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Abstract 

Inflammation plays an important role in responding to injury and combating infections.  In 

this thesis, I examine how inflammation is regulated by cytokines responsible for driving initial 

immune responses to combat infections. Toll-Like receptor (TLR)-mediated activation of 

monocytes, macrophages and dendritic cells can lead to the co-expression of proinflammatory 

cytokines including IL-1β, IL-23, and IL-27. IL-23 and IL-27 belong to the IL-12 cytokine family 

yet have distinct functions; IL-23, along with IL-1β, regulates TH17 cell differentiation, while IL-27 

supports TH1 proliferation and inhibits TH17 differentiation. Our lab has previously demonstrated 

that IL-27 can modulate inflammasome activation, the multi-protein regulatory complex that 

produces bioactive IL-1β; however, the mechanism behind this is poorly understood. Similarly, 

the effect of IL-27 on IL-23 expression has not been well described. Using the CD14+ THP-1 

monocytic cell line as a model system, I investigated the role of IL-27 on LPS-mediated 

inflammasome activation and IL-23 expression. To induce inflammasome activation, CD14+ 

THP-1 cells were treated with LPS and/or IL-27, followed by treatment with ATP. I demonstrated 

that IL-27-enhanced inflammasome activation, which is associated with increased surface 

expression of LPS and ATP receptors: TLR4 and P2X7 respectively. Furthermore, costimulation 

resulted in increased secretion of ATP from CD14+ THP-1 cells. Inhibition of ATP signaling and 

inflammasome activation significantly decreased secreted IL-1β, suggesting that an ATP 

autocrine feedback loop is driving IL-1β secretion. Moreover, LPS and IL-27 costimulation 

increased IL-23 expression concurrent with that of IL-1β and ATP secretion. Furthermore I 

showed that IL-23 secretion is dependent on inflammasome activation and IL-1β, and ATP 

signaling following IL-27 and LPS priming. My data point to a novel mechanism of IL-27 

enhanced LPS-induced IL-1β and IL-23 secretion from CD14+ THP-1 cells through an ATP 

autocrine feedback loop.  
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Chapter 1 

Introduction 

Inflammation is a mechanism through which the body can direct immune responses 

against pathogens, infections and injury. Inflammation drives immune responses by promoting 

the recruitment and activation of immune cells to damaged and infected tissues. An effector of 

inflammation is the inflammasome; a polymeric proinflammatory protein complex expressed in 

myeloid and epithelial cells that is responsible for regulating the activity of caspase-1, the 

enzyme responsible for producing the proinflammatory cytokines IL-1β and IL-18 [1, 2]. 

However, disregulation of inflammasome driven responses is involved in a number of 

proinflammatory diseases including: inflammatory bowel disease, stroke, asthma, familial cold 

autoinflammatory disease and neonatal onset multisystem inflammatory disease [3]. Thus, 

proper inflammasome regulation is essential in maintaining beneficial immune responses to 

pathogens. To date, our understanding of inflammasome regulation is incomplete, and is 

confounded by the complexity of inflammasome activation.  

The inflammasome is composed of a sensor protein, an adaptor protein and the enzyme 

pro-capsase-1, which when activated, cleaves the IL-1β and IL-18 precursors into the active 

cytokines [4]. Production of these cytokines is induced by pathogen-associated molecular 

patterns (PAMP) and endogenous danger signals recognized by the inflammasome sensor 

proteins. Inflammasome activation requires two signals, the first of which is a priming signal and 

the second induces activation. As mentioned, the primary role of the inflammasome is to 

regulate the production of IL-1β and IL-18. These pro-inflammatory cytokines play a key role in 

driving  innate adaptive immune responses [5]. Similarly, the inflammasome can also promote 
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inflammation by inducing pyroptosis, a form a programmed cell death [6]. Further understanding 

of inflammasome activation, IL-1β and IL-18 secretion, and pyroptosis will lead to novel 

interventions for inflammasome-mediated diseases.  

IL-1β and IL-18 have overlapping functions as they both induce the secretion of pro-

inflammatory cytokines and chemokines that promote immune cell migration and activation, 

leading to the release of proinflammatory mediators [7, 8]. However IL-1β and IL-18 have 

distinct roles in promoting the differentiation of CD4+ naïve T cells (TH); IL-1β is required in the 

differentiation of TH17 cells, while IL-18 promotes TH1 differentiation [9-11]. Both these subsets 

of T-cells promote inflammation and are implicated in a number of inflammatory diseases 

including multiple sclerosis and psoriasis [12-14]. IL-1β and IL-18 function alongside specific 

members of the IL-12 cytokine family to regulate CD4+ T cell differentiation [9-12]. The IL-12 

family is composed of IL-12, IL-23, IL-27 and IL-35, structurally homologous, heterodimeric 

proteins composed of α- and β-subunits [12]. These cytokines are produced by professional 

antigen presenting cells (pAPC) in response to pathogen and host-derived factors [15]. Once 

produced, the IL-12 cytokines play an important role in the differentiation and maturation of 

CD4+ helper T cells. IL-12 and IL-27 are required for optimal TH1 development, and IFN-γ 

production, while IL-23 is required for TH17 differentiation. Furthermore, synergistic activity 

between IL-1β and IL-23 has been demonstrated to increase polarization of TH17 cells and IL-

17 production [16].  

Despite the similarities in function between inflammasome produced cytokines and IL-12 

cytokines, the relationship between the inflammasome and IL-23 and IL-27 is poorly 

understood. There is emerging evidence that suggests that IL-27 can synergize with 

lipopolysaccharide (LPS), a component of the Gram-negative bacteria cell wall, [15]. Shimizu et 
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al. (2012) demonstrated that costimulation with LPS and IL-27 was necessary for the production 

of nitric oxide (NO) [17]. They observed that neither IL-27 nor LPS alone was capable of 

inducing significant upregulation of NO production. However, combined stimulation resulted in 

enhanced production of NO demonstrating a synergistic pro-inflammatory interaction between 

IL-27 and LPS. Furthermore, combined signaling of IL-27 and LPS was found to significantly 

upregulate the expression of TLR4, the receptor specific for LPS [17-19]. Similarly, preliminary 

work in our lab has demonstrated that IL-27 may enhance LPS-induced IL-1β secretion from 

monocytes, but is unable to induce it alone, suggesting that IL-27 may function to enhance LPS-

induced inflammasome activation. Therefore, I hypothesize that IL-27 enhances LPS-

mediated inflammasome activation, resulting in enhanced production of inflammasome-

dependent cytokines. 

 

Aims 

 
 

Aims: 

1. Role of IL-27 in inflammasome induction 

1. Determine the mechanism by which IL-27 enhances inflammasome activation 

2. Can IL-27 induce other TH17 precursor cytokines? 

2. How is IL-23 regulated during inflammasome activation  

1. Identify the relationship between inflammasome activation and IL-23 production 

2. Determine the mechanism of inflammasome-mediated IL-23 induction 
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Chapter 2 

Literature Review 

2.1 Lipopolysaccharide (LPS) Signaling 

Lipopolysaccharide (LPS) is a component of the outer membrane of Gram-negative 

bacteria, containing three components: an O side chain, a core oligosaccharide and lipid A, 

which serves as the PAMP recognized by TLR4 [20]. It has been reported that picomolar 

quantities of LPS are sufficient to stimulate the transcription of over 1000 different genes in 

cells, resulting in a robust immune response that can result in systemic inflammation and 

endotoxin shock [19, 21, 22]. As such, understanding the signaling molecules involved in LPS-

induced immune responses can provide potential targets for therapeutics.  

2.1.1 TLR4 and LPS binding  

LPS stimulates innate immune cells through interaction with toll-like receptor (TLR) 4 

[19]. The interaction between LPS and TLR4 is complex and involves a number of extracellular 

proteins. As reviewed by Jerala (2007), extracellular LPS first binds to an LPS-binding protein 

(LBP), which functions to transfer LPS to CD14 molecules on the cell surface [23]. Once 

transferred, CD14 associates with MD-2 that is bound to TLR4, and this allows the bound LPS 

to contact the TLR4 receptor and initiate signal cascades. LPS-TLR4 ligation induces receptor 

oligomerization and the recruitment of signaling proteins via interactions between toll-

interleukin-1 receptor (TIR) domains [24]. TLR4 signaling cascades proceed through two 

separate pathways, the myeloid differentiation primary response gene (MyD88)-dependent 

pathway, and the MyD88-independent pathway, which are responsible for driving transcription 

of proinflammatory genes and type 1 interferons respectively [24]. 
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MyD88-dependent pathway 

 As previously mentioned, the MyD88-dependent pathway is responsible for 

proinflammatory cytokine expression induced by LPS. Upon receptor oligomerization MyD88 is 

recruited to TLR4 where it is activated, promoting the recruitment and activation of IL-1 

receptor-associated kinase-4 (IRAK-4) [24]. The importance of these proteins in LPS signaling 

has been highlighted using studies with knockout mice. Mice deficient in MyD88 or IRAK-4 have 

diminished proinflammatory cytokine production in response to LPS and are resistant to septic 

shock [25, 26]. IRAK-4 recruits and activates IRAK-1; knockouts of IRAK-1 only partially inhibit 

cytokine production suggesting that IRAK-4 can recruit and activate other important signaling 

molecules [27, 28]. Downstream of IRAK-1, TNF receptor-associated factor 6 (TRAF6) is 

activated, forming a complex with ubiquitin-conjugating enzyme 13 (UBC13) and ubiquitin-

conjugating enzyme E2 variant 1 isoform A (UEV1A) [29]. This complex then activates the 

transforming growth factor-β-activated kinase (TAK1), which activates IκB kinase (IKK) and 

mitogen-activated protein kinase (MAPK) pathways [30]. Activation of these pathways leads to 

nuclear translocation of NF-κB and AP-1 and subsequent initiation of transcription of 

proinflammatory cytokine genes [31]. The significance of the MyD88 pathway is indicated in 

mutation studies, that have shown impaired cytokine expression following LPS stimulation. This 

pathway is activated in tandem with the MyD88-independent pathway following LPS stimulation 

to support innate immune responses (Figure 1). 

 

MyD88-independent pathway 

Signaling through TLR4 also occurs in a MyD88-independent manner, following LPS   
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Figure 1. LPS-induced upregulation of IL-23 and IL-27. LPS stimulation of TLR4 receptors 
results in the activation of MyD88 and TRIF pathways. Activation of the MyD88 pathway results 
in the phosphorylation of p38, ERK, and JNK. These in turn activate the transcription factors 
NF-κB and AP-1 which upregulate IL-23p19 and IL-12/23p40 expression. Activation of NF-κB 
from MyD88 and TRIF pathways results in the transcription of EBI3 and IL-27p28. Furthermore, 
TRIF signaling through IRF3 results in increased IL-27p28 induction.  
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stimulation and receptor oligomerization. Unlike the MyD88-dependent pathway, the MyD88-

independent pathway regulates the expression of type I interferons (IFN) [24, 32]. This pathway 

is dependent on the signaling protein TIR domain-containing adaptor inducing IFN-β (TRIF), 

whose recruitment ultimately leads to the activation of MAPK, NF-κB, and IRF3 and eventually 

the transcription of type I interferon genes [24, 32]. Once activated TRIF functions to activate 

two proteins: receptor-interacting protein 1 (RIP1), which activates MAPK and IKK pathways 

similar to TAK1 described above, and TRAF3 [33, 34]. TRAF3 is responsible for the activation of 

interferon regulatory factor (IRF)3, as cells lacking functional TRAF3 are unable to produce 

active IRF3 and have diminished type I IFN induction [34]. Once activated IRF3 translocates to 

the nucleus in order to drive the expression of type I IFN [35]. Stimulation of cells with LPS 

results in the activation of the MyD88-dependent and independent pathways, which together 

function to drive proinflammatory cytokine and type I interferon production (Figure 1).  

 

2.1.2 Regulation of LPS induced cytokines 

LPS stimulation can result in a robust proinflammatory response from the immune 

system. The effects of this response may be detrimental as LPS stimulation can lead to 

endotoxic shock [20]. Furthermore, only picomolar quantities of LPS are required to stimulate 

TLR4 signaling pathways, indicating how potent LPS is as an immune activator [21]. The toxic 

effects of LPS come from inflammatory mediators it induces. As previously stated, LPS 

stimulation can result in the activation of thousands of different genes, including several 

proinflammatory cytokines [36]. Among these cytokines are IL-1β, IL-6, TNF-α, IL-12, IL-23, 

IFNα, IFNβ and IL-27 [35, 37-40] The induction of these proinflammatory cytokines results in 

further activation of the host immune response. Disregulation, or overproduction of these 
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cytokines can result in the toxic effects from LPS stimulation. This thesis will focus on the 

function and regulation of LPS-induced IL-27, IL-23 and IL-1β. 

 IL-23 and IL-27 are members of the IL-12 family of cytokines, which are characterized as 

heterodimeric proteins that have prominent roles in the regulation of helper T cell responses. IL-

27 is composed of the p28 and Epstein-Bar virus induced gene 3 (EBI3) subunits, while IL-23 is 

composed of IL-12/23p40 and IL-23p19 (Figure 2) [12]. The expression of these subunits is 

tightly regulated through a variety of mechanisms. Individually, the subunits are expressed in 

multiple cell types and tissues throughout the body. However, the primary producers of 

biologically active IL-23 and IL-27 are monocytes, macrophages and dendritic cells [37, 41-44].  

These professional antigen-presenting cells are part of the innate immune system and respond 

to pathogens in order to prime an adaptive immune response. Due to the different functions of 

IL-23 and IL-27, their secretion acts as a mechanism through which pAPC may bridge the 

innate and adaptive immune responses.  

TLRs are a part of the innate immune system that initiates immune responses through 

the recognition of PAMP. Upon receptor-specific ligand stimulation, LPS stimulation of TLR4 

can induce IL-27 production through the activation of MyD88-dependent transcription factors c-

Rel, and NF-κB [45]. Once activated, these molecules translocate to the nucleus and bind 

promoter regions. Wirtz et al. (2005) demonstrated that NF-κB dimers bind to a promoter region 

proximal to EBI3 to drive expression in human and mouse cells. Furthermore, the study also 

demonstrated that this expression is enhanced by the recruitment of PU.1 to ETS domains 

downstream of the NF-κB binding region of the EBI3 promoter [38, 45, 46]. Similarly, Liu et al. 

(2007) demonstrated that MyD88-induced NF-κB signaling upregulated the expression of p28 

as well as EBI3. This suggests a mechanism by which cells can rapidly upregulate IL-27   
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Figure 2.The IL-12 family of cytokines. The IL-12 cytokines are heterodimeric proteins 
composed of α and β subunits. The subunits include IL-27p28, EBI3, IL-12p35, IL-12/23p40 and 
IL-23p19. Members of the IL-12 family include: IL-12, (IL-12p35 and IL-12/23p40), IL-23 (IL-
23p19 and IL-12/23p40), IL-27 (IL-27p28 and EBI3) and IL-35 (IL-12p35 and EBI3).  
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through NF-κB-driven transcription of EBI3 and p28. However, Molle et al. (2007) observed that 

p28 expression in humans was decreased in LPS-stimulated monocyte-derived dendritic cells 

(MoDC) deficient in TRIF, which as mentioned is involved in LPS induced MyD88-independent 

signaling [47]. This suggests an alternative mechanism of p28 production in humans 

independent of the MyD88 pathway. TLR4 stimulation results in the upregulation of TRIF, which 

leads to the activation of NF-κB [47, 48]. The study also demonstrated, through the use of TRIF 

knockout mice and TRIF deficient MoDCs, that EBI3 and p28 expression is dependent on TRIF 

signaling. As previously mentioned, TRIF activates the transcription factor IRF3 that has been 

found to be required in p28 expression but not EBI3 [47] This indicates that optimal induction of 

IL-27 depends on the MyD88-dependent and independent pathways (Figure 1).  

IL-23 is a heterodimeric protein composed of IL-23p19 and IL-12/23p40. IL-23 can be 

induced by stimulation through TLR4 (Figure 1). IL-23p19 and IL-12/23p40 expression has been 

observed following activation of the MAPK proteins p38, JNK and ERK, and inhibition of these 

signaling proteins results in abrogation of IL-23 expression [49-52]. Taken together, these 

findings suggest that the MyD88-dependent signaling pathway is required for IL-23 induction. IL-

23 gene expression is dependent on the activation of NF-κB and AP-1 [49-52]. Carmody et al. 

(2007) demonstrated that the NF-κB subunits c-Rel, p65, and p50 can oligomerize and bind to 

promoter regions upstream of the IL-23p19 gene [53]. Furthermore, c-Rel was observed to be 

critical to this induction, while p65 and p50 served to enhance transcription [53]. Similarly, 

proximal to the IL-23p19 and IL-12/23p40 promoters there is a binding site for AP-1, mutations 

to this site resulted in a loss of IL-23p19 promoter activity [50, 52]. Unlike IL-12/23p40, IL-23p19 

is unable to be secreted from cells as a monomer, and therefore IL-23 secretion is dependent 

on subunit interactions [37]. The differential regulation of IL-23p19, IL-12/23p40, EBI3 and IL-
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27p28 expression allows cells to regulate the production of IL-23 and IL-27 and their related 

cytokines due to the overlap in subunits (Figure 2). 

Stimulation of other TLR receptors can result in the induction of IL-27 and IL-23. TLR 7/8 

induce both IL-23 and IL-27 while TLR2 induces IL-23 and TLR3 and TLR9 have been shown to 

increase IL-27 in pAPC [38, 54]. These receptors signal through the MyD88-dependent, TLR7, 

TLR8 and TLR9 and the MyD88-independent, TLR3, pathways to induce cytokine secretion. 

Therefore the potential exists for overlap to occur with TLR4 signaling resulting in enhanced IL-

27 and IL-23 secretion. The ligands specific for these receptors and the effect they have on IL-

27 and IL-23 are summarized in Table 1. 

  

Role of interferons (IFN) in LPS-induced IL-23 and IL-27 expression 

Along with IL-23 and IL-27, LPS can induce IFN-γ and type I IFN secretion from pAPC, 

which have the potential to feedback in an autocrine or paracrine manner to enhance IL-23 and 

IL-27 secretion. Conversely type I IFN and IFN-γ has been reported to inhibit LPS-induced 

inflammasome activation and IL-1β secretion [55, 56]. Apart from its role in p28 production, 

IRF3 is a transcription factor for the type 1 interferon, IFN-β, a pro-inflammatory cytokine that 

has been implicated in the regulation of IL-27 production [32]. Upon activation IRF3 can 

promote the production of IFN-β, which may enhance IL-27 production via TRIF [47]. However 

the study concluded that while IFN-β may contribute to IL-27 production, it is not a dominant 

factor. This would allow cells to inhibit IL-27 production without altering the other functions of 

IFN-β, despite its minor potentiating role. This mechanism may also allow for an IFN-β driven 

immune response without the induction of IL-27. Similarly, IFN-α, and IFN-γ have been 

demonstrated to upregulate expression of p28 but not EBI3 in human macrophages [38, 57].   
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Table 1. TLR-mediated induction of IL-12 family cytokines [12]. 

 
1  

                                                        
1Subunit of IL-27; 2Subunit of IL-35 ;3Subunit of IL-12; 4Subunit of IL-23. 
NB:  “–“ indicates little to no induction of subunit by TLR; “+” indicates subunit is induced by 
stimulation of this TLR; “+” indicates the relative amount of subunit induction by TLR 
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This upregulation of p28 is driven by the activation of IRF1, a major transcription factor in the 

IFN-α, and IFN-γ pathways [57]. As previously mentioned, IFN-β and LPS stimulation can 

increase NF-κB activation via the IRF3 signaling molecule to enhance p28 expression. Liu et al. 

(2007) demonstrated that IFN and LPS signaling has a synergistic effect on p28 production. 

Furthermore, overlap between IFN-γ and LPS signaling has been observed to enhance the 

production of IL-23 from dendritic cells [54]. IFN-γ was observed to stimulate IL-23 secretion 

from monocytes and macrophages via activation of the p38 and JNK MAPK [58]. Taken 

together these studies suggest that optimal IL-23 and IL-27 induction are dependent on LPS 

and IFN signaling. 

 

2.1.3 Interleukin 27 (IL-27) 

Pflanz et al. first described IL-27 in 2002 as a novel member of the IL-12 cytokine 

family[59]. The cytokines of the IL-12 family are heterodimeric proteins composed of α- and β-

chains or subunits[12, 59]. IL-27 is composed of the IL-27p28 (p28), α-chain, and the EBI3, β-

chain[59]. These subunits bear structural homology to the α- and β-subunits of the IL-12 family 

cytokines, IL-12p35 or IL-23p19 and IL-12p40 respectively [12, 59, 60]. Similarly, subunit 

overlap occurs between the IL-12 family members as indicated in figure 1. This allows for a 

situation in which IL-27 expression is tightly regulated and controlled throughout the course of 

the infection, and indicates the complexity involved in regulation of IL-12 family cytokines. 

Biologically active IL-27, p28/EBI3 heterodimers, is primarily produced by pAPC in response to 

pathogen and host-derived factors [15]. Evidence for this comes from several studies that have 

observed the elevated expression of IL-27 during Mycobacterium tuberculosis, Trichuris muris, 

and Toxoplasma gondii infection, or in response to LPS, TLR stimulation, CD40 ligation or pro-
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inflammatory cytokine expression [15, 61-64]. As such, IL-27 is produced during innate and 

adaptive immune responses [65].  

There is emerging evidence that suggests that part of the diversity in IL-27 function may 

be attributed to signaling pathway crosstalk between IL-27 and LPS [66]. Similarities exist in the 

signaling pathways of IL-27 and LPS, which may account for this overlap. Interplay between 

these pathways may influence the body’s innate and adaptive immune responses by altering IL-

27 responses. This novel level of regulation highlights the complexity of IL-27’s role in regulating 

innate and adaptive immune responses. 

 

2.1.4 IL-27 Receptor and Signaling 

The IL-27 receptor is a heterodimeric receptor complex composed of the WSX-1 and 

gp130 subunits [59]. WSX-1 and gp130 are predominantly expressed on B cells, natural killer 

(NK) and CD4+ helper T cells, lymphoid cells, however they are co-expressed on a wide variety 

of innate immune cells as well including: monocytes, mast cells, Langerhan’s cells, and dendritic 

cells [67, 68].  The IL-27 receptor belongs to the class I family of receptors, which are 

characterized by α-chain, the WSX-1/TCCR, and β-chain, gp130, subunits [42, 59]. Typically in 

class I receptors the α-chain confers ligand specificity, while the β-chain is required for high 

affinity binding and signal transduction [69]. Similarly, the β-chain is often a shared subunit 

receptor, with the gp130 subunit being utilized by leukemia inhibitory factor, oncostatin M, ciliary 

neurotrophic factor, IL-6 and IL-27 [69, 70]. The WSX-1 subunit is a unique α-chain in that it 

only binds to IL-27p28 and furthermore, it contains a long cytoplasmic domain making it capable 

of signal transduction [67, 71]. Similar to other IL-12 family cytokines, IL-27 receptor binding 

induces signal cascades through Janus Kinase (JAK) and signal transducer and activator of 
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transcription (STAT) signaling pathways. The combination of a wide variety of cells expressing 

the IL-27 receptor and the mechanisms of JAK/STAT signaling makes the function of IL-27 

diverse and difficult to classify. Indeed, IL-27 has been observed to have both pro- and anti-

inflammatory functions, as well as a role in TH cell differentiation [13, 15, 72].  

As reviewed by Delgoffe et al. (2011), the JAK/STAT signaling pathways are utilized by 

up to 50 different cytokines that differentially signal through 4 JAK and 7 STAT molecules, 

creating considerable overlap between signaling pathways. IL-27 binding to WSX-1 and gp130 

induces receptor dimerization resulting in the phosphorylation of the conserved tyrosine 

residues on the cytoplasmic domains of WSX-1 and gp130 [73]. The phosphorylated tyrosine 

residues of WSX-1 serve as an anchoring site for JAK1, while phosphorylated residues on 

gp130 allow association with JAK2 and Tyk2 [74]. The binding of JAK molecules to the receptor 

domains results in the phosphorylation and subsequent activation of the JAK kinases [75]. 

Activated JAK kinases promote the recruitment and phosphorylation of STAT signaling 

molecules as reviewed by Ihle (2001) [75]. Regarding IL-27, STAT1 phosphorylation is 

mediated by JAK1 bound to WSX-1, while gp130 associated JAK2 is primarily responsible for 

STAT3 phosphorylation [43, 76]. Once phosphorylated the STAT proteins will dimerize before 

translocating into the nucleus to induce transcription. Differential signaling between cells upon 

IL-27 stimulation has been described in several studies (Figure 3). IL-27 binding induces the 

phosphorylation of STAT1, STAT3, STAT4 and STAT5 in CD4+ T cells [77-79]. Alternatively, IL-

27 signaling in monocytes is mediated by the phosphorylation of STAT1 and STAT3 whereas 

only STAT1 upregulation is observed in NK cells [66, 80]. The differences in signaling 

mechanisms between cell types play a role in determining the function of IL-27.  

Regulation of the IL-27 signaling pathways is important in directing efficient and non-   
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Figure 3. IL-27 receptor and signaling pathways. IL-27 binds to its receptor composed of the 
WSX-1 and gp130 subunits. Binding of IL-27 to its receptor induces the autophosphorylation of 
tyrosine residues on gp130 and WSX-1 that serve as anchoring sites for Jak1, Jak2 and Tyk2. 
Once anchored, these proteins are phosphorylated resulting in their activation. Active Jak1, 
Jak2 and Tyk2 phosphorylate the transcription factors STAT1, STAT2, STAT4 and STAT5. 
Once phosphorylated these proteins dimerize and translocate to the nucleus where they bind to 
promoter regions to drive transcription of target genes. p28 homodimers can inhibit IL-27 
signaling. IL-27 induces SOCS1 and SOCS3 activation, which function as inhibitors of IL-27 
signaling.  
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detrimental IL-27 induced immune responses (Figure 3). IL-27 has been demonstrated to 

upregulate the expression of suppressor of cytokine signaling proteins (SOCS) 1 and SOCS3 

that can act as a negative feedback regulator. SOCS1 inhibits STAT1 signaling, while SOCS3 

inhibits STAT3 resulting in the inhibition of the WSX-1 and gp130 signaling pathways 

respectively [81, 82]. Together the IL-27 induced upregulation of SOCS1 and 3 indicate a 

negative feedback mechanism through which hyperactive IL-27 function is prevented through 

inhibition of intracellular signaling. An alternative mechanism to IL-27 signaling regulation is 

mediated through the production of p28 homodimers [83]. In their study, Stumhofer et al. (2011) 

demonstrated that p28 homodimers are capable of binding to gp130, preventing IL-27 ligation. 

As was mentioned in the previous section IFN-α, and IFN-γ selectively upregulate p28. IFN-α, 

and IFN-γ may increase IL-27 production via the upregulation of p28; however, if p28 levels 

become excessive it is possible that they may dimerize and act as inhibitory molecules to IL-27 

signaling. This mechanism represents another form of regulation that can limit overstimulation 

by IL-27. The following section will expand upon the specific signaling pathways in terms of how 

IL-27 directs the immune response. 

2.1.5 Synergy between IL-27 and LPS signaling and function 

Recently, IL-27 has been demonstrated to upregulate NF-κB, along with STAT1 and 

STAT3 suggesting that there may be signaling overlap between IL-27 and LPS [66]. Ghosh and 

Karin described a potential mechanism for this overlap in 2002 [84]. Activation of JAK/STAT 

signaling results in the phosphorylation of IKKs, which phosphorylate the NF-κB inhibitory 

proteins, IκB. Phosphorylation of IκB leads to ubiquitination and proteasome-mediated 

degradation allowing NF-κB dimers to translocate into the nucleus and induce transcription. 

Furthermore, recent studies have revealed synergistic activity between IL-27 and LPS, through 
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the upregulation of STAT1, STAT3 and NF-κB [17, 18, 66, 85]. The functional significance of 

this overlap has yet to be fully understood; however, some recent studies demonstrate a 

proinflammatory response due to LPS and IL-27 overlap. Shimizu et al. (2012) demonstrated 

this interaction in their study of nitrous oxide (NO) induction by costimulating macrophages with 

IL-27 and LPS. What they observed was that neither IL-27 nor LPS alone was capable of 

inducing significant upregulation of NO production. However, combined stimulation resulted in 

enhanced production of NO demonstrating a synergistic pro-inflammatory interaction between 

IL-27 and LPS. Furthermore, combined signaling of IL-27 and LPS was found to significantly 

upregulate the expression of TLR4, the receptor specific for LPS [17, 19]. As was mentioned in 

an earlier section TLR4 activation, along with TLR3, TLR7, TLR8 and TLR9, are responsible for 

the production of IL-27 from pAPC [38]. TLR4 signals through TRIF and NF-κB molecules that 

once activated drive the transcription of type 1 interferons and pro-inflammatory cytokines, 

including IL-27 [24, 86]. Similarly, Kalliolias and Ivashkiv (2008) provided evidence that TLR4 

signaling through p38 MAP kinase inhibits the ability of IL-27 to suppress anti-inflammatory IL-

10 secretion [87]. These findings suggest that overlap between the IL-27 and LPS signaling 

pathways results in proinflammatory response from cells. The relationship between IL-27 and 

LPS requires further work to fully understand. This thesis will focus on the mechanism through 

which IL-27 enhances LPS-induced proinflammatory responses.   

2.1.6 Function of IL-27 in Immunity 

Proinflammatory Functions of IL-27 

Several studies have demonstrated the ability of IL-27 to initiate proinflammatory 

responses in the innate immune system. IL-27 promotes the proliferation of TH1 cells that 

primarily produce the pro-inflammatory cytokine IFN-γ. As reviewed by Zhang (2007) IFN-γ is 
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capable of eliciting an inflammatory response through the activation of TH1 cells, inducible 

nitrous oxide synthase (iNOS), increased chemokine secretion and an upregulation of TLR [88]. 

Furthermore, IFNγ induces and maintains TH1 populations through a positive feedback loop. 

This feedback loop will continue to produce active TH1 cells that produce more IFN-γ. The 

effects of this positive feedback loop are seen in Crohn’s disease (CD) and ulcerative colitis 

(UC), where the exacerbated TH1 response leading to inflammation of the gastrointestinal tract 

highlights the inflammatory role of IFN-γ [89]. Apart from the induction of a pro-inflammatory T 

cell response, IL-27 has been shown to induce pro-inflammatory responses in pAPC, 

particularly non-activated or resting monocytes and macrophages. It has been demonstrated 

that IL-27 upregulates mRNA expression of pro-inflammatory mediators IL-1β, TNFα, IL-12p35, 

IL-18, IL-6, IP-10, MIP-1α, and MIP-1β [59, 66]. Similarly, a recent study by Shibata et al. (2012) 

demonstrated an upregulation of the mRNA of p28 and EBI3 as well as of IFN-γ, and TNF-α 

chemokines further implicating IL-27 in proinflammatory responses [13]. Furthermore, IL-27 has 

been shown to inhibit LPS induced IL-10 production from macrophages and monocytes [85, 87]. 

Also in monocytes, IL-27 has been observed to enhance LPS stimulated iNOS activation, 

enhancing nitric oxide production, increasing vasodilation and inflammation [17]. The 

significance of this IL-27 and LPS interaction, particularly in regards to inflammasome activation 

and function will be further explored in this thesis.  

 

Anti-inflammatory role of IL-27 

IL-27 was originally described as an anti-inflammatory cytokine affecting both the innate 

and adaptive immune systems. A predominant anti-inflammatory role of IL-27 is the inhibition of 

TH2 differentiation and IgE production. The inhibition of a TH2 response prevents the expression 
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of cytokines IL-4, IL-5 and IL-13, which function to drive proinflammatory IgE class-switching in 

B cells [90]. Antigen cross-linking to IgE bound to mast cells and basophils, stimulates the 

release of proinflammatory mediators from these cell resulting in an excessive inflammatory 

response, commonly seen in allergies and asthma [91, 92]. Inhibition of this response is 

important in inflammatory regulation. IL-27 has been implicated in allergic asthma resistance via 

an inhibition of TH2 cytokine expression, as it was observed that EBI3 knockout mice had a 

greater expression of TH2 cytokines [93]. This suggests that IL-27 inhibition of TH2 proliferation 

and subsequent IgE class-switching is a form of anti-inflammatory regulation. 

Similar to TH2 inhibition, IL-27 signaling can inhibit TH17proliferation, and subsequently 

pro-inflammatory IL-17 production, by inhibiting IL-23 signaling and retinoic acid-related orphan 

receptor (ROR)γt activation [79]. RORγt is the key transcription factor required for TH17 

differentiation that is upregulated by IL-6 and IL-23 stimulation [94, 95]. IL-27 signaling through 

STAT-1 is capable of inhibiting RORγt activation in naïve CD4+
 T cells [96]. The inhibition of 

RORγt prevents the maturation of TH17 cells and the production of pro-inflammatory IL-17. IL-23 

stimulation drives TH17 expression by activating the RORγt transcription factor through a STAT3 

mediated pathway [94]. IL-27 induced SOCS3 is capable of inhibiting STAT3 during IL-23 

stimulation, preventing TH17 development [82, 97]. Further evidence for IL-23 inhibition comes 

from Liu and Rohowsky-Kochan (2011) who demonstrated that IL-27 induced SOCS1 signaling 

can inhibit TH17 differentiation through the inhibition of STAT1 [98]. Taken together, these 

studies provide evidence for an anti-inflammatory role of IL-27 by the downregulation of TH17 

differentiation.  

IL-27 has recently been observed to promote IL-10 secretion from effector TH1 cells [99]. 

As reviewed by Ouyang et al. (2011) IL-10 functions primarily as an anti-inflammatory cytokine 
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by inhibiting the production of pro-inflammatory cytokines by innate and adaptive immune cells 

and by preventing the formation of lesions during exacerbated inflammatory responses [100]. 

Furthermore, P. chabaudi chabaudi infection induces an inflammatory response that is 

regulated by IL-10 produced by IL-27 stimulated TH1 cells [99]. This signifies an anti-

inflammatory role for IL-27 in mediating adaptive inflammatory responses. 

IL-27 has also been observed to induce anti-inflammatory functions by altering 

responses of the innate immune system during the course of disease. It was observed that 

WSX-1 knockout mice infected with Mycobacterium tuberculosis would die due to an 

exacerbated inflammatory response caused by hyper-production of pro-inflammatory cytokines 

IL-12, TNF-α and IL-1β [61][101]. Furthermore, Wirtz et al. (2006) described a decrease in LPS-

dependent bacterial toxicity following stimulation with IL-27. Their study demonstrated that 

activated neutrophils, monocytes and macrophages had inhibited production of reactive oxygen 

intermediates (ROI), when IL-27 stimulation followed LPS-mediated activation. All together 

these studies suggest an anti-inflammatory role for IL-27. The function of IL-27 as a 

proinflammatory or anti-inflammatory cytokine may depend on the relative status of the cell, as 

well as the type and timing of the infection. 

 

IL-27 induced TH1 cell differentiation 

IL-12 is responsible for the proliferation and differentiation of IFN-γ producing TH1 cells. 

However, it is incapable of inducing TH1 differentiation from naïve CD4+ T cells alone [102]. This 

incapability to drive TH1 proliferation results from the absence of IL-12Rβ2 signaling subunit of 

the IL-12 receptor [103]. IL-27 is produced early during pAPC activation prior to the production 

of IL-12 and IL-23 [77]. IL-27 can bind to WSX-1 and gp130 receptors on naïve CD4+ T cells 
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and induce JAK/STAT signaling. Specifically, the binding of IL-27 to naïve TH cells results in the 

phosphorylation of STAT1, STAT3 and STAT5 [104]. The activation of STAT1 and 3 results in 

the upregulation of the transcription factor T-bet, which regulates genetic expression of IL-

12Rβ2 and IFN-γ. The upregulation of T-bet promotes the expression of IL-12Rβ2 on cellular 

membranes of naïve helper T cells [78]. However, Hibbert et al. (2003) illustrated differences in 

IL-12Rβ2 expression upon IL-27 stimulation in cells at different stages of activation. In naïve TH 

cells IL-27 induced a significant upregulation of T-bet and IL-12Rβ2, while only upregulating T-

bet in active, IFN-γ producing, TH1 cells. Unlike STAT3, the phosphorylation of STAT1 in naïve 

TH cells was not required to upregulate T-bet expression, suggesting an alternative role [78]. 

Instead STAT1 activation was observed to inhibit GATA-3, through an unknown mechanism. 

GATA-3 drives TH2 differentiation by downregulating the expression of IL-12Rβ2, T-bet and 

STAT4, inhibiting TH1 proliferation [78, 100, 105, 106]. Furthermore, WSX-1 signaling has been 

determined to be a requirement for the induction but not maintenance of a TH1 response [104]. 

In agreement with this, Pflanz et al. (2002) demonstrated that IL-27-induced STAT5 might have 

role in T cell proliferation. Taken together this evidence suggests that IL-27 plays a complex role 

in the priming of naïve TH cells to IL-12 stimulation and polarization of a TH1 phenotype, leading 

to the inflammatory responses previously described (Figure 4). 

 

2.2 Interleukin 23 (IL-23) 

Interleukin 23 (IL-23) is a heterodimeric cytokine that was first discovered in 2000 as a unique 

member of the IL-12 family of cytokines [37]. Structurally, IL-23 is composed of the β-chain IL-

12/23p40 and the α-chain IL-23p19 subunits. The IL-23p19 subunit is unique to IL-23, and bears 
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structural homology to IL-12p35 [37]. Similar to IL-12p35, IL-23p19 cannot be secreted from cells as a 

monomer, requiring binding to the IL-12/23p40 subunit prior to secretion [37]. The IL-12/23p40 subunit 

on the other hand is capable of being secreted as a monomer, or dimer. IL-12/23p40 is shared 

between IL-12 and IL-23; this similarity gives IL-12 and IL-23 many similar functions [37]. Due to the 

similarities between IL-12 and IL-23, expression of their subunits, and subsequent secretion of IL-12 

and IL-23 is tightly regulated during immune responses. The primary producers of IL-23 are 

monocytes, dendritic cells, and macrophages, while T cells, B cells and endothelial cells have been 

reported to produce IL-23 as well [37, 44, 107, 108]. IL-23 is secreted from these cells in response to 

a number of stimuli including: LPS, IFN-γ, Gram-negative bacteria including Escherichia coli and 

Bacteroides vulgates, Mycobacterium tuberculosis, zymosam and ATP [109-111]. The mechanisms of 

LPS-induced IL-23 secretion have previously been discussed in this thesis. Biologically active IL-23 is 

capable of stimulating innate and adaptive immune cells during immune responses. In humans the 

primary cells that express the IL-23 receptor complex are activated T cells, memory T cells, and NK 

cells, while professional antigen presenting cells express low amounts of the receptor [107, 112-114]. 

Similarities in cytokine structure gives rise to the overlapping functions between IL-12 and IL-23. The 

IL-23Rα subunit is unique to IL-23 and was first discovered by Parham et al. (2002). Binding of IL-23 

to its receptor induces the JAK/STAT signaling pathway. Specifically, IL-23 stimulation of cells results 

in the activation of Jak2, Tyk2, STAT1, STAT3 and STAT4 [37, 44, 107, 115, 116]. Upon stimulation, 

the IL-23Rα binds to Jak2 while the IL-12Rβ1 subunit binds Tyk2. Association between the receptor 

subunits, Jak2 and Tyk2 results in the phosphorylation of the IL-23Rα at key sites that promote the 

recruitment of STAT1, STAT3, and STAT4. The subsequent phosphorylation, and dimerization of the 

STAT proteins allows for their translocation to the nucleus to drive IL-23 target genes. Interestingly, 

these are the same signaling molecules that IL-12 induces; however differences in levels of STAT 
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Figure 4. The role of IL-27 in TH differentiation. IL-27 alters CD4+ helper T cell responses by 
promoting TH1 differentiation and inhibiting TH2, TH17 and Treg. IL-27 stimulates naïve TH cells 
to upregulate T-bet activity resulting in increased surface expression of IL-12Rβ2. Similarly, IL-
27 increases IFN-γ and inhibits GATA-3, a TH2 transcription factor. IL-27 increases SOCS1 and 
SOCS3 activity, which inhibit IL-23-induced STAT1 and STAT3 respectfully, decreasing RORγt 
activity and inhibiting TH17 differentiation. 
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phosphorylation exist between cells exposed to IL-12 and IL-23. While IL-12 induces 

phosphorylation of STAT4, IL-23 promotes greater STAT3 phosphorylation and only a small 

amount of STAT4 phosphorylation relative to IL-12 [37, 44, 107]. These differences in STAT 

activation may attribute to the different functions of IL-23 and IL-12 that will be further 

elaborated on in the following section. 

 

2.2.1 Function of IL-23 

 Similar to IL-12 and IL-27, IL-23 has a predominant role in directing CD4+ T cell 

responses (Figure 4). However IL-23 specifically supports the differentiation of TH17 cells, 

characterized by IL-17A, IL-21 and IL-22 secretion, and the maintenance of IFN-γ producing 

memory CD4+ T cells [117]. Interestingly, IL-23 further differs from IL-12 and IL-27 in that it does 

not act on naïve CD4+ T cells as these cells do not express IL-23R [41]. The significance of IL-

23 and IL-23Rα in TH17 differentiation is highlighted by several studies using mouse models. 

Mice who are deficient in IL-23p19 or IL-23R have diminished TH17 cell populations and 

decreased IL-17A secretion [112, 118-120]. Therefore the upregulation of IL-23Rα on CD4+ T 

cells is critical to TH17 differentiation. Several cytokines are able to induce IL-23Rα expression 

in T cells, including IL-6, TGF-β and IL-21 [121, 122]. Secretion of these cytokines is dependent 

on a variety of factors. IL-6 and TGF-β can be secreted from pAPC, while IL-21 is secreted from 

active TH17 cells. Recent studies have demonstrated that IL-6 and TGF-β are capable of 

inducing TH17 cell differentiation in the absence of IL-23, leading to the production of IL-17A, IL-

21 and IL-22 [123, 124]. However, IL-21 has been reported to act as an autocrine to increase IL-

23Rα expression on TH17 cells [125]. The increase in IL-23Rα on TH17 cells allows for IL-23 
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stimulation resulting in TH17 proliferation. Interestingly, TH17 cells stimulated with IL-6, TGF-β 

and IL-23 secrete GM-CSF and IFN-γ as well as IL-17, IL-21 and IL-22 [126-128]. The 

significance of this altered secretion is highlighted in experimental autoimmune encephalitis 

(EAE), where IL-23 primed TH17 cells increase disease severity, while IL-6 and TGF-β primed 

cells did not [117]. 

Alternatively, a novel population of T cells, γδ T cells, has been described that is capable 

of producing IL-17 in response to IL-23. These cells differ from TH17 cells in that they 

constitutively express the IL-23R, and do not require priming with IL-6 or IL-21 [129]. γδ T cells 

are primarily located in the epithelial layers of the skin and the gut where they function to 

coordinate innate and adaptive immune responses. In a model of EAE, γδ T cells have been 

shown to be the first responders to IL-23, migrating to the central nervous system following 

activation [117]. Apart from IL-17 production, activated γδ T cells function to inhibit Treg cells in 

an IL-23 dependent manner [130]. The inhibition of Treg cells can allow for adaptive immune 

responses to develop, including TH17 differentiation. Furthermore, γδ T cells may secrete IL-21 

along with IL-17, which could prime TH17 cells for IL-23 stimulation. However, further studies are 

needed to determine if γδ T cells can function in this manner.  

The IL-23/TH17 axis has been demonstrated as an important regulator in the 

pathogenesis of several autoimmune inflammatory diseases. Increased expression of IL-23p19 

has been observed in the microglia of multiple sclerosis (MS) patients and in experimental 

models of EAE absence of the IL-23Rα prevents the disease [112, 131]. Furthermore, the 

recovery phase of EAE is correlated with decreases in IL-23 and IL-17 expression [132]. Taken 

together this points to a role of IL-23 in neurological autoimmunity. Other studies have linked the 
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IL-23/TH17 axis to rheumatoid arthritis (RA), collagen-induced arthritis (CIA), CD and UC further 

implicating IL-23 in autoimmune pathogenesis [14, 44, 133-135]. 

 The IL-23/TH17 axis also plays a role in host defense against invading pathogens. Mice 

deficient in IL-12p40 are more susceptible to infection from Francisella tularensis, Salmonella 

enteriditis and Cryptococcus neoformans resulting in increased organism burden and mortality 

[136-138]. IL-17 can stimulate the secretion of CCL2, IL-1, IL-6, IL-8, TNF-α and granulocyte 

colony-stimulating factor (G-CSF), resulting in rapid neutrophil recruitment [139-143]. 

Furthermore, IL-23 and IL-17 can promote monocyte migration to infected sites. For example, in 

a study of Listeria monocytogenes, mice deficient in IL-23p19 had decreased monocyte and 

neutrophil migration and increased bacterial burden [144]. Similarly, during Streptococcus 

pneumonia infection, IL-23 promoted neutrophil recruitment, and TH17 differentiation resulting in 

IL-17, and IFN-γ secretion [145]. Taken together, these studies suggest that IL-23 plays a critical 

role in promoting early inflammatory responses to pathogens. 

 

2.3 The Inflammasome  

As mentioned, the inflammasome is a multi-protein platform that regulates the activity of 

caspase-1, and the subsequent cleavage of IL-1β and IL-18 [1, 4]. The inflammasome is 

composed of a sensor protein, an adaptor protein and the enzyme pro-capsase-1 [4]. To date, 

four inflammasomes have been identified, based on the specific sensor proteins. The NLRP1, 

NLRC4 and AIM2 inflammasomes all respond to specific stimuli, while the NLRP3 

inflammasome induces IL-1β production in response to a large variety of stimuli (Table 2) [5]. IL-

1β and IL-18 are pro-inflammatory cytokines that play a key role in establishing inflammatory 

immune responses [5]. Due to their role in inflammation IL-1β and IL-18 production and   
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Table 2. Activators of the inflammasome as reviewed by Schroder and Tschopp (2010).   

Activators of the Inflammasome 

Types of 

Inflammasome 

Stimuli 

NLRP1 Muramyl dipeptide (MDP) 

Anthrax lethal toxin (LeTx)  

NLRP3 DAMPs: ATP, hyaluronan, amyloid-β, elevated glucose, monosodium 

urate (MSU) crystals, Uric acid 

Environmental irritants: Silica, asbestos, UVB irradiation, TNPC, 

TNCB, DNFB 

PAMP associated with the following organisms: 

Bacteria: Candida albicans, Saccharomyces cerevisiae, Listeria 

monocytogenes, Staphylococcus aureus  

Viral: Sendai virus, adenovirus, influenza virus 

NLRC4 Gram-Negative Bacteria with type III or IV secretion systems 

Cytosolic Flagellin 

Ie. Salmonella, Shigella, Pseudomonas, Legionella 

AIM2 Double stranded DNA 
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signaling are tightly regulated [146].  Exacerbation of inflammasome activation has been 

observed in inflammatory bowel disease (IBD), stroke, asthma and hereditary disorders [6, 147]. 

Furthermore, mutations in inflammasome subunits, resulting in constant activation have been 

linked to hereditary autoimmune diseases. These findings point to the inflammasome as a key 

mediator of inflammatory responses and disease. This thesis describes a novel IL-27-mediated 

mechanism by which inflammasome activation is upregulated. 

2.3.1 Structure of the inflammasome 

The inflammasome complex is composed of different protein subunits which include: a sensor 

protein, the apoptosis-associated speck-like adaptor protein (ASC), and the pro-caspase-1 

enzyme [4]. Three of the inflammasome sensor proteins belong to the NOD-like receptor (NLR) 

family: NLRP1, NLRP3 and NLRC4.The AIM2 sensor protein is a HIN-200 family member [5].  

The sensor protein subunits are responsible for detecting the different stimuli required for 

activation as listed in Table 2. The NLR sensor proteins are structurally similar in that they all 

contain a central nucleotide-binding and oligomerization domain (NACHT) and C-terminal 

leucine-rich repeats (LRR). The individual NLR sensor proteins are distinguished by the 

presence of a N-terminal caspase-recruitment domain (CARD), a pyrin (PYD) domain, or both 

[146]. The CARD and PYD domains serve as anchoring sites for inflammasome subunits during 

formation, while the LRR domain is a pattern recognition receptor (PRR) for danger signals[3].  

 

NLRP3 Inflammasome 

The NLRP3 inflammasome responds to the widest variety of PAMPs and host damage-

associated molecular markers (DAMPs) (Table 2) [147-150]. The C-terminal LRR domain 

responds to signaling induced by these markers to initiate inflammasome formation. Upon LRR 
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activation the NLRP3 sensor protein directs self-assembly of the inflammasome subunits via 

homotypic interactions between its CARD or PYD domains and those of the ASC, and pro-

caspase-1 (Figure 5) [146, 151]. Self-assembly begins with the oligomerization of NLRP3 

proteins via their NACHT domains resulting in a clustering of their N-terminal PYD domains 

[146, 151, 152]. This clustering presents a target for homotypic interactions to occur between 

the PYD domains of NLRP3 and those of the ASC adaptor protein (Figure 5). ASC contains a 

CARD domain that binds with the CARD domain on pro-caspase-1. This interaction with pro-

caspase-1 signifies the formation of the NLRP3 inflammasome. The production of IL-β and IL-18 

by the inflammasome requires the formation of active caspase-1 from the pro-caspase-1 

subunit. 

 

Caspase-1 

The pro-caspase-1 subunit of the inflammasome is an inactive zymogen. As seen in 

figure 5, pro-caspase-1 is composed of p10 and p20 protein domains, a C-terminal CARD 

domain and cleavage sites [146]. The formation of the inflammasome brings the pro-caspase-1 

subunits into proximity with each other resulting in the autolytic cleavage of pro-caspase-1. 

Following cleavage, the p10 and p20 proteins form heterotetramers of two p10 and two p20 

proteins, which becomes the biologically active form of caspase-1 [153, 154]. Interestingly, 

active caspase-1 lacks the C-terminal CARD domain, suggesting that it is released from the 

inflammasome during cleavage [155]. Activated caspase-1 will cleave pro-IL-1β and pro-IL-18 to 

produce IL-β and IL-18 [156]. These cytokines will be secreted from the cell to elicit their 

functions within the body. 
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Figure 5. Activation of the NLRP3 inflammasome. Formation and activation of the 
inflammasome induced by signal 2. A) The structure of a single NLRP3 sensor protein. The 
LRR domain detects Inflammasome stimuli, while the NACHT and PYD domains direct 
inflammasome formation through oligomerization and homotypic interactions. B) Upon LRR 
recognition of danger signals NLRP3 directs inflammasome formation. Not shown here is the 
oligomerization of NLRP3 subunits via NACHT domains for clarity. Homotypic interactions 
between PYD domains of NLRP3 and ASC bring the two subunits together. C) ASC proteins 
contain a CARD domain allowing interactions with pro-caspase-1. The association of pro-
caspase-1 to NLRP3/ASC complexes signifies the formation of the inactive inflammasome. D) 
Oligomerization of inflammasomes results in the autolytic cleavage of pro-caspase-1 at sites 
indicated by the small arrows in figure C. Cleavage of pro-caspase-1 produces p20 and p10 
monomers that can form heterotetramers to form the biologically active caspase-1 enzyme 
capable of producing IL-1β from their precursor molecules. 
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2.3.2 Induction of the NLRP3 inflammasome 

 As illustrated by Guarda et al. (2011) the NLRP3 inflammasome is predominantly 

expressed in myeloid cells, particularly monocytes, macrophages, dendritic cells and 

neutrophils. These cells have been found to abundantly express ASC and pro-caspase-1 

subunits while the expression of NLRP3 is relatively low [157]. Similarly, pro-IL-1β is not 

constitutively expressed in myeloid cells and NLRP3 inflammasome activators (Table 2), such 

as ATP, uric acid crystals, aluminum salts, LPS, and intracellular pathogens are only able to 

induce minimal IL-1β expression in myeloid cells [5, 157]. However, IL-1β expression is 

enhanced when myeloid cells are prestimulated, or primed, by proinflammatory signals like LPS, 

or TNF-α, which enhance transcription of pro-IL-1β [158]. LPS specifically, signals through the 

MyD88-dependent and independent pathways to enhance transcription factor NF-κB activity 

resulting in the upregulation of NLRP3 and pro-IL-1β [159]. This evidence suggests that optimal 

activation of the inflammasome is dependent on two signals. Signal 1, as described, is required 

to prime the cell through the upregulation of NLRP3 and pro-IL-1β, while signal 2 drives the 

formation of the inflammasome and the cleavage of caspase-1 resulting in the secretion of IL-1β 

and IL-18.  

  

Mechanisms of Caspase-1 Activation (Signal 2) 

 Currently, there are three proposed mechanisms of signal 2 induction for NLRP3 

inflammasome activation (Figure 6) [5, 146]. The first mechanism involves the formation of 

pores on the cell surface, resulting in ion flux and inflammasome activation. Extracellular ATP is 

an NLRP3 agonist (Table 2), when released from damaged cells or acting as an autocrine 

molecule, binds to the P2X7 ATP-gated ion channel [154]. The result of this binding is three-   
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Figure 6. Pathways involved in ATP-mediated activation of the inflammasome. Stimulation 
of primed cells with ATP can induce inflammasome activation through three different pathways. 
1) ATP stimulation to P2X7 receptors induces the opening of K+ channels allowing the flow of K+ 
out of the cell down its gradient. NLRP3 sensor proteins detect K+ efflux and oligomerize 
resulting in inflammasome activation. 2) ATP signaling promotes the recruitment of pannexin-1 
channels to the cell surface, which can allow the passage of macromolecules in to the cell. 
Positively charged molecules can enhance K+ efflux from cells to drive inflammasome 
activation. Similarly, large molecules, and several intracellular pathogens, can induce the 
rupture of lysosomal membranes resulting in the release of cathepsin B. Cathepsin B is 
detected by NLRP3 sensor proteins resulting in inflammasome activation. 3) Extracellular 
calcium signaling through PLC receptors can induce the secretion of Ca2+ from the rough ER. 
High levels of intracellular Ca2+ can induce mitochondrial damage resulting in the production of 
ROS. NLRP3 can detect increases in ROS resulting in inflammasome activation. 
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fold. Firstly, the binding induces the rapid opening of potassium (K+) channels, which results in 

K+ efflux from the cell and the activation of the NLRP3 inflammasome [160, 161]. This is 

because high cytoplasmic K+ concentrations inhibit inflammasome subunit association, 

suggesting that K+ safeguards cells from unwanted IL-1β production [1]. Secondly the binding of 

ATP to P2X7 promotes the recruitment of pannexin-1 membrane pore proteins to the cell 

membrane resulting in pore formation [2]. The formation of pores can allow extracellular 

molecules or pathogens into the cell that may bind to NLRP3 and induce activation. However, 

due to the diversity of NLRP3 agonists it is unlikely that specific binding between NLRP3 and 

stimuli occurs [146]. Alternatively, entering molecules may be highly charged and induce K+ 

efflux promoting inflammasome activation. The third mechanism induced by ATP signaling is the 

flow of extracellular and intracellular calcium (Ca2+) into the cytoplasm of cells and is dependent 

on K+ efflux [162]. Extracellular Ca2+ can bind to phospholipase C (PLC) proteins, initiating a 

signal cascade that results in the release of Ca2+ from the endoplasmic reticulum (ER) [162]. 

The ER is the intracellular source of Ca2+, which can subsequently induce the formation of 

extracellular Ca2+ influx through store-operated Ca2+ entry (SOCE) receptors on the plasma 

membrane [163]. As demonstrated by Murakami et al. (2012), the influx of Ca2+ into the 

cytoplasm results in mitochondrial damage and reactive oxygen species formation (ROS). The 

role of ROS in inflammasome activation will be described in a later section. Under unstimulated 

circumstances, the Ca2+ mobilization and signaling is impeded by the high intracellular K+ 

concentrations [162]. However, ATP stimulation results in K+ efflux, removing inhibition on Ca2+ 

signaling. This results in inflammasome subunit association, Ca2+ influx and ROS production 

and the activation of the inflammasome. 
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 The second mechanism of inflammasome activation results from the disruption of 

lysosomal membranes resulting in the release of lysosomal contents. In particular, intracellular 

pathogens or NLRP3 agonists that develop crystal structures are able to induce IL-1β 

production through this mechanism. These structures have high surface charge that induces 

osmotic swelling of lysosomes resulting in their rupture and release of contents into the cytosol 

[164]. The release of lysosomal contents is detected by NLRP3 and promotes inflammasome 

production [165]. Specifically, inflammasome activation due to silica, amyloid-β, influenza have 

been linked to the release of cathepsin B, an enzyme within lysosomes [166-168].  However, the 

mechanism of cathepsin B recognition by the NLRP3 LRR domain remains unclear. Lysosomal 

destruction may also be induced by intracellular pathogens that escape phagocytosis-mediated 

killing [169]. 

 The last mechanism of NLRP3 inflammasome activation involves the production of ROS, 

a highly conserved response to infection [170-172]. In support of this, expression of ROS is 

elevated during NLRP3 inflammasome activation and the ROS-sensitive molecule, thioredoxin-

interacting protein, is a ligand for NLRP3 [2, 5, 170, 173]. While this evidence signifies the role 

of ROS in inflammasome activation, the source of ROS remains to be solved. Studies have 

indicated that NAPDH oxidases and mitochondria are the sources of ROS during inflammasome 

activation [174-176]. Despite this evidence, the exact role of ROS on inflammasome activation 

is still relatively unclear. As reviewed by Schroder and Tschopp (2010) not all stimulants of 

mitochondria-produced ROS are capable of inducing inflammasome activation, suggesting that 

ROS enhances inflammasome activation, but is not sufficient to induce activation alone. This 

suggests that the three mechanisms of NLRP3 activation are not exclusive and overlap may be 

necessary for optimal IL-1β production (Figure 6). Due to the complexity of inflammasome 
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activation, regulation of the individual activation pathways must be stringent to ensure proper 

immune responses.  

2.3.3 Negative Regulation of Inflammasomes 

 As previously mentioned, high cytoplasmic K+ concentrations prevent unwanted 

inflammasome activation. This safeguard mechanism is necessary as unwanted IL-1β 

production could result in inappropriate inflammation and immune responses [177, 178]. Like 

K+, the LRR domains of the NLR sensor proteins also safeguard against unwanted inflammatory 

responses [179]. LRR domains mediate auto inhibition of the inflammasome by interacting with 

two chaperone proteins, heat shock protein 90 (HSP90) and suppressor of G-two allele of skp1 

(SGT1) [180, 181]. Using immunoprecipation assays Mayor et al. (2007) demonstrated that 

HSP90 and SGT1 are bound to NLRP3 LRR domains in unstimulated cells. Stimulation with 

ATP resulted in the removal of these proteins from NLRP3 and the activation of the 

inflammasome measured by IL-1β production. This suggests that the binding of HSP90 and 

SGT1 keeps NLRP3 inactive but in a signaling-competent state. The significance of this is that 

the inflammasome remains inactive until exposed to proper stimuli. Furthermore, Mayor et al. 

(2007) demonstrated that removal of HSP90 and STG1 from NLRP3 without subsequent 

stimulation for inflammasome activation resulted in the degradation of NLRP3 by cellular 

proteasomes within 8 hours. Proteosomal degradation of NLRP3 is another mechanism to 

regulate immune activation, by ensuring that unwanted IL-1β production is transient. These 

intracellular safeguard mechanisms intrinsically regulate inflammasome activation to control IL-

1β production. 

 Along with the intracellular safeguard mechanisms, IL-1β production is regulated by IL-10, an 

anti-inflammatory cytokine [182]. IL-10 secretion from myeloid cells can be induced by prolonged 
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stimulation with LPS [5]. LPS stimulation primes inflammasome formation by upregulating NLRP3 and 

pro-IL-1β. The induction of IL-10 by priming stimuli represents a negative feedback control of IL-1β 

secretion. IL-10 has been observed to inhibit IL-1β production by signaling through the JAK/STAT 

pathway [183, 184]. Upon binding to its receptor IL-10 induces a signal cascade through Tyk2 and 

STAT3 molecules to inhibit transcription and translation of pro-IL-1β [183, 184]. Further evidence for 

this comes from Berg et al. (1996) who demonstrated that IL-10 deficient mice have elevated 

expression of IL-1β. Furthermore, type 1 IFN and IFN-γ have been shown to inhibit IL-1β production 

[56, 185]. This suggests that IL-1β expression can be rapidly downregulated in response to local 

environmental conditions. Coupled with the intracellular safeguard mechanisms, the actions of anti-

inflammatory cytokines create complex regulation on IL-1β production. Disregulation of these 

mechanisms may result in the progression of inflammatory disorders. 

 

2.3.4 Function of the Inflammasome 

The primary function of the inflammasome is to regulate the activity of caspase-1, the 

enzyme responsible for producing the pro-inflammatory cytokines IL-1β and IL-18 [5, 146, 156]. 

The roles of these cytokines within inflammatory responses are vital for connecting innate and 

adaptive immunity. IL-1β and IL-18 signal through the IL-1 receptor (IL-1R) and IL-18 receptor 

(IL-18R) respectively [3]. As reviewed in Figure 7, these receptors are expressed on a variety of 

cells of the innate and adaptive immune systems, as well as endothelial cells [3].  Upon binding 

to their respective receptors, IL-1β and IL-18 both stimulate MyD88 activation, which signals 

through the IRAKs to upregulate NF-κB [186]. The result of this signaling cascade is the 

upregulation of pro-inflammatory cytokines and chemokines [7]. The significance of this is that  
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Figure 7. Expression of the IL-1β  and IL-18 receptors (IL-1R and IL-18R) on target cells of 
the immune system. Both IL-1R and IL-18r are expressed on dendritic cells, macrophages, 
neutrophils and Naïve CD4+ T cells, while IL-1R is expressed only on basophils and mast cells 
and IL-18R is only expressed on NK cells. Upon stimulation of IL-1R and IL-18, the innate 
immune cells (basophils, mast cells, dendritic cells, macrophages, neutrophils and NK cells) will 
upregulate the production and expression of pro-inflammatory cytokines and chemokines. 
Unlike the innate immune cells, IL-1β and IL-18 have divergent roles on naïve CD4+ T cells. IL-
1β stimulates the differentiation of Th17 cells, while IL-18 promotes a Th1 response. The IL-1R 
and IL-18R are also expressed on endothelial cells (not shown). Image adapted from Sims and 
Smith (2010) [3]  
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IL-1β and IL-18 can cause local inflammation promoting immune cell migration and activation to 

clear infections. However, due to this inflammatory response IL-1β and IL-18 have the potential 

to induce tissue damage. IL-1β has been observed to have a role in inducing tissue damage by 

promoting the infiltration of neutrophils following stroke [8]. Once there, neutrophils release 

proteases, phospholipases and ROS that cause tissue damage [3]. Simi et al. (2007) further 

showed that the effects of neutrophils are prolonged by IL-1β, which upregulates adhesion 

molecules on endothelial cells, enhancing neutrophil survival. The previously described roles of 

IL-1β and IL-18 are shared, and represent their actions on innate immune cells. IL-1β and IL-18 

have distinct roles in promoting helper T cell responses [10]. IL-1β is required in the 

differentiation of TH17 cells, while IL-18 promotes TH1 differentiation [10, 11]. As previously 

mentioned, both these subsets of T-cells promote inflammation through the production of IL-17 

and IFN-γ respectively [12]. 

Inflammasomes can also induce the release of large quantities of proinflammatory 

cytokines by directing a specialized process of cell death called pyroptosis [187]. Pyroptosis is 

unique when compared to apoptosis because it is caspase-1 dependent and produces an 

inflammatory response [6]. Similarly, pyroptosis differs from necrosis, which is cellular death due 

to damage accumulation, because it is a form of programmed cell death that occurs primarily in 

response to intracellular pathogens or via AIM2 recognition of dsDNA [188-190]. The entire 

mechanism of pyroptosis is not fully understood; however, as reviewed by Schroder and 

Tschopp (2010) pyroptosis may occur when inflammasome regulatory mechanisms are 

overwhelmed by continued stimulation of IL-1α, IL-1β, and IL-18. The elevated expression of 

these cytokines results in pore formation within the cell membrane that decreases membrane 

integrity, resulting in the influx of water into the cell [188]. This is accompanied by cellular 
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swelling and osmotic lysis of the cell and the release of pro-inflammatory mediators [188]. This 

results in a robust inflammatory response that can promote tissue necrosis as seen in 

inflammatory bowel disease and asthma [3]. The significance of this is that pyroptosis provides 

a mechanism through which over-activated myeloid cells can increase responses to infection.  

Apart from IL-1β and IL-18 production, caspase-1 can promote inflammation by 

enhancing the secretion of IL-1α [191-193]. IL-1α is structurally homologus to IL-1β and signals 

through the IL-1R [186]. Similar to IL-1β, IL-1α is produced as a precursor molecule, however 

IL-1α is cleaved by the enzyme calpain [186]. Caspase-1 has been demonstrated to degrade 

the protein calpastatin, an inhibitor of calpain, resulting in the activation of calpain and increased 

production of IL-1α [191-193]. IL-1α induces inflammation by increasing NO, and chemokine 

synthesis [194]. The increase in NO, a vasodilator, and chemokines will result in the migration of 

immune cells to the site of injury, promoting inflammatory responses. Through regulation of pro-

inflammatory cytokines the inflammasome is able to induce localized inflammation and initiate 

adaptive immune responses. 

Mutations of inflammasome subunits have been observed to deregulate IL-1β and IL-18 

function, resulting in disease. As described, the NLRP3 sensor protein controls the formation of 

the inflammasome and the subsequent production of IL-1β and IL-18. Mutations to the NLRP3 

protein can prevent the proper regulation of IL-1β and IL-18 resulting in the development of 

inflammatory diseases. Three inflammatory diseases caused by inheritable mutations in the 

NLRP3 protein are familial cold autoinflammatory syndrome, Muckle–Wells syndrome and 

neonatal onset multisystem inflammatory disease (NOMID) [195]. These diseases are 

characterized by fever, rash and arthritis due to excessive inflammation and are caused by four 

point-mutations in the NLRP3 gene that prevent inactivation of the inflammasome [196]. The 
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result is the continual expression of IL-1β and IL-18 without stimuli and following stimulation 

monocytes from NLRP3 mutated individuals were observed to have enhanced and prolonged 

IL-1β and IL-18 production [197]. The functions of IL-1β and IL-18 were described in the 

previous section and explain the symptoms seen in these diseases. Furthermore, treatment of 

these individuals with the IL-1R antagonist anakinra has resulted in abrogation of disease 

symptoms [198]. Combined, this evidence highlights the role of inflammasome activation and IL-

1β signaling in inflammatory diseases. 

2.4 Function of IL-1β, IL-23 and IL-27 during immune responses 

In the course of a bacterial infection IL-1β, IL-23 and IL-27 function as early responders 

to promote innate and adaptive immune responses. As previously mentioned, LPS from Gram-

negative bacteria is capable of inducing IL-23 and IL-27 from pAPC, as well as prime these cells 

for inflammasome activation. IL-27 can enhance LPS-induced IL-1β and IL-23 secretion from 

monocytes and macrophages via the upregulation of TLR4 receptors [18, 85, 87]. In this sense 

IL-27 initiates inflammatory responses by “priming” cells to respond to danger signals such as 

LPS. The secretion of IL-1β and IL-23 at infected sites produces a number of proinflammatory 

responses. Firstly, IL-1β and IL-23 are capable of inducing neutrophil and monocyte infiltration 

through the upregulation of chemokines. The infiltration of neutrophils results in the release of 

phosphatases, proteases and ROS that cause inflammation [3]. Furthermore, IL-1β and IL-23 

function to drive TH17 differentiation resulting in IL-17 production, which promotes further 

neutrophil recruitment to the site of infection. In addition to acting on monocytes, IL-27 

stimulates naïve CD4+ T cells to differentiate into TH1 cells resulting in the production of IFN-γ.  
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During the later stages of an infection there is primarily the TH17 and TH1 adaptive 

immune response that is maintained by IL-23 and IL27 respectively [37, 117]. However, as the 

immune response progresses IL-27 may act as an anti-inflammatory cytokine to regulate the 

activity of TH17. IL-27 can directly inhibit TH17 differentiation by upregulating SOCS3 expression 

[82]. Similarly, IL-27 stimulation of activated TH1 cells promotes the secretion of IL-10, an anti-

inflammatory cytokine. Furthermore, IL-27 inhibits the proinflammatory functions of activated 

innate immune cells. For example, neutrophils, monocytes and macrophages show decreased 

phagocytosis, and ROI production from LPS-activated cells following IL-27 stimulation [199]. 

Taken together, these studies suggest that the proinflammatory function of IL-27 serves to 

initiate immune responses, while the anti-inflammatory function is required to mediate and shut 

down these responses appropriately.  
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Chapter 3 

Methods and Materials 

 

3.1 Cell Cultures and Reagents: 

The pro-monocytic leukemia cell line, THP-1, transfected with CD14-expressing cDNA 

plasmids (CD14+ THP-1), was kindly provided by Dr. R Ulevitch (The Scripps Research 

Institute, La Jolla, CA). Cells were cultured in Roswell Park Memorial Institute (RPMI) media 

(Sigma-Aldrich) containing 10% fetal calf serum (FCS) (ThermoScientific) and incubated in a 

Forma direct heat CO2 incubator heap class 100 (Thermo Scientific) at 37oC with 5% CO2.  

 

3.2 Primary Monocyte Isolation: 

Whole blood was obtained from healthy volunteers in agreement with Queen’s University 

Research Ethics Board (Appendix A)(Queen's University, Kingston, ON, Canada). Primary 

monocytes were isolated by negative selection using the RosetteSepTM Human Monocyte 

Enrichment Cocktail containing αCD2, αCD3, αCD8, αCD19, αCD56, αCD66b, αCD123, and 

αglycophorin A (StemCell Technologies). RosetteSepTM Human Monocyte Enrichment Cocktail 

was added (50µl/ml of whole blood) to each sample followed by incubation at room temperature 

for 20 minutes. Blood samples were then diluted with an equal volume of 1mM PBS-EDTA 

containing 2% FCS. Dilutions were layered on top of 15ml lympholyte (Cedarlane Laboratories) 

to give a ratio of 3:1, blood: lympholyte. The mixture was centrifuged at 1500 rpm for 20 minutes 

with no brake at room temperature. Primary human monocytes were extracted from the buffy 
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coat of centrifuged samples and washed twice with 10ml of 1mM PBS-EDTA containing 2% 

FCS. Monocytes were resuspended in warm RPMI at a concentration of 1x106 cells/ml for 

stimulations as described below. 

 

3.3 Cell Stimulations: 

1x106 cells/ml of CD14 THP-1 cells or primary monocytes were stimulated with 1 µg/ml 

0.111:B4 E. coli LPS (Sigma-Aldrich) and/or recombinant human 125ng/ml IL-27 (R&D 

Systems) for 5, 15, 30, 60 and 120 minutes for signaling studies or up to 16 hours for cytokine 

analysis. Following the 16 hour stimulation, cells were washed and provided fresh media prior to 

being stimulated with 5mM ATP (Sigma-Aldrich) over a time course of 2, 4, 8, 12, and 24 hours. 

To inhibit extracellular signaling and/or inflammasome activation, cells were pretreated with 

various inhibitors over a range of doses: the caspase-1 inhibitor, Z-WEHD-FMK (R&D Systems), 

the NLRP3 inhibitor, Glybenclamide (Invivogen), IL-1β neutralizing antibodies (R&D Systems) or 

the ATP receptor antagonists KN-62 or AZ 11645373 (R&D Systems). Cell pellets and 

supernatants from experimental samples and control samples given media only were collected 

following stimulations and stored at -80oC. 

 

3.4 RNA Isolation and Reverse transcriptase-polymerase chain reactions (RT-
PCR): 

RNA was isolated from cell pellets using TRI Reagent RNA Isolation Reagent (Sigma-

Aldrich). Cell pellets were homogenized in 500µl TRI Reagent. Bromoanisole (25µl) was added 

to the homogenized followed by centrifugation at 12,000 rpm, 4oC for 15 minutes. Supernatants 

were transferred to a new tube and 250µl isopropanol was added to precipitate RNA. Samples 
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were left at room temperature for 10 minutes and then centrifuged for 5 minutes at 12,000 rpm. 

RNA pellets were washed with 500µl of ethanol and centrifuged at 6000 rpm, 4oC for 5 minutes. 

Ethanol was removed and RNA pellets were dissolved in 40µl RNase-free water and stored at -

20oC. cDNA was synthesized using the Moloney Murine Leukemia Virus Reverse Transcriptase 

Enzyme (MMLVRT) (Invitrogen). A master mix of 5.58mM random hexamers (Invitrogen), 5µM 

dCTP, dATP, dUTP, dGTP (Invitrogen), 0.5X first strand buffer (Invitrogen), 40unit/µl RNase Out 

(Invitrogen) and 10.5µl of RNase-free water was used. 15.5µl of the master mix, 0.25µg/µl of 

RNA and 200unit/µl of MMLVRT enzyme were added to each tube and run at 25oC for 15 min, 

42oC for 1 hour and 95oC for 5 min using the Px2 Thermal Cycler (Thermo Electron 

Corporation) and were either stored at -20oC or processed by PCR. IL-12p40, IL-23p19, pro-IL-

1β, pro-caspase-1 and 18s gene cDNA was amplified using specific primers and cycling 

parameters (Table 3) by the Px2 Thermal Cycler. Primer pairs were diluted 100x and combined 

in a 200µl master mix; from this mix 13µl were used per PCR reaction. 3µl of a 1x Taq 

Polymerase Master Mix (New England Biolabs), diluted from a 5x master mix, containing Tris-

HCl (10mM), KCl (50mM), MgCl2 (1.5mM), dNTPs (0.2mM), 5% glycerol, 0.08% NP-40, 0.05% 

Tween-20 and Taq DNA Polymerase (25units/ml) was used. PCR products were detected by 

electrophoresis on a 1.2% agarose gel containing RedSafeTM (Biotium). Amplicons were 

visualized by ultraviolet detection using the AlphaInnotech HD2 Imager (Fisher Scientific), and 

compared to a 100bp DNA ladder RTU (FroggaBio). 
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Table 3. RT-PCR primers, amplicon size and cycling conditions for IL-23p19, IL-12/23p40, pro-
caspase-1 and pro-IL-1β  

Primer 

 

Sequence (5’ – 3’) Amplicon 

Length  

(Base pairs) 

Cycling Parameters 

(Temperature (oC)-Time) 

IL-1β 

Forward 

AAC AGG CTG CTC TGG 

GAT TCT CTT 

674 95-10min (1 cycle), 95-45s, 55-

60s,  

72-45s (40 cycles), 72-10min (1 

cycle) 

IL-1β 

Reverse 

TGA AGG GAA AGA AGG 

TGC TCA GGT 

IL-12/23 p40 

Forward 

AAG GAG GCG AGG TTC 

TAA GCC ATT 

444 95-10min (1 cycle), 95-45s, 57-

60s,  

72-45s (40 cycles), 72-10min (1 

cycle) 

IL-12/23 p40 

Reverse 

TCT TGG GTG GGT CAG 

GTT TGA TGA 

IL-23 p19 

Forward 

AGA CGC GCT GAA CAG 

AGA GAA TCA 

394 95-10min (1 cycle), 95-45s, 57-

60s,  

72-45s (40 cycles), 72-10min (1 

cycle) 

IL-23 p19 

Reverse 

TGG TGG ATC CTT TGC 

AAG CAG AAC 

18s Forward  TTC GGA ACT GAG GCC 

ATG AT 

151 95-10min (1 cycle), 95-45s, 55-

60s,  

72-45s (40 cycles), 72-10min (1 

cycle) 

18s Reverse CGA ACC TCC GAC TTT 

CGT TT 

Caspase-1 

Forward 

TGC CCA AGT TTG AAG 

GAC AAA CCG 

346 95-10min (1 cycle), 95-45s, 55-

60s,  

72-45s (40 cycles), 72-10min (1 

cycle) 

Caspase-1 

Reverse 

TCA CTC TTT CAG TGG 

GCA TCT 
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3.5 Cytokine Enzyme-linked Immunosorbent Assays (ELISA): 

Primary monocyte and CD14+ THP-1 cell supernatants were used for ELISA for IL-1β, 

IL-12p70, IL-12/23p40 and IL-23. ELISA protocols and reagents were obtained from 

eBioscience (IL-1β Cat #: 88-7010-88, IL-23 Cat #: 88-7237-88, IL-12p70 Cat #: 88-7126-88, IL-

12/23p40 Cat #: BMS2013MST). For IL-1β, IL-12p70 and IL-23 these assays were performed 

as per manufacturers instructions. Briefly, 96 well plates were coated overnight with a 1/250 

dilution of the respective human capture antibodies (100µl) at 4oC. Wells were then washed with 

200µl 1xPBS containing 0.05% tween-20 (wash buffer) for 5, 1-minute intervals. Wells were 

then blocked with 200µl, 1x assay diluent for 1 hour, washed as above and 100µl of samples 

were added in duplicate. Standards were serially diluted in 1x assay buffer. Samples and 

standards were incubated on the plate overnight at 4oC. Following this, wells were washed and 

100µl of detection antibody (1/250 dilution in assay diluent) was added and incubated for 1 hour 

at room temperature. 100µl Avidin-horseradish peroxidase (HRP) (1/250 dilution in 1x assay 

diluent) was added following a wash and incubated for 30 minutes. Wells were washed and 

100µl of 1x 3,3’,5,5’-tetramethylbenzidine (TMB) substrate solution was added and incubated 

for 15 minutes. Enzyme substrate reaction was stopped with 50µl of 1.8N H2SO4, and 

absorbencies were measured using the BioTek ELx800 Absorbance Microplate Reader. 

For IL-12/23p40 ELISAs, 96 well plates were coated with 100µl of a 1/200 dilution of 

coating antibody in 1x PBS and incubated overnight at 4oC. Following this plates were washed 

once with 300µl of wash buffer for 20 seconds. Wells were blocked with 250µl Assay buffer and 

incubated for 2 hours at room temperature. Plates were then washed twice with 300µl washing 

buffer for 20-second intervals. 100µl of prepared standard solution (1:10 dilution of reconstituted 

standard and Assay buffer) was added to the top 2 standard wells and 2-fold serial dilutions 



 

 

 

37 

were performed in sample diluent to create a standard curve ranging from 2000pg/ml – 31pg/ml. 

50µl of each sample were added in duplicate to wells containing 50µl sample diluent. 50µl of a 

1:1000 dilution of biotin-conjugate in assay buffer was added to all wells. The plate was 

incubated at room temperature for 3 hours on a shaker at 100rpm. Following incubation wells 

were washed 6 times with 300µl washing buffer at 20-second intervals. 100µl of a 1:12500 

dilution of Streptavidin-HRP was added to all wells and incubated at room temperature on a 

shaker at 100rpm. Wells were washed with 300µl of wash buffer 6 times at 20-second intervals 

after incubation. 100µl of 1xTMB Substrate Solution was added to all wells and incubated at 

room temperature for 10 minutes. Once a dark blue colour was observed in the top standard 

50µl of 1.8N H2SO4 was added to all wells to stop the enzymatic reactions. Plates were read in 

the same manner as the IL-1β, IL-12p70 and IL-23 ELISAs. Data is presented as the mean +/- 

the standard deviation of replicate samples.  

 

3.6 Cell Lysis and Signaling ELISAs: 

 CD14+ THP-1 cells were collected following signaling stimulation and used for ELISAs 

for phospho(p)-p65, pSTAT1, pSTAT3 and GAPDH. ELISA protocols and reagents were 

obtained from eBioscience (p-p65 REF #: 85-86082-11, pSTAT1 REF #: 85-86092-11, pSTAT3 

REF #: 85-86102-11, GAPDH REF #: 85-86131-11). As recommended by the supplier, a cell 

lysis mix buffer was prepared by diluting the supplied enhancer solution 10-fold into “5x lysis 

buffer” to create a 5x cell lysis mix. This was further diluted 5-fold, in dH2O, to create the 1x cell 

lysis mix. 700µl of 1x cell lysis mix/106 cells was added to samples in order to lyse cells by 

shaking in an Innova 4230 Refrigerated Incubator Shaker (New Brunswick Scientific Edison, NJ, 

USA) at 300rpmi for 10 minutes at room temperature. Following lysis, 50µl of sample were 
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added in duplicate to the supplied 96 well plate. 50µl of a prepared antibody cocktail, an equal 

part of specific capture and detection antibodies was added to each well. Plates were covered 

and placed on the shaker at 300rpmi for 1 hour at room temperature. Wells were washed with 

3x 200µl wash buffer and 100µl of the detection reagent was added. 100µl stop solution was 

added and wells were read at 450nm. Data presented represent the means normalized against 

those of the respective GAPDH controls. Error bars represent standard deviation between 

replicates.  

 

3.7 Cell Lysis and Western Blot Analysis: 

 Cell pellets from CD14+ THP-1 cells were collected after stimulation with LPS and/or IL-

27 after 16 hours. Cells were lysed using the PhosSTOP phosphotase inhibitor (Roche) and 

protein concentrations were determined using bradford assays. 50µg of protein per sample were 

used for western blots analysis of NLRP3, ASC, caspase-1, pro-IL-1β and HSP-90. Samples 

were diluted with an equal volume of 1x sample laemmli and denatured in boiling water for 5 

minutes before being run, via electrophoresis, on reducing 12% sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) gel. Gels were run for approximately 1 hour at 

200 volts, after which the samples were transferred from the gels to polyvinyl difluoride (PVDF) 

membranes for 1 hour at 100 volts. Following transfer, membranes were blocked with 2.5% 

bovine serum albumin (BSA) (Bioshop Canada, Inc.) in 1x TBST for an hour at room 

temperature. Antibodies for NLRP3 (Santa Cruz), ASC (Santa Cruz), caspase-1 (Santa Cruz), 

pro-IL-1β (Santa Cruz) and β-actin (Santa Cruz) were diluted in 1x TBST containing 2.5% BSA. 

Membranes were blotted with these antibodies overnight at 4oC. After blotting with the primary 

antibody, membranes were washed 3x 15 minute washes in 1xTBST with agitation on a 
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Multipurpose Rotator 2314 (Thermo Scientific Dubuque, Iowa, USA). Membranes were then 

incubated in peroxidase-conjugated goat anti-rabbit IgG (Santa Cruz) diluted 10000-fold in 1x 

TBST containing 2.5% BSA for 1 hour on the shaker in the dark. This step was followed by 

another wash step as described above. The protein bands were visualized using ClarityTM 

Western ECL Substrate (BIO-RAD) and detected with HD2 AlphaInnotech Imager (Fisher 

Scientific). 

 

3.8 FLOW Cytometry and Propidium Iodide Staining: 

Surface receptor expression of P2X7 and TLR4 was analyzed using flow cytometry. 

Cells were resuspended in 200µl 1x PBS-azide containing 2% FCS (Bioshop Canada, INC.) and 

stained on ice for 30 minutes with fluorescein isothyocyanate (FITC) labeled mouse anti-TLR4 

(Santacruz: HTA 125) and rabbit anti-P2X7 (abcam: ab109246). Those cells stained with anti-

P2X7 were washed and resuspended with 1x PBS-azide containing 2% FCS and incubated on 

ice for 30 minutes with phycoerythrin (PE) conjugated donkey anti-rabbit IgG (eBioscience: 

124739-81). Background staining was done using non-specific antibody isotype controls and 

secondary PE-anti-rabbit IgG. Receptor expression was detected with Coulter epics XL 

(Beckmann Coulter, Miami, FL). 

To assess cell viability propidium iodide staining was done on samples pretreated with 

Z-WEHD-FMK (R&D Systems), glybenclamide (Invivogen), KN-62 (R&D Systems) and Az 

11645373 (R&D Systems). Cells were harvested following 16 hour stimulation and resuspended 

in 1x PBS-azide containing 2% FCS. Cell counts were acquired using FCM (Beckmann Couter, 

Miami, FL) before and after a 10-second incubation with 1mg/ml propidium iodide (Sigma-

Aldritch). Data is tabulated in appendix A (Table 4).  
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3.9 HEK SEAP reporter assay: 

Human endothelial kidney (HEK)-BlueTM IL-1β cells transfected with a secreted 

embryonic alkaline phosphatase (SEAP) reporter gene (Invivogen) were used to detect levels of 

bioactive IL-1β in cell supernatants. Frozen HEK cells (3x106 cells/ml) were suspended in 10ml 

of pre-warmed (37oC) Dulbecco’s Modified Eagle Medium (DMEM, GIBCO). HEK cells were 

passaged twice, and administered 100µg/ml Zeocin and 200µg/ml HygroGold antibiotics 24 

hours prior to use. 80% confluent HEK cells were cultured at 330000 cells/ml and cultured in 96 

well plates. 50µl of supernatants from CD14+ THP-1 or primary monocyte stimulations were 

added to each well and plates were incubated at 37oC in 5% CO2 for 20 hours. 50µl of 

recombinant human IL-1β (0.25µg/ml, R&D Systems) was added to separate wells as a positive 

control.  

Following incubation, 50µl of the supernatant and HEK cell co-culture was added to 

wells containing 150µl of resuspended QUANTI-BlueTM SEAP detection media. Plates were 

incubated at 37oC in a spectrophotometer (Varioscan microplate reader) for 3 hours. SEAP 

levels were taken every 15 minutes at 625nm for the entire 3-hour incubation. Data is shown as 

the relative expression of the mean of each sample compared to unstimulated controls taken 

from 1 hour after data collection began. Error bars represent the standard deviation between 

replicates. 
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3.10 ATP assay: 

 ATP secretion from CD14+ THP-1 cells was assessed using the CellTiter-Glo® 

Luminescent Cell Viability Assay (Promega). Briefly, cell free supernatants were added to an 

opaque 96-well plate and incubated at room temperature for 30 minutes. An equal volume of the 

CellTiter-Glo® reagent was added to each well and plates were incubated for 10 minutes at 

room temperature. Luminescence was recorded using a GloMax 96 Microplate Luminometer 

with an integration time of 1 second per well. Data presented is the average relative ATP 

secretion from cells of multiple experiments. Error bars represent the standard error of the mean 

across all data sets.  

 

3.11 Statistical Analysis:  

 Statistical analysis for all ELISAs, flow cytometry, HEK cell, ATP and LDH assays was 

done using a 1-tailed student’s T-TEST assuming unequal variance. For ELISAs, HEK cell, RT-

PCR densitometry and ATP assays T-TESTS were used to compare differences between two 

different experimental conditions, using replicates of each sample. For flow cytometry analysis 

mean fluorescence intensity (MFI) for each condition was used to determine statistical 

significance by T-TESTs. Statisitcal analysis is denoted on each figure using * p<0.05, ** 

p<0.005 and *** p<0.0005. 
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Chapter 4 

Results 

4.1 Demonstrating inflammasome activation 

To classify inflammasome activation we stimulated CD14+ THP-1 cells and freshly 

isolated primary monocytes with LPS for 16 hours to prime cells for inflammasome activation. 

Following this cells were washed, given fresh media and stimulated with 5mM ATP, an activator 

of the NLRP3 inflammasome [161], over a time course of 4, 8, 24 and 48 hours. The secretion 

of extracellular IL-1β, measured by ELISA, indicates inflammasome activation [200]. As seen in 

Figure 8A, IL-1β protein levels were significantly increased by LPS stimulation alone in both the 

cell line and the primary cells. When ATP followed LPS stimulation, IL-1β levels significantly 

increased reaching a peak concentration at 4 and 24 hours post ATP stimulation in primary 

monocytes and CD14+ THP-1 cells respectively (Figure 8A). The addition of ATP alone did not 

result in a detectable release of IL-1β from either cell type, which is in agreement with previous 

findings (data not shown) [201, 202]. Similarly, stimulation of both cell types with LPS and ATP 

resulted in an increase in the expression of pro-IL-1β mRNA, detected by RT-PCR (Figure 8A). 

Unlike IL-1β, expression of pro-IL-1β mRNA peaked 4 hours after ATP stimulation began. 

These findings suggest that LPS and ATP stimulation drive inflammasome and IL-1β production 

at a transcriptional and translational level. To confirm that caspase-1, and thus activated 

inflammasomes, was responsible for the observed IL-1β production, CD14+ THP-1 cells were 

pretreated with the caspase-1 specific inhibitor FMK at 100µM, 10µM and 1µM concentrations 

prior to LPS and ATP stimulation (Figure 8B) These inhibitor concentrations have been 

previously established in the literature to effectively inhibit caspase-1 activity [203, 204]. 



 

 

 

43 

 
Figure 8. LPS and ATP stimulation induce inflammasome activation and IL-1β secretion. 
A) CD14+ THP-1 cells and freshly isolated primary monocytes were treated with 1µg/ml LPS, 
washed, and then stimulated with 5mM ATP for 4, 8, 24 and 48 hours to induce inflammasome 
activation and subsequent IL-1β. Blue bars represent protein levels of IL-1β detected by ELISA 
in cell-free supernatants. Pro-IL-1b expression was measured by RT-PCR analysis, from RNA 
isolated from CD14+ THP-1 cells and primary monocytes stimulated with the above mentioned 
protocol. 18s rRNA expression was used as a housekeeping control for RT-PCR experiments. 
B) CD14+ THP-1 cells were pretreated with 100µM, 10µM or 1µM of WEHD-FMK prior to LPS 
and ATP stimulation. Bars represent the protein concentration of IL-1β measured by ELISA in 
cell-free supernatants. CD14+ THP-1 data shown is representative of 5 independent 
experiments, while primary monocytes data is representative of 6 different donors.  
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Inhibition of caspase-1 by FMK significantly decreased IL-1β secretion from cells in a dose-

dependent manner, indicating that the observed IL-1β was produced by activated 

inflammasomes.  

4.2 IL-27 costimulation with LPS enhances LPS-induced inflammasome activation 

 Previous work in our lab has demonstrated that IL-27 pre-treatment of CD14+ THP-1 

cells and primary monocytes enhanced LPS-mediated proinflammatory responses by increasing 

the surface expression of TLR4 [18]. In light of this novel proinflammatory mechanism for IL-27, 

the first aim of this project was to determine if IL-27 could also enhance inflammasome 

activation. CD14+ THP-1 cells were stimulated with LPS and IL-27 for 16 hours prior to 

stimulation with ATP for 10 and 24 hours. Stimulation of cells with LPS alone resulted in 

increased secreted IL-1β, while IL-27 alone did not (Figure 9A). However, costimulation with 

LPS and IL-27 resulted in a significant increase in IL-1β expression compared to LPS 

stimulation alone, suggesting a synergistic effect. Furthermore, the increase in IL-1β during LPS 

and IL-27 costimulation was also seen when cells were treated with ATP following 

inflammasome priming with LPS and IL-27 compared to LPS priming alone. Interestingly IL-27 

and ATP stimulation did not result in IL-1β secretion indicating that unlike LPS, IL-27 cannot 

prime for inflammasome activation. In order to demonstrate that the IL-1β being produced by 

our cells was the cleaved, bioactive form, we performed HEK cell assays. Cell-free supernatants 

collected from cells treated with LPS and IL-27, followed by ATP for 10 hours were cultured 

overnight with HEK cells expressing an IL-1β-inducible SEAP reporter gene (figure 9B). Similar 

to the ELISA findings, the HEK cell assay showed that combined stimulation of LPS and IL-27 

resulted in significantly higher IL-1β secretion. Furthermore, the IL-1β that was secreted from  
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Figure 9. IL-27 increases LPS-induced inflammasome activation in CD14+ THP-1 cells. A) 
CD14+ THP-1 cells were stimulated with LPS (1µg/ml), IL-27 (125ng/ml), or LPS plus IL-27 for 
16 hours (left panel), or were washed and further treated with 5mM ATP for 10 and 24 hours 
(right panel). Total secreted IL-1β was measured by ELISA. B) Bioactive IL-1β activity was 
measured by SEAP secretions from HEK cells cultured with cell-free supernatants from cells 
treated with LPS (1µg/ml) and IL-27 (125ng/ml) for 16 hours (left panel), washed and then 
treated with 5mM ATP for 10 and 24 hours (right panel) Data shown are representative of three 
independent experiments. * p<0.05, ** p<0.005, *** p<0.0005. 
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the CD14+ THP-1 cells was the bioactive form, capable of inducing signaling through the IL-1 

receptor. 

4.3 IL-27 treatment upregulates expression of TLR4 and P2X7, and ATP secretion 

 Our lab has previously demonstrated that stimulation of CD14+ THP-1 cells with IL-27 

increased the surface expression of TLR4, which subsequently enhanced LPS-mediated 

responses [18]. To see if this phenomenon occurs along with the enhanced IL-1β in the 

presence of the simultaneous addition of IL-27 and LPS, CD14+ THP-1 cells were stimulated 

with LPS and IL-27 for 16 hours. I then examined the expression of the ATP receptor P2X7 

[205]. As seen in figure 10A and 10B, stimulation with LPS or IL-27 alone resulted in an 

increase in TLR4 and P2X7 surface expression compared to media controls, with IL-27 inducing 

a greater increase than LPS. Costimulation with LPS and IL-27 resulted in significant increases 

in both TLR4 and P2X7 compared to LPS or IL-27 stimulation. This suggests that the enhanced 

IL-1β production may result from enhanced surface receptor expression.  

Along with the increases in TLR4 and P2X7, I looked at the release of ATP from cells 

stimulated with LPS and IL-27. (Figure 10C). Stimulation of CD14+ THP-1 cells with LPS and IL-

27 alone increased the relative secretion of ATP compared to unstimulated cells. ATP secreted 

during LPS stimulation alone was more significant than IL-27-induced ATP release. 

Costimulation with IL-27 and LPS resulted in significantly increased ATP secretion compared to 

LPS or IL-27 stimulated cells. The ability of LPS to induce ATP may explain why IL-1β secretion 

is observed in the absence of exogenous ATP. Taken together, the increase in extracellular 

ATP and P2X7 suggest an autocrine feedback mechanism that may be promoting the enhanced 

IL-1β secretion observed during LPS and IL-27 costimulation. 
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Figure 10. IL-27 increases surface expression of P2X7 and TLR4 as well as secreted ATP. 
CD14+ THP-1 cells were stimulated with 1µg/ml LPS, 125ng/ml IL-27, or LPS plus IL-27 for 16 
hours and harvested for flow cytometry. Surface expression of P2X7 (A) and TLR4 (B) was 
determined by flow cytometry analysis. Grey histograms represent unstained cells 
(autofluorescence). MFI for P2X7 and TLR4 expression was calculated from 4 separate 
experiments, and are presented as the mean values with error bars representing standard error 
of the mean (right panels). C) Relative secretion of ATP was determined from cell-free 
supernants of cells stimulated with 1µg/ml LPS and 125ng/ml IL-27 for 16 hours. Histograms 
and ATP expression are representative of 6 independent experiments. * p<0.05, ** p<0.005, *** 
p<0.0005.  
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4.4 Inhibitors for caspase-1, NLRP3, and ATP, abrogate LPS/IL-27-induced IL-1β 
expression 

 To confirm the role of ATP in IL-27 enhanced inflammasome activation I treated CD14+ 

THP-1 cells with inhibitors at various doses for caspase-1 (FMK), NLRP3 (glybenclamide) and 

ATP (KN-62 and AZ 11645373). FMK binds to the caspase-1 active site to prevent cleavage of 

IL-1β, while glybenclamide inhibits K+ efflux, specifically inhibiting inflammasome activation [4, 

203]. As expected, when cells were treated with either of these inhibitors prior to stimulation 

there was a significant decrease in secreted IL-1β in both LPS and LPS/ IL-27 primed 

stimulations (Figure 11A). This confirms the necessity of inflammasome activation for IL-1β 

release in response to LPS with or without IL-27 and followed by ATP. When cells were 

pretreated with KN-62, which binds to CaM II kinase to inhibit P2X7 stimulation, and AZ 

11645373, an allosteric inhibitor of P2X7, there was a significant decrease in secreted IL-1β in 

the LPS stimulated cells and in the costimulated cells at all doses tested (Figure 11B). This 

suggests that endogenous ATP is at least partially driving inflammasome activation during the 

priming stimulation. However, since IL-1β secretion is not completely inhibited, ATP may not be 

the only activation signal present, or the inhibitors may not completely block ATP signaling.  

 

4.5 IL-27 and LPS costimulation does not alter phosphorylation of their respective 
signaling proteins 

In order to determine a potential mechanism behind the observed increase in IL-1β, we 

looked at changes between the signaling pathways of IL-27 and LPS during costimulation. 

CD14+ THP-1 cells were stimulated with LPS and IL-27 for 5, 15, 30, 60 and 120 minutes. Cells 

were lysed and ELISAs were performed on cell lysates to assay for changes in phosphorylation  
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Figure 11. Optimal IL-1β secretion is dependent on extracellular ATP signaling as well as 
inflammasome activation. CD14+ THP-1 cells were treated with FMK, glybenclamide (A), KN-
62 and AZ 11645373 (B) at the indicated doses prior to stimulation with LPS (1µg/ml), IL-27 
(125ng/ml), or LPS plus IL-27 for 16 hours. IL-1β was measured by ELISA from cell free 
supernatants. Data are presented as mean with error bars as standard deviation. Findings are 
representative of three independent experiments. * p<0.05, ** p<0.005, *** p<0.0005 
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of the NF-κB, STAT1 and STAT3. LPS stimulation resulted in an increased phosphorylation of 

the p65 subunit of NF-κB 5 minutes after stimulation and peaking at 15 minutes. Alternatively, 

IL-27 stimulation alone only resulted in a significant increase in phosphorylated p65 120 minutes 

after stimulation. Costimulation with LPS and IL-27 did not result in enhanced phosphorylation 

of p65 relative to LPS stimulation, suggesting that the observed increases in IL-1β are not due 

to increased NF-κB activity. As previously described, IL-27 stimulation resulted in increased 

phosphorylation of STAT1 and STAT3 in monocytes [66](Figure 12B and 12C), while LPS alone 

did not. In both IL-27 and costimulated cells, phosphorylation of STAT1 and STAT3 increased 5 

minutes after stimulation and peaked 30 minutes after stimulation. There was no significant 

difference observed in STAT1 and STAT3 phosphorylation during costimulation or IL-27 

stimulation alone. This suggests that alteration of the key IL-27 and LPS pathways does not 

occur during dual stimulation and that the enhanced inflammasome activation may be the result 

of other signaling mechanisms. 

 

4.6 LPS and IL-27 alter intracellular levels of NLRP3, ASC, pro-caspase-1 and pro-
IL-1β 

To further elucidate the potential mechanisms of enhanced IL-1β secretion observed 

with LPS and IL-27 costimulation we looked at the levels of the NLRP3 inflammasome subunits. 

CD14+ THP-1 cells were stimulated with LPS with or without IL-27 for 16 hours. Cells were 

collected and lysed and western blots were performed to look at the intracellular levels of 

NLRP3, ASC, pro-caspase-1 and IL-1β. As seen in Figure 13, stimulation with LPS or IL-27 

alone increased the expression of NLRP3, ASC and caspase-1. However, intracellular 

concentrations of IL-1β were only increased during LPS and LPS plus IL-27 stimulation, which  
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Figure 12. IL-27 and LPS costimulation does not alter the activation of TLR4 and 
Jak/STAT signaling pathways. CD14+ THP-1 cells were stimulated with 1µg/ml LPS, 125ng/ml 
IL-27, or LPS plus IL-27  for 5, 15, 30, 60 and 120 minutes. Cells were lysed and ELISAs were 
performed on whole cell lysates to assess the total phosphorylation of p65 (A), STAT1 (B) and 
STAT3 (C). Data shown is representative of 2 independent experiments normalized against 
GAPDH controls. * p<0.05, ** p<0.005, *** p<0.0005  
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Figure 13. Intracellular concentrations of inflammasome subunits are altered during IL-27 
and LPS costimulation. CD14+ THP-1 cells were stimulated with 1µg/ml LPS and 125ng/ml IL-
27, or LPS plus IL-27 for 16 hours. Intracellular protein expression was measured by western 
blot using antibodies specific for NLRP3 (A), ASC (B), pro-caspase-1 (C), and pro-IL-1β (D). 
Membranes were stripped and probed with HSP-90 as a control. E) Densitometry was 
performed on each sample, normalized against respective HSP-90 controls, and plotted as 
relative expression. Immunoblots and densitometry graphs shown are representative of 4 
independent experiments.   



 

 

 

53 

correlate with the ELISA data. IL-27 and LPS costimulation increased pro-caspase-1, and pro-

IL-1β relative to LPS stimulation alone; however, NLRP3 and ASC levels did not increase during 

costimulation compared to LPS stimulation only. This suggests that enhanced IL-1β secretion 

observed during IL-27 and LPS costimulation, may occur through increases in pro-caspase-1 

and pro-IL-1β, which may result in increased active caspase-1 ultimately resulting in enhanced 

IL-1β secretion.  

 

4.7 IL-27 and LPS costimulation does not result in enhanced gene expression of 
pro- IL-1β 

I have demonstrated that IL-27 and LPS costimulation enhances the protein 

concentrations of pro-IL-1β and pro-caspase-1 relative to LPS stimulated cells. Furthermore, IL-

27 is capable of inducing ASC and NLRP3 expression alone. To further our understanding of 

the mechanisms involved in increased inflammasome activation, I wanted to determine if 

transcriptional regulation of these proteins was altered during costimulation. CD14+ THP-1 cells 

were stimulated with LPS and IL-27 for 2, 4, 8 and 16 hours before harvesting cells for RT-PCR. 

RNA was isolated from cells and used to generate cDNA to determine if pro-caspase-1 and pro-

IL-1β expression was enhanced during costimulation. My results demonstrate that pro-IL-1β  

and pro-caspase-1 expression do not appear to be significantly upregulated during 

costimulation (Figure 14). This suggests that the enhanced IL-1β  observed is due to changes in 

post-transcriptional regulation during costimulation. 
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Figure 14. Transcriptional regulation of pro-IL-1β  and pro-caspase-1 during 
costimulation. RNA was isolated from CD14+ THP-1 cells stimulated with 1µg/ml LPS and 
125ng/ml IL-27, or LPS plus IL-27 for 2, 4, 8 and 16 hours. Expression of pro-caspase-1 (A) and 
pro-IL-1β  (B) was analyzed using RT-PCR (left panels). Data shown is representative of 3 
independent experiments.  Pro-caspase-1 and pro-IL-1β mRNA levels were normalized to 18s 
rRNA using densitometry and expression relative to unstimulated cells was calculated from 3 
independent experiments (right panels). Data presented represent the average relative 
expression +/- standard deviation.   
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4.8 IL-27 enhances LPS-induced secretion of other pro-inflammatory cytokines 

IL-27 and IL-1β have distinct roles when it comes to directing CD4+ T cell responses; IL-

27 along with IL-12 promotes TH1 differentiation while IL-1β along with IL-23 direct Th17 

responses (Figure 4). Since IL-27 enhances LPS-induced IL-1β secretion, I wanted to determine 

whether this synergy applied to the other IL-12 family cytokines involved in directing CD4+ T cell 

differentiation; specifically, IL-12p70, IL-12p40, and IL-23. CD14+ THP-1 cells were treated with 

LPS and/or IL-27 for 16 hours and cell-free supernatants were collected to measure 

extracellular cytokine concentrations by ELISA. LPS stimulation alone was sufficient to induce 

IL-12p40 and IL-23 secretion from CD14+ THP-1 cells (Figure 15A, 16A), while IL-12p70 was 

not detected (data not shown). Furthermore, IL-12/23p40 was significantly enhanced by LPS 

and IL-27 costimulation (Figure 16A), while IL-23 was not (Figure 15A). However, IL-23 

secretion appeared to be slightly enhanced when cells were primed for 8 hours, becoming 

insignificant after 16 hours (Figure 15C). IL-12/23p40 did not appear to be enhanced until 16 

hours after stimulation with LPS and IL-27 (Figure 16C). When cells were pretreated with IL-27 

and LPS, washed and given fresh media for 24 hours IL-23 was significantly enhanced 

compared to LPS stimulation alone (Figure 9B). This suggests that IL-27 is capable of 

enhancing LPS-induced IL-23 secretion, however it may also have a role in inhibiting IL-23 

secretion directly. To confirm these findings, cells were primed with LPS and IL-27 for 1, 4 and 8 

hours before being washed and given fresh media for 15, 12 and 8 hours respectively, for up to 

16 hours total stimulation time. Similar to the results in Figure 16A, pretreating cells with LPS 

and IL-27 resulted in a significant increase in IL-12/23p40 once IL-27 was removed (Figure 

16B). Interestingly induction of IL-23 was synergistically enhanced after priming with LPS and 

IL-27 for 1 and 4 hours relative to LPS only once IL-27 was removed (Figure 15B). However,  
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Figure 15. IL-27 enhances LPS-induced IL-23 secretion but not IL-23p19 mRNA. CD14+ 
THP-1 cells were stimulated as follows: A)1µg/ml LPS and 125ng/ml IL-27, or LPS plus IL-27 for 
16 hours; B) , 1µg/ml LPS and 125ng/ml IL-27, or LPS plus IL-27 for 16 hours followed by a 
wash  and fresh media for 24 hours in the absence of LPS and IL-27;  C) LPS,IL-27, or LPS 
plus IL-27 for 2, 4, 8 and 16 hours;  D)  pretreatment with LPS and IL-27 or LPS plus IL-27 for 1, 
4, and 8 hours before being washed and given fresh media for 15, 12 and 8 hours respectively. 
For A, B, C, and D, IL-23 secretion was measured from cell-free supernatants by ELISA. E) 
CD14+ THP-1 cells stimulated with 1µg/ml LPS and 125ng/ml for 2, 4, 8 and 16 hours and IL-
23p19 mRNA was measured by RT-PCR 18s rRNA was used as a loading control for RT-PCR. 
Relative expression was determined by normalizing individual bands against respective 18s 
rRNA controls. The data shown are representative of three different experiments. * p<0.05, ** 
p<0.005, *** p<0.0005.  
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Figure 16. IL-12/23p40 secretion, but not mRNA expression is enhanced by LPS and IL-27 
costimulation. CD14+ THP-1 cells were stimulated as follows: A) 1µg/ml LPS and 125ng/ml IL-
27, or LPS plus IL-27 for 16 hours; B) 1µg/ml LPS and 125ng/ml IL-27, or LPS plus IL-27 for 16 
hours followed by a wash and fresh media for 24 hours in the absence of LPS and IL-27; C) 
LPS,IL-27, or LPS plus IL-27 for 2, 4, 8 and 16 hours;  D)  pretreatment with LPS and IL-27 or 
LPS plus IL-27 for 1, 4, and 8 hours before being washed and given fresh media for 15, 12 and 
8 hours respectively. For A, B, D, and D, IL-12/23p40 secretion was measured from cell-free 
supernatants by ELISA. E) CD14+ THP-1 cells stimulated with 1µg/ml LPS and 125ng/ml for 2, 
4, 8 and 16 hours and IL-12/23p40 mRNA was measured by RT-PCR 18s rRNA was used as a 
loading control for RT-PCR. Relative expression was determined by normalizing individual 
bands against respective 18s rRNA controls. The data shown are representative of three 
different experiments. * p<0.05, ** p<0.005, *** p<0.0005.  
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there was no apparent increase in IL-23 secretion when cells were primed for 8 hours, washed 

and then left in media for 8 hours (Figure 15D). These findings confirm that IL-27 can enhance 

LPS-induced IL-23 secretion, but may directly inhibit IL-23 secretion when left in the culture 

medium.  I also examined the expression of IL-23p19 and IL-12/23p40 by RT-PCR (Figure 15E, 

16E). I demonstrate that LPS and IL-27 costimulation does not result in a significant difference 

in IL-23p19 or IL-12/23p40 mRNA expression relative to LPS stimulation only. Furthermore, IL-

27 alone does not induce transcription of either IL-23 subunit, correlating with our previous data 

demonstrating that IL-27 alone is incapable of inducing IL-23 and IL-12/23p40. 

 

4.9 Optimal IL-23 secretion is dependent on inflammasome activation 

 LPS-induced IL-23 may be enhanced by IL-27; however, only after IL-27 has been 

removed from solution suggesting that downstream effects of IL-27 signaling are responsible. 

As previously described, IL-1β and IL-23 function together to drive TH17 populations and the 

expression of these two cytokines may be linked via common regulatory mechanisms [109, 206, 

207]. Since I demonstrated that IL-27 enhances IL-1β secretion, I investigated if IL-23 

expression is linked with that of IL-1β. Thus I investigated whether inflammasome activation 

could influence IL-23 secretion.  

 To determine if IL-23 secretion was dependent on inflammasome activation, CD14+ 

THP-1 cells were stimulated with 1µg/ml LPS and 125ng/ml IL-27 for 16 hours in the presence 

of the caspase-1 inhibitor FMK. Cell-free supernatants were collected and IL-23 and IL-

12/23p40 secretion was measured by ELISA. As seen in Figure 17A, when cells were 

pretreated with 20µM and 10µM, but not 5µM FMK there was a significant partial decrease in IL-

12p40 and 
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Figure 17. IL-23 and IL-12/23p40 secretion is partially dependent on caspase-1 activity 
and IL-1β signaling. CD14+ THP-1 cells were treated with the caspase-1 inhibitor Z-WEHD-
FMK (A), and neutralizing antibodies to IL-1β (αIL-1β) (B) at various doses prior to stimulation 
with 1µg/ml LPS, 125ng/ml IL-27, or LPS plus IL-27 16 hours. Cell-free supernatants were 
collected after 16 hours and IL-23 (left panels) and IL-12/23p40 (right panels) secretion was 
measured by ELISA. Data presented is representative of three independent experiments. * 
p<0.05, ** p<0.005, *** p<0.0005.  
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IL-23 secretion. The observed decrease was greater in IL-23 compared to IL-12/23p40 in both 

the LPS stimulated and costimulated cells. This suggests that inflammasome activation, 

specifically caspase-1 activity, is partially required for LPS-induced secretion of IL-12/23p40 and 

IL-23. To confirm that the observed decrease in IL-23 during caspase-1 inhibition was a direct 

result of decreased inflammasome activation and not due to secondary effects of the inhibitor, 

we treated cells with neutralizing antibodies specific for IL-1β (αIL-1β) at 100ng/ml, 10ng/ml and 

1ng/ml prior to LPS and IL-27 stimulation. In cells stimulated with LPS alone there was 

significant inhibition, although not complete inhibition, of IL-23 secretion at 100ng/ml and 

10ng/ml of the neutralizing antibodies (Figure 17B). Costimulated cells pretreated with IL-1β 

neutralizing antibodies showed partial albeit significant inhibition of IL-23 secretion at all doses. 

Taken together with the caspase-1 inhibition data, this suggests that optimal secretion of IL-23 

from CD14+ THP-1 cells is dependent on inflammasome activation and IL-1β signaling.  

 

4.10 IL-23 secretion is dependent on LPS but not ATP stimulation. 

 In order to further examine the relationship between inflammasome activity, IL-1β, 

and IL-23 secretion CD14+ THP-1 cells were stimulated with 1µg/ml LPS for 16 hours, given 

fresh media and then 5mM ATP for 4, 8 and 24 hours in order to stimulate inflammasome 

activation. As seen in Figure 18A, IL-23 secretion was increased with LPS stimulation but was 

not further increased by ATP. In the previous section we determined that IL-23 secretion is 

partially dependent on caspase-1 activity during inflammasome priming, and this continued to 

be true following inflammasome activation with ATP (Figure 18B). To confirm that ATP does not 

have a role in IL-23 secretion, cells were treated with the ATP inhibitor KN-62 prior to LPS and 

ATP stimulation (Figure 18C). Treatment with this inhibitor did not significantly decrease the  
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Figure 18. IL-23 secretion from CD14+ THP-1 cells is partially dependent on 
inflammasome activation but not on ATP signaling. A) CD14+ THP-1 cells were stimulated 
with 1µg/ml LPS 16 hours, given fresh media and stimulated with 5mM ATP over a time course 
of 4, 8, 16 and 24 hours and IL-23 secretion was measured from cell-free supernatants by 
ELISA. B) and C) CD14+ THP-1 cells were stimulated with 1µg/ml LPS for 16 hours followed by 
5mM ATP for 24 hours. Prior to stimulation cells were pretreated with the caspase-1 inhibitor Z-
WEHD-FMK (B), or the ATP inhibitor KN-62 (C) at various doses and IL-23 secretion was 
analyzed by ELISA. Data shown is representative of three or more independent experiments. * 
p<0.05, ** p<0.005, *** p<0.0005.
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observed IL-23 secreted from CD14+ THP-1 cells. 

4.11 Determining the kinetics of LPS-induced IL-23 secretion:  

In the previous experiments CD14+ THP-1 cells were stimulated with LPS for 16 hours 

prior to the ATP stimulation, and it was observed that LPS stimulation, but not ATP, resulted in 

increased IL-23 secretion. In order to assess whether IL-23 secretion is dependent on the length 

of inflammasome priming we treated CD14+ THP-1 cells with 1µg/ml LPS for 1, 4, 16 and 24 

hours. With LPS stimulation only, IL-23 secretion was not observed until 4 hours post treatment, 

after which it significantly increased up to 24 hours (Figure 19A). Furthermore, to confirm that 

IL-23 secretion was dependent on LPS stimulation, we stimulated CD14+ THP-1 cells with 

1µg/ml, 100ng/ml and 10ng/ml LPS. As can be seen in Figure 19B IL-23 secretion increased 

with increasing doses of LPS showing a dose-dependent relationship between LPS and IL-23.  

 

4.12 IL-27-enhanced IL-23 secretion is dependent on endogenous ATP signaling. 

 In the previous sections I established that optimal IL-23 secretion is dependent on LPS 

stimulation and IL-1β signaling. However, unlike IL-1β, IL-23 secretion occurs independently of 

exogenous ATP, as seen by the pretreatment of cells with the ATP inhibitor KN-62 (Figure 18). I 

also describe a role for IL-27 in enhancing IL-23 secretion, but only after IL-27 has been 

removed from solution. Furthermore, IL-27 enhances LPS-induced ATP secretion and P2X7 

expression. Based on these findings I wanted to determine if ATP played a role in IL-23 

secretion during and after IL-27 and LPS costimulation. In order to confirm this, CD14+ THP-1 

cells were treated with the ATP inhibitor KN-62 at various doses prior to stimulation with LPS 

and IL-27 for 16 hours. Cells were washed and treated with the inhibitor again for 24 hours. I 

demonstrate that IL-23 and IL-12/23p40 secretion is partially dependent on ATP signaling 
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Figure 19. IL-23 secretion is dependent on LPS dose and time course. IL-23 secretion was 
measured by ELISA from cell-free supernatants of CD14+ THP-1 cells stimulated with 1µg/ml 
LPS over a time course of 1, 4, 16 and 24 hours (A) or for 16 hours at 1µg/ml, 100ng/ml or 
10ng/ml (B). Results presented are the mean with standard deviation shown as error bars. Data 
presented are representative of two independent experiments. 
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during LPS priming, and during costimulation (Figure 20A). Furthermore, I demonstrate that 

when IL-27 is removed from stimulation, enhanced IL-23 secretion is inhibited by KN-62 at all 

doses. This suggests that the increased IL-23 observed after IL-27 and LPS priming is 

dependent on endogenous ATP. However, IL-23 secretion from LPS only stimulated cells was 

not significantly decreased by ATP stimulation in washed cells, suggesting that LPS may be 

required to maintain ATP dependency for IL-23 secretion. Furthermore, this decrease in IL-23 

correlates with decreased IL-1β secretion during ATP inhibition (Figure 20B). As we have shown 

earlier that optimal IL-23 secretion depends on IL-1β, these findings suggest an IL-1β-

dependent and ATP-dependent mechanism for IL-27 enhanced IL-23 secretion.  
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Figure 20. IL-23 and IL-12/23p40 secretion is dependent on endogenous ATP. CD14+ THP-
1 cells were stimulated with 1µg/ml LPS and 125ng/ml IL-27, or LPS plus IL-27 for 16 hours (A). 
B) Following priming stimulation as in part A, cells were washed and given fresh media in the 
absence of LPS and IL-27 for 24 hours (B). Prior to stimulation, and after fresh media was 
given, cells were treated with the ATP inhibitor KN-62 at 50nM, 10nM, and 1nM concentrations 
for 15 minutes. Supernatants were collected, and IL-23 (left panel) and IL-12/23p40 (right panel) 
were measured by ELISA. Data presented is representative of 3 independent experiments, and 
is presented as the mean + standard deviation. * p<0.05, ** p<0.005, *** p<0.0005.  
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Chapter 5 

Discussion 

5.1 Summary 

 

The primary aim of this study was to examine a novel inflammatory pathway by elucidating the 

relationship between IL-27 and LPS-induced IL-1β and IL-23 secretion and the potential 

mechanisms involved. Furthermore, I sought to determine the relationship between LPS-

induced IL-1β and IL-23 secretion. Our lab has previously demonstrated that IL-27 pretreatment 

increased TLR4 expression resulting in enhanced LPS-induced IL-6, TNF-α, MIP-1α and MIP-

1β [18]. However, studies have demonstrated that IL-27 can inhibit LPS-induced responses 

when administered post LPS stimulation [45]. Taken together these findings suggest a cell type 

and temporal determinant to IL-27 function: proinflammatory on inactive cells, and anti-

inflammatory on active cells. However, what occurs during costimulation remains unknown and 

which function of IL-27 dominates may ultimately direct the course of an immune response. 

Using the CD14+ THP-1 pro-monocytic cell line my results show that IL-27 enhances LPS-

induced IL-1β and IL-23 secretion. I demonstrate that the increased cytokine profile correlates 

with upregulation of TLR4 and P2X7 surface expression and ATP secretion. I show that IL-27 

enhanced IL-1β and IL-23 secretion is dependent on inflammasome activation and ATP 

signaling through P2X7, but independent of increases in JAK/STAT, or NF-κB phosphorylation 

(Figure 21). These findings provide novel insight into pathways involved in inflammation, and 

may further our understanding of inflammatory diseases. 
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Figure 21. Effect of IL-27 and LPS costimulation on IL-1β  and IL-23 secretion. IL-27 
enhances LPS-induced IL-1β and IL-23 secretion from CD14+ THP-1 cells. This upregulation 
occurs through increases in TLR4, and P2X7 surface expression, as well as increases in ATP 
secretion suggesting an ATP-mediated feedback loop. Furthermore, pro-IL-1β and pro-caspase-
1 protein expression are increased during costimulation. Despite this, IL-27 does not appear to 
enhance LPS-induced gene expression of pro-IL-1β, IL-23p19 and IL-12/23p40. IL-27 enhances 
IL-1β during LPS priming as well after once IL-27 and LPS have been removed from solution. 
During priming, IL-27 does not alter LPS-induced IL-23 secretion (A); however, once IL-27 is 
removed from solution there is a significant increase in IL-23 secretion (B). This suggests that 
IL-27 may inhibit IL-23 secretion directly, while enhancing LPS-mediated IL-23 secretion. 
Secretion of IL-1β is decreased by inhibitors for NLRP3 (glybenclamide), caspase-1 (FMK), and 
ATP (KN-62). IL-23 secretion is similarly dependent on caspase-1 activity and ATP signaling, as 
well as IL-1β signaling. 
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5.2 IL-27 mediated increases in inflammasome activation and IL-1β secretion  

 

Inflammasome activation occurs due to association of individual subunits resulting in the 

autolytic cleavage of pro-caspase-1. Previous studies have shown that biologically active 

caspase-1 directly functions to cleave IL-18 and IL-1β from their inactive precursors [1, 4]. 

Therefore, inflammasome activation may be determined by measuring the amount of secreted 

IL-1β. The secretion of IL-1β is dependent on two signals. The first primes cells by upregulating 

inflammasome subunits and IL-1β and IL-18 precursors, while the second promotes pro-

casapse-1 cleavage [1, 4]. Based on this I established a model of inflammasome activation that 

could serve as a model for our study. My results of LPS priming followed by ATP activation 

results in an increase in secreted IL-1β, as well as pro-IL-1β mRNA (Figure 8A) are in 

agreement with previous results [201, 202, 208]. Interestingly, stimulation with LPS alone results 

in IL-1β secretion despite the absence of activating stimuli. Piccini et al. (2008) demonstrated 

that LPS can induce ATP secretion from monocytes, which can feedback in an autocrine 

fashion to drive IL-1β secretion [209]. This may explain why we observed IL-1β in the absence 

of exogenous ATP, suggesting a role for endogenous ATP in our model.  

My findings demonstrate that the secretion of IL-1β can be inhibited by the caspase-1 

inhibitor Z-WEHD-FMK (FMK) in a dose dependent manner (Figure 8B). However, this inhibition 

only appears to be partial as IL-1β concentrations are detected at all inhibitor doses. FMK 

functions as a competitive inhibitor for caspase-1 by binding to its active site, preventing pro-IL-

1β cleavage. Studies have suggested that pro-IL-1β processing by caspase-1 can occur 

extracellularly [187, 210-213]. Furthermore, IL-1β secretion has been reported to occur in the 

absence of caspase-1 cleavage, suggesting that pro-IL-1β precursor protein is secreted [213]. 

Therefore the IL-1β observed from cells treated with FMK, or LPS alone may reflect secreted 
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pro-IL-1β. Further experiments examining extracellular concentrations of pro-IL-1β and 

caspase-1 will be needed to clarify these findings.  

Inflammasome activation also results in the production of IL-18 from monocytes [200]. 

IL-18 is constitutively expressed, and like IL-1β, can be induced LPS and ATP stimulation [201]. 

In this study, I did not examine the effect of IL-27 on LPS-induced IL-18 secretion. It is possible 

that IL-18 is increased by IL-27 in a manner similar to IL-1β. This may serve as a mechanism 

through which IL-27 directs a TH1 response, as IL-18 and IL-27 are both involved in TH1 

differentiation [10]. Future work will need to be done to determine the effect IL-27 has on LPS-

induced IL-18 secretion.  

I sought to confirm that the IL-1β secreted by our cells as measured by ELISA was 

biologically active. Stimulation with LPS and ATP, or LPS, IL-27 and ATP induced significant 

increases in bioactive IL-1β as measured by the HEK/SEAP assay (Figure 9B). We observed 

that LPS stimulation alone appears to increase biologically active IL-1β although this did not 

reach statistical significance (Figure 9B). It is possible that that the LPS-induced extracellular IL-

1β is primarily the inactive precursor. However I also observed a significant inhibition of IL-1β 

secretion in response to the caspase-1 inhibitor, suggesting that the majority of IL-1β detected 

by ELISA was that of the cleaved bioactive form. Differences in the sensitivity of the HEK/SEAP 

cell assay and IL-1β ELISA may explain the differences in levels of detected IL-1β in the HEK 

cell assay as compared to the ELISA.  

Surprisingly, IL-27 and LPS priming induced a significant increase in IL-1β from CD14+ 

THP-1 cells in the absence of exogenous ATP. As mentioned previously, LPS induces ATP 

secretion from monocytes, creating the possibility of an autocrine feedback loop for IL-1β 

production [209]. In support of this I show that LPS can increase the cell surface expression of 
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the ATP receptor P2X7 and ATP secretion. As picomolar concentrations of LPS may induce 

signaling pathway activation and inflammatory responses, including ATP secretion [21], this 

LPS-ATP feedback loop may serve as a buffer between LPS and inflammasome activation. As 

LPS concentrations increase, resulting ATP secretion increases until a threshold is reached at 

which point inflammasome activation and bioactive IL-1β secretion may occur. Thus, in the 

presence of LPS-containing pathogens, rapid induction of IL-1β may be required for optimal 

clearance.  

Alternative regulators may exist within the body to enhance LPS-induced ATP signaling. 

I demonstrate for the first time that IL-27 alone and in combination with LPS is capable of 

inducing P2X7 expression and ATP secretion from CD14+ THP-1 cells (Figure 10B, C). The 

increases in P2X7 and ATP during costimulation may explain the increase in bioactive IL-1β 

seen in the absence of exogenous ATP. This feedback loop may result in increased ATP 

signaling, driving inflammasome activation and pro-caspase-1 cleavage. ATP stimulation of the 

P2X7 receptors results in K+
 and Ca+ flux (Figure 6), therefore future studies tracking the 

changes in ion movement during IL-27 and LPS costimulation may confirm if an enhanced ATP 

feedback loop is driving IL-1β secretion.  

Since stimulation of CD14+ THP-1 cells with IL-27 results in an increase in ATP receptor 

surface expression, I sought to determine if endogenous ATP was playing a role in 

inflammasome activation. Using inhibitors for caspase-1, NLRP3, and P2X7 I showed that LPS-

induced IL-1β secretion is dependent on activated inflammasomes and ATP signaling (Figure 

11). These findings confirm that the NLRP3 inflammasome is involved in IL-1β secretion during 

costimulation. In concordance with my ATP feedback model, I show that P2X7 inhibition by KN-

62 or AZ-11645373, significantly inhibited IL-1β secretion  (Figure 11C,D). This confirms a role 
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for endogenous ATP in LPS-mediated IL-1β secretion. Furthermore, treatment with these 

inhibitors resulted in similar levels of IL-1β in the LPS and costimulated cells suggesting that the 

increases in extracellular ATP and surface expression of P2X7 described above may be 

partially responsible for the observed synergy between LPS and IL-27. This provides further 

support for the notion that IL-27 enhances IL-1β secretion through an autocrine ATP feedback 

loop.  

Of note is that all inhibitors only conveyed partial inhibition of IL-1β. There are a couple 

of reasons this may occur. Firstly, pro-IL-1β can be secreted from cells and cleaved 

extracellularly. The IL-1β detected after inhibition may be the biologically inactive precursor of 

IL-1β. Secondly, although all inhibitors were administered over a range of doses, including 

specific half maximal inhibitory concentrations (IC50), it is possible that these concentrations are 

insufficient to completely block ATP-mediated inflammasome activation. Further studies, 

utilizing caspase-1 knockouts will need to be done to determine if bioactive IL-1β secretion can 

be completely inhibited. Although I evaluated a range of doses for KN-62 and AZ 11645373, I 

was unable to establish a dose response, therefore lower doses of the ATP inhibitors should be 

examined to determine if a dose-dependent relationship exists between ATP stimulation and IL-

1β secretion [205]. Alternatively, all inhibitors were present for the duration of the experiment, 

which may have led to saturation of P2X7 by the inhibitors. Further experiments will need to be 

done testing KN-62 and AZ 11645373 over shorter time points to determine if inhibitor 

saturation is occurring. 

Although the evidence presented indicates an ATP autocrine feedback mechanism for 

the enhanced IL-1β observed during IL-27 and LPS costimulation, the potential remains for 

other mechanisms to be involved. Signaling crosstalk between IL-27 and LPS may be one such 
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mechanism. Shimizu et al. (2012) demonstrated that IL-27 and LPS costimulation increases 

phosphorylation of the MAPK p38, ERK, and JNK, and nuclear translocation of NF-κB. Similarly, 

our lab has previously shown that IL-27 stimulation of monocytes increases phosphorylation of 

NF-κB p50 [66]. I sought to determine if enhanced signaling of the LPS or IL-27 pathways was 

occurring during costimulation. I found that LPS increased the relative phosphorylation of the 

NF-κB subunit p65, while IL-27 stimulation increases STAT1 and STAT3 phosphorylation 

(Figure 12). However, costimulation with LPS and IL-27 did not increase the phosphorylation of 

NF-κB p65, STAT1 or STAT3, suggesting that enhanced IL-1β secretion is not dependent on 

increased signaling through these pathways. Discrepancies exist between our findings and the 

literature; however they may be explained, through the different subunits being examined. 

Guzzo et al. (2010) demonstrated enhanced p50 phosphorylation, while I looked at p65 [66]. 

Shimizu et al. (2012) observed that IL-27 and LPS costimulation induced increased p65 

translocation to the nucleus [17]. However, I analyzed p65 phosphorylation from whole cell 

lysates versus nuclear extracts. Therefore, translocation of p65 may be increased during 

costimulation; however, total p65 phosphorylation remains unchanged relative to LPS 

stimulated cells. I observed that TLR4 expression was increased in response to stimulation with 

LPS and IL-27. Since this increase correlated with enhanced IL-1β expression, it is possible that 

enhanced TLR4 signaling may play a role in this system. Thus future work will be done to 

evaluate the potential role of NF-κB activation as well as other signaling pathways in this 

process.  

Another potential mechanism for increased bioactive IL-1β secretion during IL-27 and 

LPS costimulation may be due to increases in expression of inflammasome subunits, resulting 

from potential enhanced signaling mechanisms as described above. LPS primes 
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inflammasomes for activation by increasing the expression of NLRP3, and pro-IL-1β within cells 

[214]. ASC and pro-caspase-1 are constitutively expressed in monocytes and macrophages 

[160]. I demonstrate that LPS increases intracellular levels of NLRP3, ASC, pro-caspase-1 and 

pro-IL-1β (Figure 13). Furthermore, I show that IL-27 is capable of increasing intracellular 

concentrations of NLRP3 and ASC relative to unstimulated cells. ASC expression following IL-

27 stimulation is greater than LPS stimulation alone, but is not significantly enhanced by 

costimulation relative to LPS stimulated cells. With respect to pro-IL-1β and pro-capsase-1, LPS 

and LPS/IL-27 enhance levels of these proteins, and mRNA expression, correlating with the 

ELISA results (Figure 9B). IL-27 alone is not able to induce pro-IL-1β mRNA or protein 

expression confirming that IL-27 alone is unable to prime cells for inflammasome activation.  

Interestingly I report that despite protein increases in pro-caspase-1 and pro-IL-1β, IL-27 and 

LPS costimulation does not significantly increase mRNA expression of these proteins (Figure 

14). This suggests that costimulation enhances inflammasome activation post-translationally. 

Complicating this phenomenon is the absence of increases to NLRP3 and ASC during 

costimulation. The significance of this is unclear, as several studies have demonstrated an 

increase and requirement for NLRP3 and ASC during inflammasome responses [215]. As these 

studies are qualitative, future work will need to be done to assess the magnitude of upregulation 

of the inflammasome subunits, using quantitative RT-PCR. As well, the impact of IL-27 

stimulation on the expression levels of the other inflammasome subunits cannot be discounted 

at this time. 
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5.3 IL-27 increases cytokines required for Th17 responses  

 

I have demonstrated that IL-27 enhances LPS-induced activation of the inflammasome, 

and secretion of IL-1β. Other studies have demonstrated a role for IL-27 priming in the release 

of other proinflammatory cytokines IL-6, TNF-α and IL-23 [66, 85]. Enhanced IL-23 secretion is 

particularly interesting as IL-23 drives the proliferation of TH17, and its function can be inhibited 

by IL-27. Furthermore, the IL-23 subunit IL-12/23p40 is shared with IL-12, which functions with 

IL-27 to drive TH1 differentiation [216]. I demonstrate that IL-27 is capable of enhancing LPS-

induced IL-12/23p40 but not IL-23 or IL-12 (Figure 15A, 16A). Surprisingly, I demonstrate that 

LPS-induced secretion of IL-23 is enhanced from CD14+ THP-1 by IL-27 once IL-27 is removed 

from solution (Figure 15B). This is interesting, as it suggests a dual function for IL-27 in 

regulation of IL-23. Zeitvogel et al. (2012) previously showed that IL-27 can prime macrophages 

for LPS-induced IL-23 secretion. Similar to our experimental design IL-27 was removed prior to 

subsequent stimulation in this study. To confirm that IL-27 must be removed from stimulation in 

order to see increases in IL-23 I removed IL-27 from stimulation at various time points. I 

demonstrate that IL-27 can enhance LPS-induced IL-23 secretion after only 1 and 4 hours of 

priming, when cells were left in fresh media afterwards for 15 and 12 hours respectfully (Figure 

15C). Interestingly, costimulated cells primed for 8 hours followed by an 8-hour wash phase did 

not demonstrate enhanced IL-23. These findings suggest that downstream effects of IL-27 

stimulation can enhance LPS-induced IL-23 secretion only after IL-27 has been removed for a 

specific period of time. My findings suggest that increased IL-23 secretion may occur between 8 

and 12 hours post stimulation with IL-27 and LPS. Preliminary work in our lab has begun to 

understand this phenomenon. We have observed that LPS-induced IL-23 secretion is not 

altered with IL-27 and ATP costimulation post priming (data not shown). However, LPS-induced 
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IL-23 secretion has been shown to be inhibited by IL-27 in human macrophages [85]. 

Differences in experimental protocol may explain these findings as I stimulated cells with IL-27 

and ATP after LPS stimulation. As I demonstrate that endogenous ATP is required for IL-23 

secretion it may be that IL-27 inhibition was blocked by the addition of exogenous ATP. 

Interestingly, IL-1β secretion is still enhanced showing that IL-27 is still functioning in a 

proinflammatory manner to increase inflammasome activation, contrary to studies 

demonstrating that IL-27 inhibits proinflammatory responses in activated cells [61, 101, 199]. 

Future studies will be needed to specify the timeframe of IL-27 activity, as well as the dichotomy 

of IL-27 function on IL-23 secretion.  

  

5.4 Regulation of LPS-induced IL-23 secretion from CD14+ THP-1 cells 

 

5.4.1 Inflammasome dependent regulation of IL-23 

I examined the potential mechanism by which IL-27 could enhance LPS-induced IL-23 

secretion. I observed that IL-27 stimulation alone was unable to induce mRNA expression of IL-

23p19 or IL-12p40. Furthermore, IL-27 and LPS costimulation did not significantly enhance IL-

23p19 or IL-12/23p40 expression compared to LPS stimulation only. This suggests that the 

observed increases in secretion IL-23 and IL-12/23p40 during costimulation occur through post-

transcriptional regulation. It is possible that IL-1β expression may be linked with IL-23 

expression. Indeed, it has been observed in macrophages that recombinant IL-1α and IL-1β are 

capable of inducing IL-23 [57, 217]. IL-1β and IL-23 have been observed to function together in 

driving TH17 responses and expression levels of these cytokines are enhanced during 

inflammation [11, 217, 218]. I demonstrate here that inhibition of caspase-1 results in a partial 
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decrease in IL-23 and IL-12/23p40 from LPS treated and IL-27 and LPS costimulated cells 

(Figure 17). Similarly, when cells are incubated with neutralizing antibodies for IL-1β there is a 

partial decrease in IL-23 and IL-12/23p40 (Figure 17B). Our findings confirm that inflammasome 

activation and IL-1β signaling are required for optimal IL-23 secretion (Figure 21). To confirm 

the role of IL-1β in the induction of IL-23 expression, future work will examine the effect of 

recombinant IL-1β treatment of monocytic cells on IL-23 expression levels. IL-1α secretion is 

also regulated by caspase-1 activity and has been reported to upregulate IL-23 [217]. Therefore 

caspase-1 inhibition may be decreasing IL-23 through an IL-1α dependent mechanism. It is 

possible that IL-1α and IL-1β are both required for IL-23 secretion, and individual stimulation 

with either cytokine is insufficient to induce IL-23. Future work will need to be done to examine 

the role of IL-1α and LPS on IL-23 secretion during IL-1β stimulation to better understand this 

relationship. 

5.4.2 The role of endogenous ATP in IL-23 secretion 

I have demonstrated that optimal IL-23 secretion is dependent on inflammasome 

activation and IL-1β stimulation. However, inhibition of these processes only resulted in partial 

inhibition of IL-23 secretion suggesting other mechanisms are involved in its regulation. I 

demonstrate that IL-23 and IL-12/23p40 are dependent on LPS stimulation but not exogenous 

ATP (Figure 18). ATP stimulation has been observed to selectively inhibit IL-12 and IL-27, while 

enhancing E.coli induced IL-23 [109] in monocyte derived dendritic cells. The differences in cell 

type or LPS versus whole cell bacteria stimulation may explain the differences between my 

findings and these. However, complicating my findings further is the observation that P2X7 

specific inhibitors inhibit IL-23 secretion from LPS stimulated and IL-27 and LPS costimulated 

cells (Figure 20). Furthermore, when ATP inhibited cells were washed and given fresh media 
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there was an even greater decrease in secreted IL-23 from costimulated cells, but no inhibition 

in LPS stimulated cells only. This suggests that LPS is required for endogenous ATP-mediated 

IL-23 secretion. I described earlier that LPS can induce ATP secretion from our cells, and that 

IL-27 significantly increases the amount of LPS-induced ATP. It is possible that IL-27 and LPS 

costimulation results in continued ATP secretion even once they are removed from solution. 

Comparatively, LPS stimulation alone may be unable to promote long term ATP secretion once 

removed from solution, which may explain why ATP inhibition has no observable effect on IL-23 

from LPS-stimulated and washed cells. These findings suggest that IL-27 and LPS 

costimulation may promote long-term ATP secretion that can drive IL-23 secretion (Figure 21). 

However, future experiments are required to determine ATP secretion once LPS and IL-27 

stimulation has been removed.  

Several studies have demonstrated a regulatory role of ATP during IL-23 secretion [109, 

207]). Paustian et al. (2013) demonstrated that ATP priming, but not ATP stimulation alone, of 

primary monocytes enhances LPS and the TLR2 agonist, lymphotoxin alpha (LTA)-induced IL-

23 secretion. Their study demonstrated that ATP signaling occurred through primarily P2Y and 

not P2X receptors. This is interesting as KN-62 inhibits P2X signaling and not P2Y [219, 220]. 

P2X and P2Y receptors induce different signaling cascades in response to ATP [221]. P2X 

receptors are ionotrophic, and function as ion channels to regulate Ca2+ and K+ flux. P2Y on the 

other hand are G-protein coupled receptors and signal through cyclic adenosine 

monophosphate (cAMP). Paustian and colleagues (2013) observed that IL-23 secretion was 

dependent on calcium ionophore induced Ca2+ signaling. ATP-mediated inflammasome 

activation occurs through stimulation of P2X receptors and the resulting K+ and Ca2+ flux. 

However, inhibition of P2X induced Ca2+ did not result in decreased IL-23 secretion from ATP 
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and LTA stimulated monocytes[207]. Paustian concluded that this indicated a novel Ca2+ 

pathway that regulates IL-23 secretion. Whether this pathway is activated in response to IL-27 

and LPS stimulation remains to be seen, but could potentially be an additional mechanism for 

enhanced IL-23 observed in this study.  

Previous studies have demonstrated that ATP or IL-27 alone can selectively upregulate 

IL-23 and not IL-12 [85, 109, 207]. We observe that IL-12/23p40 is secreted at significantly 

greater concentrations than IL-23 suggesting that IL-12/23p40 is not a limiting subunit for IL-23 

secretion. Furthermore IL-23 secretion undergoes significantly greater inhibition than IL-

12/23p40 in the presence of caspase-1 or ATP inhibitors. Therefore IL-23p19 production may 

control IL-23 secretion. Paustian et al. (2013) demonstrated that ATP priming of primary 

monocytes enhanced LTA-induced IL-23p19 expression. Their study demonstrated a role of a 

Ca2+ signaling pathway in driving IL-23 secretion. Ca2+ signaling has been demonstrated to 

active NF-κB, which can increase IL-23p19 expression [131]. IL-1β signals through NF-κB and 

may increase IL-23p19 expression resulting in the increased IL-23 levels observed in other 

studies. Future work will need to be done to determine if IL-27 can stimulate these pathways to 

increase IL-23 secretion. Furthermore, LPS-induced IL-23 secretion can be enhanced by IFN-γ 

stimulation, and is dependent on the p38 MAPK [58]. It remains to be seen if IL-27 can increase 

IL-23 secretion through increases in NF-κB or p38 activation.  

Similarly, as this thesis only examined P2X7 expression, further experiments will need to 

be performed to assess IL-27’s role on P2Y receptors, specifically the P2Y11 receptor, which 

functions in ATP signaling [222]. In addition, the role of Ca2+ signaling in IL-23 secretion will 

need to be examined in regards to IL-27. Does IL-27, or IL-1β activate the alternative Ca2+ 

pathway proposed by Paustian and colleagues, or does it function to enhance LPS-induced 
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activation of this pathway? Similarly, IL-23p19 protein levels will need to be assessed during IL-

27 and LPS costimulation, as I have shown that mRNA expression is not enhanced.  

IL-1β along with IL-23, TGF-β and IL-6 directs TH17 differentiation and IL-17 secretion, 

where as IL-27, IL-12, and IFN-γ drive TH1 responses [11, 96, 216]. I demonstrate that IL-27 

increases LPS-induced IL-1β and IL-23, suggesting that IL-27 may promote TH17 responses 

indirectly. A recent study by Visperas et al. (2014) demonstrated that IL-27 stimulation of APC 

enhances TH17 proliferation in a mouse model of colitis [223]. They observed that IL-27 was 

required for the optimal expression of IL6 and IL1β genes; however IL-23a (IL-23p19), gene 

expression was not different in WSX-1 deficient mice. However, this study did not evaluate IL-23 

secretion from WSX-1 mice, it is possible that IL-27 increases IL-23 secretion independently of 

increased IL-23a expression. I provide support for this theory, as IL-27 increased LPS-induced 

IL-23 secretion but not IL-23p19 mRNA. Therefore further work needs to be done to determine if 

IL-27 directs TH17 responses via IL-23. Paustian and colleagues (2013) demonstrated, ex vivo, 

that naïve and memory CD4+
 T cells stimulated with supernatants collected from human primary 

monocytes treated with ATP followed by LTA or LPS differentiated into TH17 cells and produced 

IL-17. The model used in this study is similar to ours, as ATP and TLR were used to stimulate 

human monocytes. However, Paustian studied the effects of ATP priming on TLR-induced IL-23 

secretion, and observed synergy between ATP and LTA or LPS. In my study, I did not observe 

increases in IL-23 during ATP stimulation after LPS priming, but I showed a dependency for 

endogenous ATP on IL-23 secretion during LPS stimulation. These findings, and those of 

Paustian (2013), suggest a dichotomy to ATP signaling in regards to IL-23 secretion, similar to 

IL-27. However, much more work will need to be done to elucidate the mechanisms involved in 

Paustian’s model and mine, as well as the significance of these findings.   
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IFN-γ, another TH1 cytokine, has distinct roles in the regulation of IL-1β and IL-23. 

Similar to IL-27, IFN-γ has been reported to synergize with LPS to enhance IL-23, IL-8, CXCL10 

and iNOS [58, 224-227]. However, IFN-γ has been observed to inhibit NLRP3 inflammasome 

activation and IL-1β secretion [56]. This is interesting as IFN-γ, along with IL-27, promotes TH1 

responses, while IL-1β functions in TH17 responses. This suggests an alternative function to IL-

27 in promoting TH17 responses through the upregulation of IL-1β, while IFN-γ promotes TH1 

and inhibits TH17 by modulating IL-1β levels [11]. Future work will need to be done to determine 

if IL-27 and LPS costimulation of human monocytes can ultimately induce TH17 differentiation 

under co-culture conditions. 

The regulation of proinflammatory responses during immune responses is crucial to 

ensure that the body can appropriately fight infection. Since being discovered in 2002, IL-27 has 

be demonstrated to function as a pro- and anti-inflammatory cytokine depending on the state of 

the target cell, and time course of the infection. I demonstrate that IL-27 enhances LPS-induced 

inflammasome activation and IL-23 secretion (Figure 21). I show that IL-27 increases P2X7 cell 

surface expression and ATP secretion creating a potential autocrine feedback loop to promote 

inflammation. In regards to IL-23, my findings suggest that IL-27 can both enhance and inhibit 

LPS-induced IL-23 secretion in a temporal manner. This may be attributed to the dual function 

of IL-27 as a pro- and anti-inflammatory cytokine. IL-23 secretion partially depends on 

inflammasome activation and IL-1β signaling. I demonstrate that in the presence of IL-27, ATP 

does not appear to have a role in IL-23 secretion; however, when IL-27 is removed from solution 

P2X7 inhibition results in decreased IL-23 but not IL-12/23p40 secretion. This work highlights a 

novel role for IL-27 in the regulation of proinflammatory mediators that ultimately impacts the 

link between innate and adaptive immune responses. 
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Appendix A 

Cell Viability Assays 

 

Table 4 Cell Viability in the presence or absence of inhibitors 

 Inhibitors Z-WEHD 

FMK 

(100µM) 

GLYB 

(50µg/ml) 

AZ 

11645373 

(100nM) 

KN-62 

(50nM) 

Samples % Dead Cells % Dead Cells % Dead Cells % Dead Cells % Dead Cells 

Freeze-Thaw 

Killed Cells 

93.7 

Media 4.88  

LPS 3.88 6.38 5.61 4.17 3.45 

IL-27 1.28 6.07 5.49 6.1 4.83 

LPS + IL-27 4.85 9.23 5.71 4.85 4.77 
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Interagency Advisory Panel on Research Ethics for the Canadian Institutes of Health Research, Natural 
Sciences and Engineering Research Council of Canada and Social Sciences and Humanities Research Council 
of Canada requires that research projects involving human participants be reviewed annually to determine their 
acceptability on ethical grounds. 

A Research Ethics Board composed of:  
 
Dr. A.F. Clark, Emeritus Professor, Department of Biomedical and Molecular Sciences, Queen's University 
(Chair)  
Dr. H. Abdollah, Professor, Department of Medicine, Queen's University  
Dr. C. Cline, Assistant Professor, Department of Medicine, Director, Office of Bioethics, Queen's University, 
Clinical Ethicist, Kingston General Hospital 
Dr. R. Brison, Professor, Department of Emergency Medicine, Queen's University  
Dr. M. Evans, Community Member  
Ms. J. Hudacin, Community Member 
Mr. D. McNaughton, Community Member 
Ms. P. Newman, Pharmacist, Clinical Care Specialist and Clinical Lead, Quality and Safety, Pharmacy 
Services, Kingston General Hospital 
Ms. S. Rohland, Privacy Officer, ICES-Queen's Health Services Research Facility, Research Associate, 
Division of Cancer Care and Epidemiology, Queen's Cancer Research Institute 
Dr. A. Singh, Professor, Department of Psychiatry, Queen's University 
Dr. J. Walia, Assistant Professor and Clinical Geneticist, Department of Paediatrics, Queen's University and 
Kingston General Hospital 
Ms. K. Weisbaum, LL.B. and Adjunct Instructor, Department of Family Medicine (Bioethics) 

has reviewed the request for renewal of Research Ethics Board approval for the project “Regulation of 
Cytokine Function in Human Immune System Cells” as proposed by Dr. K. Gee of the Department of 
Biomedical and Molecular Sciences at Queen's University.  The approval is renewed for one year, effective 
April 10, 2014.  If there are any further amendments or changes to the protocol affecting the participants in 
this study, it is the responsibility of the principal investigator to notify the Research Ethics Board. Any 
unexpected serious adverse event occurring locally must be reported within 2 working days or earlier if 
required by the study sponsor. All other adverse events must be reported within 15 days after becoming aware 
of the information. 

 
____________________________Date: March 13, 2014  
Chair, Health Sciences Research Ethics Board 
Renewal 1[ ] Renewal 2 [ ] Extension [x ] Code# MICRO-015-08 Romeo file# 6004446 
 


