LTA. AP-1 c-Jun DNA-

protein complex binds specific to IL-23p19 promoter. In the presence of LCMV 

infection, DNA-protein binding complex was inhibited in TLR-ligand stimulated cells 

(Figure 4b). In relations to the other studies, I proved that TLR ligand was able to induce 

the expression of IL-12 and IL-23 dependent on the activation of AP-1. Inhibition of this 

transcription factor led to the suppression of IL-23 and IL-12 expression in LCMV-

infected cells.  
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The NF-κB family is composed of five members that form hetero- and 

homodimeric complexes in the cytoplasmic. These five members are RelA (p65), RelB, 

c-Rel, p52 and p50.  In response to TLR ligation, NF-κB activation begins with the 

phosphorylation, ubiquitination, degradation of IκB, and release of NF-κB. Mutation of 

NF-κB binding sites was able to abrogate IL-23p19 promoter activation (Carmody, Ruan 

et al. 2007; Mise-Omata, Kuroda et al. 2007). Two studies revealed that c-Rel was 

involved in IL-23 expression when dendritic cells and macrophages deficient in c-Rel had 

a reduction in LPS-induced IL-23p19 gene expression (Carmody, Ruan et al. 2007; Mise-

Omata, Kuroda et al. 2007). In agreement, a recent study found that NF-κB p50, p65 and 

c-Rel are important for IL-23p19 gene expression (Liu, Ouyang et al. 2009). NF-κB also 

regulates the IL-12/IL-23p40 subunit in a similar manner with IL-23p19 since the IL-

12/IL-23p40 promoter region has a binding site for NF-κB (Murphy, Cleveland et al. 

1995). Based on the above studies, I examined the influence of LCMV infection on NF-

κB activation.  The activation of NF-κB DNA-protein complex was significantly 

inhibited in LCMV-infected BMDCs after TLR stimulation. By using specific supershift 

antibodies, I demonstrated that p50 and p65 can bind to the NK-κB site of the IL-23p19 

promoter region (Figure 4c). 

Together, these results confirmed LTA and weakly LPS are able to induce the 

MAPK pathway and the transcription factor that important for IL-12/IL-23 expression in 

BMDCs. LCMV infection of BMDCs was able to inhibit the activation of p38 MAPKs 

and two transcription factors; AP-1 and NF-κB.  While JNK was partially inhibited, the 

activation of the ERK protein was not affected in LCMV-infected BMDCs (Figure 4a). 

Here I suggest that LCMV inhibits TLR ligand induced IL-12/IL-23 expression through 
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the deactivation of p38 MAPKs, AP-1 and NF-κB protein. I suspect that LCMV proteins 

are involved in inhibiting p38 activation. However, a study published in 2005 reported 

that LCMV infection on L-CD1C cell line was not able to induce a significant activation 

of p38 and ERK1/2 even after 4 h treatments (Renukaradhya, Webb et al. 2005). 

Therefore, future efforts need to be directed to elucidate this mechanism.  

Down-regulation of p38 MAPK and NF-κB/AP-1 transcription factors was not the 

only mechanism that I found to be involved in the deregulation of IL-12 and IL-23 

expression in my model. I found enhanced IL-10 expression in BMDCs after 4h 

stimulation with TLR ligands. Previous studies have demonstrated IL-10 is able to 

control the production of IL-12 in autocrine and paracrine manner (Snijders, Hilkens et 

al. 1996; Aste-Amezaga, Ma et al. 1998). IL-10 is known to be an anti-proinflammatory 

cytokine that suppresses the induction of proinflammaroty cytokine genes including IL-

23 and IL-12 (Brooks, Trifilo et al. 2006; Ejrnaes, Filippi et al. 2006). Recently, the 

inhibition of IL-12 and IL-23 production in microglial cells was affected by LPS/IFN-γ-

induced IL-10 production through ERK1/2 and JNK MAPK activation (Correa, 

Hernangomez et al. 2010). Besides that, IL-10 also inhibits the expression IL-12 by 

macrophages (Fiorentino, Bond et al. 1989; Moore, de Waal Malefyt et al. 2001). The 

activation of monocytes with LPS revealed that PI3K-Akt pathway regulates two 

cytokines expression differently when IL-23 levels were increased, while IL-10 

expression was inhibited (Martin, Schifferle et al. 2003).  On the other hand, recombinant 

IL-10 was able to suppress LPS-induced IL-23p19 mRNA expression in in 

thioglycollate-elicited peritoneal macrophages from IL-10-/- mice. In addition, by using 

western blotting analysis, the author also found a significant IL-23p19 expression in 
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macrophages isolated from IL-10-/- compared to the wild type mice (Liu, Ouyang et al. 

2009). My findings are consistent with the previous findings, showing that LCMV-

infected cells had a higher expression of IL-10 (Brooks, Trifilo et al. 2006; Ejrnaes, 

Filippi et al. 2006). Therefore, the inhibition of IL-12/IL-23 could be influenced by the 

up-regulation of IL-10 expression in infected cells.  

Additionally, cytokines are tightly regulated by a cytoplasmic protein family 

termed “suppressor of cytokine signalling (SOCS)” (Belosevic, Finbloom et al. 1989). 

One of the well characterized SOCS proteins, SOCS3, can be induced by stimuli 

including that of TLR ligands (Elliott and Johnston 2004). Simvastatin, a drug used in 

multiple sclerosis treatment, inhibits IL-23 transcription by inducing the SOCS3 

expression (Zhang, Jin et al. 2008). Earlier, a study found that BMDCs transduced with 

SOCS3 were able to induce high levels of IL-10, but low levels of IL-12, IFN-γ, and IL-

23p19 mRNA expression (Li, Chu et al. 2006). Currently, Nair et al. demonstrated that 

the PPE18 protein of M. tuberculosis up-regulates the phosphorylation of SOCS3 which 

interact with IκBα–NF-κB complex (Nair, Pandey et al. 2011). The inhibition of IκBα 

phosphorylation by IκB kinase-β prevents nuclear translocation of the NF-κB subunits in 

LPS-activated macrophages. SOCS3 small interfering RNA was able to enhance IL-

12/IL-23p40 production in PPE18 and LPS-treated macrophages (Nair, Pandey et al. 

2011). In response to virus infection, T cells form LCMV-infected mice expressed a 

higher level of SOC3 protein activation (Pellegrini, Calzascia et al. 2011). In this study, I 

found that LCMV-infected BMDCs expressed a higher level of protein and mRNA 

SOCS3 compared to uninfected cells (Figure 5). This correlated with the induction of IL-

12/IL-23 expression in LCMV-infected BMDCs. The up-regulation of IL-10 and SOCS3 
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suggest that these proteins may play a role in the inhibition of TLR ligand-induced IL-

12/IL-23 expression by LCMV infection. However, the exact molecular mechanism for 

the IL-12/IL-23 regulation by IL-10 and SOCS3 still needs to be investigated.  

Collectively, my data suggest that the suppression of TLR ligand-induced IL-

12/IL-23 expression in LCMV infected cells may be implicated by the down-regulation 

of p38 MAPKs, AP-1 and NF-κB activation. In addition, a strong induction of IL-10 and 

SOCS3 may also be involved in the regulation of IL-12/IL-23 production.  These findings 

revealed here may impact our current understanding on the molecular regulation of IL-

12/IL-23 cytokines during viral infection in the presence of secondary bacterial infection. 

This research also might herald the use of new therapies for viral infection by inducing 

the IL-23/Th17 axis activation. The ability of APCs to produce an adequate level of IL-

23 expression will be able to help the virus clearance and prevent the secondary bacterial 

infections by inducing the development of Th17-producing IL-17 cells.  
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INTERLEUKIN-23-INDUCED INTERLEUKIN-23 

RECEPTOR SUBUNIT EXPRESSION IS MEDIATED BY JANUS 

KINASE/SIGNAL TRANSDUCER AND ACTIVATION OF 

TRANSCRIPTION PATHWAY IN HUMAN CD4 T CELLS 
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3.1 Abstract 

Interleukin (IL)-23 plays a critical role in the development of the T helper (Th) cell 

response and is responsible for the maintenance of the IL-17 producing subset of Th 

cells, Th17. IL-23 is a heterodimeric cytokine composed of IL-23p19 and IL-12p40 

subunits, and the signaling pathway for IL-23 involves 2 receptor chains: IL-12Rβ1 

and IL-23Rα. The IL-23 receptor complex is expressed on a number of cells, 

including natural killer cells, monocytes, macrophages, dendritic cells, and CD4 T 

cells. Currently, the molecular mechanisms governing expression of the IL-23 

receptor chains, IL-23Rα and IL-12Rβ1, are not well understood. My results show 

that IL-23 induces up-regulation of IL-23Rα and IL-12Rβ1 expression in human CD4 

T cells. Further, I demonstrate that inhibition of the Janus kinase/signal transducer 

and activation of transcription (JAK/STAT) pathway by SD-1029, a JAK2 inhibitor, 

5’-deoxy-5’-(methylthio) adenosine, a STAT1 inhibitor, and STAT3 VII, a STAT3 

inhibitor, were able to block IL-23-induced expression of IL-23 receptor subunits in 

the human SUPT-1 T cell line and in primary CD4 human T cells. Taken together, 

my results suggest a positive feedback regulation of the IL-23 receptor via IL-23-

mediated activation of the JAK/STAT pathway. 
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3.2 Introduction 

The interaction between interleukin-23 (IL-23) and its specific receptor, IL-23Rand IL-

12R1, plays a critical role in promoting the proliferation of memory T helper 1 (Th1) 

cells. IL-23, produced by antigen presenting cells (APCs), has proinflammatory activity 

and is involved in the development of autoimmune diseases, including rheumatoid 

arthritis, multiple sclerosis, and psoriasis (Lee et al. 2004; Vaknin- Dembinskyet al. 2006; 

Kim et al. 2007). This cytokine also supports the in vivo development and expansion of 

the novel IL-17 producing Th cell subset, Th17 cells (Harrington et al. 2005; Langrishet 

al. 2005; Chen et al. 2007; Zhou et al. 2007; Manelet al. 2008; McGeachyet al. 2009; 

Morishimaet al. 2009). Th17 cells play an important role in the induction of autoimmune 

disease and are also involved in host defense against extracellular bacteria and fungi 

(Langrishet al. 2005; Weaver et al. 2006, 2007; Bettelliet al. 2007; Gee et al. 2009). 

Regulation of IL-23 responsiveness, in terms of IL-23R expression is critical to the 

maintenance of the Th17 response pathway.  

The IL-23 receptor is heterodimeric, consisting of a unique IL-23Rα chain and the 

IL-12Rβ1 chain as found in the IL-12 receptor (Parham et al. 2002). IL-23Rα  is 

expressed on activated T cells, memory T cells, as well as natural killer cells and 

monocytes/macrophage and dendritic cells (Belladonna et al. 2002; Parham et al. 2002), 

whereas the IL-12Rβ1 chain has been shown to be expressed on T cells, natural killer 

cells, and dendritic cells (Desai et al. 1992). Activated human CD4 T cells treated with 

anti-CD3 and anti-CD28 in the presence of IL-23 express enhanced levels of IL-23 

receptor (Chen et al. 2007). IL-6 and transforming growth factor-beta (TGF-β) have also 

been shown to induce the up-regulation of IL-23 receptor and enhance IL- 23 
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responsiveness/Th17 differentiation (Yang et al. 2007; Zhou et al. 2007; Morishima et al. 

2009). IL- 2, IL-7, and IL-15 have been shown to up-regulate IL-12Rβ1 expression (Wu 

et al. 1997). However, the molecular mechanism behind IL-23-mediated IL-23Rα 

expression has not been investigated in CD4 T cells, and the effect of IL-23 on IL-12Rβ1 

expression has not been reported.  

IL-23 has been shown to activate a similar profile of the Janus kinase (JAK) and 

signal transducers and activator of transcription (STAT) pathway as that of IL-12. 

Members of the JAK/STAT pathway induced by IL-12 and IL-23 include JAK2, Tyk2, 

STAT1, STAT3, STAT4, and STAT5 (Parham et al. 2002). Both IL-23 receptor subunits 

are required for the bioactivity of IL-23, but IL-23Rα is responsible for the activation of 

intracellular signal transduction due to its association with JAK2 and STAT3 (Parham et 

al. 2002; Hunter 2005). A critical role for STAT3 in Th17 development has been 

described (Nishihara et al. 2007; Yang et al. 2007; Chaudhryet al. 2009) and IL-23-

induced activation of STAT3 plays a role in IL-17 production from Th17 cells (Choet al. 

2006; Yang et al. 2007; Caruso et al. 2008).  

Using primary human CD4 T cells and the human T cell line, SUPT-1, I 

demonstrate that IL-23 induces the up-regulation of both IL-23Rα and IL-12Rβ1 receptor 

chains at both message and protein levels. Additionally, I show that JAK2, STAT1, and 

STAT3 activation are required for IL-23- mediated induction of its own receptor. These 

results suggest that IL-23 plays an important role in a positive feedback loop in terms of 

IL-23 receptor expression and IL-23 responsiveness in human CD4 T cells. 
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3.3 Materials and Methods 

 

3.3.1 CD4 T lymphocyte isolation 

Peripheral blood mononuclear cells were isolated by centrifugation over Lympholyte 

(Cedarlane). CD4 T cells were purified from peripheral blood mononuclear cells by using 

the Human CD4
+
T cell Enrichment Kit (Stem Cell Technologies) as per the 

manufacturer’s instructions. Briefly, the cells were washed with phosphate-buffered 

saline–EDTA (Sigma) with 2% fetal calf serum (FCS) (Hyclone). After washing, cells 

were cultured in Iscove’s modified Dulbecco’s medium (IMDM) (Gibco–Invitrogen) 

supplemented with 10% FCS, and the viability of the cells were tested with trypan blue 

(Fluka). 

 

3.3.2 Cell culture and stimulation 

SUPT-1 (ATCC), a human leukemic T cell line, and primary CD4 T cells were cultured 

in IMDM supplemented with 10% FCS. SUPT-1 cells and primary CD4 T cells were 

stimulated with recombinant IL-23 (5ng/mL) (R&D Systems) and incubated at 37°C for 

different times for either Western blotting analysis or reverse transcriptase–polymerase 

chain reaction (RT-PCR). SD-1029 (Calbiochem) was used as JAK2 inhibitor, 5’-deoxy-

5’-(methylthio) adenosine (MTA; Sigma) was used as STAT1 inhibitor, and STAT3 VII 

(Calbiochem) was used as STAT3 inhibitor. 
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3.3.3 Western blot analysis 

SUPT-1 cells and primary CD4 T cells were cultured with IL-23 (5ng/mL) from 0 to 60 

min or from 0 to 24 h. Cells were harvested and lysed in lysis buffer [1M HEPES, 0.5M 

NaF, 0.5M EGTA, 2.5M NaCl, 1M MgCl2, 99% glycerol, 99% Triton-X-100, and 

protease inhibitor cocktail (Pierce)]. Fifty micrograms of total protein were resolved on 

12% polyacrylamide gels and transferred to polyvinylidene fluoride (PVDF) membranes 

(Pall Corporation) and then blocked 1 h in 2.5% bovine serum albumin (Bioshop Canada, 

Inc.). Specific antibodies for phosphorylated JAK2, phosphorylated Tyk2, 

phosphorylated STAT1, phosphorylated STAT3, and phosphorylated STAT4 were 

purchased from Santa Cruz Biotechnology. Antibodies for pan JAK2, Tyk2, STAT1, 

STAT3, and STAT4 were purchased from Cell Signalling Technology. For receptor 

expression, whole cell lysates were subjected to Western analysis using anti-IL- 12Rb1 

and anti-IL-23Rα (Santa Cruz Biotechnology). β-Actin (Biovision) was used as a loading 

control as indicated. Horseradish peroxidase-labeled secondary antibodies, goat anti-

mouse IgG, goat anti-rabbit IgG, and rabbit anti-goat IgG were obtained from Santa Cruz 

Biotechnology. Expression of protein was measured by chemiluminesce using the ECL 

Advance Detection Kit (Amersham Biosciences) and detected using the HD2 

Alphalnnotech imaging system (Fisher Scientific). Fold increase relative to β-actin 

expression was measured using HD2 AlphaInnotech imaging software. 

 

3.3.4 Reverse transcriptase–polymerase chain reaction 

Total RNA was prepared using the TRI-Reagent (Bioshop Canada, Inc.) method. RNA 

was reverse transcribed into cDNA using Moloney murine leukemia virus RT, with 



85 

 

random primers, RNase Out, and oligo dT (Invitrogen). PCR amplification of cDNA 

aliquots was performed by adding 2 mL of cDNA, sense and antisense primers, and 

5XTaq Polymerase Master Mix (New England Biolabs). The following specific primers 

were used—IL-23Rα: sense 5’-TGTA CTGCACTGCTGAATGTCCCA-3’, antisense 5’-

ATTCCAGG TGCAAGTCATGTTGCC-3’; IL-12Rβ1: sense 5’-ACACTGT 

CACACTCTGGGTGGAAT-3’, antisense 5’-AACTGAGTTG TAGAGCTGCAGGGT-

3’; h18srRNA: sense 5’-TTCGGAAC TGAGGCCATGAT-3’, antisense 5’-

CGAACCTCCGACTT TCGTTT-3’. The PCR products were separated on 2% agarose 

gels (Bioshop Canada Inc) containing ethidium bromide (Sigma) and were observed 

using the HD2 Alphalnnotech imaging system. Fold increase relative to 18srRNA 

expression was measured using HD2 AlphaInnotech imaging software. 

 

3.3.5 Electrophoretic mobility shift assay 

Cell pellets were resuspended in 1mL of cold Buffer A [10mM HEPES (pH 7.9), 10mM 

KCl, and 1.5mM MgCl2] and centrifuged at 4°C at 200 g for 5 min. Cell pellets were 

then again resuspended with cold Buffer A plus 0.1% NP40 and incubated on ice for 10 

min followed by centrifugation at 4°C at 20,000 g. Resulting cell pellets were 

resuspended with cold Buffer B [20mM HEPES (pH 7.0), 420nM NaCl, 1.5mM MgCl2, 

0.2 EDTA, and 25% glycerol] and incubated for 15 min on ice, followed by 

centrifugation at 48°C at 20,000 g for 10 min. The supernatant was mixed with cold 

Buffer C (20mM HEPES, 50mM KCl, 0.2mM EDTA, and 20% glycerol). Nuclear 

protein concentration was measured by the Bradford method. Binding reactions were 

carried out by incubating 5 mg of nuclear extract in binding buffer (100mM Tris, 500mM 
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KCl, and 10mM DTT) with 50% glycerol, 100mM MgCl2, Poly dIdC, 1% NP-40, and 

biotin-labeled probes (STAT1: 5’-CAT GTT ATG CAT ATT CCT GTA AGT G-3’; 

STAT3: 5’-GAT CCT TCT GGG AAT TCC TAG ATC-3’). The specificity of protein–

DNA complexes was determined by incubating the extracts with excess (200-fold) of 

annealed, unlabelled, cold competitor probe for 30 min at room temperature. Supershift 

analysis was performed by incubating 2 mg of polyclonal rabbit anti-STAT1 or anti- 

STAT3 (Santa Cruz) with the reaction for 1 h at room temperature. The analysis of the 

DNA–protein complex was carried out on a 5% nondenaturing polyacrylamide gel 

transferred to nylon membranes (Pierce) and cross-linked (Spectroline UV Crosslinker; 

Fisher Scientific). Detection was performed by chemiluminesce using the ECL Advance 

detection kit (Amersham Biosciences) and detected using the HD2 Alphalnnotech 

imaging system. 
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3.4 Results  

3.4.1 Characterization of the IL-23-induced JAK/STAT pathway in human CD4 T 

cells. 

To characterize the signalling pathway induced by IL-23, I stimulated CD4 T cells with 

IL-23 and examined the phosphorylation of JAK and STAT molecules. I initially 

performed these experiments in primary CD4 T cells (Figure 1a). For an additional 

human CD4 T cell model system, I utilized the T cell line SUPT-1 (Figure 1b). My 

results demonstrate that IL-23 induces the phosphorylation of JAK2, Tyk2, STAT1, 

STAT3, and STAT4 in both primary human CD4 T cells (Figure 1a) and in SUPT-1 

cells (Figure 1b). Phosphorylated JAK2, Tyk2, STAT1, and STAT3 proteins were 

detected at 5 min after stimulation and reached maximum levels after 15 min. The 

STAT4 activation is notably weaker in response to IL-23 in primary CD4 T cells (Figure 

1a). 

 

3.4.2 IL-23 induces IL-23 receptor expression in human CD4 T cells 

Previously, it has been reported that both IL-23 receptor chains are detected in human T 

cells (Parham et al. 2002) and activated human CD4 T cells treated with IL-23 expressed 

elevated IL-23 receptor mRNA expression (Chen et al. 2007). However, there is no 

evidence as to whether IL-23 alone is able to induce expression of the IL-23 receptor 

subunits in human CD4 T cells. To directly address this issue, I stimulated primary 

human CD4 T cells and SUPT-1 with IL-23 from 0 to 8 h, for mRNA expression, and 

from 0 to 24 h for protein expression. I found that IL-23 was able to induce expression 
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Figure 1: IL-23 induces phosphorylation of the JAK/STAT pathway in human CD4 

T cells. Primary human CD4 T cells (a) or SUPT-1 cells (b) were treated with IL-23 for 

the times indicated. Cell lysates were analyzed by SDS-PAGE and membranes were 

blotted using phospho (p)-specific antibodies to JAK2, Tyk2, STAT1, STAT3, or 

STAT4. Membranes were also probed with pan antibodies for JAK2, Tyk2, STAT1, 

STAT3, or STAT4 as loading controls. Blots shown are representative of 5 separate 

experiments. IL, interleukin; JAK, Janus kinase; SDS-PAGE, sodium dodecyl sulfate–

polyacrylamide gel electrophoresis; STAT, signal transducers and activator of 

transcription 
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of both IL-23 receptor subunits in primary human CD4 T cells and SUPT-1 cells (Figure 

2). It has been demonstrated that IL-6 and TGF-β can stimulate IL-23 receptor expression 

(Yang et al. 2007; Zhou et al. 2007; Morishimaet al. 2009). To confirm that the induction 

of IL-12Rβ1 and IL-23Rα expression is due directly to IL-23-mediated signalling in our 

cell systems and not secondary downstream induction of cytokines, I tested whether IL-

23-treated SUPT-1 cells and primary CD4 T cells expressed up-regulated expression of 

either IL-6 or TGF-β. My data indicated that although basal levels of TGF-β mRNA were 

detected in unstimulated cells, IL-23 was not able to enhance TGF-β expression. 

Additionally, no IL-6 was detectable in resting cells and IL-23 was not capable of 

inducing IL-6 expression (data not shown).  

Protein expression levels of IL-12Rβ1 and IL-23Rα  were enhanced after 4 h 

stimulation with IL-23 and, in the case of IL-12Rβ1, persisted up to 24 h in primary CD4 

T cells (Figure 2a) and SUPT-1 cells (Figure 2b). In the case of IL-23Rα, expression 

peaked at 16 h in primary cells and at 8 h in SUPT-1 cells and returned to basal levels 

after 24 h. To determine whether IL-23 affected IL-23 receptor expression at the level of 

transcription, I examined the pattern of IL-23-induced IL- 23R expression by RT-PCR. 

IL-23 was able to induce IL-23Rα and IL-12Rβ1 mRNA expression in both primary CD4 

T cells and in SUPT-1 cells in a similar pattern as detected by Western blotting. IL-

12Rβ1 expression was enhanced after 2 h of IL-23 stimulation in primary cells (Figure 

2a) and in SUPT-1 cells (Figure 2b). Up-regulation of IL-12Rβ1 mRNA expression 

persisted for up to 8 h. However, IL-23Rα expression induced after 2 h of IL-23 

treatment in primary cells decreased to close to basal levels after 8 h of treatment (Figure  

 



91 

 

 

 

 

 

 

 

 

Figure 2:  IL-23 enhances expression of IL-23R and IL-12R1 expression in 

human CD4 T cells. Primary human CD4 T cells (a) or SUPT-1 cells (b) were treated 

with IL-23 for the times indicated. Cell lysates (left panels) were analyzed by SDS-PAGE 

and membranes were blotted using antibodies to either IL-12Rβ1 or IL-23Rα. 

Membranes were probed with β-actin as a loading control. Total mRNA (right panels) 

was analyzed for IL-12Rβ1 and IL-23Rα expression by RT-PCR. 18srRNA was included 

as the house keeping gene. Data shown are representative of 5 separate experiments. Fold 

increase was determined relative to β-actin or 18srRNA for Western blots and RT-PCR 

analysis, respectively. RT-PCR, reverse transcriptase–polymerase chain reaction. 
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2a). In SUPT-1 cells, IL-23Rα expression was induced after 4 h of IL-23 treatment and 

was undetectable by 8 h (Figure 2b). Taken together, these results indicate that the 

temporal regulation of IL-23 receptor subunits by IL-23 stimulation may be differentially 

controlled. 

 

3.4.3 The JAK/STAT pathway regulates IL-23-induced IL-23 receptor expression 

I sought to identify the regulatory mechanisms of IL-23-mediated IL-23 receptor subunit 

expression. Since JAK2 and STAT3 have been demonstrated to physically associate with 

the IL-23Rα, and STAT1 and STAT3 exhibit relatively strong phosphorylation in 

response to IL-23 stimulation in primary CD4 T cells (Figure 1a) (Parham et al. 2002), 

we chose to focus on the role of these JAK/STAT family members in IL-23-mediated IL-

23 receptor expression.  

To study the role played by the JAK/STAT pathway in IL-23-induced up-

regulation of IL-23Rα and IL-12Rβ1 expression, I used specific inhibitors for JAK2 (SD-

1029), STAT1 (MTA), and STAT3 (STAT3 VII). Initially, I investigated the effect of the 

JAK2 inhibitor on IL-23-mediated IL-23 receptor expression. First, I confirmed the 

inhibitory effect of SD-1029 by measuring the phosphorylation of JAK2 in SUPT-1 cells. 

The phosphorylation of JAK2 in SUPT-1 (Figure 3a) and primary CD4 T cells (data not 

shown) was suppressed after 1 h incubation with SD-1029 before IL-23 stimulation. The 

effect of SD-1029 on Tyk2 phosphorylation has not been well documented, and since IL-

23 induces Tyk2 phosphorylation, I examined whether SD-1029 was also capable of 

inhibiting Tyk2 activation. The results indicate that IL-23-induced Tyk2 phosphorylation, 
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Figure 3: IL-23-induced IL-23 receptor subunit expression is dependent on the 

JAK/STAT pathway. (a) SUPT-1 cells were pretreated for 1 h with the JAK2 inhibitor 

SD-1029 at doses ranging from 1 to 10 mM followed by treatment with IL-23 for 15 min. 

Cell lysates were analyzed by SDS-PAGE and membranes were probed using phospho 

(p) specific antibodies for JAK2, Tyk2, STAT1, and STAT3. JAK2 antibodies were used 

as loading control. SUPT-1 (b) and primary human CD4 T cells (c) were pretreated for 1 

h with the JAK2 inhibitor SD-1029 at doses ranging from 0 to 10 mM followed by 

treatment with IL-23 for 8 or 4 h for Western blotting or RT-PCR analysis, respectively. 

Cell lysates were analyzed by SDS-PAGE (top panels) and membranes were blotted 

using antibodies to either IL-12R1 or IL-23R. Membranes were probed with-actin as 

a loading control. Total mRNA (bottom panels) was analyzed for IL-12R1 and IL-23R 

expression by RT-PCR. 18srRNA was included as the house keeping gene. Data shown 

are representative of 5 separate experiments. Fold increase was determined relative to -

actin or 18srRNA for Western blots and RT-PCR analysis, respectively. 
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is blocked by SD-1029. Since phosphorylated JAK2 and Tyk2 subsequently activate 

downstream targets including STAT1 and STAT3, I examined the effect of this inhibitor 

on the phosphorylation of STAT1 and STAT3. As expected, SD-1029 was also able to 

inhibit the phosphorylation of STAT1 and STAT3 (Figure 3a). Evaluation of the effect 

of SD-1029 on IL-23-induced IL-12Rβ1 and IL-23Rα expression showed a significant 

inhibition of each receptor chain. In both SUPT-1 (Figure 3b) and primary CD4 T cells 

(Figure 3c), inhibition of protein and mRNA levels of IL-12Rβ1 by SD-1029 were 

observed at 5 mM and decreased to basal levels at 10 mM. In the case of the IL- 23R 

subunit, SD-1029 pre-incubation resulted in the abrogation of protein and mRNA 

expression at 5 mM in both SUPT-1 (Figure 3b) and primary CD4 T cells (Figure 3c). 

Taken together, these results indicate the involvement of the JAK/STAT pathway in IL-

23-induced IL-23 receptor expression. 

 To further dissect this pathway, I examined the effect of the STAT1 inhibitor, 

MTA, on IL-23-induced IL-23 receptor expression. Initially, I confirmed the specificity 

of MTA on the nuclear localization of the STAT1 protein by electrophoretic mobility 

shift assay (EMSA), since this inhibitor does not affect the phosphorylation of STAT1, 

but does inhibit the activation of STAT1 as measured by nuclear localization (Mowen et 

al.  2001; Shenet al. 2004). Nuclear extracts from SUPT-1 T cells were analyzed for the 

presence of activated STAT1 after 1 h incubation with MTA before IL-23 treatment. The 

addition of MTA at different doses (0.1, 0.3, and 1.0mM) resulted in a dose-dependent 

inhibition of STAT1 activation (Figure 4a). Supershift experiments using anti-STAT1 

antibodies exhibited a partial inhibition of the protein–DNA complex, indicating the 

presence of activated STAT1 proteins. Additionally, STAT1/STAT3 heterodimers have 
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Figure 4: STAT1 is involved in IL-23-mediated IL-23Rα and IL-12Rβ1 up-

regulation. (a) SUPT-1 cells were pretreated for 1 h with STAT1 inhibitor, MTA, at 

doses ranging from 0.1 to 1mM followed by treatment with IL-23 for 15 min. EMSA was 

performed on nuclear lysates using probes specific for either STAT1 or STAT3. SS 

assays with antibodies for either STAT1 of STAT3 were performed as indicated. CC 

probe was added to indicate binding specificity. SUPT-1 (b) and primary human CD4 T 

cells (c) were pretreated for 1 h with the STAT1 inhibitor MTA at doses ranging from 0.1 

to 1mM followed by treatment with IL-23 for 8 or 4 h for Western blotting or RT-PCR 

analysis, respectively. Cell lysates were analyzed by SDSPAGE (top panels) and 

membranes were blotted using antibodies to either IL-12Rβ1 or IL-23Rα. Membranes 

were probed with β-actin as a loading control. Total mRNA (bottom panels) was 

analyzed for IL-12Rβ1 and IL-23Rα expression by RT-PCR. 18srRNA was included as 

the house keeping gene. Data shown are representative of 5 separate experiments. Fold 

increase was determined relative to β-actin or 18srRNA for Western blots and RT-PCR 

analysis, respectively. CC, cold competitor; MTA, 50-deoxy-50 (methylthio) adenosine; 

SS, supershift. 
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been detected (Stancatoet al. 1996; Sato et al. 1997; Sheikh and others 2004; Guzzo et al. 

2010). To test whether STAT1/3 heterodimers were being induced in this system, I 

performed supershift analysis using anti-STAT3 antibodies. Incubation of nuclear 

proteins with anti-STAT3 also resulted in a partial abrogation of protein–DNA 

complexes. To confirm these results, I also performed EMSA analysis using STAT3-

specific probes. These results show that MTA is also able to inhibit STAT3 activation in 

a dose dependent manner. Supershift experiments using either anti-STAT1 or anti-

STAT3 antibodies show inhibition of protein–DNA complexes, indicating the formation 

of IL-23- induced STAT1/3 heterodimers.  

I next determined whether treatment of cells with MTA affected IL-23-induced 

IL-23 receptor expression. The effect of MTA on IL-23 receptor expression was 

examined at protein and mRNA levels. Analysis by Western blot and RT-PCR showed 

that MTA significantly down-regulated the IL-12Rβ1 and IL-23Rα expression in SUPT-1 

(Figure 4b) and primary CD4 T cells (Figure 4c). The inhibitory effects were observed 

as early as 0.1mM of MTA and levels of IL-12Rβ1 and IL-23Rα expression returned to 

basal levels at 1mM of MTA. 

I next examined the role of STAT3 in IL-23-mediated induction of IL-23 receptor 

through the use of a STAT3 inhibitor, STAT3 VII (Xu et al. 2008). I cultured human 

CD4 T cells with STAT3 VII for 1 h before IL-23 stimulation and examined the 

suppression of STAT3 phosphorylation by Western analysis. Incubation with STAT3 VII 

for 1 h significantly suppressed the activation of STAT3 in SUPT-1 (Figure 5a) and 

primary CD4 T cells (data not shown). The phosphorylation of STAT1 did not change, 
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indicating that this inhibitor is specific for STAT3 and does not affect the 

phosphorylation of  
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Figure 5: STAT3 is involved in IL-23-induced IL-23Rα and IL-12Rβ1 up-

regulation. (a) SUPT-1 cells were pretreated for 1 h with STAT3 inhibitor, STAT3 VII, 

for doses ranging from 0.5 to 2 mM followed by treatment with IL-23 for 15 min. Cell 

lysates were analyzed by SDS-PAGE and membranes were probed using phospho (p)-

specific antibodies for STAT1 and STAT3. STAT3 antibodies were used as loading 

control. SUPT-1 (b) and primary human CD4 T cells (c) were pretreated for 1 h with the 

STAT3 inhibitor STAT3 VII, for doses ranging from 0.5 to 2 mM followed by treatment 

with IL-23 for 8 or 4 h for Western blotting or RT-PCR analysis, respectively. Proteins 

were resolved by SDS-PAGE (top panels) and membranes were blotted using antibodies 

to either IL-12Rβ1 or IL-23Rα. Membranes were probed with b-actin as a loading 

control. Total mRNA (bottom panels) was analyzed for IL-12Rβ1 and IL-23Rα 

expression by RT-PCR. 18srRNA was included as the house keeping gene. Data shown 

are representative of 5 separate experiments. Fold increase was determined relative to β-

actin or 18srRNA for Western blots and RT-PCR analysis, respectively. 
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STAT1. STAT3 VII also had no significant effect on the total amount of cellular STAT3 

protein as determined by Western analysis (Figure 5a). In human CD4 T cells, 

incubation with STAT3 VII for 1 h before IL-23 stimulation led to inhibition of IL-23-

induced IL-23 receptor expression. The expression levels of IL-12Rβ1 and IL-23Rα in 

both SUPT-1 cells (Figure 5b) and primary CD4 T cells (Figure 5c) decreased at doses 

as low as 0.5 mM of STAT3 VII and returned to basal levels, or below, at 2 mM of 

STAT3 VII. 
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3.5 Discussion 

In this study, I provide evidence that JAK2, STAT1, and STAT3 are involved in IL-23-

induced IL-23 receptor expression. Previous work demonstrates that IL-23 activates the 

JAK/STAT pathway through complex formation with IL-23Rα and IL-12Rβ1 

(Oppmannet al. 2000; Parham et al. 2002). As my model systems, I used primary human 

CD4T cells isolated from healthy donors and the SUPT-1 human T cell line. In both cell 

types, I demonstrate that IL-23 was able to induce the JAK/STAT pathway via strong 

phosphorylation of JAK2, Tyk2, STAT1, and STAT3. In agreement with others, I 

demonstrated that IL-23 induces weaker phosphorylation of STAT4 compared to STAT1 

or STAT3 in primary CD4 T cells (Oppmannet al. 2000; Parham et al. 2002). 

The activation of JAK/STAT signalling molecules in response to IL-23 is 

dependent on the presence of IL-23Rα (Parham et al. 2002); however, the regulation of 

IL-23Rα and that of IL-12Rβ1 in response to IL-23 stimulation are not described. 

Previously, IL-6 was shown to up-regulate IL-23 receptor mRNA expression in the 

presence or absence of IL-23 in T cells after anti-CD3/anti-CD28 activation (Yang et al. 

2007). Further to this study, Morishima et al. (2009) demonstrated that IL-23 in synergy 

with IL-6 was required to enhance IL-23 receptor protein levels, whereas IL-6 alone 

enhanced IL-23 receptor at the message level only. My study shows that IL-23 is not able 

to induce IL-6 expression, indicating that IL-23-mediated IL-23 receptor induction is 

occurring independently of endogenous IL-6 expression in both SUPT-1 cells and 

primary CD4 T cells. A role for TGF-β in up-regulation of IL-23Rα has also been 

demonstrated, whereby IL-6 stimulation of CD4 T cells induced the up-regulation of 

TGF-β mRNA expression (Morishimaet al. 2009). However, as levels of IL-6 were 
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undetectable and as TGF-β signals mainly through the Smad signalling family 

(Moustakaset al. 2002; Letterio 2005), it is unlikely that TGF-β is involved in induction 

of IL-23 receptor expression in our system. Indeed, my results demonstrated that IL-23 

stimulation did not enhance mRNA levels of TGF-β. Human memory T cells are also 

able to up-regulate IL-23 receptor expression in response to anti-CD3/anti-CD28 in 

combination with IL-23 (Chen et al. 2007). The effects of activation of T cells on the 

molecular mechanism behind IL-23-mediated IL-23 receptor up-regulation are yet to be 

studied and the role of other key cytokines, including that of IL-6 and TGF-β, is yet to be 

fully elucidated. However, I demonstrate for the first time that IL-23 alone is able to 

induce both IL-23 receptor subunit expressions at mRNA and protein levels in primary 

human CD4 T cells. 

Recently, IL-23R has been shown to contribute to the development autoimmune 

disease. IL-23Rα can be alternatively spliced to generate at least 6 isoforms in normal 

lymphoid cells and in numerous tumor cell lines (Zhang et al. 2006). Polymorphisms 

within the IL-23Rα gene locus have been reported to be involved in inflammatory bowel 

disease, Crohn’s disease, ulcerative colitis, and in the development of psoriasis (Duerret 

al. 2006; Garcia et al. 2008). Although the focus of many studies has been on the 

formation of splice variant expression of IL-23R, the molecular mechanisms governing 

regulation of IL-23 receptor subunit expression have not been reported. 

My data indicate that although IL-23 induced expression of both IL-12Rβ1 and 

IL-23Rα in human CD4 T cells, the temporal regulation of each receptor unit is different, 

and thus may be regulated by different factors. In both cell types, induction of IL-23Rα 

appears to be transient, returning to basal levels after 24 h of IL-23 treatment. This effect 
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is mirrored in the RT-PCR data, whereby after 8 h of IL-23 treatment the IL-23Rα 

expression is significantly diminished. On the other hand, expression of IL-12Rβ1 

appears to be maintained in both the protein and mRNA levels. IL-23 has been shown to 

induce SOCS3 expressions, which subsequently inhibits IL-23-induced STAT3 activation 

(Chen et al. 2006). Induction of SOCS proteins, in particular that of SOCS3, may account 

for the significant decrease in IL-23Rα  expression compared to that of IL-12Rβ1, and 

further work in this regard is required to identify a role for these proteins in IL-23-

mediated IL-23 receptor expression. 

In our study, I demonstrate that IL-23 enhances IL-23 receptor expression through 

the JAK/STAT pathway. I determined this through the use of specific inhibitors for 

JAK2, STAT1, and STAT3: namely, SD-1029, MTA, and STAT3 VII, respectively. 

Because JAK2 and STAT3 have been demonstrated to physically associate with the IL-

23Rα  (Parham et al. 2002), and because my data showed that IL- 23 stimulation elicited 

strong phosphorylation of STAT1 and STAT3 in primary CD4 T cells, I chose to focus 

on the role of these JAK/STAT family members in IL-23-mediated IL-23 receptor 

expression. SD-1029 has previously been reported as an inhibitor of STAT3 activation 

due to inhibition of JAK2 phosphorylation (Duanet al. 2006). As we expected, SD-1029 

inhibited not only JAK2 phosphorylation, but also the phosphorylation of STAT1 and 

STAT3. I also observed that SD-1029 strongly inhibited Tyk2 phosphorylation, 

implicating both JAK2 and Tyk2 as upstream requirements for IL-23-induced IL-23 

receptor expression. A specific role for Tyk2 in IL-23-induced IL-23 receptor has yet to 

be clarified. 
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Inhibition of the JAK/STAT pathway resulted in abrogation of IL-23-induced 

expression of both IL-23Rα and IL-12Rβ1 receptor chains in human CD4 T cells. I chose 

to further investigate the roles played by STAT1 and STAT3 in IL-23-induced IL-23 

receptor expression. To examine the effect of inhibiting STAT1 and STAT3 activation, I 

used MTA and STAT3 VII inhibitors, respectively. Both MTA and STAT3 VII blocked 

IL-23-induced IL-23 receptor expression. In both cases, expression of IL-23Rα and IL-

12Rβ1 were returned to basal levels or were abrogated completely. In support of my data, 

IL-6-induced STAT3 activation has been suggested to be involved in IL-6 mediated up-

regulation of IL-23 receptor (Yang et al. 2007). 

The apparent requirement of both STAT1 and STAT3 can be attributed to the 

ability of STAT1 and STAT3 to form heterodimers (Stancatoet al. 1996; Sato et al. 1997; 

Sheikh et al. 2004; Guzzo et al. 2010). Therefore, it may be possible that IL-23 induces 

heterodimer formation of STAT1 and STAT3, which is ultimately required for optimal 

IL-23Rα and IL-12Rβ1 expression in response to IL-23. It has been suggested that 

although IL-23-induced phosphorylation of STAT4 is comparatively weaker to that of 

IL-12, STAT4 may form heterodimers with STAT3 (Parham et al. 2002). IL-23 has also 

been shown to induce the activation of NF-B and PI3 kinase in murine CD4 T cells 

(Cho et al. 2006). Therefore, a role for other transcription factors, including that of NF-

B and STAT4, cannot be ruled out at this point and merits further investigation. 

IL-23 has been shown to play a critical role in the maintenance of the Th17 cell 

subset and IL-23Rα has been shown to be expressed on Th17 cells (Langrishet al. 2005; 

Annunziatoet al. 2007; Chen et al. 2007; Zhou et al. 2007; Manelet al. 2008; Morishimaet 

al. 2009). The dependence of IL-23-mediated IL-23 receptor expression on the 
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JAK/STAT pathway may have implications on the development of Th17 cells, 

particularly as STAT3 activation has been shown to be critical to the differentiation of 

Th17 cells as well as the production of IL-17 (Cho et al. 2006; Nishihara et al. 2007; 

Yang et al. 2007; Caruso et al. 2008; Chaudhryet al. 2009). Thus, my results suggest that 

IL-23 itself may be an important regulator of Th17 cell differentiation and maintenance 

by enhancing IL-23 receptor expression on these T cells. My data in primary CD4T cells 

suggest that IL-23 treatment may expand and support Th17 cell development via up-

regulation of IL-23 receptor and thus provide a positive feedback loop for response to this 

cytokine. Further work in this regard will be critical to characterizing this key feature of 

IL-23. 

In summary, I demonstrate activation of the JAK/STAT pathway induced by IL-

23 in human CD4 T cells. For the first time, I show that IL-23 alone can up-regulate its 

own receptor expression in these cells at both message and protein levels. Further, JAK2, 

STAT1, and STAT3 are involved in IL-23-induced IL-23 receptor expression. Taken 

together, my data suggest that JAK/STAT signalling molecules are important for the 

regulation of IL-23 receptor in human CD4 T cells. These findings provide new 

information on how IL-23 receptor expression is regulated in human T cells and suggest a 

potential molecular mechanism for IL-23 in Th17 cell development.  
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JAK/STAT SIGNALLING AND IL-23 RECEPTOR EXPRESSION IN 
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4.1 Abstract 

Interleukin-23 (IL-23) is a key cytokine that regulates CD4 T cell differentiation, with a 

prime role in the regulation of Th17 cell development. Initial studies into the role of this 

cytokine in HIV infection demonstrated that IL-23 production is impaired; however 

function of this cytokine during HIV infection has not been studied. IL-23 belongs to the 

IL-12 family of cytokines and both IL-12 and IL-23 share the p40 cytokine subunit. 

Many studies have shown the effect of HIV infection on the production of IL-12 and IL-

12 receptor expression. However, the impact of HIV on IL-23 function in CD4 T cells 

specifically with respect to IL-23 signalling components is not fully understood. As the 

IL-23 receptor, composed of IL-12Rβ and IL-23Rα, is central to the IL-23 signalling 

pathway, I examined the expression of these two receptor subunits in unstimulated CD4 

T cells. I found that freshly isolated CD4 T cells from HIV positive individuals expressed 

varying levels of IL-12Rβ1 and IL-23Rα compared to HIV negative controls, and a 

subset of HIV positive individuals exhibited up-regulated receptor expression. I have 

previously shown that IL-23 can strongly induce the phosphorylation of JAK2, STAT1, 

and STAT3 in primary CD4 T cells. In chapter 4, I show that CD4 T cells isolated from 

HIV positive individuals express constitutively activated JAK2, STAT1, and STAT3 

proteins. Furthermore, I found that IL-23 stimulation was unable to further activate 

JAK2, STAT1, and STAT3 in these cells.  Interestingly, I found that initiation of 

HAART resulted in the induction of both IL-23 receptor subunits and a reduction in the 

constitutive activation of JAK/STAT signalling molecules. My results show for the first 

time, that IL-23 receptor levels as well as the function of IL-23 are deregulated during 
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HIV infection. These data advance cytokine biology by widening the understanding of 

the role played by IL-23 in HIV infection.  
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4.2 Introduction 

Cytokines are key regulators of the immune response and the signalling molecules 

utilized by these proteins are deregulated during HIV infection. Recently much interest 

has focused on how the differentiation and regulation of the Th17 cell population is 

affected during HIV infection (Maek, Buranapraditkun et al. 2007; Ndhlovu, Chapman et 

al. 2008; Yue, Merchant et al. 2008; Kader, Wang et al. 2009). Key to the development of 

Th17 cells is IL-23, a member of the IL-12 family of cytokines (Aggarwal, Ghilardi et al. 

2003; McKenzie, Kastelein et al. 2006; Riol-Blanco, Lazarevic et al. 2010). IL-12, a 

prototypic Th1 cytokine, is suppressed during HIV infection, and the use of recombinant 

IL-12 has demonstrated the ability of this cytokine to boost Th cell responses in models 

of HIV infection (Chehimi, Starr et al. 1994; Daftarian, Diaz-Mitoma et al. 1995; Boyer, 

Robinson et al. 2005; Villinger and Ansari 2010). Additionally during HIV infection, IL-

12 receptor expression levels are up-regulated (de Arquer, Pena et al. 2007). Comparable 

to IL-12, the expression of IL-23p19 mRNA is down-regulated during HIV infection 

(Lee, French et al. 2004). However, the involvement of IL-23 in HIV pathogenesis is 

currently not well understood.   

IL-23, a heterodimeric cytokine composed of covalently linked IL-12/IL-23p40 

and IL-23p19 subunits, was originally discovered in 2000 and identified as a member of 

IL-12-related cytokine family(Oppmann, Lesley et al. 2000). IL-23 is predominantly 

produced by activated myeloid cells such as monocytes (Lee, French et al. 2004), APCs 

including dendritic cells and macrophages (Oppmann, Lesley et al. 2000; Parham, 

Chirica et al. 2002; Lee, French et al. 2004) as well as by T cells, B cells, and endothelial 

cells(Oppmann, Lesley et al. 2000). To exert biological effects, bioactive IL-23, the IL-
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12p40 subunit forms a disulphide-linked heterodimer with the IL-23p19 subunit 

extracellularly (Oppmann, Lesley et al. 2000). IL-23 plays a vital role in cellular immune 

responses and mediates its functions by binding to the specific IL-23 receptor subunit, IL-

23Rα, which then complexes with IL-12Rβ1 to confer IL-23 responsiveness (Parham, 

Chirica et al. 2002). The main property attributed to IL-23 is stimulation of the 

proliferation and differentiation of memory CD4 T cells into the IL-17 producing T cell 

subset (Th17). Th17 cells are involved in host defense and play an important role in the 

induction of uncontrolled inflammatory responses seen in autoimmune disease (Lee, 

French et al. 2004). I previously demonstrated that treatment of CD4 T cells isolated from 

HIV negative individuals with IL-23  up-regulated IL-23 receptor chains IL-23Rα and 

IL-12Rβ1 (Che Mat, Zhang et al. 2011). This suggested that up-regulation of IL-23 

expression may augment Th17 cell differentiation via enhancing cell responsiveness in an 

autocrine fashion. Thus, by influencing CD4 T cell differentiation, IL-23 plays a critical 

role in driving inflammatory immune responses to pathogens and viral infections such as 

HIV.  

How HIV modulates the function of IL-23 and how HIV affects the main 

downstream functions of this cytokine in the promotion of Th17 cell differentiation are 

unclear. To date, no study has examined the correlation between IL-23 receptor 

expression and downstream signalling functions with the IL-23/Th17 axis in HIV 

positive individuals. IL-23 production is decreased in  peripheral blood mononuclear cells 

(PBMCs) from  HIV individuals on highly active antiretroviral therapy (HAART) even 

though these individuals have achieved an increase in CD4 T cells (Lee, French et al., 

2004). However, IL-23 expression induced by lipopolysaccharide (LPS)is enhanced in 
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PBMCs isolated from HIV positive individuals (Louis, Dutertre et al., 2010).  Since IL-

23 supports the differentiation and proliferation of the IL-17-producing Th17 cells, HIV 

infection may have downstream effects on these cells by impacting IL-23 responsiveness. 

Th17 cells differentiate from Th0 cells upon bacterial or parasitic infection and the 

impact of HIV infection on Th17 cells may impact important anti-bacterial or anti-

parasitic immunity. Indeed, SIV infection in non-human primates (or name species of 

study) results in Th17 depletion and enhanced Salmonella dissemination in intestinal 

mucosa (Raffatellu, Santos et al., 2008). Additionally levels of Th17 cells are deregulated 

during HIV infection (Ndhlovu, Chapman et al., 2008;Yue, Merchant et al., 2008). 

 The aim of my study was to examine levels of IL-23 receptor components in 

unstimulated CD4 T cells as well as IL-23 function in HIV positive individuals by 

measuring the activation of JAK-STAT signalling molecules in response to IL-23 

stimulation. I demonstrated that CD4 T cells from HIV positive individuals constitutively 

express activated JAK2, STAT1, and STAT3 signalling molecules compared to HIV 

negative individuals. The level of receptor component expression (IL-12Rβ1 and IL-

23Rα) in a subset of unstimulated CD4 T cells from HIV positive individuals was found 

to be increased compared to HIV negative individuals. Interestingly, the initiation of 

HAART suppressed the activation of JAK2, STAT1, and STAT3 and induced the 

expression of IL-23 receptor. Overall, these findings provide new information on the 

effect of HIV on the function of IL-23 receptor expression and intracellular signalling 

activation.  
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4.3 Materials and Methods 

4.3.1 Blood sample collection 

HIV positive individuals (n=36) were recruited from Hotel Dieu Hospital, Kingston 

Ontario (Table 1b). HIV negative individuals (n=10) were used as controls for this study. 

HIV positive individuals were divided into 2 different groups: 30 individuals were HIV 

positive receiving HAART, and 6 individuals were HIV positive naïve to HAART.  For 

HIV patients naïve to HAART, therapy was initiated and samples were taken before 

treatment and after treatment (Table 1a). In accordance with Queen’s University 

Research Ethics Board, informed consent was obtained from each study participant.  

 

4.3.2 CD4 T lymphocyte isolation and stimulation 

PBMC were isolated by centrifugation over Lympholyte (Cedarlane, Burlington ON). 

CD4 T cells were purified from PBMC using the Human CD4 T cell Enrichment Kit 

(Stem Cell Technologies) as per the manufacturer’s instructions. Briefly, PBMCs were 

washed with phosphate-buffered saline–EDTA (Sigma) with 2% fetal calf serum (FCS) 

(Hyclone). After washing, cells were cultured in Iscove’s modified Dulbecco’s medium 

(IMDM) (Gibco–Invitrogen) supplemented with 10% FCS, and the viability of the cells 

was tested with 0.4% trypan blue (Fluka). CD4 T cells were cultured in IMDM 

supplemented with 10% FCS. Cells were stimulated with recombinant IL-23 (5ng/mL) 

(R&D Systems) and incubated at 37°C for the specified times for Western blotting 

analysis. 

 

 



120 

 

 

Table 1 a): Clinical characteristics of HIV positive patients (before and after HAART) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Patient  

Duration 

of 

HAART 

(weeks) 

Viral Load 

(copies/mL) CD4 Count (cells/mL) 

 

HAART  

naïve 

101 0 10684 200-350 

102 0 150553 >350 

103 0 1736 200-350 

104 0 195537 200-350 

105 0 253779 <200 

106 0 306910 >350 

    

HAART 

recipients    

101* 16 <50 >350 

102* 16 406 >350 

103* 16 NA 200-350 

104* 16 165 >350 

105* 16 1103 200-350 

106* 16 NA >350 
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Table 1 b): Clinical characteristics of HIV positive patients on HAART 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

Patient  

Duration of 

HAART 

(weeks) 

Viral Load 

(copies/mL) CD4 Count (cells/mL) 

 

HAART 

recipients    

201 520 <50 >350 

202 72 338 <200 

203 Unknown <50 >350 

204 58 <50 200-350 

205 78 <50 >350 

206 260 NA NA 

207 196 <50 >350 

208 104 >50 >350 

209 128 <50 >350 

210 4 <50 >350 

211 832 <50 >350 

212 12 <50 200-350 

213 184 <50 200-350 

214 52 <50 <200 

215 Unknown <50 >350 

216 36 <50 >350 

217 76 <50 >350 

218 156 <50 >350 

219 114 NA NA 

220 22 136 >350 

221 780 40032 >350 

222 4 40000 200-350 

223 12 12721 <200 

224 416 27022 >350 

225 Unknown 3768 >350 

226 Unknown 2868 >350 

227 636 <50 <200 

228 8 <50 <200 

229 288 <50 <200 

230 704 <50 <200 
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4.3.3 Cytokine production 

Plasma IL-23 (R&D System) and IL-6 (Invitrogen) levels were quantified by enzyme-

linked immunosorbent assay (ELISA). Patient plasma was used in duplicate and averaged 

for statistical analysis. These assays were performed according to manufacturer’s 

instructions.  

 

4.3.4 Western blot analysis 

CD4 T cells were cultured and stimulated with IL-23 (5ng/ml) for 0 and 15 min. Cells 

were harvested and lysed in ice cold buffer [1M HEPES, 0.5M NaF, 0.5M EGTA, 2.5M 

NaCl, 1M MgCl2, 99% glycerol, 99% Triton-X-100, with protease inhibitor cocktail 

(Pierce)]. Fifty micrograms of total protein were resolved on 8% polyacrylamide gels and 

were transferred to polyvinylidene fluoride (PVDF) membranes (Pall Corporation) and 

then blocked 1 h in 2.5% bovine serum albumin (Bioshop Canada, Inc.). Specific 

antibodies for phosphorylated JAK2, phosphorylated STAT1, phosphorylated STAT3, 

SOCS1, SOCS3 and Hsp90 were purchased from Santa Cruz Biotechnology. Antibodies 

for pan JAK2, STAT1, and STAT3 were also purchased from Santa Cruz Technology. 

Secondary antibodies labeled with horseradish peroxidase: goat anti-mouse IgG and goat 

anti-rabbit IgG, were obtained from Santa Cruz Biotechnology. Expression of protein 

was measured by chemiluminescence using the ECL Advance Detection Kit (Amersham 

Biosciences) and detected using the HD2 AlphaInnotech imaging system (Fisher 

Scientific). Fold increase relative to Hsp90 expression was measured using HD2 

AlphaInnotech imaging software. 
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4.3.5  Ponceau S Staining 

Ponceau S staining was used as to assess of equal protein loading. Membranes were 

placed in 0.1% (w/v) Ponceau S (Sigma), 3% (w/v) Trichloroacetic acid (Sigma) solution 

at room temperature for 5 min. Membranes were washed twice with water for 10 min 

each to remove the stain and images were obtained using the HD2 AlphaInnotech 

imaging system (Fisher Scientific).  
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4.4 Results 

4.4.1 Increased expression of IL-23 receptor components on a subset of CD4 T cells 

from HIV positive individuals compared to HIV negative individuals. 

The expression of IL-12 receptor chains is deregulated in CD4 T cells and PBMCs 

isolated from HIV positive individuals (Jones, Young et al. 2003; de Arquer, Pena et al. 

2007). I first sought to confirm expression levels of IL-12Rβ1 in my patient database and 

to examine the expression IL-23Rα in resting CD4 T cells. To do this, CD4 T cells were 

isolated from PBMC of HIV negative and HIV positive individuals receiving HAART.  

Levels of IL-12Rβ1 and IL-23Rα were analysed by Western blotting analysis using 

specific antibodies for each component. Ten µg of total protein were loaded from each 

individual lysate and membranes were initially probed with anti-IL-12R1 or anti-IL-

23Rα specific antibodies (Figure 1). Due to the variability in IL-23 receptor chain 

expression, I attempted to re-probe the membranes for housekeeping control proteins 

such as -actin, -tubulin, and Hsp90.  Detection using these three antibodies revealed 

varying levels of housekeeping proteins between individuals which did not correlate with 

levels of IL-23 receptor chains (data not shown). To determine that equal amounts of 

protein were loaded in each lane, Ponceau S staining was performed and included as the 

loading control. The band detected by Ponceau S staining illustrated in the blot shown 

was the only strong band detected by this staining. Although non-specific, the Ponceau S 

staining indicates that protein is loaded in each lane, particularly with respect to the lanes 

where no IL-23 receptor chains are detected. Both IL-23 receptor subunits, IL-12Rβ1 and 

IL-23Rα, were consistently and significantly increased in 15/30 HIV positive individuals 

on HAART compared to HIV negative individuals (Figure 1). The remaining 15 HIV 
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positive individuals on HAART did not exhibit significant up-regulation in expression of 

IL-23Rα or IL-12R1, and were comparable to receptor expression in HIV negative 

individuals. These results indicate that a subgroup of HIV positive individuals on 

HAART exhibit up-regulated IL-23Rα and IL-12R1 expression. 
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Figure 1: Levels of IL-12Rβ1 and IL-23Rα receptor expression in unstimulated CD4 

T cells from HIV positive individuals receiving HAART. CD4 T cells were isolated 

from HIV positive individuals receiving HAART (a) and HIV negative individuals (b). 

Western blot analysis was performed with antibodies specific for IL-12R1 and IL-

23R. Ponceau S staining was used as a non-specific loading control. Results shown are 

representative of three repeated blots. 
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To investigate whether increased IL-23R expression correlated with viral load or CD4 T 

cell count, I measured the pixel density of IL-12Rβ1 and IL-23Rα and plotted it against 

either CD4 T cell count or viral load (Figure 2).  Interestingly, individuals with a 

relatively high CD4 T cell counts (above 350 cells/µL) and individuals with a relatively 

low viral load (less than 50 copies/mL) exhibited the most variability in IL-23 receptor 

chain expression. Upon statistical analysis using the nonparametric Spearman’s Rho 

correlation, a significant negative correlation of IL-23R expression with viral load was 

observed (correlation coefficient of -0.469). Additionally, a positive correlation was 

observed between IL-12R1 and viral load that approached statistical significance 

(correlation coefficient of 0.352).  No significant correlation was observed between either 

receptor chain and CD4 T cell count. 

 I previously demonstrated that IL-23 enhances IL-23Rα and IL-12R1 expression 

(Che Mat, Zhang et al. 2011). To test if levels of plasma IL-23 in the patients correlated 

with enhanced IL-23 receptor subunit levels, I performed an IL-23 ELISA. The results 

demonstrated that circulating IL-23 was largely undetectable in both either HIV positive 

or HIV negative plasma samples (Figure 3). Only 1/10 HIV negative individuals and 

6/30 HIV positive individuals exhibited significantly detectable IL-23. Furthermore, 

elevated plasmaIL-23 did not correlate with expression levels of IL-23 receptor chain 

components. IL-6 also induces IL-23 receptor expression (Chen, Tato et al. 2007). To test 

if IL-6 levels were elevated in my patient sample, an IL-6 ELISA was performed. 

Significant IL-6 was not detected in either HIV negative or HIV positive samples (data 

not shown), indicating that circulating IL-6 levels are not responsible for modulated IL-

23 receptor expression.  
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Figure 2: Levels of IL-12Rβ1 and IL-23Rα receptor expression in unstimulated CD4 

T cells from HIV positive individuals receiving HAART. The pixel intensity of IL-

12R1 and IL-23R in Figure 1a was measured using analysis software on the 

AlphaInnotech imaging system and was plotted against CD4 counts (left panels) and viral 

load (right panels). No significant differences were observed.  

 

 

 

 

 

 

 

 

 

 



130 

 

 

 

 

 

 

 

 

 

 

 



131 

 

 

 

 

 

 

 

 

 

Figure 3: Concentration of IL-23 in HIV negative and HIV positive plasma samples. 

Plasma samples were assayed for IL-23 expression using the human IL-23 ELISA kit as 

described in the materials and methods. Each of ten HIV negative samples and 30 HIV 

positive samples is represented by the average of duplicate wells as one individual dot. 
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4.4.2 HIV positive CD4 T cells constitutively express activated JAK2, STAT1, and 

STAT3 and fail to respond to IL-23. 

My previous results demonstrated that IL-23 induces the activation of JAK-STAT 

signaling molecules in CD4 T cells (Che Mat, Zhang et al. 2011). To further investigate 

this function during HIV infection, I examined the activation of JAK2, STAT1, and 

STAT3 in response to IL-23 stimulation. Primary CD4 T cells were isolated from HIV 

negative or positive individuals receiving HAART. CD4 T cells were stimulated with IL-

23 for 15 min then lysed for western blotting analysis. I choose to stimulate the CD4 T 

cells for 15 min based on my previous finding where I examined IL-23 activation of 

JAK/STAT for times ranging from 0 to 30 min and found that 15 min was the time point 

at which maximal phosphorylation was observed (Che Mat, Zhang et al. 2011). The 

phosphorylation of JAK2, STAT1, and STAT3 was examined using phospho-specific 

antibodies. The activation of phosphorylated JAK2, STAT1, and STAT3 was quantified 

by normalization with Hsp90 expression using densitometry analysis. As shown in Figure 

4, CD4 T cells from HIV positive individuals constitutively expressed phosphorylated 

JAK2, STAT1, and STAT3 compared to HIV negative individuals. To examine if 

inhibitory pressure from phosphatase activation is relieved in HIV infection resulting in 

constitutive activation of JAK/STAT signaling, I examined SOCS1 and SOCS3 

expression in my patient samples. Neither SOCS1 nor SOCS3 was detected in the 

samples (data not shown), indicating that SOCS1/3 expression is not lost in these 

samples.  
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 After 15 min of IL-23 stimulation, CD4 T cells from HIV positive individuals did 

not show any significant activation of JAK-STAT signaling molecules compared to 

unstimulated CD4 T cells. In HIV negative individuals, there is a consistently observed 

increase of JAK2, STAT1, and STAT3 protein phosphorylation indicating that these cells 

respond properly to IL-23. On the other hand, in HIV positive individuals, there is a 

variability of JAK-STAT activation between the samples such that no consistent trend of 

enhanced phosphorylation of JAK2, STAT1, or STAT3 is observed.   
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Figure 4: JAK/STAT activation levels following IL-23 stimulation of CD4 T cells 

from HIV positive on HAART individuals. CD4 T cells were unstimulated or 

stimulated with IL-23 (5ng/ml) for 15 min. Phosphorylated proteins were detected by 

Western blotting using phospho-specific anti-p-JAK2, anti-p-STAT1, and anti-p-STAT3 

antibodies (right panel). Graphs (left panel) represent the phosphorylation of JAK2, 

STAT1, and STAT3 in unstimulated and IL-23-stimulated CD4 T cells from 30 HIV 

positive individuals and 10 HIV negative individuals. The signal density was normalized 

with Hsp90. Representative immunoblots (right panel) are shown from 2/30 HIV positive 

HAART treated individuals and 1/10 HIV negative individuals.  
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4.4.3 HAART initiation in HIV positive individuals down-regulates JAK-STAT 

signalling activation. 

 To evaluate whether HAART affects IL-23 function, I examined the activation of JAK-

STAT signaling before and after HAART was given. During the initial visit, blood 

samples from HIV positive individuals naïve to HAART were collected and CD4 T cells 

were isolated. The cells were either left unstimulated or stimulated with IL-23 for 15 min. 

The second visit occurred 4 months post-HAART initiation.  As shown in Figure 5 

constitutive activation of JAK2, STAT1, and STAT3 was lower in unstimulated CD4 T 

cells in these individuals. However, with the exception of samples isolated from patient 

101 and 103, there is no significant increase in the phosphorylation of JAK2, STAT1, and 

STAT3 after IL-23 stimulation post-HAART. In CD4 T cells isolated from individuals 

101 and 103, strong induction of IL-23-induced STAT1 phosphorylation and a minor IL-

23-induced JAK2 phosphorylation were observed, indicating that in these samples, the 

ability to respond to IL-23 stimulation had been partially restored. Interestingly, 

phosphorylation of STAT3was almost completely absent in samples 101, 103, 104, 105 

and 106.  

 

4.4.4 HAART initiation in HIV positive individuals up-regulates IL-23 receptor 

expression.  

Primary CD4 T cells were isolated from HIV positive individuals and protein lysate was 

analyzed by western blotting analysis using specific antibodies to IL-12Rβ1 and IL-23Rα 

receptor subunits. Unstimulated CD4 T cells from HIV positive individuals after HAART 

expressed significantly more IL-12Rβ1 and IL-23Rα than before HAART (Figure 6). 
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Figure 5: IL-23-mediated activation of JAK/STAT signalling molecules: before and 

after treatment. The activation of JAK2, STAT1 and STAT3 was examined in CD4 T 

cells from HIV positive individuals before initiation of HAART (D0) and after 4 months 

receiving HAART (M4). JAK/STAT activation in response to 15 min IL-23 (5ng/ml) 

stimulation was examined in CD4 T cells from each individual by Western blotting 

analysis using phosphor-specific anti-p-JAK2, anti-p-STAT1, and anti-p-STAT3. 

Ponceau S staining was used for a loading control.  Results shown are representative of 

three repeated blots. 
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Graphs represent the signal expression intensity for eachIL-23 receptor subunit in HIV 

positive individuals, before and after treatment. The intensity of each receptor was 

normalized to Hsp90 expression and plotted as fold increase in signal intensity. Taken 

together, these results indicate that HAART initiation up-regulated expression of IL-

12Rβ1 and IL-23Rα in unstimulated CD4 T cells from HIV positive individuals.  
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Figure 6:  IL-23 receptor expression in unstimulated CD4 T cells from HIV positive 

individuals: before and after treatment. CD4 T cells were collected from HIV positive 

individuals at the time of HAART initiation (D0) and after 4 months of treatment (M4) 

and analyzed for IL-23 receptor expression using Western blotting analysis.  Specific 

antibodies against IL-12Rβ1 and IL-23Rα were applied and Hsp90 was used as a loading 

control. Results shown are representative of three repeated blots. Graphs represent the 

expression of IL-23 receptor (signal intensity) before (D0) and after treatment (M4), 

normalized with Hsp90. Each graphed symbol represents each patient. 
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4.5 Discussion 

In this study, I demonstrated that HIV infection deregulates IL-23 receptor 

expression and the IL-23-induced JAK/STAT signalling pathway. JAK2, STAT1, and 

STAT3 were constitutively activated and showed no significant change after IL-23 

stimulation in CD4 T cells isolated from HIV positive individuals. The expression of IL-

12R and IL-23R subunits was elevated in 15 out of 30 HIV positive individuals 

compared to 10 HIV negative individuals. Interestingly, I found that HAART initiation 

altered IL-23 receptor expression and IL-23-induced JAK/STAT activation.  

A significant role for IL-23 in host defense against virus infection was shown for 

the first time in 2007. IL-23, together with IL-17, was able to enhance resistance to 

vaccinia virus infection in mice (Kohyama, Ohno et al. 2007). This suggested that IL-23 

was important in host defenses against viral infection. A recent study found that PBMC 

isolated from HIV positive individuals that were treated with LPS and IFN-γ produced 

more IL-23 compared to HIV negative individuals. Interestingly, the authors also found 

that the production of IL-23 strongly correlated with viral load (Louis, Dutertre et al. 

2010). Thus, HIV induces the production of IL-23 and IL-23 may have an important role 

in controlling viral infection. To date, no study has examined how HIV infection affects 

IL-23 receptor expression and activation.  

As previously described, IL-23 has a significant role in the development of Th17 

cells (Aggarwal, Ghilardi et al. 2003; Langrish, Chen et al. 2005; McAllister, Henry et al. 

2005; Vanden Eijnden, Goriely et al. 2005). A few studies demonstrate that IL-23 and 

Th17 cells are preferentially deregulated during HIV infection (Maek, Buranapraditkun et 

al. 2007; Ndhlovu, Chapman et al. 2008). Like IL-23, the roles of Th17 and IL-17 in 
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HIV-replication and immunopathogenesis are not well understood. The first report 

addressing IL-17 in HIV infection showed a significant increase of IL-17 production in 

peripheral blood CD4 T cells (Maek, Buranapraditkun et al. 2007). Another study 

reported that HIV positive individuals with detectable viral had lost Th17 cells ( 

Ndhlovu, Chapman et al. 2008). Deregulation of Th17 production and function might be 

related with imbalanced production of IL-23 during HIV infection. New evidence also 

points to imbalances in Th cell subsets that include Th17 cells, Th1, and Treg cells during 

HIV infection (Ndhlovu, Chapman et al. 2008; Peng, Zhang et al. 2010; Piconi, 

Trabattoni et al. 2010).  Additionally, Favre et al. found that a decreased Th17/Treg ratio 

is linked to HIV progress (Favre, Lederer et al. 2009).  

Although there is evidence that Th17 cells are reduced during HIV infection, the 

underlying mechanisms accounting for the depletion of Th17 cells remain unclear. 

Previously, Th17 cells were reported to play a role in defence against extracellular 

bacteria, fungi and mycobacterium (Bettelli, Korn et al. 2007). Brenchley et al. proved 

that Th17 cells from the intestine were depleted during HIV and SIV infections. These 

depletions can impair Th17 cell function and cause the microbial translocation which 

then contributes to systemic immune activation (Brenchley, Price et al. 2006; Brenchley, 

Paiardini et al. 2008).  Even though the ability of HIV infection to deregulate Th17 cell 

functions has been widely studied, there are no studies on the effect of HIV infection on 

IL-23 downstream functions.  How HIV infection impacts the ability of IL-23 to induce 

Th17 is still unclear.  

To address this question, I investigated the effect of HIV infection at the first 

stage of IL-23 signalling, at the receptor level. I found that 15 of 30 HIV positive 
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individuals receiving HAART had an enhanced level of IL-23 receptor subunit 

expression compared to HIV negative individuals (Figure 1).  Statistical analysis showed 

that there was a positive correlation between the expression of IL-12R1 and viral load 

that approached statistical significance. IL-23Rhad a significant negative correlation 

with viral load. However, no correlation was observed between IL-23 receptor expression 

and CD4 T cell count. Taken together, I conclude that the expression of IL-23 receptor 

components changes with viral load such that higher expression of IL-23R is associated 

with a relatively low viral load and that low IL-12R1 is associated with a low viral load. 

This suggests that IL-23R which is specific for IL-23 has a different mechanism of 

regulation compared to IL-12R during HIV infection.  

My observation up-regulation of IL-23 receptor subunit in 15/30 samples, is 

similar to a study that found unstimulated CD4 T cells from 35 HIV-1 positive 

individuals expressed a two-fold more IL-12Rβ1 subunit than15 HIV-1 negative 

individuals (de Arquer, Pena et al. 2007). An earlier study reported that  IL-12 production  

is impaired in HIV positive individuals (Jones, Young et al. 2003). The authors also 

found undetectable expression of IL-12Rβ1 and IL-12Rβ2 at the surface of unstimulated 

PBMCs from 30 HIV positive and 18 HIV negative individuals. However, mRNA 

examination revealed that both receptor subunits were markedly reduced in PBMCs from 

10 HIV positive individuals compared to 10 HIV negative individuals (Jones, Young et 

al. 2003).  

Jones et al. conflicts with my observations of enhanced receptor expression. 

However different methods were used for protein detection. I used Western blot while 

Jones et al. used flow cytometry which may account for the discrepancy. Moreover, in 
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my study, only 15/30 individuals showed enhanced receptor expression, with the others 

having little or undetectable levels of IL-23 receptor components. The latter group are in 

partial agreement with the report of Jones et al showing undetectable levels of IL-12Rβ1 

(Jones, Young et al. 2003). To pursue the possibility that circulating IL-23 regulates IL-

23 receptor expression, as demonstrated previously in vitro in HIV negative CD4 T cells 

(Che Mat, Zhang et al. 2011), I measured plasma IL-23.  Unexpectedly, no circulating 

IL-23 was undetectable in the majority of HIV positive or HIV negative samples. Of 

note, however 1 of 10 HIV negative individuals and 6 of 30 HIV positive individuals 

exhibited significant plasma IL-23 (Figure 3). This indicates that the regulation of IL-23 

expression may be altered during HIV infection. This point needs to be further addressed 

by assessing the ability of monocytes/macrophages to produce IL-23 in the setting of 

HIV infection. In addition to IL-23, other cytokines such as IL-6 and TGF-β are reported 

to increase IL-23 receptor expression in CD4 T cells (Yang, Panopoulos et al. 2007; 

Zhou, Ivanov et al. 2007; Morishima, Mizoguchi et al. 2009). The expression of IL-6 

(Boue, Wallon et al. 1992; Takeshita, Breen et al. 1995; Hoshino, Konishi et al. 2010) 

and TGF-β (Hu, Oyaizu et al. 1996; Poggi and Zocchi 2006) is increased during HIV 

infection. However, in my study, no plasma IL-6 was detected in 30 HIV positive 

individuals, as well as in 10 HIV negative individuals. Based on this result, I conclude 

that IL-6 did not modulate IL-23 receptor expression in my patients.  

HIV pathogenesis leads to CD4 T cell depletion which leads to the progressive 

loss of immune function. Since HIV perturbs CD4 T cell homeostasis, it is relevant to 

examine the effect of HIV infection on cytokine-dependent signal transduction. In my 

previous study, I showed that IL-23 induced JAK-STAT activation in primary human 
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CD4 T cells (Che Mat, Zhang et al. 2011). Several studies have reported deregulation of 

the JAK-STAT signalling molecules during HIV infection. Using flow cytometry, 

Jufffroy et al. demonstrated that the levels of pSTAT5 in CD4 T cells from HIV positive 

individuals stimulated with interleukin 7 (IL-7) are increased. Interestingly, the basal 

level of pSTAT5 was elevated in CD4 T cells of these subject; indicating that the 

JAK/STAT5 pathway is constitutively active in HIV positive individuals. This implies 

that HIV infection may chronically activate STAT5 in CD4 T cells (Juffroy, Bugault et 

al. 2010). Others have found that activation of JAK1, JAK2 as well as their targets; 

STAT5a and STAT5b induced by IL-2 were inhibited when they treated CD4 T cells 

with HIV env glycoproteins (Kryworuchko, Pasquier et al. 2004). Additionally, HIV-Nef 

increases the activation of STAT1 and STAT3 in monocyte-derived macrophages 

(Federico, Percario et al. 2001; Percario, Olivetta et al. 2003). The deficiency in 

JAK/STAT activation may contribute to HIV-mediated impairment of CD4 T cell 

responses to cytokines central to the immune response. Based on these findings, I 

conclude that HIV infection deregulates JAK/STAT activation.  

Herein, I have demonstrated that CD4 T cells from HIV positive individuals on 

HAART have constitutive activation of JAK2, STAT1 and STAT3. From 30 HIV 

positive samples, I found that half of the samples exhibited constitutively phosphorylated 

JAK2, STAT1, and STAT3 proteins. Further activation with IL-23 stimulation for 15 

minutes showed no significant increase of phosphorylated JAK2, STAT1 or STAT3. In 

contrast that observed in HIV positive individuals, CD4 T cells from HIV negative 

individuals consistently demonstrated increased phosphorylation JAK2, STAT1 and 

STAT3 after IL-23 stimulation. Overall, these results show that in a significant number of 
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patients, HIV infection alters CD4 T cell activation with respect to the JAK/STAT 

signaling pathway.  

One of the factors contributing to JAK/STAT pathway activation is the expression 

level of negative regulators called suppressors of cytokine signalling (SOCS). Recently, a 

study showed that the expression of SOCS1/3 mRNA expressions in CD4 T cells from 

HIV positive individuals was increased compared to HIV negative individuals (Miller, 

Schlaepfer et al. 2011). The authors suggested that down-regulation of JAK-STAT 

activation could be due to the over-expression of SOCS1 and SOCS3 in CD4 T cells 

(Miller, Schlaepfer et al. 2011). Previously, it was shown that the HIV-1 transcription 

protein (HIV-Tat) induced the expression SOCS2 in human monocytes cells. The 

inhibitory effect of Tat on IFN-γ activated STAT1 phosphorylation was abolished with 

SOCS2 siRNA (Cheng, Li et al. 2009). These results indicate that Tat-induced SOCS2 

expression is responsible for inhibiting IFN--dependent STAT1 phosphorylation 

(Cheng, Li et al. 2009). Based on these two studies, an interpretation of my data could be 

that low or reduced expression of SOCS proteins correlates with of the observed 

constitutive phosphorylation of JAK/STAT proteins in my HIV positive individuals. 

Nevertheless, Western blot analysis showed no expression of SOCS1or SOCS3 in my 

HIV positive or negative subjects. This demonstrates that the expression of SOCS protein 

is not responsible for affecting the phosphorylation of JAK/STAT protein in my HIV 

positive samples.  

Furthermore, I examined IL-23 receptor expression and the activation of 

JAK/STAT signalling molecules in HIV positive individuals, before and 4 months after 

initiation of HAART. Based on Table 1a, 4 months of HAART was able to successfully 
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lower the viral load for all patients.  Prior to HAART initiation; there was a strong 

constitutive activation of JAK2, STAT1, and STAT3 and treatment of CD4 T cells in 

vitro with recombinant IL-23 failed to induce the activation of JAK2, STAT1, and 

STAT3. After 4 months of HAART, the CD4 T cells from each of these HIV positive 

individuals showed reduced constitutive activation of JAK2, STAT1, and STAT3. This is 

different to the variability in JAK/STAT activation observed in the larger patient group in 

Figure 4. However, in this group of patients, the duration of therapy varied from 4 to 832 

weeks. Here, I conclude that the length therapy with HAART itself could influence the 

activation of signalling molecules in CD4 T cells. However, CD4 T cells from HIV 

positive individuals were still unable to respond to IL-23 stimulation (Figure 5). It is 

possible that the suppression of constitutive JAK/STAT activation after 4 months 

HAART could be due to up-regulation of SOCS or other protein phosphatase expression 

in response to therapy.  

In unstimulated CD4 T cells from HIV positive individuals, I examined the 

expression of IL-12Rβ and IL-23Rα using western blotting analysis. Interestingly, I 

demonstrated that the expression of both receptor subunits was up-regulated after 4 

months of therapy. All 6 HIV positive individuals examined showed the same striking 

pattern of IL-12Rβ1 and IL-23Rα up-regulation (Figure 6). The observed up-regulation 

of IL-23 receptor subunit expression in response to HAART initiation may signify that 

therapy could stimulate other cytokine production, which is responsible for the regulation 

of IL-23 receptor. This could possibly also be due to HAART itself directly influencing 

IL-23 receptor expression.  
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In summary, deregulation of IL-23 receptor expression in HIV positive 

individuals receiving HAART and naïve to HAART remains unclear. Further studies are 

needed to determine the mechanism used by HIV to affect IL-23 function and IL-23 

receptor expression. Further understanding of IL-23 function during HIV infection will 

also have implications in the restoration of Th17 differentiation and proliferation, critical 

to defense against opportunistic infections.  
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5.1 Discussion and summary 

In this thesis, I made several novel observations on the regulation of IL-23 expression 

and function in LCMV and HIV model systems. As highlighted throughout this thesis, 

during virus infection, IL-23 plays a significant role in the immune response. In 

particular, the IL-23-Th17 axis is important in the regulation of CD4 T cell 

differentiation, which is critical to resolving infections. Two important observations set 

the stage for the work described in this thesis: 1) A unique role for IL-23 in antiviral 

immunity was suggested by Kohyama et al, who showed that IL-23 enhances host 

defence against vaccinia virus infection (Kohyama, Ohno et al. 2007), and 2) During 

Herpes simplex virus type 1 (HSV-1)infection, IL-23 expression is enhanced and plays a 

protective role (Broberg, Setala et al. 2002; Kim, Sarangi et al. 2008). In this thesis I used 

both murine and human cells to demonstrate how virus infection impacts IL-23 

expression and function.  

In chapter two, the objective was to examine the effect of TLR ligand-induced IL-

23 expression during viral infection. As previously mentioned, expression of IL-23 is 

significantly altered during viral infection with the nature of the regulatory change 

dependent on the type of virus infection. (Pirhonen, Matikainen et al. 2002;Lee, French et 

al. 2004; Louis, Dutertre et al. 2010). I addressed “deregulation” of IL-23 expression 

during viral infection in a murine LCMV infection model. I sought to understand the 

mechanism used by virus infection to regulate IL-23 expression in BMDCs. My results 

revealed that LCMV infection inhibits the expression of IL-12/IL-23. I identified for the 

first time that the mechanism of IL-23 down-regulation by LCMV infection is through 
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inhibition of p38 MAPK, AP-1 and NF-κB signalling and through up-regulation of IL-10 

and SOCS3 expression. 

My work significantly extends the data reported by other studies on IL-23 

expression during viral infection (Pirhonen, Matikainen et al. 2002; Lee, French et al. 

2004; Louis, Dutertre et al. 2010). My data indicates that LCMV infection affects TLR 

ligand-induced IL-12/IL-23 expression by inhibiting intracellular signalling pathways and 

inducing expression of negative regulatory proteins. Since IL-23 is functionally important 

in the regulation of adaptive immune responses, down-regulation of IL-23 expression as a 

result of virus infection could be critical to virus survival and host immune impairment.  

IL-23 mainly functions as a pro-inflammatory cytokine and is implicated in 

several autoimmune diseases such as rheumatoid arthritis, psoriasis, systemic lupus 

erythematosus and Crohn’s disease (Stallmach, Giese et al. 2004; Vaknin-Dembinsky, 

Balashov et al. 2006; Lee and Parkes 2011). Recently IL-23 and IL-23 receptor 

expression were to found to be significant in regulation of Th17 cell development 

(Awasthi, Riol-Blanco et al. 2009; Kyttaris, Zhang et al. 2010; Riol-Blanco, Lazarevic et 

al. 2010). Although IL-17 is implicated in autoimmunity, IL-17 also plays a vital role in 

protecting the host from infection (Ye, Rodriguez et al. 2001; Rudner, Happel et al. 2007; 

O'Quinn, Palmer et al. 2008; Conti, Shen et al. 2009). IL-17 contributes to host defense 

by inducing the expression of anti-microbial peptides. Indeed, IL-17 can regulate 

expression of chemokine (C-C motif) ligand 20 (CCL20), known to have anti-microbial 

functions (Yang, Chen et al. 2003; Kolls, McCray et al. 2008).  As IL-23 and Th17 cells 

are tightly linked, it is not surprising that both IL-23 and IL-17 participate in resistance to 

viral infection. For example, IL-17-deficient mice infected with vaccinia virus expressing 



157 

 

IL-23 survived, and were resistant to vaccinia infection. Understanding the effect of viral 

infection on IL-23 function is critical as this cytokine is involved in the regulation of IL-

17 expression. Therefore, for chapter three and chapter four of this thesis, I focused my 

work on IL-23 function in uninfected and virus-infected immune cells.   

The functionality of IL-23 in CD4 T cells was addressed by investigating IL-23 

induced JAK/STAT signalling and IL-23 receptor expression. Previous studies reported 

that IL-23 activates multiple JAK/STAT signalling molecules, including TYK2, JAK2, 

STAT1, STAT3 and STAT4 (Oppmann, Lesley et al. 2000; Parham, Chirica et al. 2002). 

In chapter 3, I confirmed this, and went on to report that IL-23 stimulation of CD4 T cells 

resulted in up-regulation of the IL-23 receptor in a JAK/STAT-dependent manner.  

Others have shown activation of CD4 T cells with anti-CD3 and anti-CD28. These 

ligands, together with IL-6  also induce IL-23 receptor expression (Chen, Tato et al. 

2007). Furthermore, combined stimulation with IL-6 and IL-23 resulted in synergy of 

cytokine functions, as enhanced  IL-23 receptor expression was demonstrated in CD4 T 

cells (Chen, Tato et al. 2007). In this thesis, I show for the first time, that IL-23 alone can 

up-regulate IL-23Rα and IL-12Rβ1. The expression of IL-23R is critical for cells to able 

to respond to IL-23. Consequently, during an immune response in which IL-23 is 

induced, IL-23 may then act to up-regulate more IL-23R, making the cells more 

responsive to IL-23 and ultimately driving Th17 cell development.  

In the next chapter, I examined the effect of HIV infection on the new IL-23 

functions discovered in chapter 3. HIV infection has the ability to induce constitutive 

activation of STAT1 and STAT3 (Federico, Percario et al. 2001; Percario, Olivetta et al. 

2003); however, there are no reports on the effect of HIV on IL-23 function, including 
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IL-23-mediated activation of JAK/STAT pathway. My studies on IL-23 function during 

HIV infection revealed that this virus interferes with IL-23 function by deregulating the 

phosphorylation of JAK/STAT signalling molecules. Here, I conclude that CD4 T cells 

from HIV positive individuals failed to respond to IL-23 stimulation, as the activation of 

JAK/STAT molecules in response to IL-23 stimulation was not significantly increased 

compared to HIV negative individuals.  

Additionally, I examined the expression of IL-23 receptor subunits in 

unstimulated CD4 T cells from HIV positive individuals. Previously, it was previously 

reported that expression of the IL-12Rβ1 subunit was decreased in HIV positive 

individuals (Jones, Young et al. 2003). In Chapter 4, I reported for the first time, the 

effect of HIV infection on IL-23Rα, the receptor subunit that confers ligand binding 

specificity to IL-23. I observed high variability between HIV samples regarding to the 

activation of JAK/STAT signalling molecules and IL-23 receptor expression. In an 

attempt to explain this, I examined expression levels of regulatory factors IL-6 and 

SOCS1/3. However these proteins were undetectable in my HIV positive patient samples. 

It is interesting to speculate what other factors may be involved in controlling IL-23R 

expression during HIV infection. Parameters such as bacterial or fungal infections could 

be modulating immune responses which could affect IL-23 receptor expression.  

It is also possible that HAART may directly affect IL-23 responsiveness and IL-

23 receptor levels. This speculation led me to examine IL-23 receptor expression in a 

small group of patients where I was able to obtain blood samples before and after 

HAART initiation. Interestingly, after 4 months of HAART treatment, there was an 

increase in IL-23 receptor expression in unstimulated CD4 T cells compared to the 
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HAART naïve samples. However, it is not clear if the up-regulation of IL-23 receptor 

expression was directly due to HAART or because of the secondary effects resulting 

from treatment. In summary, I have shown for the first time that HIV can impact IL-23 

signalling and receptor expression and in particular that initiation of HAART 

significantly up-regulated IL-23 receptor expression. 

As IL-23 and IL-23 receptor expression are critical for the development of Th17 

cells (Awasthi, Riol-Blanco et al. 2009; Kyttaris, Zhang et al. 2010; Riol-Blanco, 

Lazarevic et al. 2010), deregulation of IL-23 function and receptor could be directly 

related to the observed Th17/IL-17 depletion during HIV infection. Several studies report 

a depletion of Th17 in gut-associated lymphoid tissue (GALT) during HIV and SIV 

infection (Brenchley and Douek 2008; Macal, Sankaran et al. 2008; Raffatellu, Santos et 

al. 2008). Moreover, Th17 suppression in SIV infected animals is associated with 

increased bacterial translocation across the epithelial barrier (Gautreaux, Deitch et al. 

1994; Brenchley, Price et al. 2006; Raffatellu, Santos et al. 2008). Impaired barrier 

function during SIV and HIV infection may contribute to an increased susceptibility to 

opportunistic infections and increased microbial translocation. Therefore, the findings in 

this chapter add more information to the potential mechanisms behind the deregulation of 

Th17 development and function during HIV infection. These new findings on IL-23 

regulation and function during viral infection may help develop novel strategies to 

combat against various infectious pathogens, including HIV.    

In summary, I have provided valuable new information on the effects of viral 

infection on IL-23 regulation and IL-23 expression (Figure 5). Specifically I found novel 

information on the mechanistic regulation of IL-23 expression during LCMV infection 
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and on the impact of HIV infection and HAART on IL-23 signalling and function. 

Overall, these results provide important new insights into the biological responses of IL-

23 during viral infection, insights that can be applied to regulation of Th17 cells. 

Unveiling the regulation of IL-23 expression and function during viral infection will 

direct future research into the development of vaccines or new avenues of treatment for 

virus infection.  
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Figure 5: A summary model of IL-23 expression and function in a) uninfected cells 

and b) virus infected cells. a) After TLR ligands bind to TLR on the cell surface of 

APCs, cells will produce IL-23 via two main signalling cascades, MAPK and NF-κB. 

When secreted, IL-23 binds to IL-23 receptor on the cell surface of CD4 T cells, and 

activates JAK/STAT signalling molecules, which, in turn, induce both IL-23 receptor 

subunits, IL-12Rβ and IL-23Rα. b) During LCMV infection, IL-23 expression is 

decreased in APCs due to inhibition of p38 MAPK, AP-1 and NF-κB proteins. In CD4 T 

cells, HIV infection deregulates IL-23-induced JAK/STAT signalling molecules and IL-

23 receptor expression.  
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5.2 Prospective work 

The future work in this project should focus on answering questions about the 

mechanism(s) that affect the development ofIL-23-dependent Th17 cells. An in vivo 

mouse model with chronic infection (such as LCMV) could be used to further examine 

the effect of virus infection on the significant parameters that are involved in IL-23 

regulation and function. For example, one of the most important aims would be to 

identify the specific signalling molecules that are affected by the virus. Additionally, 

even though I demonstrated that LCMV infection induced IL-10 and SOCS3 expression, 

and suppressed p38, AP-1 and NF-B, I do not know which viral genes are responsible 

for affecting each of these aspects of IL-23 regulation.  

Following this, exploration of the relationship between virus infection and IL-23 

expression with IL-23-dependent Th17 cells could be examined in the setting of acute 

and chronic infection. Mice can be injected intravenously with different LCMV strains to 

examine details of the regulation of IL-23 expression. For acute infection, Armstrong 

LCMV stain could be used, while CL13 LCMV could be used to model chronic infection. 

During chronic infection, the virus induces an immune response with persistently high 

antibody titres months after inoculation. This response clears the virus, and the infected 

mice would be valuable for investigation of memory responses (Liu, Woltman et al. 

2009). In contrast, with Armstrong infection, virus is cleared completely after a few days 

after infection. This clearance is mediated by a strong adaptive immune response; 

characterized by proliferation and activation of highly effective LCMV-specific CD4 and 

CD8 T cells (Liu, Woltman et al. 2009). Serum samples could be used to analyse 

circulating IL-23. The development and functions of Th17 cells could also be monitored 
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during viral infection. Th17 cells are known to produce cytokines such as IL-17, IL-21, 

IL-22 and IL-6 (Liang, Tan et al. 2006; Bettelli, Oukka et al. 2007; Korn, Bettelli et al. 

2007; Nurieva, Yang et al. 2007; Zheng, Danilenko et al. 2007). Quantification of this 

cytokine profile would not only provide information on IL-23 function, but would serve 

as a biomarker profile of Th17 cell function.  

During HIV infection, where deregulated IL-23 receptor expression and IL-23-

induced JAK/STAT signalling are observed, it would be interesting to determine if this 

phenomenon results in increased circulation of Th17 cells. My study raises many 

questions on the actual mechanism of HIV infection on IL-23 function and IL-23 receptor 

expression. Accordingly, an immediate objective could focus on establishing and 

characterizing the molecular mechanism involved in HIV-mediated deregulation of IL-23 

function and IL-23 receptor expression. It would be of great interest to determine which 

HIV proteins are involved and this could be carried out by performing several in vitro 

experiments. CD4 T cells could be treated with HIV proteins such as Nef or Env, as these 

proteins are known to be involved in HIV-mediated JAK/STAT activation (Federico, 

Percario et al. 2001; Percario, Olivetta et al. 2003; Kryworuchko, Pasquier et al. 2004). 

By examining the effect of these specific HIV proteins, the regulation of IL-23 receptor 

as well as IL-23 function during HIV infection could be characterized. Addressing the 

changes that could occur on IL-23 function will provide insight into the potential 

mechanism of HIV deregulating the IL-23/Th17 axis in immune responses.  

As a follow up, new work should also focus on further investigating the effect of 

HAART on HIV positive individuals. These studies could be concentrated on the 

correlation of type and duration of treatment with the expression level of IL-23 receptor. 
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In vitro studies could be done in which treating HIV protein-infected CD4 T cells with 

each of the different drugs in the patient treatment cocktail is examined for effects on IL-

23 receptor expression, as well as on expression of other proteins that regulate it, such as 

IL-6 and IL-23 Focusing on the mechanism of IL-23 regulation and function during viral 

infection as a future direction of this research will widen the development of novel 

therapeutic drugs to combat viral infection.  
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