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THESIS ABSTRACT 

Immunopathological disorders are no longer defined by dysregulated T-helper (Th) type 1/ Th2 

responses but account for modulatory cell types such as regulatory and Th17 cells. The newly 

defined Th17 subset is an effector memory subtype which regulates mucosal host defense 

responses. A distinctive feature of interleukin (IL)-17 is its ability to invoke neutrophilic 

responses and to synergize cytokine responses in proximal structural cells. This effect is most 

evident for proinflammatory cytokines and neutrophil-mobilizing chemokines which are under 

the regulatory control of the canonical, nuclear factor kappa-light-chain-enhancer of activated B 

cells (NF-κB) pathway. The uniqueness of the IL-17A receptor (IL-17RA) signal transduction 

pathway however has been a limiting factor in uncovering IL-17-mediated effector functions 

since the receptor bears little homology to other known receptors and contains a unique 

cytoplasmic consensus binding motif. Hence, the composition, dynamics and subunit interactions 

of the IL-17R complex have become an emerging area of research where novel recruitment 

motifs and adaptor proteins are actively being explored. Our study sought to uncover the signal 

transduction and molecular mechanisms mediating the initiation and amplification responses 

induced by IL-17. We hypothesize that (i) IL-17 represents a key cytokine which initiates 

inflammatory responses by acting on proximal structural cells to rapidly release neutrophil-

mobilizing chemokines and myeloid growth factors and that (ii) IL-17 directly promotes survival 

responses of immune effector cells. Genomic analysis of stimulated human airway smooth 

muscle cells support the proinflammatory nature of IL-17 as NF-κB associated genes and 

chemokines were most significantly upregulated within 2 hours. However, IL-17 induced a 

modest fold increase in gene expression levels whereby only 4 genes achieved greater than 2 fold 

increases. This, along with the observation that IL-17 enhanced IL-1β-mediated CXCL8 
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expression via transcriptional promoter activation levels and post-transcriptional mRNA 

stabilization mechanisms suggests that IL-17 cooperatively functions with secondary cytokines 

to mediate inflammatory responses. Despite activating the p38-mitogen-activated protein kinase 

(MAPK) signaling pathway in peripheral blood neutrophils, IL-17 did not directly affect the 

apoptotic capacity of these cells but unexpectedly antagonized the survival response mediated by 

the granulocyte-macrophage colony stimulating factor (GM-CSF). Collectively, our results 

suggest that IL-17 is a potent synergistic cytokine which signals via the MAPK-NF-κB pathway 

to indirectly recruit neutrophils via CXC-chemokines produced by non-hematopoietic cells and 

that IL-17 may potentially dampen inflammatory responses by directly antagonizing 

inflammatory effector cells. 
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1.0. CHAPTER 1 

INTRODUCTION 

1.1.0. DISCOVERY AND CHARACTERIZATION TIMELINE OF IL-17 

Cytokines are the communication medium of immune cells and they operate in a localized 

fashion to regulate innate and adaptive immune responses. Since 1986, two classes of effector 

CD4+ T cells termed T helper (Th)-1 and Th2 were identified based on their cytokine secretion 

profiles 1. Interferon (IFN)-γ and interleukin (IL)-12 positive cells regulated by the signal 

transducer and activator of transcription (STAT)-4 and T-box expressed in T cells (T-bet) 

transcription factors, are associated with a polarized Th1 response specializing in intracellular 

defences against pathogens such as viruses and/or bacteria. In contrast, STAT6 and “GATA” 

sequence binding protein (GATA)-3 regulates Th2 cell differentiation and are associated with 

humoral responses mediated by IL-4, IL-5, IL-13 which neutralize metazoan parasitic infections 

2. As illustrated in figure1.1, the first study to report that a IL-17-producing Th population was 

different from classical Th cells came in the year 2000 when IL-17 was shown to be 

preferentially expressed in cells primed with Borrelia Burgdorferi but not in Th1 polarizing 

conditions 3. In 2005, a decade after the discovery of IL-17 4, 5, two independent groups 

conclusively demonstrated that IL-17-producing CD4+ effector T cells differentiated into a 

distinct subset independent of the Th1 or Th2 lineages 6, 7. The seminal discovery of a third Th 

subset revised modern concepts of immunity and expanded our knowledge of disorders which 

did not conform to the Th1/ Th2 paradigm 8, 9. The investigation of the development and function 

of the newly identified Th17 subset currently characterized as IL-17A/F 10, IL-21 11, IL-22 12 and 

regulated by the STAT3 13 and retinoic acid receptor (RAR)-related orphan receptor (ROR)-α 
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and RORγt+ 14 transcription factors have uncovered novel cell differentiation mechanisms and 

expanded elusive innate-adaptive immune networks.  

 

IL-17 is a proinflammatory cytokine that mediates host defense responses. Systemic 

overexpression of IL-17 promotes granulopoiesis via the secretion of stromal cell-derived  

growth factors resulting in neutrophilia 15-17. IL-17 also induces cytokines and CXC-chemokines 

(cysteines (C) residues separated by one amino acid (X)) which recruits neutrophils to sites of 

inflammation. A crucial role in promoting antimicrobial peptide production was later revealed in 

IL-17R deficient mice 12, 18-20. In addition, tissue resident γδ T 21 and natural killer (NK)-T 22 

cells were also identified as the major source of IL-17. Importantly, these cells possess invariant 

T cell receptors (TCR) which can either directly bind microbial glycolipids or interact with 

cluster of differentiation (CD)-1d to rapidly respond to fungal and extracellular pathogens. This 

response complements lengthy antigen processing and presentation by major histocompatibility 

complex (MHC) to form a distinct IL-17/ Th17 response by initiating and amplifying a rapid 

neutrophilic response in mucosal/ serosal tissues 23, 24.  

 

The IL-17A receptor (IL-17RA) is the prototypical member of the ubiquitous IL-17 receptor 

family whose signal transduction pathway parallels those of the IL-1R and toll-like receptor 

(TLR)-4. Elucidating the IL-17R signal transduction was largely hampered by the fact that the 

cytoplasmic tail of the IL-17RA is distinct and lacked a consensus binding/ recruitment motif 25. 

A defining functional feature of IL-17 is its ability to synergize, or exponentially increase  

cellular responses to tumor necrosis factor-α (TNF), IL-1β and IL-6 via a largely undefined, 

post-transcriptional mechanism regulating mRNA stability 26. This effect is most evident for 
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proinflammatory cytokines and neutrophils-mobilizing chemokines under the control of the 

canonical nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB) pathway 27. 

However, the composition, dynamics and subunit interactions of the IL-17R complex remains an 

emerging area of research where novel recruitment motifs and adaptor proteins are actively being 

researched.  

 

Research efforts in the field of IL-17 biology have largely been focused on identifying 

biomolecular markers associated with lineage commitment and on differentiation factors 

mediating Th17 cell fate decisions. To date, the exclusive presence of transforming growth factor 

(TGF)-β principally determines effector Th cell fates as it promotes the reciprocal development 

programs of inducible T regulatory (iTreg) and Th17 cells, and suppresses the differentiation of 

Th1 and Th2 subsets 28. Importantly, Th1 (IFNγ) and Th2 (IL-4) cytokines are potent inhibitors 

of early Th17 development whereas iTreg-inducing factors, IL-2 and retinoic acid (RA) inhibit 

the later stages of Th17 development 28. Antigen presenting cell (APC)-derived IL-23 represents 

a terminal differentiating factor for Th17 since its function is dependent the expression of the IL-

23R induced by TGF-β and IL-6 or IL-21 29, 30. Moreover, identification of IL-17/ IFN-γ double 

positive cells have also revealed a Th1 convergence program of Th17 precursors which has 

renewed interest in plasticity between Th lineages 31-33. Thus, microenvironmental cues 

regulating Th development and plasticity are areas of research which seeks to ultimately 

manipulate immune responses in order to generate novel and effective approaches for treatment 

and vaccine development. 



5 

 

 

 

 

 

Figure 1. 1. IL-17/ Th17 characterization timeline (adapted from 34) 
APC: antigen-presenting cell, CIA: collagen-induced arthritis, CTLA8: cytotoxic T lymphocyte antigen 8, EAE: experimental autoimmune encephalomyelitis, 
HIES: hyper IgE syndrome, IFNγ: interferon-γ, RORγt: retinoic acid receptor-related orphan receptor-γt, SEFIR: SEF/IL-17R, STAT3: signal transducer and 
activator of transcription 3, TGFβ: transforming growth factor-β. 
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1.2.0. IL-17 ORIGINS 

The sequence of IL-17, formerly known as cytotoxic T-lymphocyte associated antigen (CTLA)-8 

was first described in a subtractive, CD4+ T cell murine complimentary (c)DNA library. The 

primary cDNA library was derived from phorbol myristate acetate (PMA)-ionomycin stimulated 

T cells which were subtracted from a mixture of unstimulated, photobiotinylated-labeled mRNA 

derived from mouse lymphoma EL4 (TIB-39) and rat thymoma WFu(C58NT)D (TIB-236) T 

cells 4. Four clones which corresponded to the sequences of ctla8 (Il17), Ccl3 (macrophage 

inflammatory protein 1α), tryptophan hydroxylase (Tph; a rate-limiting enzyme in the 

biosynthesis of serotonin) and an unreported gene were identified. Interestingly, CTLA-8 was 

actually derived from the rat thymoma and not from the CTL counterpart as its name 

inaccurately implies 35. The protein corresponding to the ctla8 open reading frame was 

homologous to the putative protein encoded by the 13th open reading frame (ORF13, formerly 

KCLF2) of herpes virus saimiri (HVS). Putative aa sequences of human CTLA8 (163aa) shares 

63% identity with mouse (147aa) which shares 88% identity with rat (150aa) and 57% aa 

identity to the ORF13 of HVS (151aa) 35, 36. HVS, also known as saimiriine herpesvirus 2 is the 

classical prototype of the double stranded DNA γ2-herpesviruses subfamily (rhadinoviruses 

family) which includes the Kaposi's sarcoma-associated herpesvirus. HVS is a naturally 

occurring benign pathogen of squirrel monkeys but the T-lymphotropic virus is highly oncogenic 

in Old and New World primates. Interestingly, rhadinoviruses have the unique ability to pirate 

cellular genes from host cells and incorporate them into their genomes. As such, HVS harbours 

in addition to IL-17, a homologous D-type cyclin, the G-protein-coupled receptor CXCR1, the 

superantigen homologue Ie14/Vsag and several inhibitors of the complement and apoptosis 

pathways. These homologues are hypothesized to mediate the apathogenic persistence in their 
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natural host as viral null mutants for Orf13/Il17 retained full replicative, transforming and 

pathogenic capabilities in infected hosts 37. The pathogenic effects elicited by the virus are 

attributed to the saimiri transformation-associated protein of subgroup A strain (stpA), stpC and 

the tyrosine kinase interacting protein (tip). 

 

1.2.1. Characterizing initial effector functions 

The Ctla8 gene was mapped on mouse chromosome 1A and human chromosome 2q31 by 

radioactive in situ hybridization. Murine CTLA8 corresponds to a transcript of 1.35kb which 

contains several adenylate and uridylate (AU)-rich repeats at the 3’ untranslated region (UTR) 4. 

Sorted CD4+ peripheral blood T cells stimulated with either CD3 and CD28 monoclonal 

antibodies (mAb) or phytohemagglutinin (PHA) and ionomycin revealed transcripts of 

approximately 1.9kb. Predicted aa sequence of hIL-17 shares 72% aa identity with ORF13 HVS 

and 63% with mCTLA8 36. Human (h)IL-17 also contains a single N-linked glycosylation site 

and can be secreted in both glycosylated (20kDa) and non-glycosylated (15kDa) forms. Human 

IL-17 also contains 6 cysteine residues and non-reducing polyacrylamide gel electrophoresis 

(PAGE) revealed the presence of dimers, as immunoprecipitates migrated at 30- and 38kDa 

bands 38. Initial functional characterization demonstrated that activated CD4+ sorted peripheral 

blood T lymphocytes secreted pg–ng levels of IL-17 as determined by solid-phase binding assays 

and upregulated IL-6 and CXCL8 expression from human foreskin fibroblasts. IL-17 also 

increased surface expression of intercellular adhesion molecule (ICAM)-1 in contrast to human 

leukocyte antigen (HLA)-ABC, HLA-DR and lymphocyte function-associated antigen (LFA)-1 

which were not significantly altered 5, 38. The addition of murine (m)CTLA-8 to suboptimal 

concentration of concanavalin A (conA), PHA or immobilized anti-TCR mAb increased T cell 
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proliferation and addition of soluble, neutralizing IL-17R abolished T cell proliferation by 

inhibiting IL-2 production 5. 

 

Further characterization of IL-17 gradually uncovered its propensity to induce inflammatory and 

hematopoietic cytokine production from stromal cells. Whereas no effects on proliferation, 

cytokine secretion, phenotype and cytotoxicity of peripheral blood mononuclear cells (PBMC) or 

purified CD4+ and CD8+ T cells were observed, primary cultures of synovial fibroblasts, venous 

endothelial and lung epithelial cells released granulocyte colony-stimulating factor (G-CSF), IL-

6, CXCL8 and prostaglandin E2 (PGE2). IL-17 was also demonstrated to indirectly sustain and 

differentiate CD34+ haematopoietic progenitors into the neutrophil lineage, a hallmark of IL-17 

function 15. In addition, IL-17 was observed to synergize the function of TNF and IFN-γ-induced 

IL-6 and GM-CSF secretion, a second prominent inflammatory feature of this cytokine. 

Subsequently, IL-17 was demonstrated to markedly enhance G-CSF mRNA stability in murine 

3T3 fibroblasts (CCL-92) independently of de novo protein synthesis. Addition of actinomycin D 

(ActD) 4h post-IL-17 stimulation stabilized G-CSF mRNA but the combination of IL-17 with 

LPS significantly increased the transcript half-life by 2h. Pretreatment with cycloheximide 

(CHX) suggested that IL-17 stabilizes G-CSF mRNA by downregulating or accelerating the 

degradation of a negative regulatory protein such as an RNase 39.  

 

1.2.2. Granulopoiesis and neutrophilia 

In order to determine the role of IL-17 in vivo, transgenic mice overexpressing mIL-17 were 

generated but failed to be carried to term. As such, an alternative approach relying on a 

recombinant adenovirus gene transfer expression system was used. This technique was first 
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described in studies to determine the in vivo functions of TNF, where an adenovirus vector 

engineered to encode a soluble TNF receptor effectively blocked in vivo functions of TNF 40. 

Adenovirus-mediated gene transfer of mIL-17 cDNA targets hepatocytes to express the 

transgene which resulted in a transient transgenic phenotype with dramatic effects on 

granulopoiesis. Within 2-3d, mice developed neutrophilia with a maximum granulopoietic 

response by the seventh day 16 and serum levels of IL-17 positively correlated to absolute 

neutrophil counts 41. Granulocyte-macrophage colony stimulating factor (G-CSF) and stromal 

cell factor (SCF) released by non-hematopoietic cells of the spleen and bone marrow (BM) were 

demonstrated to promote the granulopoietic response induced by IL-17 42. Additionally, intra-

tracheal (i.t.) installation of hIL-17 in rats induced the selective recruitment of neutrophils into 

the airways, and this effect was impaired by anti-hIL-17 mAb or pretreatment with 

corticosteroids. The lag time observed for the mobilization of neutrophils into the airways was 

consistent with an indirect effect mediated by IL-17. Cotreatment of hIL-17 with TNF also 

highlighted the potentiating role of IL-17 as CXCL8 release from airway epithelial cells was 

substantially increased and directly observed to mediate the neutrophil chemotactic response in 

vivo 17. Intra-peritoneal (i.p) administration of IL-17 also resulted in the selective recruitment of 

neutrophils into the peritoneal cavity via the up-regulation of neutrophil-specific chemokines 

such as CXCL1 43.  

 

Characterization of IL-23 uncovered the IL-23/ IL-17/ G-CSF signaling axis which regulates 

neutrophil homeostasis. IL-23, a heterodimeric cytokine consisting of the IL-12p40 and IL-

23p19 subunits is produced by macrophage and dendritic cells (DCs) and regulates the 

downstream granulopoiesis-inducing function of IL-17A. It has been proposed that peripheral 
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blood neutrophils continuously transmigrate into tissues where they undergo apoptosis every 

24h. The phagocytosis of apoptotic neutrophils by tissue resident macrophages and DCs is an 

anti-inflammatory mechanism which clears “healthy” cells from the tissues and inhibits cytokine 

production. Hence, macrophages and DCs which constitutively produce IL-23 will trigger IL-17 

production to promote granulopoiesis if low numbers of apoptotic neutrophils reach the tissues 

until the inhibitory apoptosis-phagocytosis balance is restored 21. Thus, IL-17 functions as a 

cross-talk cytokine for the immune and hematopoietic systems promoting the proliferation and 

differentiation of myeloid progenitors and their recruitment into peripheral tissues. 

 

1.3.0. DESCRIBING IL-17 FAMILY MEMBERS 

IL-17A serves as the prototypical family member of the pleiotropic IL-17 family. By 2002, five 

homologues termed IL-17A-F were identified in genome databases by sequence similarity 

searches using basic local alignment search tools (BLAST). The IL-17 gene family is dispersed 

throughout the genome and share conserved C-terminal regions with five highly conserved 

cysteines which are required for the dimerization via a cystine knot configuration. As seen in 

table1.1, amino acid (aa) sequence similarity, expression and functional responses classify IL-17 

family member into three sub-groups 44. IL-17F, which shares the highest aa sequence identity 

with IL-17A at 50% is located on chromosome 6p12 and can form homo- or heterodimers with 

IL-17A. Both cytokines are secreted from activated T cells and mediate neutrophil responses. In 

contrast, IL-17B-D express approximately 25%aa identity and are produced by stromal cells. 

Although the function of IL-17B and IL-17D differ slightly, IL-17C expression and function is 

relatively unknown. As demonstrated in figure1.2, IL-17E is the most divergent family member 

and predominately mediates Th2-like, eosinophilic responses. 
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Figure 1. 2. Dendrogram (phylogenetic analysis) of IL-17 family members 44 

 

1.3.1. IL-17B and IL-17C 

IL-17B was the first homologue discovered by two independent groups in the year 2000. IL-17B, 

a 800bp transcript detected in the pancreas, small intestine and stomach of adult human tissues 

shares approximately 26-28%aa identity with IL-17A. IL-17C was detected in a human fetal 

kidney cDNA library although no detectable mRNA signals were initially reported. Recently, IL-

17C expression was reported in a broad range of cells including T cells, macrophages and 

dendritic cells 45. Whereas IL-17B and IL-17C fail to induce IL-6 in human foreskin fibroblasts, 

IL-6 expression, in addition to TNF and IL-1β was reported in macrophages of the THP-1 (TIB-

202) monocytic cell line 45, 46. Moreover, IL-17B mRNA was demonstrated to be highly express 

in spinal cord neurons 47. The differential activity of IL-17A when compared with IL-17B and 

IL-17C also suggested that they might bind and activate different cell surface receptors as both 

IL-17B and IL-17C failed to bind and coprecipitate with the IL-17RA 46, 48. 
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1.3.2. IL-17E (IL-25) 

Within the following year, the remainder of the IL-17 family member were discovered. IL-17E, 

better known as IL-25 was uncovered by two independent groups. The encoded protein consists 

of 177aa and is 16–20% identical to IL-17A. IL-25 was initially detected at very low levels in 

several tissues including brain, kidney, lung, prostate, testis, spinal cord, adrenal gland and 

trachea by RT-PCR 49 and later detected in Th2-polarized T cells (IL-4/anti-IL-12 mAb/anti-

IFN-γ mAb). Daily i.p. injections of IL-25 in mice triggered splenomegaly and in contrast to IL-

17A, induced eosinophilia which peaked by the seventh day. These effects were indirectly 

mediated by increased levels of IL-13 and CCL11 (eotaxin) in tissues and by IL-4 and IL-5 in 

spleen. Moreover, serum IgE and IgG1 levels were also indirectly upregulated as IL-4-deficient 

mice do not produce IgE. Thus, in contrast to the predominant IL-17A-mediated neutrophil 

response, IL-17E/ IL-25 regulates Th2-associated responses 50, 51. 

 

1.3.3. IL-17F 

The gene encoding human IL-17F is located adjacent to IL-17A and encodes a protein of 163aa 

bearing 50%aa identity to IL-17A. Similar to IL-17A, IL-17F is detected in activated 

CD4+ T cells and upregulates CXCL8 and G-CSF in primary human fibroblasts. IL-17F also 

indirectly stimulates progenitor proliferation by inducing the expression of G-CSF and 

granulocyte macrophage-colony stimulating factor (GM-CSF) by bone marrow accessory cells 

52. A heterodimeric complex consisting of IL-17A/F which functions similarly to the 

homodimeric counterparts was first observed in co-transfected 293T (CRL-11268) cells and later 

in mice and humans 10, 53. Interestingly, the activity of the IL-17F homodimer as demonstrated by 
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receptor binding affinity and cytokine release assays is approximately 10-fold less potent that IL-

17A but is the predominately expressed form in Th17 cells 54. 

 

The crystal structure for IL-17F has also been resolved and has revealed that IL-17F dimerizes in 

a parallel fashion to the cystine knot protein family. These proteins contain a structural motif in 

which two disulfide bridges form a loop through which a third disulfide bond passes. Conserved 

Cys72/ Cys122 and Cys77/ Cys124 of IL-17 adopts a monomer fold typical of nerve growth 

factor (NGF), although IL-17F lacks the third canonical disulfide bond “tying” the knot 

structure. Nonetheless, structural modeling identified a 3-dimensional receptor recognition motif 

shared by IL-17F and NGF 55. 

 

1.3.4. IL-17D  

IL-17D was the final member of the IL-17 family to be characterized. IL-17D is located on 

chromosome 13p11 and is expressed by skeletal muscle, brain, adipose tissue, heart, lung and 

pancreas. IL-17D is most homologous to IL-17B with 27% identity and at 202aa in length, is the 

longest IL-17 family member. Treatment of endothelial cells with purified IL-17D protein 

stimulated the production of IL-6, CXCL8 and GM-CSF but surprisingly, had a suppressive 

effect on myeloid progenitor cell growth suggesting that IL-17D may signal via a secondary, 

inhibitory receptor 56. 

 

Taken together, IL-17 functions to stimulate cytokines, chemokines and hematopoietic growth 

factors which indirectly activate granulocyte (neutrophil)-dependent responses. The limited 16-

30%aa identity between IL-17A/F with those of IL-17B-E suggests that distinct subgroups such 
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as for IL-17E exists within the IL-17 cytokine family. Additionally, the long N-terminal 

extensions and additional cysteine residue of the IL-17B-E sequence may modify disulfide 

linkages and its conformation consequently altering receptor binding, signaling and cellular 

responses. 

 

Ligand Length Chromosome Homology Source 

IL-17A 155aa 6p12 100% 
CD4+T, CD8+T, γδT, & iNKT cells 

IL-17F 163aa 6p12 50% 

IL-17B 180aa 5q32 21% Intestinal, pancreatic & neuronal cells 

IL-17C ND 16q24 27% Prostate & kidney cells 

IL-17D 202aa 13q11 27% 
Muscle, brain, heart, lung, pancreas & adipose tissue 

cells 

IL-17E 177aa 14q11 18% 
CD4+T, NKT, lung epithelial, alveolar macrophages, 

eosinophils, basophils & mast cells 

vIL-17 151aa ORF13 72% HVS 

 
Table 1. 1. IL-17 family members 34 
 

1.4.0. IL-17 RECEPTOR (IL-17R) FAMILY MEMBERS 

In 1997, a slide-based autoradiographic screening technique previously used to isolate and clone 

unidentified ligands was used to identify the IL-17R 57. Chimeric proteins for HSV13.Fc and 

CTLA8.Fc were designed and a cDNA library of the murine EL4 thymoma cell line was 

screened for a single clone that encoded a protein capable of binding the Fc-probes 5. As seen in 

figure1.3, the predicted aa sequence of the mIL-17R shares 69% identity with the hIL-17R and 

exhibit a broad tissue distribution. cDNA encoding the human homologue was thereafter isolated 

with mIL-17 primers in peripheral blood leukocytes. Located on chromosome 22q11, sequence 

analysis of the hIL-17R predicted a type I membrane glycoprotein with a 293aa extracellular 
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domain, 21aa carboxy-proximal transmembrane domain and a particularly long 525aa 

cytoplasmic tail. The nascent, unglycosylated form has an approximate mass of 105-107kDa 

whereas endogenous hIL-17R contains seven potential N-linked glycosylation sites and 

measures 128-132kDa 36. Engagement of the IL-17R induces NF-κB and mitogen-activated 

protein kinase (MAPK) activity and IL-6 releases among a subset of inflammatory factors 5, 58, 59. 

However, direct binding assays using 125I-labeled hIL-17 transfected in CV-1/ EBMA cells 

resulted in low affinity values (Ka; 2x107 - 2x108 M-1) suggesting that an additional receptor 

component was required in order to bind IL-17 at nanogram concentrations, which could elicit 

biological responses 36. 

 

1.4.1. IL-17RB (EVI27, IL-17Rh1) 

The first IL-17R homologue was identified while elucidating proviral integration sites in the 

BXH2 myeloid leukemia. Ecotropic viral integration site (EVI)-27, a chromosomal region 

commonly associated with strand breaks in myelodysplastic syndrome (MDS) and in acute and 

chronic myeloid leukemias (A/CML) was identified by inverse-polymerase chain reaction 

(IPCR, aka. anchorage-dependent PCR). Two transcripts of 2.7 and 1.9kb were predominantly 

detected in kidney, brain, liver and testes. A full length 502aa, 56kDa protein which contained a 

cleavage signal peptide at the N-terminus produced a smaller soluble 288aa, 31kDa protein. 

Notably, this was the first report of a soluble IL-17R. Moreover, hIL-17RB and hIL-17R were 

76% and 69% identical at the aa level compared to their respective murine counterparts 

suggesting that their function were highly evolutionarily conserved 60. 
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Similarly, an independent human adult lung expressed sequence tag (EST) database screen for 

novel IL-17R homologs identified a cDNA clone coding for a 426aa type I transmembrane 

protein containing an N-terminal cleavage site. Two specific transcripts of 3.5 and 1.4kb were 

also detected in several endocrine tissues. In this study, ligands for the newly described receptor 

were investigated by surface plasmon resonance and validated by flow cytometry and 

immunoprecipitation (IP). Chimeric proteins consisting of the heavy chain constant region IgG1 

fused to either the extracellular domains (ECD) of the hIL-17RA or IL-17RB demonstrated that 

IL-17B but not IL-17A bound the IL-17RB 46.  

 

Finally, a third independent group reported the characterization of a 502aa single transmembrane 

protein with 26%aa identity to the IL-17RA known as the IL-17R-homogue-1 (IL-17Rh1). In 

this study, IL-17RB did not bind to a chimeric IL-17A-fc or IL-17C-Fc, but was demonstrated to 

bind IL-17E-Fc with higher affinity than IL-17B-Fc. Interestingly, IL-17E (IL-25) was also 

reported to activate NF-κB via a responsive luciferase reporter gene in two human renal cell lines 

suggesting that NF-κB may regulate IL-17R family downstream signaling 49. However, since IL-

17B and IL-17C did not bind the IL-17R, this suggested that an additional cognate receptor 

mediated IL-17 cell signaling responses. 

 

1.4.2. IL-17RC (IL-17 receptor-like protein (IL-17RL)) 

A series of ESTs with homology to the cytoplasmic domain of the IL-17R uncovered a 720aa 

single pass-transmembrane protein with 22%aa identity to the IL-17RA 61. Notably, the Il17rc 

gene contains 19 exons which encode over 90 detectable splice variants in prostate, kidney and 

tracheal tissues. IL-17RC was suggested to function as both a receptor and antagonist since many 
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isoforms were predicted to encode for a truncated soluble protein lacking the transmembrane and 

cytosolic domains. However, the relative abundance of IL-17RC transcripts in prostate biopsies 

revealed that 75% of IL-17RC variants retain the transmembrane domain and that the three most 

abundant isoforms including the full length receptor accounted for half of all IL-17RC transcripts 

62. Moreover, variation among transcripts predominately occurred at the level of the ECD and 

IL-17RC could bind to both IL-17A and IL-17F 63, 64. Interestingly, transfection of hIL-17RA in 

mIL-17RA deficient fibroblasts does not restore responsiveness to IL-17 indicating that a species 

specific ancillary component was also required. Cotransfection of hIL-17RC with hIL-17RA 

however did productively associate to form a multimeric receptor complex able to bind and 

effectively respond to IL-17A homo- and IL-17A/F heterodimers. 

 

1.4.3. IL-17RD (Similar expression to fibroblast growth factor genes (SEF) 

IL-17RD was original identified as the homologue of the similar expression to fibroblast growth 

factor (FGF) genes (SEF) through an in situ hybridization screen of a zebrafish embryo library. 

SEF encodes a 739aa transmembrane protein which shares 15–20%aa identity to the intracellular 

region of the hIL-17R 65. The hSEF or IL-17RD was also independently identified by a genome-

wide microarray search for similar intracellular IL-17RA sequences in human umbilical vein 

endothelial cells (HUVEC) 66. SEF also contains a soluble splice variant, SEF-s (hSEF-b) and is 

highly expressed in vascularised tissues such as the kidney, colon, skeletal muscle, heart and the 

small intestine 67, 68. Ectopic expression of Sef in zebrafish or Xenopus laevis embryos initially 

reported an inhibitory function in limiting FGF signalling during development 65. In fact, IL-

17RD may serve as a feedback regulator of FGF signaling since its expression is positively 

regulated by epidermal growth factor (EGF) and FGF, and IL-17RD specifically antagonizes 
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FGF-induced Ras/ extracellular signal-regulated kinases (ERK) signaling. Additionally, IL-

17RD was observed to form heteromeric complexes with the FGFR1 and FGFR2 and 

overexpression of IL-17RD in HUVEC inhibited FGF-responsive reporter genes via an 

intracellular IL-17R-like domain 69. Interestingly however, a protein A-agarose pull-down assay 

failed to detect any hSEF-IgG interactions with IL-17 cytokines suggesting that IL-17RD may 

serve as a coreceptor for IL-17 66. 

 

1.4.4. IL-17RE 

The final member of the IL-17R family was uncovered in 2006 by a sequence-based homology 

search in murine genomic databases. IL-17RE encodes a 637aa polypeptide which shares 18%aa 

sequence identity with mIL-17RC and is largely expressed in lung, kidney, stomach and testis. 

Alternative splicing of the Il17re gene generates up to six isoforms of which two encode for a 

soluble receptor. Additionally, IL-17RE promotes cellular mitogenic response via the RAS/ 

MAPK pathway and is thought to either function in opposite fashion to IL-17RD, or to act as a 

coreceptor for an undefined receptor complex 70. 
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Figure 1. 3. Dendrogram (phylogenetic analysis) of IL-17R family members 70 
Transcripts for IL-17RB is present in endocrine tissues, liver, kidney, pancreas, small intestine and colon, 
IL-17RC is ubiquitously expressed, being highest in prostate, liver, kidney, muscle and heart, IL-17RD is 
found in numerous cell types, with high expression in ovary, breast, kidney, heart, skeletal muscle and 
colon and IL-17RE is expressed in lung, kidney, stomach and testis. 
 

1.4.5. Multimeric IL-17R complex 

Type I and II cytokine receptors contain multiple subunits forming a complex generally 

consisting of a ligand specific α-chain and signal transducing common β- or γ-chain. Although 

the IL-17R shares little homology with other receptor family, it had long been presumed that the 

IL-17R consisted of a heteromeric complex. IL-17A was originally observed to bind the IL-

17RA with too low of an affinity to correspond to the small experimental doses required to elicit 

a cellular response indicating that a coreceptor might cooperate with the IL-17R 5. Furthermore, 

IL-17RD was also demonstrated to interact with the FGFR1 and FGFR2 66 and the identification 

of the IL-17A/F heterodimer suggested that IL-17R family members could form different 

receptor complexes in order to interact with different ligands 71. It is also interesting to note that 

IL-17RB and RD are localized on human chromosome 3p21 whereas IL-17RC and RE are 

located on chromosome 3p25 and that beside IL-17RA, all of the IL-17R family members 

contain alternatively spliced isoforms. However the configuration and specific stoichiometry of 

the IL-17R complex remains under investigation. 

 

The initial report providing evidence that the IL-17R formed a multimeric complex demonstrated 

that IL-17R-deficient fibroblasts coexpressing a cyan or yellow fluorescent protein (CFP/ 

YFP) fused to the intra-cellular domain (ICD) of the IL-17RA lost fluorescence 

resonance energy transfer (FRET) signals 10 minutes after stimulation with IL-17A. FRET 

signals occurs when fluorophores are 10–100Å apart indicating that the cytoplasmic tails of the 
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IL-17RA were held in close proximity before stimulation of IL-17A which induced a 

conformational change causing the cytoplasmic tails to move apart 72. Since the IL-17RA 

appears to form a multimer in the absence of ligand, it was proposed that it contains a preligand 

assembly domain (PLAD) as previously described for the TNFR-1/2 which bind the receptor 

complex 73. Two fibronectin-III-like (FN) ECD joined by a non-structural linker region (residues 

184–204) were predicted and demonstrated to mediate homotypic interactions between IL-17RA 

subunits (FN1, residues 69–183; FN2, residues 205–282). The FN1 domain was observed to 

enhance ligand binding but did not bind or mediate signaling in the absence of the FN2 or linker 

regions. In contrast, FN2 contains the IL-17 binding site and mediates ligand-independent 

oligomerization of the IL-17RA. Interestingly, the FN1 domain was proposed to interact with, or 

recruit a membrane proximal protein upon activation thus rearranging the IL-17RA complex and 

resulting in the lost of the ICD FRET signal 73. 

 

The IL-17R was subsequently demonstrated to associate with the IL-17RC subunit 63. When IL-

17RA deficient fibroblasts were cotransfected with hIL-17RA and IL-17RC and then treated with 

either hIL-17A or hIL-17F, CXCL1 production was restored suggesting that a heterodimeric IL-

17RA/ RC was required for cell signaling. Moreover, nonreducing sodium dodecyl sulfate 

(SDS)-PAGE analysis revealed that the IL-17RC migrated as a trimeric complex possibly 

containing two IL-17RA subunits 74. Baby hamster kidney (BHK) cells stably transfected with 

the hIL-17RC were also demonstrated by flow cytometry to bind biotinylated-hIL-17A and hIL-

17F 64. Surface plasmon resonance analysis demonstrated that IL-17A bound the IL-17RA.fc 

with the fastest on rate (1.4 x 105 M/s) and slowest off rate (2.9 x 10-4M/s) resulting in the 

lowest Kd value of 2.2nM. IL-17RA also bound the IL-17A/F heterodimer with an intermediate 
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on/ off Kd value of 26nM whereas IL-17F had a 100-fold slower on/ off rate resulting in a Kd of 

70nM. Unlike the IL-17RA, surface plasmon resonance demonstrated that hIL-17A and hIL-17F 

bound the hIL-17RC with similar affinities (Kd values of 10-20nM). Importantly, coexpression of 

hIL-17RA and hIL-17RC did not enhance the ability to respond to hIL-17A or IL-17F, 

suggesting that the receptors coordinate functional signaling responses rather than mediate a 

synergistic signaling effect. Moreover, hIL-17RC is highly expressed in non-hematopoietic 

tissues suggesting that receptor binding affinities may differentiate biological functions of IL-17 

family members 71. 

 

Recently, coexpression of the IL-17RA with IL-17RD in HEK293T and in mouse embryonic 

fibroblast (MEF) was demonstrated to colocalize and precipitate as a multimeric complex. 

Luciferase assays demonstrated that the ICD of IL-17RD mediated IL-17 signaling by 

interacting with the TNF receptor-associated factor (TRAF)-6. Of note, IL-17RD also 

coimmunoprecipitated with IL-17RB suggesting that IL-17R family members may form 

different receptor complexes in order to respond to different ligands 75. In support of this notion, 

the FN1 domain of the IL-17RA may interact with, or recruit specific IL-17RB-E subunits as 

proposed for IL-17RC upon activation by IL-17A/F 73. 

 

1.5.0. IL-17R SIGNAL TRANSDUCTION PATHWAY 

The first crucial mediator identified in the IL-17R signaling cascade was the TNF receptor 

superfamily and the TLR/IL-1R (TIR) family adaptor protein, TRAF6. IL-17 fails to activate IκB 

kinases (IKKs) and upregulate IL-6 expression from embryonic fibroblasts derived from 

TRAF6-deficient mice. Transient transfection of TRAF6 in 293 cells restores IL-17-induced NF-
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κB activation by a luciferase reporter assay and reciprocal coimmunoprecipitation demonstrated 

TRAF6 interacts with the IL-17R. Interestingly, TRAF6 was specifically observed to mediate the 

IL-17R signal transduction as TRAF2-deficient fibroblasts did not impair effector functions 

mediated by IL-17A 76, 77. 

 

In 2003, a position-specific iterative BLAST (PSI-BLAST) identified a conserved sequence 

within the intracellular, membrane-proximal region of the SEF and the IL-17R. As shown in 

figure1.4, the SEF-IL-17R (SEFIR) domain is highly similar to the TIR domain which mediates 

homotypic interactions between TLR-4/ IL-1R and the myeloid differentiation primary response 

gene (MyD)-88 adaptor protein 78. However, the SEFIR domain contains a homologous TIR-like 

loop (TILL) which lacks a crucial “BB loop” required for conventional TIR-mediated 

interactions. As such, TIR domain-containing adapter protein inducing interferon-β (TRIF)-, 

MyD88 and IL-1R-associated kinase (IRAK)-4-deficient fibroblasts do not impair IL-17-

dependent IL-6 production suggesting that the distinctive TILL domain could serve as a specific 

docking site for SEFIR/ TIR (STIR)-homologues 79. Moreover, the IL-17RA does not contain a 

canonical TRAF6-binding motif (PXEXXZ; X, aromatic/acidic residue) implying that additional 

adaptor proteins mediate the recruitment of TRAF6 to the cytoplasmic tail of the IL-17R. 
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Figure 1. 4. IL-17 and TLR4 receptor complexes (adapted from 34) 
IL-17R and TLR/ IL-1R signalling pathways use different functional receptor motifs (SEFIR and TILL 
versus TIR domains) and proximal adaptors (ACT1 versus MYD88 and TRIF), but converge on common 
pathways (NF- B, C/EBP and MAPKs) to activate similar, although not identical, gene expression 
profiles. 
 

An adapter protein bearing two identifiable TRAF binding sites (residues 38–42 and 333–337) in 

addition to a SEFIR binding sequence in its C-terminal domain was later identified (see 

figure1.5) 78, 80. NF-κB activator (ACT)-1, a cytoplasmic protein separately isolated from a 

constitutively active NF-κB cell line 81 and by a yeast two-hybrid screen using the NF-κB 

essential modulator (NEMO)/ IKKγ subunit of the IKK signaling complex as bait 82, was 

observed to directly associate to the IL-17R and to TRAF6 in response to IL-17 83. Notably, 

ACT1-deficient MEF did not impair TNF-, IL-1β- or LPS-inducible gene expression but 

abrogated those mediated by IL-17A, IL-17F and when in combination with TNF 83. 
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Hemagglutinin (HA)-tagged ACT1 was also observed to coimmunoprecipitate with FLAG-

tagged TRAF3 in 293 cells and negatively regulate CD40-mediated NF-κB activation 84. 

TRAF3, an atypical TRAF family member, negatively regulates the NF-κB signaling pathway by 

targeting the NF-κB-inducing kinase (NIK) for proteasomal degradation and inhibits the NIK-

dependent processing of NF-κB2p100 precursor into active p52 subunits 85. Hence, ACT1 may 

regulate NF-κB activity depending on whether it interacts with a positive regulator such as 

TRAF6 to recruit activating signaling complexes or with a negative regulator such as TRAF3 86. 

ACT1 was also demonstrated to interact with the TGF-β activated kinase (TAK)-1 which 

activates the IKK-NF-κB and stress-activated protein kinase (SAPK)/Jun kinase (JNK) signaling 

modules 84. Interestingly, IL-17-induced chemokine expression is decreased in TAK1-deficient 

MEF indicating that a ACT1-TRAF3/6-TAK1 complex is a critical mediator of the IL-17R 

signal transduction pathway 87. In addition, activation of C/EBPβ and -δ via the distal CCAAT-

enhancer-binding protein (C/EBP)-activation domain (CBAD) located in the cytoplasmic tail of 

the IL-17RA is dependent on ACT1 88. 

 

Figure 1. 5. Dendrogram (phylogenetic analysis) of STIR domain proteins 83 
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1.5.1. MAPK pathway 

Mitogen-activated protein kinases (MAPKs) are a family of conserved protein kinases that 

phosphorylate specific serine and threonine residues of target proteins to regulate various cellular 

activities such as proliferation, migration and survival. The MAPK pathway consists of a three-

tiered cascade that is activated in response to environmental stress signals such as ionizing 

radiation, heat or osmotic shock and cytokines. The upstream MAPK kinase-kinase (MAPKKK) 

phosphorylates downstream MAPKK which relay the signal to MAPKs. Conventional MAPKs 

consist of three family members; (i) the extracellular signal-regulated kinase (ERK), (ii) c-Jun 

NH2-terminal kinase (JNK) and (iii) P38 which can translocate to the nucleus and phosphorylate 

downstream targets such as transcription factors. 

  

Initial analysis of the effector functions mediated by IL-17 revealed it was a “cytokine-inducing 

cytokine” characterized by a proinflammatory IL-6, CXCL8, PGE2 and G-CSF response in 

synovial rheumatoid arthritis (RA) fibroblasts 15. Interest in the IL-17R signal transduction 

however was later instigated by a clinical research study which reported that IL-17 upregulated 

nitric oxide (NO) production ex vivo from osteoarthritis (OA) cartilage of patients undergoing 

knee replacement surgery 89. Since synovial fluid from OA and RA patients contains significant 

amounts of NO which exerts detrimental effects on chondrocyte function, the search for new 

therapeutic targets spurred research into IL-17R signaling pathway. The first study to report the 

intracellular signaling events mediated by the IL-17R observed a twofold transient increase in 

free cytoplasmic calcium (Ca) with a time-dependent decrease in cyclic adenosine 

monophosphate (cAMP) levels in human macrophages. Cell-permeable chemical inhibitors 

targeting nonspecific tyrosine kinases (genistein) and cAMP protein kinase A (PKA) pathways 
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abrogated IL-17-stimulatory effects whereas the upstream JNK activator, Ca phospholipid-

dependent protein kinase C (PKC) and the ERK upstream activator MAPK-kinase (MEK) 

suppressed IL-17-induce TNF secretion by 60%. Furthermore, NF-κB DNA-binding activity to 

sequence-specific probes increased in a time-dependent manner peaking at 4h whereas the 

binding-activity of cAMP response element (CRE) decreased in a time-dependent fashion 58. 

Collectively, early investigation into the IL-17R cell signaling pathways demonstrated that IL-17 

activation was associated with, and depended in part on MAPK and NF-κB. 

 

Subsequent reports on the IL-17R focused on identifying IL-17-inducible serine/ threonine-

specific protein kinases, transcription factors and IL-17 genes targets. ERK1/2, p38 and JNK 

were initially observed to mediate IL-17 inducible nitric oxide synthase (iNOS), cyclooxygenase 

(COX)-2 and IL-6 responses in human articular chondrocytes via NF-κB. Interestingly, MEK1 

and p38-specific inhibitors did not impair NO responses suggesting that JNK regulated the IL-

17R signaling cascade however, as there were no specific inhibitors available for JNK, this was 

not experimentally determined 59. In vitro immune-complex kinase assays from IL-17-stimulated 

intestinal epithelial IEC-6 cells demonstrated ERK rapidly (within 10m) phosphorylated the 

substrate-specific myelin basic protein (MBP) whereas IL-17 induced a gradual increase in p38 

and JNK1 activation. IL-17-induced NF-κB activation, NO production and iNOS expression in 

human OA chondrocytes revealed that IL-17 signaled via ERK1/2, p38 but not via the 

SAPK/JNK pathway 90. Although JNK was initially reported to mediate IL-17 responses, ERK 

activation appears to regulate IL-17R signaling as it is the most consistently reported and rapidly 

phosphorylated member of the MAPKs 34. Further work into the IL-17R signal transduction also 

revealed that TRAF6 mediates MAPK activity as dominant negative expression constructs 
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inhibit IL-17-induced JNK1/ c-Jun and ERK1/ E26 transformation-specific sequence (Ets)-like 

gene (ELK)-1 transactivation. TRAF6 was also demonstrated to mediate NF-κB p65/ p50 

heterodimer activation by activating downstream NIK and IKK-α kinases 76, 77.  

 

Early studies of the IL-17R signal transduction revealed that IL-17-gene targets differed in cells 

of stromal and hematopoietic origins including those of the non-myeloid lineage. In response to 

IL-17, stromal cells such as primary cultures of synovial fibroblasts release IL-6, CXCL8, PGE2 

and G-CSF which was demonstrated to indirectly sustain progenitor CD34+ cell growth and 

differentiation15. In contrast, IL-17 does not directly induce the proliferation or differentiation of 

hematopoietic progenitors cultured with or without GM-CSF nor does it alter the cytokine profile 

(IFN-γ IL-4, IL-6, IL-10), phenotype or cytotoxicity of hematopoietic cells such as purified 

CD4+ and CD8+ T cells activated by PHA, tetanus toxin, IL-2 or of total peripheral blood 

mononuclear cells (PBMC). Moreover, IL-17 does not affect the proliferation or 

immunoglobulin (Ig) production of normal tonsil B cells activated by antigen receptor or CD40. 

However, adherent human monocytes (macrophages) have been reported to produce TNF, IL-1β, 

IL-6, IL-10, IL-12 and PGE2 in response to IL-17 58. Different stromal cell types also generate 

different gene profiles; primary cultures of human articular chondrocytes release IL-1β, IL-6, 

iNOS and COX-2 59 in response to IL-17 whereas synovial fibroblasts release IL-6, CXCL8, 

PGE2 and G-CSF 15.  

 

Cells taken from patients with preexisting inflammatory conditions can also influence the level 

of responsiveness to IL-17. For example, p38 and MEK1 were demonstrated to regulate iNOS 

expression and NO release in response to IL-17 in chondrocytes from OA patients 90 whereas 
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MEK1-inhibitors did not impair NO synthesis in normal human chondrocytes 59. Discrepancies 

in CXCL8 release from IL-17-stimulated airway smooth muscle (ASM) cells obtained from 

patients undergoing surgical resection or lung transplants have also been suggested to depend on 

the underlying health or epigenetic code of the donors 91. Furthermore, the signal transduction 

pathways of IL-17-inducible genes such as for IL-1β and TNF are also differentially regulated. 

Exposure to CalC (inhibitor of Ca-regulated PKC) decreases both IL-1β and TNF secretion but 

the nonspecific tyrosine-kinase blocking agent genistein or inhibition of MEK1 suppresses TNF 

secretion with no detectable effect on IL-1β. Inhibition of extra- (EGTA) or intracellular 

(thapsigargin) Ca mobilization also significantly suppressed TNF secretion with no effects on 

IL-1β 58. Divergent regulation of the human β-defensin (hBD)-2 and CCL20 expression by IL-17 

has also been described 92. Overall, compounded analysis of the IL-17R signaling pathway 

should be cautiously reviewed as IL-17-gene targets are differentially regulated and can be cell 

type specific. 

 

1.5.2. mRNA stability 

Cellular signaling events mediated by the IL-17R involve the coordinated regulation of both 

DNA-binding (transcriptional) and RNA-binding (post-transcriptional) factors. IL-17 was 

initially reported to stabilize lipopolysaccharide (LPS)-induced G-CSF mRNA in synoviocytes 

which increased G-CSF protein levels in an additive fashion. Pretreatment with CHX, an 

inhibitor of protein synthesis did not impair but further amplified G-CSF mRNA levels. This 

suggested that IL-17 and LPS did not require de novo protein synthesis in order to generate G-

CSF mRNA or to stabilise G-CSF transcript levels 39. IL-17 was also demonstrated to increase 

IL-6 mRNA half-life in TNF- and IL-1β-stimulated myofibroblasts without increasing NF-κB 
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activity suggesting that post-transcriptional mechanisms mediated synergistic responses between 

IL-17 and proinflammatory mediators 93. 

 

JNK- and p38- MAPK signaling pathways have been observed to regulate AU-rich elements 

(ARE)-dependent mRNA decay. AREs consist of cis-acting pentameric and nonameric AUUUA 

and UUAUUUAUU sequences found in the 3’UTR of mRNA and mediate the stability or half-

life of approximately 2800–9600 genes or 8% of all human transcripts 94. AREs mediate mRNA 

stability and were originally identified when the stable β-globin mRNA 3'UTR was replaced 

with the labile ARE-rich 3'UTR of GM-CSF 95. Putative trans-acting factors such as 

tristetraprolin and the mammalian homologs of the embryonic lethal abnormal vision (ELAV) 

proteins AUF1, HuR and He1-N2 were later demonstrated to interact with distinctive ARE 

domains and mediate stabilizing or destabilizing effects 96. P38-dependent mRNA stabilization 

mechanisms were initially demonstrated when constitutively active forms of MAPK-kinase-

kinase-1 (MEKK1) and the dual specificity MAPK kinase (MKK)-6 were overexpressed and 

observed to stabilize a chimeric β-globin mRNA containing the 3’UTR ARE-rich sequences of 

the CXCL8 transcript. A p38α kinase-inactive mutant was also demonstrated to reverse the 

protective effects on mRNA stability whereas dominant interfering constructs of SAPK/ JNK and 

ERK did not 97. IL-1, LPS and IL-17 were subsequently observed to stabilize mRNAs via p38-

dependent mechanisms 98.  

 

IL-17 amplifies responses to secondary stimuli such as IFN-γ, TNF, LPS and IL-1β in stromal 

cell types 15, 26. IL-17 enhanced CXCL8 levels in lung fibroblast and epithelial cells and was 

independent of increased transcriptional activity since the combination of IL-17 with TNF or 
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LPS marginally increased NF-κB, activator protein (AP)-1 and C/EBP activation. Accordingly, 

IL-17 was observed to profoundly increase the half-life of CXCL8 and IL-6 mRNA when 

stimulated with TNF and LPS 99. IL-17A also significantly amplified CXCL8 mRNA levels in 

ASM cells via a posttranscriptional p38-dependent mechanism. ASM cells transfected with a 

constitutively active form of MKK6 was demonstrated to secrete increased levels of CXCL8 and 

inhibition of the p38 pathway with SB203580 significantly decreased the stability of CXCL8 

mRNA in response to TNF and IL-17A 91. Moreover, MAPK signal-integrating kinase-1 (Mnk1) 

and the eukaryotic initiation factor 4E (eIF-4E) regulating the formation of the pre-initiation 

complex were phosphorylated by IL-17 in a p38-dependent manner 98. Although p38 activity is 

reported to disrupt tristetraprolin, an RNA-binding protein that promotes decay of mRNAs 100, 

pharmacological inhibitors and downstream p38 kinase deficient MAPK-activated protein kinase 

(MK)-2/3 MEFs demonstrated that p38 was dispensable for the increase in mRNA half-life. As 

such, a tristetraprolin-insensitive sequence in the 3' UTR was reported to regulate IL-17- and IL-

1β-mediated stabilization of CXCL1 101. IL-17-mediated COX2 mRNA stabilization was also 

reported to act on distal mRNA sequences as deletion of the 3’UTR-AREs had no effect on 

COX2 levels suggesting that IL-17 activated a distinct group of ARE-independent, RNA-binding 

proteins 98. 

 

An alternative pathway mediating IL-6 secretion by IL-17 in combination with TNF was 

demonstrated to occur at the transcriptional level in the osteoblastic MC-3T3 cell line. NF-κB 

and C/EBP binding sites in the IL-6 promoter were demonstrated to increase transcripts and gene 

expression levels independently of mRNA stability mechanisms. C/EBPβ and C/EBPδ are 

upregulated after IL-17 stimulation and are critical regulators of IL-6 since C/EBPβ and C/EBP-
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δ-deficient mice do not express IL-6 102. Additionally, NF-κB and IκBζ, a NF-κB coregulator 

were also reported to stabilize secondary response (SR) genes induced by IL-17 with TNF such 

as for lipocalin (Lcn)-2 103. The synergistic effect mediated by IL-17 have also been observed at 

the transcriptional and posttranscriptional level and ERK inhibitors as opposed to p38 inhibitors 

markedly decreased IL-6 104 and CXCL8 105 transcript levels in human pancreatic myofibroblasts 

and ASM cells, respectively. 

 

1.5.3. Promoters and transcription factor binding-sites 

To identify potential transcription factors mediating the IL-17 gene profile, comparative analysis 

of eighteen IL-17 gene targets (Table 1.2) were assessed for enrichments of transcription factor 

binding-sites (TFBS). Computer-assisted analysis of mammalian proximal promoter sequences 

1kb upstream of the transcription start site (TSS) has revealed 4 statistically overrepresented 

TFBS. Proximal NF-κB and C/EBP sites within 600bp of the TSS were categorized as regulating 

immuno-regulatory molecules such as cytokines and host defense genes (IL-6, Lcn2, matrix 

metalloproteinase (MMP)-3, hBD2, G-CSF and COX2). A second group consisting of NF-κB 

binding sites 300bp of the TSS with variable C/EBP, AP-1 or Oct-1 binding sites exclusively 

regulated chemokine gene expression (CXCL1, CXCL2, CXCL5, CCL2, CCL20, and CX3CL1). 

A third group containing C/EBPβ and C/EBPδ genes were observed to be independent of NF-κB 

binding sites and had little or no conservation in TFBS. Enriched TFBS for Ikaros was also 

identified in IL-17-inducible gene promoters but was determined to be an artefact of the inputted 

search matrix sequence due to the similarity of the NF-κB binding sequence 106. An activating 

transcription factor (ATF)-2/ CRE binding site was also independently reported to regulate IL-

17-induced COX2 promoter activity 98. Thus, the overlapping TFBS in IL-17-inducible gene 
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promoters suggests that IL-17 activates a combination of transcription factors in order to regulate 

the gene expression profile. Accordingly, nuclear import and DNA-binding of NF-κB induced by 

IL-17 occurs within 15-30 minutes whereas the activation of C/EBP occurs 2-4h post-stimulation 

implying IL-17 activates a dynamic transcriptional program. IκBζ, an inducible regulator of NF-

κB which is expressed 2-4h post-IL-17 stimulation has also been reported to associate with NF-

κB p50 homodimers and regulate secondary response genes such as for IL-6, hBD2 and Lcn2 103, 

107, 108. Collectively, IL-17 has been reported to activate NF-κB, AP-1 (c-Jun, fos, elk1), 

C/EBPβ/δ, ATF2 and STAT3 transcription factors at varying time points. 

 



33 

 

 

Table 1. 2. IL-17 gene targets 25 
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1.5.4. JAK-STAT pathway 

The janus-associated kinases (JAK)-STAT pathway is the principal signaling mechanism for a 

wide array of cytokines and growth factors such as interferons, IL-6 and GM-CSF. Following the 

binding of cytokines to their cognate receptor, STATs are recruited to cytoplasmic tail by one of 

four tyrosine JAK family members (JAK1-3, TYK2). Once activated, homo- or heterodimers of 

STATs (STAT1-6) dimerize and translocate to the nucleus to modulate the expression of target 

genes. JAKs can also cross-talk and activate other signaling pathways such as the PI3-kinase and 

MAPKs. 

 

Activation of the JAKs and STATs by IL-17 was initially demonstrated in 1999 by immunoblots 

in human U937 monocytic leukemia cells 109. IL-17 rapidly stimulated tyrosine phosphorylation 

of JAK1-3 and Tyk2 and STAT1-4 within 0.5 to 30m. Functional studies in primary HBE 

showed pretreatment with AG490, a specific JAK2 inhibitor, impaired IL-17-mediated IL-6 and 

mucin (MUC)-5B responses whereas ERK (U0126 and PD98059) and phosphoinositide 3-

kinases (PI3-K) (wortmannin) inhibitors exerted no effects 110. In contrast, the pan-JAK inhibitor 

(JAK inhibitor I) but not the JAK2 inhibitor was observed to inhibit IL-17-induced hBD2 

expression in HBE 20. Moreover, the differential regulation of JAKs and MEK inhibitors on the 

respective expression of hBD2 and CCL20 suggested the presence of a JAK-dependent and -

independent NF-κB activation pathway 92. IL-17 stimulation also led to phosphorylation of 

JAK1-2, and the pan-JAK inhibitor or a JAK1 small-interfering (si)-RNA, blocked the 

downstream phospho-inactivation of the glycogen synthase kinase (GSK)-3β at S9 and 

expression of hBD2, IL-19, CXCL1-3 and CXCL6 in HBE cells. Interestingly, inhibitor of JAKs 

and PI3-K did not impair the DNA-binding activities of NF-κB suggesting the presence of an 
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NF-κB-independent JAK/ PI3-K/ GSK3β signaling pathway 111. IL-17 stimulation was also 

observed to phosphorylate STAT3 in human ASM cells, and inhibition of JAKs suppressed 

CCL11 expression also supporting a role for the JAK-STAT pathway in the IL-17R signal 

transduction 112. 

 

1.5.5. PI3-K and GSK3β pathway 

The phosphatidylinositol 3-kinases (PI3-K) constitute a unique and conserved family of 

intracellular lipid kinases that phosphorylate the 3’-hydroxyl group of phosphatidylinositol or 

phosphoinositides (PtdIns). Three classes of PI3-K (I-III) based on the substrate preference and 

sequence homologies have been identified. Class I are heterodimeric enzyme consisting of a 

regulatory (p85, p101) and a catalytic subunit (p110) which convert PI into secondary 

messengers such as PI(3)P, PI(3,4)P2 and PI(3,4,5)P3. Class II comprises three catalytic 

isoforms without regulatory subunits whereas class III are similar to class I enzymes but only 

produce PI(3)P. Secondary messengers function to recruit signalling proteins which contain a 

pleckstrin homology (PH) domain such as protein kinase B (AKT), to the plasma membrane to 

activate intracellular signaling pathways and mediate various cellular functions. 

 

The first study to investigate the role of PI3-K in the IL-17R signal transduction demonstrated 

that inhibition of PI3K by LY294002 had no substantial effect on IL-6 or CXCL8 release in 

HBE cells 113. Similarly,  inhibition of PI3-K did not impair IL-17F (ML-1)-mediated GM-CSF 

114, IL-17A-mediated CCL20 92 expression in HBE cells or CCL11 and CXCL8 responses in 

human ASM cells 105, 112. However, PI3-K inhibitors (LY294002, wortmannin) abolished IL-17-

induced phosphorylation of the related to A and C kinases (RAC)-α and the serine/ threonine-
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protein kinase/ protein kinase B (AKT/ PKB) and inhibited IL-6, CXCL8 and IL-23p19 release 

in fibroblast-like synoviocytes of RA patients 115, 116. IL-17A was also observed to rapidly 

upregulate phosphatidylinositol (3,4,5)-trisphosphate (PIP3) levels in HBE cells and 

immunoblots revealed that downstream PI3-K signaling molecules AKT and GSK3β (S9) were 

phosphorylated. Pretreatment with LY294002, silencing of the PI3-K-p110α subunit or 

overexpression of the intrinsic phosphatase and tensin homolog (PTEN) PI3-K inhibitor 

significantly decreased IL-17A-induced hBD2 promoter activity 111. Similarly, overexpression of 

a constitutively active GSK3β mutant resulted in decreased IL-17A-induced hBD2 promoter 

activity. The negative regulation of GSK3β was also observed in bone-marrow derived ST2 cells 

where overexpression of wild-type GSK3β phosphorylated and inhibited the transcriptional 

activity of C/EBPβ and impaired Lcn2, Ccl2, Ccl7 and Cxcl5 expression 88. Additionally, the 

pan-JAK and PI3-K inhibitor (LY294002) did not inhibit NF-κB p65/ p50 binding activity 

indicating that the JAK and PI3-K pathways did not mediate the activation of NF-κB induced by 

IL-17 111. Thus, as shown in figure1.6, two independent pathways were proposed to mediate IL-

17 cell signaling responses; (i) a canonical ACT1/ TRAF6/ TAK1/ NF-κB pathway regulating 

the rapid transcription of mainly primary response genes and a (ii) complementary JAK1/ PI3-K/ 

AKT/ GSK3β/ NF-κB-independent signaling cascade which regulates transcriptional co-

regulators such as for C/EBP which may regulate secondary response genes. 
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Figure 1. 6. Signal transduction of the IL-17R complex 25 
IL-17A/F triggers signaling mediated via two known motifs in the IL-17RA tail: a SEFIR/TILL domain, 
which contains elements homologous to TIR domains and a distal domain that activates C/EBPβ. Signal 
transduction complexes consisting of ACT1, TRAF6 and TAK1 coordinate MAPK, NF-κB and C/EBP 
activation whereas an NF-κB-independent pathway signals via JAK1, PI3K, GSK3β. 
 

1.5.6. Ubiquitin pathway 

Ubiquitination is a post-translational modification which consists of the covalent attachment of 

one or more ubiquitin monomers to target proteins. In response to IL-17A and IL-17F, 

polyubiquitination of the IL-17R has been reported in fibroblast-like synoviocytes transfected 

with HA-tagged ubiquitin. The really interesting new gene (RING) domain at the N-terminal of 
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TRAF6 functions as an E3 ubiquitin (Ub) ligase which directly mediates lysine (K)-48- and 

K63-polyubiquitination of the IL-17R. K48-linked polyubiquitin chains are reported to promote 

26S proteasome degradation whereas the noncanonical K63-linked polyubiquitin chains function 

as scaffolding in order to form signaling complexes facilitating protein interactions 117. Recently, 

bioinformatic and molecular modeling analysis identified ACT1 as a putative member of the U-

box–containing E3 ubiquitin ligase family. The E3 ligase activity of ACT1 was crucial for K63-

polyubiquitination of TRAF6 which was observed to mediate the activation of IL-17-induce 

ERK, JNK, NF-κB and expression of IL-6, CXCL1 and GM-CSF 118. Notably, TAK1-binding 

protein (TAB)-2/3 was also reported to bind K63-linked polyubiquitined TRAF6 through a zinc 

finger domain in order to activate a TAK1-IKK-NF-κB complex as shown in figure1.7 118, 119. 

Therefore, ubiquitin signals mediate signal transduction events of the canonical IL-17R pathway 

and add another layer of complexity to its regulation. 
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Figure 1. 7. Ubiquitin and the IL-17R signaling pathway 120 
Activation of the IL-17R complex by IL-17A/7F induces the recruitment of ACT1 and the induction of its 
E3 ubiquitin ligase activity. TRAF6 is recruited to ACT1 via TRAF-binding domains and undergoes K63-
mediated ubiquitination. This leads to the K63-ubiquitin-dependent recruitment of TAB2/3 and to the 
activation of TAK1. TAK1 phosphorylates the IKK complex which then phosphorylates the regulatory 
IκB proteins. Phosphorylated IκB proteins undergo K48-mediated ubiquitination and become targeted for 
proteasomal degradation. The dissociation and degradation of the IκB proteins enables the translocation 
of the NF-κB complex to the nucleus where it directs transcription of a wide range of target genes. 
 

1.6.0. IL-23 AND THE DISCOVERY TH17 CELLS 

Identifying cellular sources and upstream factors regulating IL-17 release was key in 

understanding the biological function and role of IL-17 in protective immunity. The first study to 
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report that IL-17-producing T cells were distinct from the Th1 and Th2 lineage used TCR-

transgenic DO11.10 splenocytes stimulated with the arthritis-lyme disease causing spirochete, 

Borrelia Burgdorferi. Transgenic naive T cells primed in either a Th1-polarizing (ovalbumin 

(OVA) + IL-12), inflammatory (OVA + IL-6/ IL-18) or infectious condition (OVA + 

B.Burgdorferi-derived lipopeptides) revealed that the latter two conditions contained higher 

levels of IL-17-producing cells 3. However, identifying the factors required for the differentiation 

and expansion of naive cells into Th17 cells would first require the characterization of IL-23. IL-

23 is a heterodimeric cytokine consisting of the shared IL-12p40 subunit and the IL-23p19 

subunit which was discovered by a sequence database search for IL-6 family homologues 121. 

The initial clue that IL-23 promoted Th17 differentiation came from an intracellular cytokine 

analysis of draining lymph node (DLN) T cells of IL-23p19-deficient mice which contained IFN-

γ- but no IL-17-positive cells 122. Addition of IL-23 to wild-type memory T cells (CD4+ 

CD44hi CD62Llo CD45ROhi) also impaired the growth of Th1 cells and expanded a T cell subset 

coexpressing IL-17A/F, TNF and IL-6 123, 124. Systemic and specific overexpression of IL-23p19 

in bone marrow-derived cells resulted in widespread inflammation with a predominant 

neutrophil response typical of early overexpression studies with IL-17 125. Nevertheless, IL-

23p19-deficient mice produce IL-17 when stimulated with IL-23, and DLN cells taken from IL-

12p40–/– mice which lack both IL-12 and IL-23 can still generate Th1 or Th17 cells when 

cultured ex vivo with either IL-12 or IL-23, respectively. Furthermore, IL-23 cannot differentiate 

naive CD4+ T cells into Th17 cells in vitro implying that additional factors mediate the initial 

commitment to the Th17 lineage. Indeed, although the IL-12Rβ1 subunit is constitutively 

expressed on naive T cells, the IL-12Rβ2 and IL-23R subunits require T cell activation in order 
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to upregulate one of the two ligand-specific chains to gain responsiveness to either IL-12 or IL-

23, respectively 126. 

 

1.6.1. IL-23 receptor 

TLR ligands such as LPS stimulate the production of IL-6 from DCs which renders pathogen-

specific T cells refractory to the suppressive activity of CD4+ CD25+ Tregs 127. Similar studies 

reported that Tregs cultured in the presence of proinflammatory cytokines increased the 

production of IL-17 from naive CD4+ T cells 128-130. TGF-β in combination with IL-6 was 

reported to mediate the in vitro differentiation of naive T cells into IL-17-producing cells and 

this process was amplified with the addition of IL-1β or TNF 128. Moreover, IL-1R1-deficient 

mice were also devoid of antigen-specific Th17 cells 131. Elucidation into the molecular signaling 

mechanisms mediated by TGF-β and IL-6 revealed that STAT3 upregulated the expression of the 

IL-23R 7, 132. Notably, two independent reports which originally proposed that Th17 cells did not 

derive from the Th1/ Th2 effector lineage demonstrated that IL-23 could induce IL-17 

production if IFN-γ and IL-4 were neutralized 6, 7. Thus, IL-23 promotes the proliferation of 

Th17 cells whereas the combination of TGF-β and IL-6 is essential for the initial differentiation 

of naive cells into the Th17 lineage. Nonetheless, anti-CD25 Treg-depleted Il6-/- mice can still 

yield Th17 cells indicating that an alternative, IL-6-independent pathway also regulates Th17 

differentiation 29. IL-15 was observed to stimulate IL-17 production from activated PBMCs and 

purified spleen CD4+ cells however the regulatory mechanism mediating this process has not 

been elucidated 133, 134. Hence, the reciprocal and antagonistic actions of TGF-β, IFN-γ and IL-4 

on Th17, Th1 and Th2 development provided an early model of divergence between lineage 

class as seen in figure 1.8 130. 
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Figure 1. 8. Th17 development 135 
Naive CD4+ T cell precursor cells (Thp) differentiate into four effector subsets (Th1, Th2, Th17 and 
iTregs). The differentiation program is governed by selective cytokines and transcription factors where 
each subset accomplishes specialized immune functions. 
 

1.6.3. IL-21 and Th17 amplification 

In conditions favouring Th17 cell development 136, IL-21 mRNA levels were observed to be 

significantly increased and similarly to IL-6, IL-21 was observed to specifically upregulate 

RORγt and IL-23R expression via STAT3 activation 137. The combination of IL-21 with TGF-β 

was also demonstrated to overcome the function of IL-6 as naive Il6-/- T cells could differentiate 

into Th17 cells 29. As such, the neutralization of IL-21 in Treg-depleted Il6-/- mice abrogated the 

generation of Th17 cells 30 and similarly to IFN-γ/ IL-4-driven Th1/ Th2 cell development, IL-21 
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was observed to sustain and amplify Th17 cells through an IL-21 autocrine feedback loop 30. It is 

also interesting to note that in the absence of TGF-β, IL-1β in combination with IL-6, IL-21 or 

IL-23 can differentiate naive T cells into Th17 cells 31, 138-140. This suggests that alternative and/ 

or complementary mechanisms mediating Th17 lineage commitment have not been fully 

elucidated. 

 

1.6.2. Key lineage-specific transcription factors 

Initially, CD4+ T cells isolated from mice lacking Th1- or Th2-specific transcription factors 

(STAT1, STAT4, T-bet or STAT6) retained the ability to differentiate into Th17 cells when 

activated in vitro with IL-23 7. Th17 cells also lack T-bet, Hlx and GATA-3 expression 

indicating that a new class of lineage-specific transcription factors mediated the Th17 

differentiation program 135. The initial identification of a Th17-specific transcription factor came 

from studies investigating the role of the retinoic acid-related orphan nuclear hormone receptor 

(ROR) family. The ROR-γt isoform was isolated from a cDNA screen for factors that protected 

T cell hybridomas from TCR-mediated activation-induced cell death (AICD) 141. RORγt was 

initially observed to extend the survival of double-positive (CD4+CD8+) thymocytes during 

positive selection and was later reported to be critical for the development of intestinal lymphoid 

tissue inducer (LTi) cells and LTi-like cells 142. In the latter study, Rorγtgfp/+ mice which were 

originally designed in order to identify LTi-like cells uncovered a dim green fluorescence protein 

(GFP)-positive subpopulation of CD4+ TCR-αβ and -γδ T-cells in the lamina propria. Isolation 

and stimulation of the GFP-positive LTi-like and CD4+ T cells produced IL-17 whereas mice 

deficient in RORγt or IL-6 lacked GFPdim/ IL-17-positive cells 14. The induction of RORγt was 
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dependent on IL-6/ IL-21-induced STAT3 activation and both transcription factors were 

observed to cooperatively regulate IL-17 production. 

 

Analysis of the distal and proximal elements of the mIl17 promoter revealed two conserved 

noncoding sequences (CNS) sites located -19 and -5kb from the TSS including a runt-related 

transcription factor (Runx), STAT and ROR response element. STAT3 was demonstrated to 

directly bind to the Il17 and Il21 promoters and conditional STAT3-deficient T cells have 

impaired IL-17 production 11, 13, 132. Moreover, the crucial role of STAT3 in mediating RORγt-

dependent Th17 development was further substantiated in the hyper-immunoglobulin E 

syndrome (HIES), a primary immune deficiency which lacks IL-17-positive cells due to 

missense STAT3 mutations 143, 144. RORα and RORγt were also reported to be strongly induced 

by IL-6 or IL-21 in the presence of TGF-β and RORα-deficiency results in decreased IL-17 

expression. Coexpression RORα and RORγt synergistically results in greater Th17 

differentiation responses and double RORα/ γt-deficient mice abrogate Th17 cell development 

145. In addition to RORγt, IL-1 was also observed to activate the interferon regulatory factor 

(IRF)-4 which cooperatively enhanced IL-17 production. Notably, Irf4−/− T cells produce IFN-γ 

in Th1 polarizing conditions but fail to generate Th17 cells or produce IL-17 146. Finally, Runx1 

and RORγt were observed to cooperatively upregulate IL-17 expression and promote Th17 cell 

differentiation by negatively interacting with Foxp3 147. Presently, the RORα/ γt-lineage-specific 

transcription factors predominately mediate Th17 differentiation commitment and IL-17 gene 

expression by cooperatively interacting with regulatory transcriptional cofactors. In general, the 

Th17 differentiation pathway is summarized by three distinct stages; (i) IL-6/ IL-21 cooperate 

with TGF-β to subvert the defaulting TGF-β-Foxp3-Treg pathway to drive the initial 
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“differentiation” program of naive T cells towards the Th17 lineage. (ii) The resulting activation 

of STAT3 upregulates RORγt which cooperatively upregulate IL-23R and IL-21 expression to 

“amplify” Th17 proliferation in an autocrine manner. (iii) Finally, IL-23 “stabilizes” the Th17 

effector phenotype and cytokine expression profile 148. 

 

1.6.4. Negative regulation of Th17 

TGF-β is a suppressor of Th1 and Th2 differentiation pathways and drives the conversion of 

naive T cells into iTregs. Activation of naive T cells by TGF-β in addition to proinflammatory 

cytokines such as IL-6, IL-21 and IL-22 relieves the inhibition mediated by forkhead/ winged 

helix transcription factor forkhead box P3 (Foxp3) on RORγt function and promotes Th17 cell 

development 129, 149. Regulatory factors such as the vitamin A metabolite retinoic acid (RAc) 

however was demonstrated to suppress Th17 differentiation by inhibiting RORγt via the 

activation of the mammalian homologues of drosophila mothers against decapentaplegic (MAD) 

and Caenorhabditis elegans Sma (SMAD)-3 150, 151. Moreover, the dioxin ligand-activated 

transcription factor aryl hydrocarbon receptor (ArHR) was also observed to regulate iTreg and 

Th17 cell differentiation in a ligand-dependent manner where 2,3,7,8-tetrachlorodibenzo-p-

dioxin (TCDD) promotes iTreg and 6-formylindolo[3,2-b]carbazole (FICZ) promotes Th17 

differentiation in mice 152. Treg- and Th1-associated cytokines IL-2 and IL-27 can respectively 

impair Th17 development via the activation of STATs. Although RORγt requires STAT3 

activation for Th17 development, IL-2-induced STAT5 activation functions to constrain Th17 

development as observed in conditional IL-2 and STAT5 Cre-lox knockout mice 33. Likewise, 

the IL-27 heterodimer which consists of the epstein-barr virus (EBV)-induced gene 3 (EBI3) and 

the IL-6/ IL-12 homologue IL-27p28 subunit suppresses Th17 cell development via an undefined 
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STAT1-dependent process 153. Thus, unlike the reciprocal differentiation network regulating 

Th1/ Th2 lineage commitments, the default program induced by TGF-β favours the development 

of Foxp3-iTregs unless a secondary proinflammatory signal induced by IL-1β, IL-6, IL-21 or IL-

22 activates RORγt and the Th17 differentiation program. 

 

1.6.5. Th17 phenotype and lineage-specific markers 

Phenotypical characterization of cytokine and chemokine receptors has been instrumental in 

defining Th subsets and understanding their function. Notably, antigen-specific central memory 

(Tcm) and effector memory (Tem) cells partake in immune surveillance and mount rapid recall 

responses to pathogens. CCR7+ Tcm are highly proliferative lymph node–homing cells whereas 

CCR7- Tem predominately localize in peripheral, non-lymphoid tissues. Polarized Th1 cells 

express CXCR3, CCR2 and CCR5 and bind CD62P/E whereas Th2 cells selectively express 

CCR3, CCR4, CCR8, the prostaglandin D2 receptor CRTh2 and are selectin ligand negative 154, 

155. Th17 are characterized as Tem (CD4+CD45RO+CCR7–CCR6+) cells which have a low 

proliferative capacity and selectively coexpress CCR4, CCR6 and CCR2 156, 157. CCR4 is a skin-

homing marker which binds numerous ligands including CCL2, a shared CCR2 ligand. CCR6 

homes to CCL20 expressing cells in skin and mucosa-associated tissues and plays an important 

role in recruiting Th17 cells to inflamed tissues. CD161, a C-type lectin-like receptor with 

homology to CD69 was also recently described in circulating and gut-resident Th17 cell 

populations 158. Furthermore, the expression of CXCR3 in addition to CCR4 and CCR6 can 

discriminate between potential Th17 subsets such as the IL-17/ IFN-γ-double positive cells. 

Interestingly, no IL-4 coexpression has been reported in Th17 cells 31, 159, 160. 
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1.7.0. CELLULAR SOURCES 

IL-17A transcripts were initially described in activated CD4+ and CD8+ CD45RO+ memory T 

lymphocytes but mounting evidence suggested that cell types other than T cells could produce 

IL-17 5, 15, 124, 134, 161, 162. For instance, mRNA of murine (m)IL-17 was originally detected in a 

cDNA library generated from αβ-TCR+ CD4- CD8- thymocytes 163 and low levels of IL-17 are 

detectable in the bronchoalveolar lavage (BAL) fluid of severe combined immunodeficient 

(SCID) mice 134. To date, IL-17A mRNA has been detected in blood monocytes, neutrophils 134, 

164 and in eosinophils of asthmatic individuals 165 however IL-17 is mainly produced by tissue 

resident “innate” γδ T (60%), invariant (i)NKT and LTi-like cells (25%) and by circulating CD4/ 

CD8+ T (15%) cells 23. 

 

1.7.1. γδ T cells 

An initial study investigating inflammatory responses induced by i.p. injections of FFL, a Fas 

ligand (FasL)-expressing erythroleukemia cell line uncovered that SCID mice had decreased IL-

17 levels compared to WT mice. Although they were unable to identify the cellular source of IL-

17, flow cytometry analysis demonstrated that γδ-TCR (CD4- CD8-) T cells were the major 

producers of IL-17 166. In a subsequent study, stimulation of resident mesenteric lymph node 

(MLN) cells revealed the presence of three IL-17-positive cell populations consisting of 

conventional αβ-TCR CD4+, γδ-TCR (CD3hi CD4- CD8- CD45RBlo) and NKT-like Vβ8+ (CD3int 

CD4- CD8- NK1.1-) cell types 21. A subpopulation of αβ- and γδ-TCR-positive cells was also 

identified in the lamina propria of Rorγtgfp/+ mice where 50% of RORγt-GFP cells were γδ-

TCR T cells compared to 10% of αβ-TCR T cells 14. In addition, IL-17-positive γδ T cells were 

observed to express IL-23R and release IL-21 and IL-22 in response to IL-1β and IL-23 without 
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TCR engagement 167, 168. γδ T cells also express TLR1, TLR2 and the β-glucan receptor dectin-1, 

which enables direct responses to bacterial lipids and fungal polysaccharides 169. Importantly, not 

all γδ T cells express IL-17 but two subsets based on the expression of CD122 can discriminate 

between IL-17-producing CD122lo and IFN-γ-producing CD122hi γδ T cells. Thus, IL-17-

producing γδ T cells represent a distinct cell type which consists of a large pool of tissue resident 

cells rapidly able to respond to cytokines or pathogens with no apparent antigen specificity. 

 

1.7.2. NKT cells 

Conventional NK cells respond to IL-12 and secrete IFN-γ whereas mucosal NK cells respond to 

IL-23 and produce IL-22. Although both cell types do not express IL-17, iNKT cells were 

reported to express RORγt, IL-23R and produce high amounts of IL-17 in response 

to Sphingomonas wittichii and Borrelia burgdorferi derived-glycolipids 170. iNKT cells lack the 

NK1.1 cell surface marker but express the nonpolymorphic MHC class I-like molecule CD1d 

and the invariant, Vα14/ mice or 24Jα18/ human TCR chain. Notably, iNKT cells are 

predominately located in the lungs as opposed to the liver or spleen suggesting that subsets of 

NKT cells may reside in specific organs and mediate distinctive immune responses 171. 

 

1.7.3. LTi-like cells 

Rag2−/− splenocytes were demonstrated to produce IL-17 in response to IL-23 whereas 

Rag2−/−Il2rg−/− splenocytes which lack both T and NK cells did not. Although DCs and 

NK1.1+ cells were not observed to express IL-17, RORγt+ Lin− CD4+ LTi-like cells were 

positively detected in splenic and intestinal cryptopatch aggregates 172. LTi and LTi-like cells 

mediate the development of organized lymphoid structures such as the lymph nodes, Peyer's 
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patches and other gut-associated lymphoid tissues which do not form in RORγt-deficient mice 

173. LTi-like cells have also recently been proposed to elicit host defense responses via the 

secretion of IL-17 and IL-22. Interestingly, LTi-like cells share some features with IL-22-

producing NK cells and may have analogous developmental pathways since LTi cells can 

express NK1.1+ and differentiate into an NK-like cell 174. 

 

1.8.0. IL-17 AND PROTECTIVE IMMUNITY 

The first clue that microbial agents could elicit a Th17 response came from the initial 

observation that coincubation of ova-specific DO11.10 CD4+ T cells with OVA peptides and 

microbial lipopeptides of Borrelia burgdorferi or Mycobacterium bovis generated a distinctive 

IL-17, TNF and GM-CSF cytokine profile 3. Endotoxin exposure and i.t. administration of IL-17 

induced a Th17 response which was characterized by a rapid and strong pulmonary neutrophil 

response indirectly mediated by CXCL1, CXCL2 and CXCL8 which could be blocked in IL-17-

neutralized mice 17, 134, 164, 175. IL-17-deficient mice had decreased inflammatory cell infiltrates in 

response to contact hypersensitivity (CHS) reactions and to recall challenges of 

dinitrofluorobenzene (DNFB) and 2,4,6-trinitro-1-chlorobenzene (TNCB) in the ear epidermis. 

Interestingly, antigen non-specific cells such as neutrophils have been observed to elicit CHS 

responses since depletion of granulocytes and CXCL2 prior to secondary challenge inhibits ear-

swelling reactions 176, 177. IL-17 was also observed to mediate delayed-type hypersensitivity 

(DTH) and AHR responses in allergic mice 178. 

 

However, IL-17’s ability to regulate host defence responses in mucosal tissues was not 

uncovered until an independent research group which was unable to generate viable IL-17 



50 

 

knockout mice, developed IL-17R-deficient mice. In contrast to the viable IL-17-/- mice, IL-17R-

/- mice housed in pathogen free facilities developed severe focal alopecia which progressed to 

sever skin ulcerations. Ulcers in the mucous membranes of the mouth and eyes were colonized 

by staphylococcus species from which the mice ultimately succumbed 179. This indicated that IL-

17R-deficient mice had impaired bacterial host defences. As such, a pulmonary Klebsiella 

pneumonia infection model, which largely affects immunocompromised individuals, was 

subsequently investigated. IL-17R-deficient mice were observed to be highly susceptible to K. 

Pneumonia infection and succumbed to the infection within 48h. Excessive bacterial growth, 

perivascular edema and bacterial dissemination in the IL-17R knockout animals were associated 

with reduced G-CSF and CXCL2 expression in the lungs 18. Similarly, neutralizing endogenous 

IL-17 in mice by pretreatment with adenovirus encoding a soluble IL-17R had similar outcomes. 

In wild-type mice however, IL-17-positive CD4+ and CD8+ T cells were rapidly detected 6h 

post-infection and overexpression of IL-17 by adenovirus gene transfer enhanced chemokine 

production, neutrophil recruitment and survival outcomes 180. 

 

IL-17R-deficient mice infected by Candida Albicans, an opportunistic yeast-like fungus, were 

also observed to succumb to disseminated infection due to impaired neutrophil responses. 

Overexpression of mIL‐17A by adenovirus gene transfer was observed to protect wild-type mice 

from lethal doses of C. albicans by upregulating G‐CSF production and the absolute neutrophil 

cell counts 19. Likewise, impaired neutrophil migration to infected Toxoplasma gondii tissues in 

IL-17R-/- mice lead to fatal outcomes 3 weeks post-infection 181. Hence, host defence responses 

mediated by IL-17 are dependent on generating and recruiting neutrophils for microbial and 

fungal clearance. In addition, gene expression arrays in human tracheobronchial epithelial (TBE) 
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cells revealed that in addition to chemokines and growth factors, IL-17 upregulated acute-phase 

response genes such as hBD2, CCL20 and Lcn2 indicating that IL-17 could directly regulate 

microbicidal responses 20, 182. 

 

1.8.1. IL-22 and mucosal host defences  

The IL-10-related T cell derived inducible factor (IL-TIF) also known as IL-22 was discovered 

as an IL-9 inducible gene by a subtracted cDNA library screen of the murine BW5147 T cell 

lymphoma 183. IL-22 was initially observed to upregulate acute phase proteins such as serum 

amyloid A (SAA), α1-antichymotrypsin and haptoglobin in hepatocytes and was associated with 

inflammatory reactions since i.p. injections of LPS increased IL-22 expression 184. Additionally, 

IL-22 was observed to mediate wound-healing mechanisms enhancing the clonogenic potential 

of HBE cells and restoring the barrier integrity as demonstrated by transepithelial electrical 

resistance (TEER) measurements of injured epithelium 185. The IL-22R consists of the ubiquitous 

IL-10R2 chain and the restricted IL-22R1 subunit which is selectively expressed on activated 

skin keratinocytes and in tissues of the digestive and respiratory tract 186. Detailed cytokine 

analysis of activated Th1/ Th2/ Th17 subsets revealed that IL-22 was also abundantly expressed 

in Th17 cells. IL-23 was also observed to upregulate IL-22 expression in tissue resident NK and 

IL-17-expressing γδ T cells. Given that Th17 cells coexpressed IL-22 and that the inducible IL-

22R is restricted to activated fibroblast and epithelial cells, this suggested that Th17-cytokines 

could regulate antimicrobial defences in mucosal tissues. Accordingly, IL-17 and IL-22 were 

observed to cooperatively upregulated host defense genes such as CXCL1, CXCL5, CXCL8, 

CXCL9, IL-6, IL-19, hBD2, Lcn2, G-CSF and S100A7/ A8/ A9/ A12 12, 185, 187. Neutralization of 

IL-22 prior to K. pneumoniae infection decreased IL-6, Lcn2 and CCL3 levels which resulted in 
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bacterial dissemination that was exacerbated by the absence of IL-17A. Although IL-17 was 

required for the elimination of extracellular and fungal pathogens such as K. Pneumoniae, P. 

Aeruginosa, M. Pulmonis and C. Albicans, its expression was dispensable for the clearance of 

Th1-dependent intracellular pathogens such as M. Tuberculosis and L. Monocytogenes 156, 188. 

Therefore, IL-17 responds in association with IL-22  (figure 1.9) to mobilize rapid and protective 

host defence responses in mucosal tissues against selective extracellular and fungal pathogens 

via neutrophil-activating factors (CXC-chemokines and G-CSF), antimicrobial peptides 

(defensins, mucins and S100 proteins) and acute phase proteins (IL-6, Lcn2, C-reactive protein 

(CRP) and SAA) 189.  

 



53 

 

 

Figure 1. 9. Effector Th17 cell characteristics 190, 191 
Th subsets involved in immune protection and regulation and the Th17 effector phenotype. 
 

1.8.2. IL-17 in health and diseased states 

Tissue resident γδ T, NKT and effector memory Th17 cells play an important role in the early 

stages of inflammation by inducing strong chemotactic and antimicrobial responses 9. However, 

dysregulated IL-17 responses can also lead to proinflammatory and autoimmune disorders. 

Circumstantial evidence suggests that dysregulated subsets, or effector phenotypes of Th17 cells 



54 

 

may be pathogenic and have been observed to coexpress IL-17/ IL-21 in psoriasis 192, IL-17/ 

TNF in rheumatoid arthritis 193, IL-17/ IFN-γ in multiple sclerosis 194 and IL-17/ IL-23 in 

inflammatory bowel disease 195. The pathogenic effects of Th17-associated effector cytokines 

have recently been outlined in an extensive review focused on Th17-associated diseases 196. 

Neutralizing antibody strategies targeting IL-17A for the treatment of rheumatoid arthritis are 

currently in phase I clinical trials and have reported favourable outcomes. Beneficial effects in 

reducing afflicted psoriasis skin areas have been reported in phase II trials when neutralizing 

either IL-17A or the IL-12/IL-23p40 subunit 34, 196, 197. Thus far, investigation into Th17-

associated cytokines and effector functions have uncovered key mechanisms mediating 

protective host defences and generated novel therapeutic targets to alleviate inflammatory 

disorders. 

 

1.8.3. Neutrophil homeostasis and innate immune responses 

Distinctively characterized by a segmented nucleus containing two to five lobes, 

polymorphonuclear neutrophils are the most abundant white blood cell type and serve as a 

critical line of defense against invading pathogens. Neutrophils share a common hematopoietic 

origin with monocytes, eosinophils, basophils, thrombocytes and erythrocytes and derive from a 

pluripotent colony forming unit-granulocyte, erythrocyte, monocyte, macrophage (CFU-GEMM) 

cell 198. In response to IL-3, GM-CSF and G-CSF, these pluripotent cells progressively 

differentiate into CFU-GM, CFU-G and myeloblasts (earliest recognizable cell of the 

granulocyte lineage). These cells continue to develop into promyelocytes (presence of primary 

granules), myelocytes (presence of specific granules), metamyelocytes (commencement of 

nuclear segmentation, terminally differentiated cell type) and finally mature for 6d in the 
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hematopoietic cords into banded and segmented neutrophils (neutrophil storage pool is also 

known as the BM reserve) 199. Although growth factors and cytokines can trigger granulopoiesis 

in response to bleeding, hypoxia or infection, the BM reserve can immediately immobilize the 

maturing neutrophil pool to counteract distress signals (clinically referred to as the left shift). 

Remarkably, the BM generates approximately 1x109 granulocytes/ kg/ day second only to the 

production of RBC and platelet estimated at 2.5x109 cells/ kg/ day under normal homeostatic 

circumstances 200. 

 

Egress from the BM is dependent on the CXCL12/ CXCR4 chemokine signaling axis. CXCL12 

(SDF-1α) is constitutively expressed at high levels by reticular cells surrounding the sinusoids 

which act as endogenous retention signal for neutrophils. Downregulation of CXCL12 by G-CSF 

or the presence of CXCR2-specific chemokines such as CXCL1 or CXCL2 in the blood stream 

overcomes the retentive CXCL12 signal and triggers the mobilization of neutrophils by 

endothelial transcellular migration 201, 202. With an approximate half-life of 6h, circulating 

neutrophils downregulate CXCR2 and are cleared from the circulation by homing back to 

CXCL12+ tissue such as the spleen, liver and BM 203. In response to local infection or injury 

however, neutrophils are recruited to inflamed tissues by endothelial postcapillary venules which 

upregulate a series of adhesion and chemokine molecules to mediate the tethering, slow-rolling, 

firm-adhesion and diapedesis of neutrophils across the endothelium 204, 205. Neutrophils can 

directly respond to pathogens via a series of cell surface pattern recognition receptors such as 

lectin, scavenger, complement and TLRs which recognize invariant and conserved microbial 

macromolecules. Opsonisation and phagocytosis of microorganisms triggers a respiratory burst 

response which generates reactive oxygen intermediates (ROIs) via the NADPH oxidase 
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complex. These include superoxide (O2
-), singlet oxygen (1O2), ozone (O3), hydrogen peroxide 

(H2O2), hydroxyl radicals (●OH), hypohalous acids (HOX) and chloramines (NH2Cl, R2NCl), of 

which the latter destroy pathogens in phagosomes 206. 

 

Alternatively, extravasated neutrophils which do not encounter or capture pathogens within a 15-

45m period degranulate and release a cocktail of antimicrobial and proteolytic proteins in the 

extracellular environment 207. Since granule proteins are presynthesized during the neutrophil 

differentiation process, neutrophil responses are rapid and independent of de novo protein 

synthesis. Peroxidase-negative secondary (specific) and tertiary (gelatinase) granules containing 

lactoferrin, lipocalin, lysozyme and LL37 (cathelicidin) also known as the “gang of L’s” and 

MMP8, MMP9 and MMP25 known as the “gang of M’s” are initially released. Lactoferrin and 

the siderophore neutralizing compound lipocalin are bacteriostatic compounds that sequester free 

iron from bacteria. MMPs function to degrade ECM proteins such as laminin, collagen, 

fibronectin and proteoglycans to form viscous and protease rich pus to physically trap pathogens 

and loosen tissue cohesiveness in order to ease leukocyte chemotaxis 208. Neutrophils 

subsequently release peroxidase-positive primary (azurophilic) granules which contain defensins, 

serprocidins serine proteases (cathepsin G, neutrophil elastase and protease-3) and the 

hypohalous acid converting enzyme MPO 208, 209. Importantly, tissue breakdown provokes 

crucial danger signals which further function to recruit inflammatory cells and trigger tissue 

repair mechanisms 210. Finally, neutrophils can also release azurophilic protease-embedded 

nuclear chromatin to form neutrophil extracellular traps (NETs) in a final attempt to immobilize 

and stop the spread of microorganisms 211, 212. 
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1.8.4. Airway neutrophil responses 

Although neutrophil are traditionally regarded as a phagocytic cell type which engulf and 

degrade microorganisms, activated neutrophils can synthesize chemokines and cytokines to 

recruit and regulate the inflammatory response of macrophages and lymphocytes. In the airways, 

neutrophils contain a variety of prestored, proinflammatory mediators which can negatively 

affect lung and bronchial epithelial function (Table 1.3.). Proteases and defensins can infringe 

the integrity of the epithelial layer by degrading a variety of extracellular matrix proteins 

including elastin, collagen (type I–IV), fibronectin, laminin and proteoglycans. Moreover, 

neutrophil proteases and lipid mediators can provoke bronchoconstriction, mucus hypersecretion 

and decrease the frequency of the ciliary beat 213, 214. In turn, these deleterious effects induce the 

activation and recruitment of more inflammatory cells and induce the synthesis of epithelium-

derived mediators which may impede the resolution of inflammation or tissue repair 

mechanisms. 

 

In order to avoid an accumulation of inflammatory cells into the local airways, cell recruitment 

mechanisms must be balanced by effective means of cell clearance in order to avoid potentially 

harmful damage to tissues. Transepithelial migration is a physiological mechanism by which 

tissue granulocytes migrate into the lumen of the airways and are terminally removed by 

mucociliary clearance 215. Alternatively, spontaneous apoptosis and subsequent engulfment by 

macrophages also provide an anti-inflammatory mechanism for the removal of these cells. 

Apoptosis has two major functions in the resolution of inflammation; incapacitate effector 

functions by blocking vital cellular components and secondly, to target the clearance of effector 

cells by exposing phagocytosis markers such as phosphatidylserine. Early repercussions of 
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apoptosis in neutrophils involve shutdown of calcium influx responses, down-regulation of 

proinflammatory genes and permeabilization of energized mitochondria by Bcl-2 family 

members which disables chemotaxis, respiratory burst and degranulation responses 216. The 

subsequent removal of these cells by macrophages is equally as important because it prevents 

damage to healthy tissues that would otherwise occur by necrosis cell lysis 217. 

 

 

 

 

 

 

Table 1. 3. Neutrophil granule contents in the pathogenesis of lung injury 

 

1.8.5. Lung and conducting airway structure 

The respiratory system is composed of two interdependent conducting and respiratory structures. 

The conducting portion consists of an upper respiratory tract which primarily functions to warm 

and moisten inhaled air via highly vascularised nasal and oral cavities, rich in mucous and serous 

glands. The ciliated respiratory epithelium of the upper airways also functions to clear trapped 

particulate matter by circulating mucus produced by goblet cells in a cephalad motion 218. The 

lower airways consist of the tracheobronchial tree, which begins at the trachea and branches off 

into primary (main), secondary (lobar) and tertiary (segmental) bronchi and into smaller terminal 

and respiratory bronchioles. A cross-sectional view of the bronchi reveals a ciliated columnar 

epithelial cell layer anchored to a permeable basement membrane. Beneath the epithelial cell 

Proteases 
 

matrix metalloproteinases (MMP-9, collagenase) 
serine proteinases (elastase, cathepsin G, proteinase 3)  

Reactive oxygen species 
 

myeloperoxidase (MPO), NADPH oxidase 
hydrogen peroxide, hydroxyl radical, superoxide anion  

Non-enzymatic peptides α-defensins (NHP 1-4) 
Lipid mediators eicosanoids (leukotriene B4) 
Proinflammatory 
cytokines & chemokines TNF, IL-1β & IL-6, IL-8 
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layer is the lamina propria, a highly vascularised layer of loose connective/ supportive tissue rich 

in fibroelastic fibres. Underlying the lamina propria are bands of smooth muscle which course 

through the conducting airways wrapped around the airway lumen. The smooth muscle layer 

gets progressively thicker in the lower airways and delineates the submucosa which largely 

contains seromucinous glands and goblet cells. As the bronchi diminish in diameter, the 

epithelial cell layer become flattened and is devoid of cilia, the lamina propria decreases in 

thickness and is completely encircled by smooth muscle. The lack of adventitial hyaline cartilage 

in the bronchioles is what permits constriction of the airways to the point of closure. 

Neuroendocrine cells which regulate airway and vascular smooth muscle tone are also present in 

the bronchioles. 

 

Smooth muscle bundles are composed of elongated, spindle-shaped cells which are bound 

together in irregular branching fasciculi. In contrast to skeletal muscle fibres, smooth muscle 

fibres are generally shorter and contain a single nucleus which is centrally located. Moreover, the 

contractile proteins are not arranged in myofibrils as in skeletal and cardiac muscle and do not 

appear striated. Agonist of ASM contraction include histamine, ACh, LTD4, bradykinin (BK) 

and neurokinin A (NKA) which act on G-linked coupled receptors of the Gq family to activate 

PLC which induces IP3-dependent Ca influx responses. Relaxation or bronchodilation is 

mediated by β-adrenoceptor agonists such as isoproterenol which activate the stimulatory Gs 

subunit of G-coupled proteins to activate cAMP and downstream kinase PKA to sequester and 

inhibit the influx of Ca 219. 
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1.8.6. Asthma pathogenesis and the role of ASM cells  

In contrast to pulmonary vascular smooth muscle which dynamically regulates blood flow via 

contraction/ relaxation responses, the physiological function of ASM is uniquely linked to 

pathological conditions of excessive airway narrowing 220. “Like a boa constrictor squeezing its 

prey, smooth muscle bundles narrow the airway lumen when they contract” 221. As such, ASM 

modulate key pathogenic characteristics of asthma such as (reversible) airflow obstruction, 

bronchial hyperresponsiveness and airway inflammation 222. Inhaled corticosteroids, a mainstay 

treatment for asthma, has also revealed a causal link between AHR and airway inflammation 

suggesting that ASM may play a key role in modulating inflammatory responses 223. ASM are 

“biological factories” which release several growth factors, proinflammatory cytokines and 

chemokines 224. Notably, neutrophils 225, 226, eosinophils 227, mast cells 228 and CD4+ T cells 229, 

230 were observed to adhere to ASM cells and the adhesion of CD4+ T cells enhanced ACh-

mediated bronchoconstriction and impaired isoproterenol-mediated bronchodilation responses 

231. TLR agonists such as LPS and polyI:C (dsRNA) were also observed to enhance bradykinin-

induced contractions 232 whereas inflammatory cytokines such as TNF, IL-1β, IFN-γ and IL-5 

were observed to upregulate cell adhesion molecules such as ICAM-1, VCAM-1 and CD44, 

enhance bronchoconstriction and impair bronchodilation responses 219. Additionally, ECM 

proteins have been observed to alter the phenotype and responsive state of ASM 233. Monomeric 

type I collagen and fibronectin increases ASM cell mitogenesis in response to PDGF whereas 

laminin promotes a mature, non-proliferative contractile phenotype 234, 235. Hence, inflammation 

modulated by paracrine/ autocrine cytokine secretion, cellular adhesion molecules, ECM 

deposition and microbial antigens can modulate ASM responsiveness to contractile/ dilation 

agonists, exacerbate airway reactivity and narrowing responses. 
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A structural basis for the clinical symptoms of AHR may also be attributed to the remodeling of 

the airways 236. Long term structural and functional changes to the respiratory epithelium, 

vasculature, mucus glands and smooth muscle contribute to a progressive loss of lung function 

237. A defining feature identified in longitudinal studies of asthmatic airways is an abnormal and 

large cross-sectional area of smooth muscle 238. The predominant mechanism modulating the 

increase in muscle mass is unclear but has been postulated to arise from dysregulated cell 

proliferation (hyperplasia) 239, reduction in cell turnover (apoptosis) 240, increase in cell size/ 

contractility (cellular hypertrophy) or via the recruitment and differentiation of mesenchymal cell 

into the smooth muscle bundles. In support for the latter proposition, myofibroblasts which share 

an intermediate fibroblast-ASM cell phenotype (CD34+, collagen I+, α-SMA+ lacking 

filamentous staining patterns 241) could augment smooth muscle mass and/ or contractility 242, 243. 

ECM deposition and the degradation of elastin could also alter the rigidity and distensibility of 

the airway wall and decrease lung compliance 233. Hence, increased smooth muscle surface and/ 

or force, thickening of the airway wall internal to the smooth muscle bundle and reduced lung 

compliance may promote excessive airway narrowing responses and pathophysiological AHR. 

 

1.9.0. SUMMARY POINTS 

• IL-17A is the prototypical member of the IL-17 family which includes IL-17A-F and is 

homologous to the ORF13 of herpes virus saimiri. 

• IL-17A/ F homo- and heterodimers are primarily released from tissue resident, γδ T, 

iNKT, LTi-like and Tem CD4+/ CD8+ cells. 
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• The IL-17RA is ubiquitously expressed and forms a multimeric receptor complex with 

IL-17RC to induce similar gene expression patterns as those of LPS/ TLR4 and IL-1β/ IL-1R via 

two distinct, (ACT1/ TAK1/ TRAF6) NF-κB-dependent and (STAT1/ PI3-K/ AKT/ GSK3β) 

NF-κB-independent signaling pathways. 

• IL-17 is a “cytokine inducing cytokine” which promotes proinflammatory neutrophil-

mediated responses via chemokines, growth factors, antimicrobial peptides and acute-phase 

response proteins. 

• IL-17 synergizes with TNF, IL-1, IL-6 and IL-22 by both transcriptional and post-

transcriptional mechanisms to enhance proinflammatory responses. 

• Monocytic Th1 (INF-γ, IL-12, IL-18) responses targets intracellular pathogens such as 

bacteria, protozoans and viruses whereas humoral Th2 responses (IL-4, IL-5, IL-13) eliminate 

parasitic helminth infections via mucosal clearance defences. Microbicidal Th17 (IL-17A/F, IL-

22, IL-6) neutrophil-mediated responses clear fungi and extracellular bacteria from mucosal/ 

serosal tissues. 

• TGF-β (or IL-1β) with IL-6/ IL-21 activates STAT3 and RORγt which upregulate IL-21 

and the IL-23R expression in naive T cell to promote Th17 differentiation and overcome the 

iTreg differentiation program induced by TGF-β. 

• The IL-23/ IL-17/ G-CSF signaling axis is mediated by tissue resident DCs and 

macrophages which regulate neutrophil homeostasis via a negative feed-back loop dependent on 

neutrophil chemotaxis and cell turnover. 

• Neutrophils are rapidly recruited to the lungs to clear infection but negatively affect 

airway function by releasing proteases, ROIs and proinflammatory mediators which affect 

matrix proteins and activate structural resident airway cells. 
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• Asthma is characterized by AHR, or excessive airway narrowing responses to 

nonspecific irritants. Underlying inflammatory and remodeling responses ultimately contribute 

to the development of AHR. 

• ASM cells posses both contractile and immunomodulatory properties. Although ASM 

regulate bronchiole airway calibre and thus limit air flow, it is unclear whether direct functional 

links exist between ASM and AHR. 

 

1.10.0. THESIS OVERVIEW 

1.10.1. Study Rational 

A key feature of pulmonary disease is the activation and accumulation of granulocytes in the 

airways. Of note, persistence of neutrophilic exudates in the airways of asthmatics patients is 

associated with the progression of severity and is the most notable difference between chronic 

moderate and severe asthma 244. The removal of these cells is an essential process in the normal 

resolution of inflammation as it prevents damage to otherwise healthy tissues. Elevated levels of 

IL-17, a proinflammatory cytokine and neutrophil recruiting mediator have been associated with 

several acute and chronic inflammatory disorders such as bacterial infections, organ allograft 

rejection, intestinal bowel disease, rheumatoid arthritis and asthma. The ability of IL-17 to 

initiate inflammatory responses and recruit neutrophils has been underlined by a series of 

comprehensive reports; however, whether IL-17 can modulate smooth muscle function and/ or 

directly elicit neutrophil activity to exacerbate inflammatory responses in the airways has not 

been addressed. 
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1.10.2. General/ Bridging Hypothesis 

IL-17 is a proinflammatory mediator that initiates and amplifies mucosal immune responses by 

acting on local structural cells in synergy with other inflammatory cytokines to produce a 

selective gene expression signature encompassing CXC-chemokines and myeloid growth factors 

which intensifies neutrophil recruitment and exacerbates inflammatory responses. 

 

1.10.3. Bridging theme 

IL-17 is a proinflammatory cytokine that bridges the adaptive (Th17) and innate (neutrophil) 

immune response via the release of chemokines and myeloid growth factors from structural cells 

(smooth muscle). The effects of IL-17 are potentiated when in the presence of accompanying 

inflammatory cytokines (IL-1β) and acts directly on both structural and effector cells. Herein, 

this thesis seeks to interlink 3 aspects of the IL-17/ IL-17RA response as outlined in figure5.1; 

(chapter 1) determine target genes upregulated by IL-17 in structural cells, (chapter 2) uncover 

the molecular mechanism mediating the synergistic response of IL-17 and IL-1β on CXCL8 

production and (chapter 3) identify functional responses of IL-17 on recruited effecter cells. 
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2.0. CHAPTER 2 
 
INTERLEUKIN-17 RECEPTOR SIGNAL TRANSDUCTION AND GENE EXPRESSION PROFILE IN 
HUMAN AIRWAY SMOOTH MUSCLE CELLS 
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2.1.0. ABSTRACT 

Recent studies into the pathogenesis of airway disorders such as asthma have revealed a dynamic 

role for airway smooth muscle (ASM) cells in the perpetuation of airway inflammation via the 

secretion of cytokines and chemokines. In this study, we evaluated the IL-17RA signal 

transduction and gene expression profile in primary human ASM cells from mild asthmatic and 

healthy individuals. Non-transformed, low passage primary human ASM cells were treated with 

IL-17 [10ng/ml] for 2 hours and were probed by the Affymetrix GeneChip array. IL-17A 

specific gene targets were thereafter validated by real-time qRT-PCR and confirmed by 

synergistic responses to IL-1β [10ng/ml] and IL-22 [20ng/ml] at 2 and 6 hours. IL-17 rapidly 

activated the ERK-RSK signaling pathway and p70S6K, a PI3-K downstream target. Our genetic 

analysis also supports the proinflammatory nature of IL-17 as multiple NF-κB regulatory factors 

and chemokines were markedly upregulated. Of note, IL-17 mediated a modest fold increase in 

gene expression levels whereby only 4 genes achieved greater than 2 fold increases. 

Transcriptional regulators consisting of primary response genes were over-represented and 

displayed dynamic expression profiles. IL-22 also upregulated IL-17 gene targets and additively 

increased expression levels when in combination with IL-17, albeit at lower levels than IL-1β. 

Finally, ASM cells from mild asthmatic individuals upregulated more genes with greater overall 

variability in response to IL-17 than from healthy ASM cells. Taken together, our results suggest 

that IL-17 is a potentiating cytokine which mediates additive or synergistic responses to 

proinflammatory cytokines, and that inducible primary response genes in cooperation with the 

NF-κB signaling network regulates the IL-17 gene expression profile in ASM cells. 
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2.2.0. INTRODUCTION 

Interleukin (IL)-17 plays an important and protective role in host defence by promoting the 

expansion, mobilization and activation of neutrophils in response to extracellular pathogens 1. 

Effector functions of IL-17 include granulopoiesis, neutrophil recruitment via CXC-chemokines 

and the production of antimicrobial proteins for the clearance of pathogens 2. T helper (Th)17-

associated cytokine IL-22 is also indispensable for the control of bacterial infections as it acts on 

the epithelium in synergy with IL-17 to upregulate crucial host defense genes 3. However, 

dysregulated IL-17 and Th17 responses can also promote chronic inflammatory and autoimmune 

disorders such as psoriasis, rheumatoid arthritis and multiple sclerosis 4. In the airways, 

increased levels of IL-17A and the presence of neutrophils are associated with chronic 

inflammatory disorders such as cystic fibrosis, chronic obstructive pulmonary disease and 

asthma 5. 

 

IL-17A has been demonstrated to orchestrate local airway inflammation by cooperating with and 

inducing proinflammatory cytokines such as tumor necrosis factor-α (TNF), IL-1β, IL-6, 

granulocyte colony-stimulating factor (G-CSF) and CXC-chemokines in epithelial, fibroblast, 

vascular endothelial and smooth muscle cells 6. Alveolar macrophages which were previously 

demonstrated to mediate acute pulmonary inflammation by releasing IL-1β in asthmatic airways 

were also recently identified as a central source of IL-17A in the lung 7, 8. Furthermore, inducible 

natural killer (iNKT) cells which coexpress IL-17 and IL-22 were observed to mediate ozone-

induced airway hyperresponsiveness 9. Sputum levels of IL-17A correlate with the severity of 

airway hypersensitivity 5 and IL-17A immuno-reactive cells have been observed within smooth 

muscle bundles and in the airway lumen of moderate-to-severe asthmatic patients 10. Despite 
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regulating the bronchomotor tone, airway smooth muscle (ASM) cells modulate airway 

inflammation by secreting cytokines, growth factors, matrix proteins and express cell adhesion 

and co-stimulatory molecules 11. Activated CD4+ CD25+ CD134+ T cells have been demonstrated 

to directly interact with myocytes via CD44, CD54 and CD106 and to promote ASM hyperplasia 

during the infiltration of the airway wall in an experimental model of allergic asthma 12-14. 

Hence, effector functions mediated by the IL-17R on ASM cells may reveal new mechanisms 

which may contribute or exacerbate airway inflammation. 

 

The signal transduction of the IL-17RA is mediated by the upstream adaptor protein, NF-κB 

activator-1 (ACT1) which is recruited to the cytoplasmic tail of the receptor via the similar 

expression to fibroblast growth factor receptor and IL-17R (SEFIR) domain. ACT1 interacts 

with the TNF-receptor associated factor-6 (TRAF6) and activates the TGF-beta activated kinase-

1 (TAK1) via the TAK1-binding protein-2/3 (TAB2/3). This kinase complex activates the 

mitogen-activated protein kinases (MAPK) pathway and the IκB kinase (IKK) enzyme complex 

to upregulate a subset of proinflammatory genes under the regulatory control of NF-κB 15. 

Notably, the IL-17R signal transduction pathway also mediates synergistic responses to TNF, 

Toll-like receptors (TLR) ligands, as well as to IL-1β and IL-22 via a largely undefined, post-

transcriptional mechanism regulating mRNA stability 16, 17. In our study, we aimed to further 

characterize the IL-17RA signal transduction pathway by identifying downstream MAPKs, 

regulatory NF-κB kinases and the gene expression profile induced by IL-17A in ASM cells. 

 

Upon stimulation with IL-17, we observed the rapid phosphorylation of the extracellular signal-

regulated kinases-ribosomal S6 kinase (ERK-RSK) and of the 70-kDa ribosomal protein S6 
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kinase (p70S6K). While no significant activation markers of the NF-κB network were detected, 

IL-17 significantly upregulated several NF-κB-dependent genes which are involved in the 

negative feedback of NF-κB. Additionally, 20% (10/ 48 genes) of all significantly upregulated 

genes at the 2 hour time point were transcriptional regulators consisting mainly of primary 

response (PR) genes. IL-22 also upregulated IL-17 gene targets and similarly to IL-1β, combined 

in an additive manner to increase gene expression. Lastly, IL-17 activated a distinctive gene 

subset in ASM cells from mild asthmatic individuals including proinflammatory genes such as 

Il6 and Cxcl10. Taken together, our observations support the potentiating function of IL-17 to 

mediate additive or synergistic responses with IL-1β and IL-22 and that NF-κB regulatory 

factors in cooperation with inducible PR genes may modulate the IL-17 gene expression profile 

in ASM cells. 

 

2.3.0. MATERIALS AND METHODS 

2.3.1. Bronchial human ASM cells 

In accordance with procedures approved by the Research Ethics Committees of King’s College 

Hospital and the Human Research Ethics Board of the University of Manitoba, bronchial human 

ASM cells were obtained by deep endobronchial biopsy from the right middle or lower lobe 

bronchi of three healthy (methacholine PC20 >16mg/ml, FEV1 104±1%, mean age 31±8yr, 2 

males, 1 female) and three glucocorticoid-naive mild atopic asthmatics (methacholine PC20 

0.52±0.59mg/ml, FEV1 84±6%, mean age 31±3yr, 3 males) volunteers (table2.2). Smooth 

muscle bundles were visualized with a dissecting microscope and isolated from surrounding 

tissue using fine needles. Cells were grown by explant culture from airway smooth muscle 

bundle fragments in 12cm2 flasks using methods described previously 18, 19. Fluorescent 
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immuno-cytochemistry confirmed that near-confluent, fetal bovine serum (FBS)-deprived cells 

stained for smooth muscle-specific α-actin, desmin and calponin (>95%). Human ASM cells 

were grown at 37°C with 5% CO2 in Dulbecco's Modified Eagle Medium (DMEM) 

supplemented with 10% FBS, 100U/ml penicillin and 100µg/ml streptomycin (GibcoBRL, Grand 

Island, NY). In all experiments, primary human ASM cells were used between passages 3 and 5. 

Recombinant human IL-1β was purchased from PeproTech Inc. (Rocky Hill, NJ), IL-17A and IL-

22 was purchased from R&D Systems (Minneapolis, MN) and unless stated otherwise, all other 

reagents were obtained from Sigma Chemical Co. (Oakville, Ontario). 

 

2.3.2. Cell culture and Western blot 

Confluent human ASM cells were growth-arrested by FBS-deprivation for 48h in DMEM media 

containing 5µg/ml of human recombinant insulin, 5µg/ml of human transferrin, 5ng/ml of 

selenium (ITS) and antibiotics. Cells were then stimulated in fresh FBS-free media with or 

without recombinant human IL-17 [10ng/ml], IL-1β [10ng/ml] or IL-22 [10ng/ml]. Cell extracts 

were collected by the Thermo Fisher Scientific (Rockford, IL) mammalian protein extraction 

reagent (M-PER) supplemented with the Roche Applied Bioscience (Laval, QC) complete protease 

inhibitor cocktail. Western blotting was performed following standard laboratory procedures. Anti-

human phosphorylated and total protein antibodies against p38, ERK, SAPK/ JNK, pIKKα/β, IkBα, 

IkBβ, IkBε, p65, p50 and secondary HRP-conjugated antibodies were purchased from Cell 

Signaling (Danvers, MA). Antibodies against IL-17R, ACT-1, TRAF1 and TAK1 were purchased 

from Santa Cruz Biotechnologies Inc. (Santa Cruz, CA) and HRP-conjugated GAPDH was 

obtained from Abcam Inc. (Cambridge, MA). Human proteome profiler phospho-MAPK antibody 

array kit was purchased from R&D Systems (Minneapolis, MN). 
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2.3.3. Gene expression array 

IL-17A-induced transcripts were collected 2h post stimulation from primary human ASM cells 

of 3 healthy normal and 3 mild asthmatic donors. In brief, confluent human ASM cells were 

growth arrested by FBS-deprivation 48h prior to stimulation with fresh FBS-free DMEM media 

with or without recombinant human IL-17 [10ng/ml]. Total RNA was then carefully extracted by 

the Qiagen RNeasy method and RNA purity and integrity was evaluated by electrophoretic trace 

with the Agilent 2100 Bioanalyzer (Mississauga, Ontario). Technical and platform specific 

procedures for the genome-wide, DNA-based whole transcript (WT) sense target (ST) 

Affymetrix HuGene v1.0 GeneChip were contracted to the University of Health Network 

Microarray Centre (UHNMC) Affymetrix Service (Toronto, Ontario). Quality control metrics 

were evaluated by the Affymetrix Expression Console software v1.1.1 and expression data was 

normalized by the Robust Multichip Analysis (RMA) algorithm. Statistical analysis, data 

visualization and gene annotation searches were performed with the Partek Genomics Suite v6.3 

(St. Louis, MO), MultiExperiment Viewer v4.4.1 (Boston, MA), Bioconductor v2.3 and 

Ingenuity Pathways Analysis v7.6 (Redwood City, CA) software. Functional annotation and 

gene classification analysis were performed with the Database for Annotation, Visualization and 

Integrated Discovery (DAVID) v2008 web-based program as listed on the Gene Ontology 

website 20.  

 

2.3.4. Quantitative real-time RT-PCR analysis 

Confluent human ASM cells were growth arrested for 48h by FBS-deprivation and were 

stimulated for 2 and 6h in fresh FBS-free media containing either IL-17 [10ng/ml], IL-1β 

[10ng/ml], IL-22 [10ng/ml] or without cytokines. Cells were then harvested and total RNA was 
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purified using the Qiagen RNeasy kit (Mississauga, Ontario). Relative levels of mRNA were 

assessed with the ABI 7500 Real-Time PCR System (Foster City, CA). Product specificity was 

determined by melting curve analysis and calculation of the relative amount of each cDNA 

species was determined by the delta-delta cycle threshold (ddCt) method. The amplification of 

target genes in stimulated cells was normalized to the respective GAPDH levels and results are 

presented as fold increases over unstimulated controls. Primers were purchased from TIB 

Molbiol (Adelphia, NJ) and are listed in suppl. Table 2.5. 

 

2.4.0. RESULTS 

2.4.1. IL-17 activates the ERK-RSK pathway 

To determine which kinases mediate the signal transduction pathway of the IL-17R, adaptor 

proteins, MAPKs and downstream targets were probed by Western blotting methods. Confluent 

FBS-deprived primary human ASM cells from healthy donors were stimulated with IL-17 

[10ng/ml] for up to an hour and cell extracts were collected. Total protein levels of IL-17R 

adaptor proteins were also quantified from 2 independent donors and showed little variation with 

exception to TAK1 which migrated at a slightly higher molecular weight after IL-1β stimulation 

(figure2.1a). A phospho-MAPK antibody array and conventional Western blots demonstrated 

robust and sustained ERK phosphorylation levels similar to those seen with IL-1β [10ng/ml] 

stimulation. Although lower p38 phosphorylation levels were observed compared with IL-1β, no 

detectable change was found in the activation of stress-activated mitogen-activated protein 

kinases c-Jun NH2-terminal kinase (SAPK/JNK) phosphorylation. RSK1, a downstream target 

of ERK was rapidly phosphorylated within 15 minutes in contrast to the mitogen and stress-

activated protein kinase (MSK), a p38-ERK downstream homologue (figure2.1b). Furthermore, 
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protein kinase B (AKT/ PKB), p70S6K and GSK3β (Ser-9) were rapidly phosphorylated within 

15 minutes whereas the 27-kDa heat shock protein (HSP27) phosphorylation levels decreased 

below baseline suggesting this mediator, like GSK3β, may play a regulatory role in the signal 

transduction of the IL-17R (figure2.1c). 
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Figure 2. 1. IL-17RA signal transduction mediates MAPK activation 
FBS-deprived human ASM cells were stimulated with IL-17 or IL-1β [10ng/ml] for various time points. (A) Cytoplasmic protein levels of known 
IL-17RA interacting proteins were assessed over a 6h period after IL-17 and IL-1β stimulation. (B) Profiling antibody array (left) and validation 
by Western blot (right) was used to quantify activated IL-17 target kinases at 15, 30 and 60min post stimulation and corresponds to fold increases 
of MAPK phosphorylation levels compared to unstimulated controls (mean±SEM, n=2). (C) Downstream kinase targets of p38 and ERK and (D) 
kinases of associated signal transduction pathways. 

A 

B 

C  D
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2.4.2. IL-17R activates NF-κB regulatory factors 

To evaluate IL-17A-specific gene transcripts, primary human ASM cells pooled from 3 healthy 

and 3 mild asthmatic donors were treated for 2h with IL-17 [10ng/ml] and probed with the 

Affymetrix GeneChip array. The 2h time point was carefully chosen to identify primary response 

(PR) gene targets and avoid confounding autocrine mechanisms mediating indirect, or late-phase 

gene expression responses. Results from 6 patients were pooled and statistical analysis identified 

99 gene targets which were significantly up/ down-regulated (p≤0.05, fold≥ or ≤1.2, figure2.2a) 

and included several NF-κB regulatory factors, transcriptional regulators and chemokines listed 

in table 2.1. Of note, IL-17 mediated a modest fold increase in gene expression whereby 4 genes 

achieved approximately greater than 2 fold increases over unstimulated controls (figure2.2b). 

Gene ontology analysis revealed that the majority of the upregulated genes largely localised in 

the cytoplasm and nuclear regions and were categorized as response to stimulus and immune 

system processes. Transcriptional regulators represented the greatest fraction of gene function 

whereas chemotaxis and inflammatory response genes represented the greatest fold induction 

categories (figure2.2.c). 
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Table 2. 1. IL-17R target gene list sorted on probability values 
Upregulated genes by IL-17 compared to unstimulated controls (p≤0.05 & F≥1.2). Gene list excludes any genes not categorized by the NCBI RefSeq accession 
format as a mature transcript product (prefix NM). * Denotes genes validated by qRT-PCR. 



77 

 

 
Figure 2. 2. IL-17 gene targets 
(A) Heat map of significantly up/down-regulated genes 2h post IL-17 stimulation in primary human ASM cells from 6 independent donors (p≤0.05, fold≥, ≤1.2). 
(B) Volcano plot demonstrating the distribution of the log2 fold gene expression vs probability values of IL-17 stimulated cells over unstimulated conditions 
(p≤0.05, fold≥1.15). (C) Gene ontology pie chart of IL-17-induced biological processes in human ASM cells based on the fold enrichment of each category over 
unstimulated control conditions (number of genes grouped in each category is indicated in parenthesis). (D) Pie chart illustrating the location and function of 48 
genes significantly upregulated by IL-17 (p≤0.05 & F≥1.15). Genes are categorized by location (interior) and are further subgrouped in a color gradient based on 
function (exterior) as annotated by IPA. The number of genes included in each category is indicated in parenthesis and its representative percentage is indicated 
below. 

A B

C D
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2.4.3. IL-17R gene targets are upregulated in the presence of IL-17, IL-1β and IL-22 

To validate the results from the GeneChip array, 9 genes mediating various cellular functions 

including previously reported IL-17 gene targets were selected for qRT-PCR analysis. IL-1β and 

Th17 cytokine IL-22 were included in the assay to assess whether IL-17 could mediate any 

specificity or synergy between these two cytokines. Our results demonstrate that after 2h, 

analysed transcripts were all upregulated by IL-17 and in accordance with our array data, Nfkbiz 

yielded the greatest fold increase (5.3fold±3.1). Of note, additive rather than synergistic 

increases between IL-17 and IL-1β were observed, conceivably due to the optimal concentrations 

used and due to the short time frame which may not account for mRNA stability mechanisms 21, 

22. IL-22 had a similar gene expression profile as IL-17 but induced lower levels of Nfkbiz 

(figure2.3). As observed for IL-1β, IL-22 in combination with IL-17 additively increased overall 

transcript expression and substantially increased Cxcl8 (Il8) levels. 
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Figure 2. 3. Validation IL-17RA targets by qRT-PCR 
Response levels from 9 genes selected from the GeneChip array analysis were confirmed in independent 
experiments by qRT-PCR. Synergistic responses between IL-17 and IL-1β or IL-22 [10ng/ml] were 
equally assessed. Results were normalized to the respective GAPDH levels and are presented as the mean 
fold increase of 6 independent donors over unstimulated controls at 2h post cytokine stimulation. 
 

2.4.4. IL-17 induces a dynamic gene expression response 

To assess the dynamic gene expression profile induced by IL-17, we re-assayed transcripts levels 

6h after stimulation. As previously reported for activating NF-κB ligands such as TNF, 

lipopolysaccharide (LPS) and IL-1β, we observed distinct temporal trends where transcripts 

either had a sustained or up/ down-regulated expression profile. This effect was most notable in 

IL-1β stimulated conditions where Zc3h12a and Tnfaip3 (A20) had the greatest change in 

expression between 2 and 6h (3.1±0.4 and 0.5±0.2 fold respectively; figure2.4). Accordingly, 
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upregulated levels of Bdkrb1, Tnfaip3 and Nfkbiz decreased with time whereas Edn1 and Il27r 

levels were sustained and Zc3h12c, Zc3h12a, Il6 and Cxcl8 levels increased. These results also 

corroborate with previous reports on NF-κB temporal gene expression patterns where inducible 

PR genes were suggested to confer specificity to subsequent rounds of transcription 23 24. 

Interestingly, Zc3h12a expression levels were trivial in response to IL-22 whereas Nfkbiz levels 

were considerably upregulated at 6h compared to the 2h time point. 
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Figure 2. 4. Dynamic IL-17-induced gene expression profile 
Comparison analysis of qRT-PCR responses taken at 2h and 6h demonstrated 3 trends. (A) Overall gene expression decreased from the 2h time 
point. (B) No change in gene expression was observed over 6h. (C) Overall gene expression increased with time. Results were normalized to the 
respective GAPDH levels and are presented as the mean fold increase of 6 independent donors over unstimulated control cells at 2 and 6h post 
cytokine stimulation. 

A 

B 
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2.4.5. IL-17 is a poor activator of the NF-κB regulatory network 

Based on our gene array results and previous reports implicating the canonical NF-κB pathway 

in the IL-17R signal transduction, we investigated which IκB proteins and kinases regulating 

NF-κB were activated. Although no observable change in total or phosphorylated NF-κB-

associated protein levels were detected in response to IL-17 (figure2.5), 16 NF-κB-dependent 

genes were upregulated by IL-17 which included regulatory members of the IκB family and 

Tnfaip3 (Suppl table2.4). In response to IL-1β however, IκBα was rapidly phosphorylated, 

degraded and re-expressed within 1h and appeared to oscillate as phosphorylation, which 

precedes degradation could still be detected at the 1, 3 and 6h time points. IκBε, which is 

responsible for the delayed removal of nuclear NF-κB was also upregulated at the 3h time point 

whereas protein levels of IκBβ were not altered. Our results suggest that the IL-17R weakly 

activates NF-κB regulatory factors and sensitive detection methods such as DNA-binding or 

reporter gene assays may be better suited to detect IL-17-induced NF-κB activity signals. 

 

Figure 2. 5. Activation of the regulatory NF-κB network 



83 

 

Activation state of cytosolic NF-κB regulatory factors for 6h following stimulation with either IL-17 or 
IL-1β [10ng/ml]. 
 

2.4.6. IL-17 differentially activates specific gene targets in ASM cells of asthmatic individuals 

To investigate whether IL-17 activated a different gene expression profile in ASM cells of 

asthmatic individuals, data from patients with a history of mild asthma was stratified from our 

gene array results. Principal component analysis demonstrated that the mean response to 

stimulation, based on the gene expression profile from healthy and mild asthmatic individuals 

was moderately altered but that the status of each group could be clearly differentiated 

(figure2.6). 24 overlapping genes between the pooled and asthmatic group were largely 

associated with proinflammatory processes and are partly listed in table2.3. Furthermore, 

asthmatic ASM cells produced 1.7 times more significantly upregulated genes (162 vs 96 genes) 

with greater overall variability than healthy ASM cells (1.3±0.3 vs 1.2±0.2 fold). Of note, Nfkbiz 

and Pttg1 were the only commonly listed transcripts between both groups and Nfkbiz had the 

greatest fold increase over unstimulated controls in both the asthmatic (4.5fold) and healthy 

(3.2fold) groups. A table of upregulated genes sorted on probability values from healthy ASM 

cells is also listed in supplementary table2.6. 

 

Table 2. 2. Donor health information 
Human bronchial biopsies were abstracted from 6 patients between the ages of 25-40. FEV1; Forced 
expiratory volume in 1 second, FEV1% Pred; percentage of predicted, PC20; provocative concentration 
causing a 20% fall in the FEV1, ES; ex-smoker, NS; non-smoker, Sal; Salbutamol, HDM; House dust 
mite. 
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Figure 2. 6. Differential gene expression profile of IL-17 in healthy and asthmatic ASM cells.  
Principal component analysis (PCA) of IL-17-medaited gene expression responses in ASM cells of healthy and mild asthmatic individuals. (A) The mean stimulus 
response is characterized by ovals and (B) the mean status response for healthy and asthmatic individuals is indicated in the respective purple and yellow 
rectangles. (C) Comparative analysis of significantly upregulated genes from the pooled group versus the healthy and asthmatic groups (p≤0.05, fold≥1.15) 
 
 
 
 

 

Table 2. 3. IL-17R target gene list of mild asthmatic ASM cells sorted on probability values.  
Upregulated genes by IL-17 compared to unstimulated controls (p≤0.05 & F≥1.2). Gene list excludes any genes not categorized by the NCBI RefSeq accession 
format as a mature transcript product (prefix NM). * Denotes genes validated by qRT-PCR, underlined genes are in common with the pooled group. 
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2.5.0. DISCUSSION 

Activation of p38, ERK and JNK by IL-17 in stromal cells has been previously demonstrated by 

immunoblotting and functional inhibitor assays 16. In ASM cells, p38 and ERK are both rapidly 

activated within 5 minutes but express different activation profiles 25. p38 phosphorylation is 

transient and reported to mediate mRNA stabilization mechanisms 22, 26 whereas ERK 

phosphorylation is sustained and mediates the activation of NF-κB and CCAAT/enhancer 

binding protein β (C/EBPβ) 27. Activated ERK was also previously observed in the nucleus when 

combining IL-17 with TNF which directly, or via downstream kinases such as RSK, regulated 

transcription factors, co-activators and nucleosomal proteins 28, 29. RSK may also mediate 

chromatin remodeling by phosphorylating histone (H)3 on serine (S)10 to recruit histone 

acetyltransferase complexes and activate transcription of immediate-early genes 30. Likewise, 

p38-mediated phosphorylation of MSK1/2 has been reported to enhance the accessibility of 

selective NF-κB promoters by phosphorylating and/or phospho-acetylating histone H3 31. Since 

RSK- and MSK1- cAMP response element binding protein (CREB) pathways were previously 

demonstrated to mediate IL-17F signal transduction in normal human bronchial epithelial (HBE) 

cells 32, 33, we sought to extend these finding in ASM cells. Our observations support a key 

function for ERK-RSK whereas the low phosphorylation levels of downstream p38 targets 

suggests this pathway may not play a key role in the immediate signal transduction of the IL-

17R. Moreover, p70S6K which is rapidly phosphorylated also shares downstream targets with 

RSK and promotes the assembly of the translation preinitiation complex 34. Interestingly, 

activation of AGC kinases such as AKT/ PKB and p70S6K also suggests that phosphoinositide-

dependent protein kinase 1 (PDK1), an upstream and common kinase of p70S6K and RSK may 

regulate the IL-17R signal transduction pathway. In contrast, GSK3β appears to negatively 
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regulate IL-17 signaling since it is rapidly phospho-inactivated on S9 prior to returning to 

baseline levels after 30-60 minutes. As previously reported, over-expression of a constitutive 

active mutant of GSK3β (S9A) in IL-17-treated HBE cells decreased human beta-defensin-2 

(hBD2) promoter activity 35. Mechanistically, GSK3β is demonstrated to phosphorylate and 

inhibit the transcriptional activity of C/EBPβ 60 minutes after IL-17 treatment in stromal ST2 

cells which results in reduced C/EBP promoter-dependent Il6 and Lcn2 expression 36. 

 

The recruitment of NF-κB to target promoters has been demonstrated to occur in two distinct 

waves. Constitutively bound factors and nucleosome-free regions mediate the rapid induction of 

PR genes whereas a late (≥4h), nucleosomal modifying and/ or protein synthesis-dependent 

mechanism mediates the transcription of NF-κB-dependent SR genes 23, 37. Notably, nucleosome 

remodeling is required for the efficient recruitment of IκBζ to the transcriptional control regions 

of SR genes 38. Nfkbiz is a PR gene which localizes to the nucleus and triggers the induction of a 

subset of TLR- and IL-1-dependent but not TNF-inducible SR genes 39. Interestingly, Nfkbiz is 

reported to be upregulated in response to IL-17 40 and to the platelet-derived growth factor 

(PDGF) 40. IκBζ has a transcriptional activity domain that is constitutively suppressed by the 

ankyrin-repeat motif on the carboxy-terminal that is liberated when bound to the NF-κB p50 

subunit 41. As such, NF-κB1 (p50) deficient cells do not express IκBζ-dependent genes such as 

Il6 and Il12b 39. Notably, p50-RelA DNA-binding activity observed in IL-17 stimulated HBE 

cells had sustained p50 DNA-binding activity lasting 3 hours whereas RelA activity returned to 

baseline within 1 hour 40. Since Nfkbiz expression induced by IL-17 peaks within 2h, IκBζ may 

bind and perhaps co-activates lingering p50-homodimers to SR promoters. In line with a 

regulatory role for IκBζ to mediate IL-17-inducible SR genes, knockdown of IκBζ by siRNA 
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significantly diminishes hBD2 expression in HBE cells 40. Thus, IκBζ is a selective co-regulator 

of the NF-κB transcriptome and may contribute to the specificity of the IL-17 response by co-

activating SR genes. 

 

IL-17 also induced the expression of Zbtb25 which contains two distantly spaced C2H2-type 

zinc-fingers (ZnF) and a BTB/POV domain (Bric-a-brac, Tramtrack, Broad-complex (BTB)/ 

Poxvirus zinc-finger (POZ)) 42. POV are associated with general transcriptional repressors which 

interact with methyl-DNA binding proteins and histone deacetylases (HDACs) to convert 

chromatin into a repressive state 43. The Castor zinc finger 1 (CASZ1) also upregulated by IL-17 

is a nuclear DNA-binding factor with multiple C2H2-type ZnF and shares homology with the 

transcription factor IIIA (TFIIIA) class of proteins. CASZ1 can function as a transcriptional 

activator or repressor depending on interacting cofactors 44, 45. Thus, these transcriptional 

regulators in addition to other NF-κB-dependent PR genes such as Ier3, Rrad and Sod2 which 

have been identified in our genomic analysis may play critical roles in mediating or shaping the 

IL-17 gene expression profile. 

 

ZC3H12 are TNF, TLR- and IL-1β-inducible genes containing a CCCH-type ZnF motif 

mediating RNase activity 46. Based on amino acid sequence alignment, ZC3H12 family members 

share homology with the tandem zinc-finger protein-36 (ZFP36) family suggesting the two 

groups may share functional features 47. ZFP36 (tristetraprolin) is a RNA-binding protein that 

suppresses inflammation by destabilizing and decreasing the half-life of mRNAs. Interestingly, 

ZFP36 was recently reported to suppress the transcriptional activity of NF-κB-dependent 

promoters by impairing the nuclear import of the p65 subunit in structural cells 48. Similarly, 
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ZC3H12A was reported to negatively regulate NF-κB p65 promoter-binding activity and to 

destabilize the 3’UTR of IL-6 mRNA, albeit not for Cxcl1, Cxcl10, Ccl5 or Nfkbia in murine 

macrophages 46, 49. However, transfection of Zc3h12a in endothelial cells upregulated the 

expression of several CXC-chemokines and angiogenic factors suggesting that ZC3H12A may 

regulate the expression of a subset of NF-κB-dependent genes 50. In line with a regulatory role 

for ZnF proteins to modulate the IL-17 gene profile, transcripts levels of Zc3h12a and Zc3h12c 

which peaked within 6 hours may be delayed in order to regulate SR genes by destabilizing 

mRNAs of particular NF-κB targets. 

 

NF-κB oscillations were previously proposed as a possible mechanism for IL-17 to mediate 

specificity in the gene expression profile 40. Inducible IκBε and IκBβ mediate the delayed 

removal of nuclear NF-κB and complement the rapid and strong feedback mechanism of IκBα 51. 

As such, delayed kinetics and ratios of inducible IκBα/β/ε can mediate nuclear NF-κB 

translocation dynamics and alter the gene expression profile 52. IκBδ (p100 homodimers) can 

also alter prolonged NF-κB (p50-RelA) responsiveness to pathogen-triggered signals mediated 

by TLRs and alter the expression of SR genes such as for CCL5 53. Upregulated levels of Ikbia, 

Ikbie in addition to Nfkb2 (p100) were identified in our gene array although no modifications of 

IκB family members were observed by blotting methods. Although inhibition by negative 

feedback of the IκB kinase (IKK) complex is also reported to mediate temporal NF-κB dynamics 

54, we were unable to detect IKKα/β activity mediated by IL-17. In fact, our inability to detect 

any significant degradation products or post-translational modifications of regulatory NF-κB 

factors induced by IL-17 correlates with its poor ability to activate NF-κB 16, 22. Alternatively, 

IL-17 was also previously demonstrated to signal via the atypical NF-κB pathway by activating 
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NF-κB-inducing kinase (NIK) and IKKα/α which cleaves the p100 subunit into active p52-RelB 

heterodimers 55. Notably, cIAP2, a negative regulator of NIK was upregulated in our gene array 

suggesting that IL-17 could block or terminate atypical NF-κB responses.  

 

The gene expression profile of ASM cells stimulated with IL-17 from mild asthmatic individuals 

contained significantly more upregulated genes such as Il6 and Cxcl10 in comparison to healthy 

donors. Comparative cluster analysis revealed that 33 genes in the pooled group were mutually 

upregulated in either the healthy or asthmatic group. Although the remainder of the statistically 

upregulated genes in the pooled group were not listed in either the healthy or asthmatic groups, 

doubling the population size to include values from both healthy and asthmatic ASM cells 

uncovered a subset of common genes which had not achieved significance in either group alone. 

The poor overlap between groups can be attributable to the fact that IL-17 induces modest gene 

expression levels at the 2h time point. Owing to the inflammatory nature of asthma, signaling 

thresholds or regulatory mechanisms may also be altered in these cells allowing for unwarranted 

or irregular cellular responses to occur. Therefore, IL-17 may mediate unfavourable responses in 

the airways of patients with preexisting inflammatory disorders such as asthma and COPD by 

combining with Th17 cytokines or by synergizing the functions of IL-1β or TNF to recruit 

pulmonary inflammatory cells and exacerbate airway disease 7. 

 

Taken together, our microarray analysis identified primary response genes induced by IL-17 with 

dynamic expression profiles consisting largely of NF-κB regulatory factors, transcription 

regulators and chemokines. Importantly, IL-17 mediated a modest fold increase in gene 

expression but additively combined with IL-22 and IL-1β to upregulate several transcripts. IL-17 
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also upregulated a distinctive inflammatory gene expression profile in ASM cells of mild 

asthmatic individuals which may exacerbate airway inflammation when combined with 

cytokines such as IL-1β. Collectively, our results suggest that IL-17 is a potentiating cytokine 

able to mediate additive and synergistic responses with proinflammatory cytokines and that the 

MAPK-NF-κB signaling network may regulate the IL-17 gene signature. 
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2.7.0. SUPPLEMENTARY DATA 
 

 

 

Table 2. 4 (Supplement). IL-17-induced NF-κB-dependent genes 
Upregulated genes by IL-17 compared to unstimulated controls (p≤0.05 & F≥1.15). Gene list excludes any genes not categorized by the NCBI RefSeq accession 
format as a mature transcript product (prefix NM). 



95 

 

 

 

 

 

Table 2. 5 (Supplement). Primer sequences 
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Table 2. 6 (Supplement). IL-17R target gene list of healthy ASM cells sorted on probability values 
Upregulated genes by IL-17 compared to unstimulated controls (p≤0.05 & F≥1.2). Gene list excludes any genes not categorized by the NCBI 
RefSeq accession format as a mature transcript product (prefix NM). * Denotes genes validated by qRT-PCR, underlined genes are in common 
with the pooled group. 
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3.0. CHAPTER 3 

INTERLEUKIN-17 ENHANCES IL-1β-MEDIATED CXCL8 RELEASE FROM HUMAN AIRWAY 
SMOOTH MUSCLE CELLS 
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3.1.0. ABSTRACT 

Recent studies into the pathogenesis of airway disorders such as asthma have revealed a dynamic 

role for airway smooth muscle cells in the perpetuation of airway inflammation via the secretion 

of cytokines and chemokines. In this study, we evaluated whether IL-17 could enhance the 

release of CXCL8 induced by IL-1β and investigated the upstream and downstream signaling 

events regulating CXCL8 gene expression in human airway smooth muscle (ASM) cells. ASM 

cells were transfected with site mutated AP-1/ NF-κB CXCL8 promoter constructs and were 

treated with selective p38, MEK1/2 and PI3-K inhibitors to determine the roles of the MAPK 

and PI3-K signaling pathways. We demonstrate that CXCL8 mRNA and protein levels were 

upregulated by IL-17 and were further enhanced when combined with IL-1β. The CXCL8 

promoter activity induced by IL-17 or IL-1β was dependent on the ERK1/2 and p38 signal 

transduction pathways although the PI3-K pathway also partially mediated IL-1β activity. The 

synergistic response mediated by IL-17 and IL-1β was dependent on both the MAPK and PI3-K 

signal transduction pathways and required the cooperative activation of AP-1 and NF-κB trans-

acting elements. Furthermore, post-transcriptional mechanisms regulating mRNA stability were 

also observed to modulate the synergistic response in ASM cells. Collectively, our observations 

indicate that the MAPK and PI3-K pathways regulate the synergistic response mediated by IL-17 

and IL-1β to enhance the promoter activity, mRNA induction and stability mechanisms for 

CXCL8 protein synthesis. 
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3.2.0. INTRODUCTION 

Human airway smooth muscle (ASM) cells are key determinants of asthma owing to their ability 

to contract in response to inflammatory cell products (1). Due to their intrinsic plasticity, airway 

myocytes also exhibit a capacity for multifunctional behaviour and are actively involved in local 

inflammation and fibrosis (2). Emerging evidence suggests that ASM cells can also directly 

contribute to the pathogenesis of asthma by altering the interstitial and extracellular matrix, 

express cell adhesion and costimulatory molecules and secrete proinflammatory cytokines and 

chemokines (3, 4). These responses can perpetuate airway inflammation and act on the 

hyperplastic and hypertrophic growth of ASM cells and contribute to development of airway 

hyperresponsiveness (AHR) and to the remodeling of the airways (5). 

 

Interleukin (IL)-1β is a proinflammatory mediator released by activated airway macrophages and 

epithelial cells and is found in elevated levels in the bronchoalveolar lavage (BAL) fluid of 

asthmatic, chronic obstructive pulmonary disease (COPD) and acute respiratory distress 

syndrome (ARDS) patients (6-8). In vivo and in vitro assays have demonstrated that IL-1β can 

alter airway function by inducing cellular infiltrate, mucus hyperplasia, airway wall thickening, 

fibrosis and enlarge the distal airspaces (9, 10). Effector mechanisms include the secretion of 

CXCL8 (IL-8) which has been demonstrated to modulate ASM cell contraction and migration 

and to mediate airway responsiveness in asthmatic patients (11-13). Notably, CXCL8 negatively 

affects lung and bronchial epithelial function by mobilizing neutrophils into the airways (14). 

 

Although neutrophil chemotactic factors such as CXCL8, granulocyte macrophage-colony 

stimulating factor (GM-CSF), leukotriene B4 (LTB4) and the complement activation product 
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C5a are increased in BAL fluid from asthmatic individuals (15, 16), the upstream factors 

regulating neutrophil recruitment are still elusive. IL-17, a pleiotropic T lymphocyte cytokine 

released from a distinct Th1/ Th2 cell subset (17) is hypothesized to orchestrate the granulocyte 

influx into the airways via the induction of CXCL8 (18, 19). In humans, elevated levels of IL-17 

can be detected in sera, sputum and BAL fluid of asthmatic patients and has been shown to 

correlate with BAL neutrophilia, myeloperoxidase levels and with AHR (20-24). Recently, the 

effects mediated by combining IL-17 with tumor necrosis factor-α (TNF) has gained attention 

for eliciting a synergistic chemokine response from several structural lung cells (25-27). 

Increases in CXCL8 and IL-6 levels in vitro have equally been reported for these cytokines in 

primary ASM cells (28, 29) however, the modulating effect of IL-17 on IL-1β-mediated CXCL8 

induction in ASM cells has not been investigated.  

 

We previously established that primary human ASM cells express the IL-17A receptor and that 

IL-17 induces CXCL8 expression (30). In this study, we demonstrate a role for IL-17 in 

synergizing IL-1β-induced CXCL8 release from human ASM cells. The synergistic effect of 

combining IL-17 with IL-1β is regulated at the transcriptional level and is dependent on the 

cooperative function of the AP-1 and NF-κB cis-acting elements. ERK1/2, p38 mitogen-

activated protein kinases (MAPKs) and the phosphatidylinositol 3-kinase (PI3-K) pathway 

mediated the upstream signal transduction for the activation of the CXCL8 promoter and post-

transcriptional mechanisms regulating mRNA stability were also observed to modulate the 

synergistic response. Collectively, our observations indicate that IL-17 in combination with IL-

1β may amplify the functional recruitment of neutrophils via the synergistic induction of CXCL8 

and could potentially exacerbate airway inflammation. 
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3.3.0. MATERIALS AND METHODS 

3.3.1. Reagents and antibodies 

Recombinant human IL-17 and IL-1β were purchased from R&D (Minneapolis, MN). Dulbecco's 

Modified Eagle Medium (DMEM), Ham’s F-12 media, antibiotics (penicillin, streptomycin), 

deoxyribonucleotide triphosphate (dNTP), superscript reverse transcriptase and Taq polymerase 

were purchased from (GibcoBRL, Grand Island, NY). The p38 MAPK inhibitor, SB203580 (4-

[4-fluorophenyl]-5-[4-pyridyl] 1Himidazole), MEK1/2 extracellular signal-regulated kinase 

(ERK1/2) inhibitor, U0126 (1,4-diamino-2,3-dicyano-1,4-bis[2-aminophenyl-thio]butadiene), 

and the PI3-K inhibitor, wortmannin were purchased from Calbiochem (Mississauga, Ontario). 

Fetal bovine serum (FBS) was purchased from Hyclone Laboratories (Logan, UT) and unless 

stated otherwise, all other reagents were obtained from Sigma Chemical Co. (Oakville, Ontario). 

 

3.3.2. Preparation of bronchial human ASM cells 

Bronchial human ASM cells were macroscopically obtained from healthy segments of the main 

bronchus in lung resections in accordance with procedures approved by the Human Research 

Ethics Board of the University of Manitoba. Primary human ASM cells cultures were established 

as previously described (30). ASM cells were grown at 37°C with 5% CO2 in DMEM with 10% 

FBS and antibiotics (100U/ml penicillin and 100µg/ml streptomycin). In all experiments, cells 

were used in passages 2 to 5. 

 

3.3.3. Cell stimulation and ELISA assay 

Confluent ASM cells were growth arrested by FBS-deprivation for 48h in Ham's F-12 media 

containing 5µg/ml of human recombinant insulin, 5µg/ml of human transferrin, 5ng/ml of 
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selenium and antibiotics (100U/ml penicillin and 100µg/ml streptomycin). Cells were then 

stimulated in fresh, FBS-free media with either recombinant human IL-17 (0.1, 1, 10 and 

100ng/ml), IL-1β (0.1, 1, 10 and 100ng/ml), in combination or were unstimulated. Supernatants 

were collected at different time points (24 and 48h), centrifuged for 7min at 4ºC to remove 

cellular debris and stored at -80°C prior to ELISA. To test the effect of the mRNA synthesis 

inhibitor actinomycin-D (ActD) on CXCL8 mRNA or protein release, 5μg/ml was added to FBS-

deprived ASM cells 30min before stimulation with IL-17 (1ng/ml), IL-1β (1ng/ml) or both (31). 

Supernatants were recovered at 24 and 48h and processed as described above. Immuno-reactive 

CXCL8 was quantified by ELISA using matched antibodies from Pierce Endogen (Biosource 

International, Missisauga, Ontario) according to standard laboratory protocols. The sensitivity 

limit of CXCL8 was 10pg/ml. 

 

3.3.4. Real-time RT-PCR analysis 

Confluent ASM cells were growth arrested by FBS-deprivation and were stimulated in fresh, 

FBS-free media containing IL-17 (1ng/ml), IL-1β (1ng/ml), in combination or were untreated for 

6h. Cells were then harvested and RNA was purified using the guanidinium isothiocyanate 

method (32). As previously described, relative levels of CXCL8 mRNA were analyzed by 

quantitative real-time RT-PCR analysis using the Light-Cycler (Roche) (30). Briefly, DNA 

standards were prepared by PCR using cDNA of cells stimulated with IL-1β (1ng/ml). The 

amount of extracted DNA was quantified by spectrophotometry and expressed as copy numbers 

and serial dilutions were used to generate the standard curve. Product specificity was determined 

by melting curve analysis and visualized on a agarose gel. Calculation of the relative amount of 

each cDNA species was performed as previously described (33). The amplification of target 
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genes in stimulated cells was calculated by first normalizing to the respective GAPDH level and 

is expressed as a fold increase over the respective unstimulated control condition. 

 

3.3.5. CXCL8 mRNA stability 

Growth-arrested ASM cells were stimulated with IL-1β (1ng) or in combination with IL-17 

(50ng) for 10h prior to the addition of 5μg/ml of ActD. Total cellular RNA was then extracted at 

the indicated time points post ActD incubation and CXCL8 mRNA expression was quantified by 

semi-quantitative real-time RT-PCR. CXCL8 mRNA copy numbers were normalized to the 

respective GAPDH values. Results are presented as the % of mRNA remaining compared to the 

initial 10h culture time point. As previously described, one phase exponential decay constants (k) 

were calculated by nonlinear regression of the % of mRNA remaining versus time of the ActD 

treatment using the GraphPad Prism software (v.4.0) (34). 

 

3.3.6. CXCL8 promoter luciferase reporter constructs and cell transfection 

The CXCL8 promoter was amplified with specific primers from human genomic DNA using 

PCR as described previously (30). Briefly, ASM cells (4x104) were seeded into 24 well plates in 

complete media (DMEM/ 10%FBS). At 70% confluency, transfection was performed in 

triplicates using the ExGen500 method according to the manufacturer’s instructions (Fermentas 

Inc, Mississauga, ON). In each well, 0.8μg of CXCL8 promoter-luciferase DNA construct (wild-

type, NF-κB, AP-1 or double mutant) and 0.2µg of the pRL-TK renilla luciferase reporter vector 

were co-transfected for 24h. Subsequently, the media was changed and cells were pretreated for 

1h in the presence or absence of SB203580 (10µM), U0126 (10µM), or wortmannin (100nM) 

(35) before stimulation with IL-17 (0.1, 1, 10 or 100ng/ml), IL-1β (0.1, 1, 10ng/ml) or in 



104 

 

combination for 12h. Luciferase activity was measured by the dual luciferase reporter assay 

system (Promega) using a luminometer (model LB9501; Berthold Lumat, Germany. Briefly, 

20μl of cell lysates were mixed with 100μl of the luciferase assay reagent II and the firefly 

luciferase activity was recorded. Subsequently, a 100μl of the stop-and-glo reagent was added 

and the renilla luciferase activity was measured. All values were normalized to the mock renilla 

luciferase activity. 

 

3.3.7. Statistical analysis 

Data were obtained from experiments performed in triplicates and repeated three times from four 

different donors. Results were expressed as the mean±SEM and statistical significance was 

determined using the Mann-Whitney U test. p values <0.05 were considered statistically 

significant. 

 

3.4.0. RESULTS 

3.4.1. IL-17 enhances IL-1β-mediated CXCL8 protein release from ASM cells 

We initially investigated whether IL-17 could influence IL-1β-mediated CXCL8 release from 

ASM cells. Primary human ASM cells were treated with IL-17 (0.1, 1, 10 and 100ng/ml), IL-1β 

(0.1, 1, 10, 100ng/ml) or in combination and the supernatants were harvested 48h later. 

Suboptimal concentrations of IL-17 in combination with IL-1β (0.1 and 1ng/ml) induced a 

respective 2.1 and 2.3 fold increase in CXCL8 release compared to the IL-1β-treated condition 

(p<0.001, figure3.1). A synergistic effect between both cytokines was also observed when higher 

concentrations of IL-17 (10 and 100ng/ml) were added with lower doses of IL-1β (0.1 or 1ng/ml) 

resulting in a respective 1.3 and 1.9 fold increase compared to the IL-1β condition (data not 
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shown). Taken together, our data demonstrates that IL-17 can upregulate IL-1β-mediated 

CXCL8 protein expression in ASM cells. 

 
Figure 3. 1. IL-17 synergizes with IL-1β to induce CXCL8 protein release 
Supernatants from FBS-deprived ASM cells stimulated with varying concentrations of IL-17, IL-1β and 
in combination were harvested after 48h. Results from ELISA assays are represented as the mean±SEM 
from 4 independent assays performed in duplicate. **p<0.001 as compared with cells stimulated with IL-
1β alone. 
 

3.4.2. IL-17 and IL-1β synergize CXCL8 mRNA induction in ASM cells 

To investigate whether IL-17 can modulate IL-1β-induced CXCL8 mRNA, we examined mRNA 

expression levels by semi-quantitative real-time RT-PCR. Primary human ASM cells were 

treated with IL-17 (1ng/ml), IL-1β (1ng/ml) or in combination and mRNA was harvested after 

6h. IL-17 and IL-1β each induced a 2.7±0.9 and 9.0±1.5 fold increase in CXCL8 mRNA 

compared to untreated controls (figure3.2a). When used in combination, IL-17 and IL-1β 

induced a synergistic response upregulating CXCL8 transcripts by 39.2 fold over those induced 

by IL-1β. 
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To verify whether the effect of IL-17 on IL-1β-mediated CXCL8 protein expression depended on 

mRNA neosynthesis, confluent FBS-deprived ASM cells were pretreated with ActD and 

stimulated with IL-17 (1ng/ml), IL-1β (1ng/ml) or both. After 48h, secreted protein levels from 

supernatants of the respective IL-17 and IL-1β conditions were increased by 13.0±0.3 and 

1382.0±184.0 fold in comparison to unstimulated controls (figure3.2b). Pretreatment with ActD 

before cytokine stimulation completely abrogated the induction of CXCL8. In addition, CXCL8 

mRNA rate of decay was reduced by 2.1±0.1 fold in the combined treated condition compared to 

IL-1β (figure3.2c, 0.87±0.13 vs 0.42±0.21, p<0.05). This effect resulted in a significant increase 

in CXCL8 transcript levels by 2.0±1.1 fold over the IL-1β treated conditions at the 12h time 

point. Taken together, our results suggest that the synergy mediated by IL-17 and IL-1β in ASM 

cells can occur via both transcriptional and post-transcriptional mechanisms. 
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Figure 3. 2. IL-17 enhances IL-1β mediated CXCL8 mRNA neosynthesis 
FBS-deprived ASM cells were stimulated with IL-17, IL-1β or both (1ng/ml) and mRNA was harvested 
after 6h. Real-time RT-PCR was performed as described in materials and methods. Representative data is 
showed in (A) and corresponds to the fold increase in CXCL8 mRNA to the unstimulated condition 
(mean±SEM, n=4). (B) Actinomycin D (ActD) abrogates the effect of IL-17 on IL-1β-induced CXCL8 
protein release. FBS-deprived ASM cells were pretreated with ActD for 30m before stimulation with IL-
17, IL-1β or in combination (mean±SEM, n=4, *p<0.05, **p<0.001). (C) IL-17 combined with IL-1β 
enhances CXCL8 mRNA stability. ASM cells were cultured with IL-1β (open) or in concert with IL-17 
(closed) for 10h before the addition of ActD at various time points (mean±SEM, n=4, *p<0.05, 
**p<0.01). 
 

3.4.3. IL-17 enhances IL-1β mediated CXCL8 promoter activity 

To investigate whether IL-17 can modulate the activity of the CXCL8 promoter, ASM cells were 

transiently transfected with the proximal CXCL8 promoter fused to a luciferase reporter and 
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were stimulated with suboptimal concentrations of IL-17, IL-1β or in combination. IL-17 

induced a 1.8 and 4.2 fold increase in luciferase activity compared to unstimulated controls at the 

respective 0.1 and 1ng/ml concentrations (figure3.3). Similarly, IL-1β at 0.1 and 1ng/ml led to a 

10.0 and 23.7 fold increase in the CXCL8 reporter gene activity. At the 1ng/ml concentration, 

combining IL-17 with IL-1β induced a synergistic 1.6 fold increase compared to the IL-1β 

condition (figure3.3). The combination of both cytokines at different concentrations did not yield 

better synergistic effects than those shown at 1ng/ml (data not shown). Taken together, these 

results demonstrate that the synergy observed between IL-17 and IL-1β is mediated in part at the 

level of the CXCL8 promoter. 

 

Figure 3. 3. IL-17 enhances IL-1β mediated CXCL8 promoter activity 
ASM cells were transiently transfected with the CXCL8 promoter luciferase construct and stimulated 
with 0.1 or 1ng/ml of IL-17, IL-1β or in combination for 12h. Values are presented as the mean fold 
increase of luciferase activity normalized to the mock renilla luciferase activity from 4 different donors 
(*p<0.05). 
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3.4.4. IL-17 synergizes with IL-1β and requires intact AP-1 and NF-κB response elements 

To ascertain which transcription factor binding sites were functionally important in mediating 

CXCL8 synergistic response between IL-17 and IL-1β, mutated binding sites for AP-1, NF-κB 

or double AP-1/ NF-κB mutants bearing the CXCL8 promoter luciferase construct were 

transiently transfected into ASM cells. Following stimulation with 1ng/ml of IL-17, IL-1β or in 

combination, the luciferase activity for the mutated AP-1 or NF-κB constructs were significantly 

reduced but were completely abolished in the double mutant (330.3±41.5 fold increase of WT 

over mock controls, 33.1±2.9 for the AP-1 mutant, 0.8±0.1 for the NF-κB mutant and 0.1±0.1 for 

the double mutant, figure3.4). These data suggest that the presence of the AP-1 binding site is 

important for the induction of CXCL8 by IL-17 but that the NF-κB binding site is essential. 

Deletion of both binding sites led to the abrogation of the CXCL8 promoter activity indicating 

that the cooperation between AP-1 and NF-κB cis-acting elements is crucial for the induction of 

the synergistic response. 
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Figure 3. 4. IL-17 synergy with IL-1β requires functional AP-1 and NF-κB cis-acting response elements 
ASM cells were transfected with wild-type, AP-1, NF-κB or AP-1/NF-κB double mutant CXCL8 
promoter luciferase constructs and stimulated for 12h with 1ng/ml of IL-17, IL-1β or in combination. 
Values are presented as the mean fold increase of luciferase activity normalized to the mock renilla 
luciferase activity from 4 different donors (*p<0.05). 
3.4.5. IL-17 enhances IL-1β mediated CXCL8 promoter activity through p38, ERK1/2 MAPK 

and the PI3-K pathway 

To elucidate the molecular signaling mechanism mediated by IL-17 and IL-1β, CXCL8 promoter 

activity was assessed in the presence of selective pharmacological inhibitors for p38 

(SB203580), MEK-ERK1/2 (U0126) and PI3-K (wortmannin). Pretreatment of ASM cells with 

SB203580 and U0126 caused a significant inhibition of 40.1±20.7% and 78.6±3.8% in the 

promoter activity induced by IL-17 compared to the respective control conditions (p<0.05, 

figure3.5a). In contrast, inhibition of PI3-K with wortmannin had no effect on IL-17-induced 

CXCL8 promoter activity (figure3.5a). Pretreatment with SB203580, U0126 or wortmannin 
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significantly decreased IL-1β-induced CXCL8 promoter activity by 28.8±14.8%, 77.8±2.9% and 

51.8±11.4% respectively (figure3.5b). 

 

The combination or treatment of individual cytokines in SB203580 pretreated cell conditions 

decreased the CXCL8 promoter activity by 32.5±5.1%. Interestingly, the CXCL8 promoter 

activity induced by the combination of IL-17 and IL-1β was less sensitive to inhibition by U0126 

by approximately 2.6±0.4 fold compared to individual cytokines. This suggests that 

compensating, signaling pathways were activated by combining IL-17 with IL-1β (figure3.5c). 

Similarly, wortmannin which decreased CXCL8 promoter activity by 24.2±4.1% in the 

combined IL-17 and IL-1β condition was 1.6±0.4 fold more effective in suppressing the 

promoter activity mediated by IL-1β alone. Therefore, in addition to the MAPK and PI3-K 

pathways, IL-17 and IL-1β synergize to activate alternative signaling pathways mediating 

CXCL8 promoter responses. 
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Figure 3. 5. p38, ERK1/2 and PI3-K modulate the synergistic activation of the CXCL8 promoter in response to IL-17 and IL-1β 
FBS-deprived ASM cells were pretreated for 1h with SB203580 (10μM), U0126 (10μM), wortmannin (100nM) or vehicle (DMSO) and were 
stimulated with IL-17A (A), IL-1β (B) or in combination (C) for 12h. Results are expressed as percentages of fold increases over transfected cells 
stimulated with IL-17, IL-1β or both in the absence of the respective inhibitor (mean±SEM , n=4, *p<0.05). 
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3.5.0. DISCUSSION 

Increasing attention has been drawn to the synthetic properties of ASM for promoting the 

inflammatory component of airway disorders. Besides directing bronchomotor tone, ASM can 

release a multitude of cytokines which can contribute to the recruitment and activation of 

inflammatory cells in the airways (4). Of note, CXCL8 a neutrophil attracting chemokine, and 

IL-17, a T lymphocyte-derived cytokine mediating neutrophilic inflammation, play important 

roles in the recruitment of neutrophils into the airways (19). Previously, we investigated whether 

human ASM cells could respond and recruit neutrophils via chemokines by assessing basal 

mRNA and cell surface expression levels of IL-17RA (30). In this study, we further investigated 

the upstream signaling mechanisms and the synergistic response mediated by IL-17 and IL-1β 

which could play a critical role in promoting airway inflammation. We demonstrate that IL-17 

enhances IL-1β-mediated CXCL8 mRNA expression and protein levels from primary human 

ASM cells and that this effect is regulated by the p38, ERK1/2 MAPKs and the PI3-K pathway. 

We further demonstrate that this response is dependent on the cooperation of the AP-1 and NF-

κB cis-acting elements in the proximal CXCL8 promoter and on post-transcriptional mechanisms 

regulating mRNA stability. 

 

AP-1 and NF-κB cis-acting elements have previously been identified as primary binding sites for 

the transcription and superinduction of CXCL8 (30, 36, 37). The molecular mechanisms 

regulating the function of IL-17 in enhancing IL-1β or TNF-induced CXCL8 and IL-6 protein 

expression have been proposed to occur post-transcriptionally via mRNA stabilization (25, 29). 

CXCL8 mRNA rate of decay is decreased 4.6 fold when co-treated with IL-17 and TNF which 

results in higher yields of mRNA levels 12h post-stimulation as compared to the TNF-treated 
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condition (28). Similarly, when IL-17 was combined with IL-1β, we observed a 2.1 fold increase 

in CXCL8 mRNA half-life in comparison to that of the IL-1β stimulated condition (figure3.2c). 

However, identification of common transcriptional regulatory elements in IL-17 gene targets 

such as 24p3/ lipocalin-2 has also been demonstrated to be directly regulated at the 

transcriptional level (38). Results from our luciferase activity assay also suggest that IL-17 

enhances AP-1 and NF-κB promoter binding sites in a cooperative fashion in order to synergize 

IL-1β-mediated induction of CXCL8. Therefore, the synergistic effect upheld by IL-17 on IL-1β-

mediated CXCL8 production stems from transcriptional and post-transcriptional regulatory 

mechanisms. 

 

Other groups have investigated inflammatory effects of IL-17 on ASM cells. To date, only 

CXCL8, eotaxin/ CCL-11 and 8-isoprostane, a biomarker of oxidative stress, have been 

identified as direct, IL-17-inducible products in ASM cells in vitro (30, 35, 39, 40). Although IL-

6 superinduction and protein synthesis have been observed in co-treated conditions of IL-17 and 

TNF, IL-17 alone or in combination with IL-1β fails to enhance IL-6 or granulocyte 

macrophage-colony stimulating factor (GM-CSF) production after 24h (29). This immuno-

regulatory function of ASM cells seems to differ from other lung structural cells such as 

fibroblasts for which IL-17 has been demonstrated to upregulate pro-fibrotic cytokines (IL-6, IL-

11), ELR-chemokines (CXCL8), growth factors (G-CSF) and to mediate synergistic responses 

with TNF (21, 25, 26, 41). Thus, IL-17 may selectively enhance synthetic functions of ASM 

cells depending on the nature of the inflammatory stimulus. 
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MAPKs and NF-κB activation are downstream effector functions of both the IL-1R and IL-

17RA signaling pathways (42, 43). We sought to investigate the signal transduction pathways 

regulating the activity of the NF-κB-dependent CXCL8 promoter. Similarly to Wuyts and 

colleagues, our results demonstrate a critical function for ERK1/2 since inhibition of upstream 

MEK1/2 kinase with U0126 inhibited 79 and 78% of CXCL8 promoter activity by IL-17 or IL-

1β, respectively (44). Interestingly, when both cytokines were used in combination, CXCL8 

promoter activity was increased 1.8 fold suggesting these cytokine cross-talked to activate 

alternative pathways mediating CXCL8 promoter activity. p38 MAPK pathway is a potential 

candidate to mediate the synergistic effects of IL-17 and IL-1β since it has been demonstrated to 

regulate AP-1 transcriptional activity in human vascular smooth muscle cells and to suppress 

mRNA destabilization mechanisms by targeting AU-rich elements in epithelial cells (45). Our 

results demonstrate that inhibition of p38 with SB203580 decreased IL-17- and IL-1β-mediated 

CXCL8 promoter activity by 40 and 21%, but that the combination of both cytokines did not 

cooperate to further decrease, or increase CXCL8 promoter activity. Taken together, these results 

suggest that p38 may hold a regulatory function in enhancing CXCL8 promoter activity. 

 

Recently, IL-6 and CXCL8 production from rheumatoid arthritis synovial fibroblasts in response 

to IL-17 has been shown to signal via NF-κB-dependent and PI3-K/ AKT-dependent pathways 

(46). Since the PI3-K pathway also activates AP-1 and NF-κB trans-acting elements in response 

to IL-1 (47), we sought to determine whether this pathway regulated IL-17 and IL-1β synergistic 

induction of CXCL8. In contrast to IL-1β, inhibition with wortmannin did not affect IL-17-

mediated CXCL8 promoter activity in ASM cells suggesting this pathway is not involved for the 

induction of CXCL8 by IL-17. Interestingly, the combination of both cytokines increased 



116 

 

CXCL8 promoter activity implying that MAPKs amid other signaling pathways play a critical 

role in regulating the synergistic response. 

 

In conclusion, we demonstrate that IL-17 and IL-1β can individually or in concert, synergize to 

enhance the promoter activity of CXCL8, mRNA induction, transcript stability and protein 

synthesis via the cooperative activation of AP-1 and NF-κB in ASM cells. Inhibition of ERK1/2 

in either the IL-17 or IL-1β signal transduction pathways led to the greatest decrease in CXCL8 

promoter activity whereas p38 appeared to mediate a significant function in modulating the 

synergistic effect at the transcriptional level. Additionally, the PI3-K pathway activated by IL-1β 

was also required for the full induction of the synergistic response. Taken together, ASM cells in 

the presence of IL-17 and IL-1β may amplify the recruitment of neutrophils into the airways and 

may thus represent a key mechanism for the rapid induction and/ or perpetuation of airway 

inflammatory responses. 
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4.1.0. ABSTRACT 

Interleukin (IL)-17A is a pleiotropic, proinflammatory cytokine that is implicated in chronic 

inflammatory and degenerative disorders. IL-17 has been demonstrated to link activated T 

lymphocytes to the recruitment of neutrophils in sites of inflammation, however whether IL-17 

can mediate neutrophil survival and subsequently affect inflammatory responses has not fully 

been elucidated. In this study, we demonstrate that human peripheral blood and HL-60 

differentiated neutrophils express the cell surface IL-17A receptor (IL-17RA). Additionally, 

although IL-17A did not affect the rate of spontaneous neutrophil apoptosis in vitro, it 

significantly decreased granulocyte macrophage-colony stimulating factor (GM-CSF)-mediated 

survival by antagonizing the signal transduction pathways of the p38 and ERK1/2 mitogen-

activated protein kinases (MAPKs) and the signal transducer and activator of transcription 

(STAT) 5B. These events were associated with reduced myeloid cell lymphoma-1 (Mcl-1) 

protein levels, decreased mitochondrial transmembrane potential and increased translocation and 

aggregation of Bax to the mitochondria and in an increase of caspase-3/7 activity. Furthermore, 

these events were independent of increased Fas or soluble Fas ligand expression levels. Taken 

together, our findings suggest that IL-17 may regulate neutrophil homeostasis and favor the 

resolution of inflamed tissues by attenuating the delay in neutrophil apoptosis induced by 

inflammatory cytokines. 
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4.2.0. INTRODUCTION 

Human neutrophils are the most abundant granulocyte accounting for 60% of the total circulating 

leukocytes found in blood (1, 2). Although shorted lived, polymorphonuclear leukocytes are 

actively recruited to sites of inflammation by a multitude of chemotactic and infectious agents 

which can boost their survival. Endothelial transmigration (3), cytokines (4) and bacterial agents 

such as lipopolysaccharide (LPS) (5) have been identified as neutrophilic survival factors. These 

factors can contribute to an acute or chronic state of inflammation by prolonging neutrophil 

activation and delaying the onset of apoptosis. The removal of apoptotic neutrophils is an 

essential factor in the resolution of the inflammatory response as it prevents damage to healthy 

tissues that would otherwise occur by necrotic cell lysis (6). 

 

Since neutrophils undergo spontaneous cell death without the need of a positive death signal, 

anti-apoptotic signals generated by pro-survival factors appear to coordinate the fate of these 

cells (7). Of note, myeloid cell lymphoma-1 (Mcl-1) retains a principal function in the prolonged 

survival of these inflammatory cells (8, 9). Cellular levels of Mcl-1 in human neutrophils are 

collectively associated with increased cell survival and its role as a primary modulator of 

apoptosis is further accentuated by the absence of B cell lymphoma protein-2 (Bcl-2) and Bcl-XL 

(10, 11).  

 

Interleukin (IL)-17 is a pleiotropic, proinflammatory cytokine released by activated CD4+ and 

CD8+ T lymphocytes predominantly expressing the CD45RO phenotype. IL-17 has been 

established as a neutrophilic chemoattractant intermediate and links antigen specific T cell with 

the development and recruitment of neutrophils through the induction of myeloid growth factors 



123 

 

and chemokines from macrophages, fibroblasts, epithelial and endothelial cells (12-16). Elevated 

levels of IL-17 have also been associated with acute and chronic inflammatory disorders such as 

inflamed tissue from bacterial infections (17, 18), synovial fluid of arthritic patients (19) and 

from the sera or bronchoalveolar lavage fluid of asthmatic patients (20, 21). Nevertheless, 

whether IL-17 has the ability to mediate the activity or the survival capacity of neutrophils and 

heighten inflammatory responses remains to be fully investigated. 

 

Our present study aims to determine the functional implication of IL-17A in relation to the 

survival outcomes of human neutrophils. Our results demonstrate that human peripheral blood 

and differentiated HL-60 neutrophils constitutive expressly cell surface IL-17RA. Stimulation 

with IL-17A did not induce neutrophil apoptosis however it attenuated the survival effects of 

GM-CSF when added in combination. Mechanistically, IL-17 antagonized the p38, ERK1/2 

(p42/p44) and signal transducer and activator of transcription (STAT) 5B pathways activated by 

GM-CSF. This effect was associated with reduced Mcl-1 protein levels, decreased mitochondrial 

transmembrane potential and with an increase in Bax translocation and caspase-3/7 activity. 

Collectively, our results demonstrate that IL-17 can disrupt GM-CSF anti-apoptotic signaling 

pathways regulating neutrophil survival responses. 

 

4.3.0. MATERIALS AND METHODS 

4.3.1. Isolation and cell culture conditions 

This study was approved by the Ethics Committee of the Faculty of Medicine at the University 

of Manitoba. Blood was collected into sterile heparin tubes from the peripheral vein of healthy 

volunteers. Neutrophils were separated from whole blood by the dextran, Ficoll-Paque 
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histopaque sedimentation (Amersham Pharmacia Biotech) and hypotonic lysis method (22). 

Cytological examination of stained neutrophils by the Wright-Giemsa method (Fisher Scientific) 

accounted for 95-98% cell purity. Cell viability was greater than 98% as determined by trypan 

blue dye exclusion method. Human HL-60 promyelotic cell line clone-15 was purchased from 

the American Type Culture Collection (Manassas, Virginia) and cultured in RPMI 1640 media 

supplemented with 10% heat-inactivated FBS (Hyclone Laboratories), 100units/ml penicillin and 

100μg/ml streptomycin (Gibco BRL) at 37°C in 5% CO2. Differentiation into neutrophil-like 

cells was induced by culturing HL-60 cells for 7 days in the presence of 1.25% DMSO v/v. 

 

4.3.2. RT-PCR analysis 

Total cellular RNA was extracted from purified peripheral blood neutrophils or from 

differentiated HL-60 cells by the TRIzol method (Gibco BRL). As previously described, reverse 

transcription was performed with 2μg of total RNA (22). Oligonucleotide specific primers were 

synthesized on the basis of the entire coding region of the human IL-17RA gene (GeneBank 

accession number NM-014339). 35 cycles were carried out for the extracellular domain of the 

IL-17RA (833bp), forward; 5’-CTAAACTGCACGGTCAAGAAT-3’ reverse 5’-

ATGAACCAGTACACCCAC-3’ and 25 for GAPDH (137bp), forward; 5’-

GAAGGTGAAGGTCGGAGT-3’ reverse 5’-GAAGATGGTGATGGGATTC-3’ (Invitrogen) in 

a thermal cycler (Mastercycle, Eppendorf, Germany). 

 

4.3.3. Neutrophil apoptosis 

As previously described, early apoptotic neutrophils containing intact membranes with 

externalized phosphatidylserine (PS) residues or late apoptotic neutrophils from which the 
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membrane integrity has been compromised were detected by mAb annexin-V-FITC and 

propidium iodide (PI) staining assays (23). Neutrophil apoptosis was also assessed by the 

staining characteristics of fixed, permeabilized cells exposed to PI, a DNA binding dye and 

analyzed by flow cytometry (Beckman Coulter, Fullerton, CA) using cell cycle parameters (23). 

Mitochondrial transmembrane potential (ΔΨm) was assessed by two-color density plot analysis 

of JC-1 (Alexis Biochemicals, San Diego, CA) 610nm/527nm fluorescence staining (24). Cell 

morphology was assessed by light microscopy for the manifestation of nuclear lobe separation, 

membrane blebbing and formation of dark, Giemsa-stained pyknotic nuclei (25). 

 

4.3.4. Western blotting 

Using standard laboratory protocols, neutrophils were lysed with either a NP-40 (Nonidet P-40, 

0.1% SDS in PBS) or with a cystolic/ mitochondrial fractionation buffer supplemented with a 

protease inhibitor cocktail (Sigma) (26). Protein lysates for each sample were resolved under 

denaturing conditions by SDS-PAGE and were transferred onto PVDF membranes (Amersham 

Pharmacia Biotech). Membranes were blocked and incubated with either rabbit anti-human Mcl-

1, Bax (DakoCytomation), p-p38, p-ERK1/2 (R&D Systems) or with mAb for p-STAT3 (Santa 

Cruz Biotechnology) or p-STAT5 (BD Bioscience) for 1h at room temperature. For loading 

controls, membranes were stripped for 20m using a glycine based stripping buffer (2.2M glycine, 

0.5M NaCl pH4.4), blocked and subsequently incubated with either a polyclonal anti-Actin 

antibody (Sigma), mAb anti-MnSOD antibody (BD Bioscience) or respective antibodies 

detecting total signaling protein. Densitometry Analysis – Band intensity was measured by 

intergraded density values as determined by the AlphaEase FC software v3.1.2 on a Fluorchem 

8800 imager (Alpha Innotech Corp., California). 
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4.3.5. Flow cytometry analysis of cell surface Fas (CD95) expression 

Cell preparations were incubated for 30m on ice with an anti-Fas (DakoCytomation) or 

respective IgG isotype control mAb (Sigma) before the addition of secondary FITC-conjugated 

rat-anti mouse IgG (1:200) (Jackson ImmunoResearch Laboratories). Samples were washed 

between steps and were analyzed by FACScan (Becton Dickenson, Oxnard, CA). Results are 

presented as the specific mean fluorescence intensity (BD CellQuest Pro software v4.0.2). 

 

4.3.6. Soluble Fas Ligand detection by ELISA 

Supernatants were centrifuged at 1200 rpm for 7m at 4°C to remove cellular debris and stored at 

-80°C. Immunoreactive FasL was measured by ELISA using matched antibodies (R&D 

Systems) according to standard laboratory protocols. The sensitivity limit for FasL was 

31.3pg/ml.  Each data point represents readings from 3 independent assays performed in 

triplicates. 

 

4.3.7. Microscopy 

Cytopreparations were fixed with 4% paraformaldehyde for 20m at room temperature on 

microscope slides after cytospin centrifugation (ThermoShandon, Pittsburgh, PA). Slides were 

washed with 0.05M Tris-HCl buffered isotonic saline, pH 7.6 (TBS), air dried and stored at -

20°C. Thawed cytopreparations were blocked for 20m with a universal blocking solution 

(DakoCytomation) and were incubated overnight at 4°C with an anti-IL-17RA or isotype control 

mAb (Jackson ImmunoResearch Laboratories, Sigma). Cytopreparations were then incubated 

with a rabbit anti-mouse IgG antibody (1:60) (Jackson ImmunoResearch Laboratories) for 45m 
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followed by alkaline phosphatase anti-alkaline phosphatase (APAAP) for 1h at room 

temperature. Slides were developed using the Fast-Red substrate followed by hematoxylin 

counterstaining. For fluorescence microscopy, slides were permeabilized with 0.01% Triton X-

100 in TBS for 1m and incubated overnight with mAb anti-MnSOD and polyclonal anti-Bax 

antibody (10μg/ml) or respective IgG controls. Alexa Fluor 488 F(ab)2́ fragment and Alexa Fluor 

568 secondary antibodies (10μg/ml) (Molecular Probes) were added sequentially for 1h at room 

temperature. Slides were extensively washed, counterstained for 5m with DAPI (2μg/ml) 

(Sigma) and mounted using ProLong anti-fade agent (Molecular Probes). Slides were acquired 

under oil immersion at 60x magnification by confocal laser scanning microscopy (Olympus 

IX70 inverted microscope coupled to a Fluoview confocal laser scanning system with Cooke 

Sensicam) and analyzed with the Fluoview software (Mississauga, Ontario). 

 

4.3.8. Caspase-3/7 activity assay 

Cultured neutrophils were washed with PBS and subjected to a lyophilized Caspase-Glo-3/7 

substrate solution in combination with a Caspase-Glo-3/7 buffer (Promega). Caspase activity 

was acquired after 30m incubation by luminometery (model LB9501; Berthold Lumat, MD). 

Values are expressed in percentages of caspase-3/7 activity relative to GM-CSF treated 

conditions. 

 

4.3.9. Statistics 

Results are expressed as the mean±SEM. Differences between the groups were analyzed using 

Kruskal Wallis with Dunne test. Differences between pairs were assessed by Mann Whitney U 
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test using GraphPad Prism v4.0. software. P values <0.05 were considered statistically 

significant. 

 

4.4.0. RESULTS 

4.4.1. Circulating human neutrophils express mRNA and cell surface IL-17A receptors 

To determine whether human neutrophils expressed the IL-17RA, mRNA and cell surface 

receptor expression were examined in freshly isolated neutrophils. IL-17RA mRNA was 

detected in neutrophils from 2 healthy donors (lanes 1 and 2) and in differentiated HL-60 

neutrophil-like cells (lane 4) although not in undifferentiated HL-60 promyelocytes (lane 3). 

Purified CD16+ human neutrophils expressed the cell surface IL-17RA by a geometric mean of 

3.5±1.2 compared to isotype control (representative data shown in figure4.1b, n=15). 

Immunocytochemistry showed specific immunoreactivity to the anti-IL-17RA mAb (figure4.1c, 

red staining) in all neutrophils compared to the isotype control (figure4.1c, insert). Our results 

demonstrate that IL-17RA is constitutively expressed on circulating human neutrophils. 
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Figure 4. 1. Primary human neutrophils express mRNA and surface IL-17RA 
(A) RT-PCR of IL-17RA mRNA expression in peripheral blood neutrophils. Neutrophils from healthy 
individuals and HL-60 differentiated neutrophils express IL-17RA transcripts (lanes 1, 2 and 4). 
Undifferentiated HL-60 promyelocytes did not express any detectable transcripts (lane 3). GAPDH served 
as loading control. (B) IL-17RA (open) had a greater incidence than IgG1 isotype control (solid) in 
purified CD16+ neutrophils (right panel, n=15). (C) Immunocytochemistry of IL-17RA expression in 
primary human neutrophils. The isotype control is depicted in the upper quadrant. 
 

4.4.2. IL-17 attenuates the anti-apoptotic effects of GM-CSF 

To determine whether IL-17 affects neutrophil cell survival responses, spontaneous apoptosis 

was assessed by annexin-V/ PI staining after 6h cultures. Stimulation with IL-17 alone at 10 or 

100ng/ml did not alter the percentage of annexin-V positive neutrophils compared to untreated 

conditions (figure4.2a, n=4). Conversely, the addition of 10ng/ml of GM-CSF significantly 

reduced neutrophil apoptosis as previously noted (27). The combination of GM-CSF with 10 or 
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100ng/ml of IL-17 increased the percentage of annexin-V positive neutrophils by 4.7±2.7% and 

8.4±3.3% in comparison to GM-CSF respectively (P<0.05). Notably, this effect was not 

significant when concentrations lower than 10ng/ml of IL-17 was used. Apoptotic cell death 

determined by DNA fragmentation after 18h cultures also demonstrated no change in the 

percentage of apoptotic neutrophils treated by IL-17 compared to control conditions (figure4.2b, 

n=5). The addition of GM-CSF (10ng/ml) significantly reduced the appearance of apoptotic cells 

by 31.0±5.0% (P<0.01) however the combination of GM-CSF with 10 or 100ng/ml of IL-17 

increased the percentage of apoptotic neutrophils by 7.2±3.4% (P<0.05) and 12.7±3.6% 

(P<0.01) compared to the GM-CSF stimulated condition, respectively. These results demonstrate 

the ability of IL-17 to reduce the anti-apoptotic effects mediated by GM-CSF on human 

neutrophils. 
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Figure 4. 2. IL-17 attenuates the anti-apoptotic effects of GM-CSF 
(A) Peripheral blood neutrophils from 4 healthy donors were stimulated for 6h with 100ng/ml of IL-17 
with or without GM-CSF (10ng/ml). Cells were stained with mAb Annexin-V-FITC and PI and analyzed 
by flow cytometry.  (B) Apoptosis was determined by measuring the loss of DNA content stained by PI in 
neutrophils stimulated for 18h. (C) Represents scatter plot data of neutrophil apoptosis after 18h in five 
individuals. * p<0.05, ** p<0.01 
 

4.4.3. IL-17 does not alter Fas or soluble FasL expression levels 

To investigate the regulatory mechanisms mediated by IL-17 on GM-CSF-treated human 

neutrophils, cell surface Fas levels and soluble FasL (sFasL) were examined after 18h cultures. 

Cell surface expression levels of Fas in GM-CSF combined with IL-17-treated conditions were 

no different than those of untreated or GM-CSF-treated conditions (MFI: 8.8±1.5 versus 8.5±1.6 



132 

 

or 8.7±1.4 respectively, n=3). Moreover, no detectable differences were observed for sFasL 

levels by ELISA after 18h (data not shown). These results suggest IL-17 does not impair GM-

CSF-induced survival via the extrinsic, FAS/ FASL apoptotic pathway. 

 

4.4.4. IL-17 decreases GM-CSF-induced Mcl-1 protein levels and impairs the ability of GM-CSF 

to retain Bax in the cytosol 

To gain further insight into the molecular mechanism by which IL-17 modulates GM-CSF-

induced survival outcomes, Mcl-1 and Bax protein expression were examined by Western 

blotting. As shown in figure4.3a, treatment with IL-17 did not alter Mcl-1 protein levels 

compared to untreated conditions. GM-CSF increased Mcl-1 protein levels by 1.8 fold (n=3) 

compared to unstimulated controls but was reduced by 1.3 fold when 100ng of IL-17 was added 

in combination. Bax also remained in the cytosol when stimulated with GM-CSF and did not 

translocate to the mitochondrial fraction. This effect was comparatively reduced when IL-17 was 

added with GM-CSF which induced the translocation of Bax to the mitochondria. Large Bax 

aggregates also co-localized with clustered manganese superoxide dismutase (MnSOD) positive 

mitochondrial regions in apoptotic neutrophils near the outer nuclear membrane (figure4.4b). In 

contrast, GM-CSF maintained strong MnSOD staining over the nuclear compartment of 

neutrophils and prevented the formation of Bax aggregates but succumbed when IL-17 was 

added in combination. Bax translocation also correlated with a decrease in the mitochondrial 

transmembrane potential. The combination of IL-17 with GM-CSF decreased the JC-1 

610/527nm ratio by 1.3 fold compared to GM-CSF-treated neutrophils (figure4.4a). Our data 

suggest that IL-17 down-regulates GM-CSF-mediated survival signals by disrupting the 

mitochondrial network and Bcl-2 family members.  
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Figure 4. 3. GM-CSF-induced Mcl-1 protein and cystolic localization of Bax is disrupted by IL-17 
(A) Cellular morphology of apoptotic human neutrophils (arrow) assessed by the Wright-Giemsa staining 
method after 18h culture (fresh cells shown in insert). (B) Total Mcl-1 protein levels or (C) translocation 
of Bax from cystolic to mitochondrial fractions were detected in both fresh and cultured neutrophils for 
18h in the presence of 100ng/ml of IL-17 with or without GM-CSF (10ng/ml). Results are representative 
of 3 individuals. 
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Figure 4. 4. IL-17 decreases GM-CSF-inhibition of Bax translocation, perinuclear localization and lost of mitochondrial transmembrane potential 
(A) Mitochondrial transmembrane potential (ΔΨm) was assessed after 18h by two-color density plot analysis. Bar graph represent the ratio of 
610/527nm positive populations normalized to the vehicle (n=4). (B) Cellular distribution of Bax (red) and mitochondria (green) from cultured 
neutrophils after 18h. Apoptotic neutrophils contain perinuclear clusters (arrow) of Bax co-localized with mitochondrial MnSOD positive regions. 
GM-CSF reduced the amount of aggregates and preserved the systemic distribution of Bax and mitochondria. Results are representative of 3 
individuals. 
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4.4.5. IL-17 attenuates GM-CSF-delayed caspase-3/7 activity 

To confirm the negative survival effect when combining IL-17 with GM-CSF, executioner 

caspase-3/7 activity was measured after 18h. IL-17-stimulated conditions induced similar levels 

of caspase-3/7 activation as those of untreated conditions (figure4.5). Consistent with the 

observation that GM-CSF decreased the rate of neutrophil apoptosis, GM-CSF considerably 

decreased caspase-3/7 activity by 2.1±0.8 fold compared to untreated cells (P<0.01, n=10). 

Neutrophils treated with 100ng/ml of IL-17 in combination with GM-CSF expressed greater 

caspase-3/7 activity than GM-CSF treated cells by 1.3±0.2 fold (P<0.05). These results correlate 

with the ability of IL-17 to diminish GM-CSF-delayed apoptosis by affecting caspase-3/7 

activity.  

 
Figure 4. 5. IL-17 impairs the ability of GM-CSF to inhibit caspase-3/7 activity 
Caspase-3/7 activity was measured by Caspase-GloTM fluorescence after 18h. Results are expressed as 
percentages of caspase-3/7 activity compared to those of GM-CSF. Results are representative of 10 
individuals. * p<0.05, ** p<0.01 
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4.4.6. IL-17 antagonizes GM-CSF-induced p38, ERK1/2 MAPK & STAT5 signaling pathways 

We next investigated the MAPKs and STATs signaling pathways mediating IL-17 and GM-CSF 

signal transduction. Freshly isolated neutrophils from 3 healthy donors revealed low baseline 

levels of phosphorylated p38 activity. GM-CSF induced strong levels of phosphorylated p38, 

ERK1/2, STAT3 and STAT5B within 10m of stimulation (figure4.6&4.7). Interestingly, the 

simultaneous combination of both cytokines decreased the intensity and duration of GM-CSF-

induced p38, ERK1/2 and STAT5B phosphorylation levels although those of STAT3 were not 

affected. These results demonstrate IL-17 can partially antagonize the MAPK and STAT signal 

transduction pathways activated by GM-CSF in human neutrophils. 
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Figure 4. 6. IL-17 antagonizes GM-CSF-induced MAPK signal transduction pathways. 
Western blot depicting phosphorylated or total (A) p38 or (B) ERK1/2 protein levels from neutrophils 
stimulated with GM-CSF or in combination with IL-17 (100ng) and are graphically quantified below. 
Results are representative of 2 indviduals. ○=Vehicle; ●=IL-17; □=GM-CSF; ■=GM-CSF+IL-17. 
 

 
Figure 4. 7. IL-17 antagonizes GM-CSF-induced STAT signal transduction pathways 
Western blot depicting phosphorylated or total (A) STAT5B or (B) STAT3 protein levels from 
neutrophils stimulated with GM-CSF or in combination with IL-17 (100ng) and are graphically quantified 
below. Results are representative of 2 individuals. ○=Vehicle; ●=IL-17; □=GM-CSF; ■=GM-CSF+IL-17. 
 

4.5.0. DISCUSSION 

To date, the focal point of IL-17’s function on myeloid cells has been limited to its ability to 

induce granulopoiesis and indirectly recruit neutrophils. New evidence from our study and others 

suggest that IL-17 may also possess anti-inflammatory properties. Andoh and colleagues have 
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demonstrated that IL-17 can specifically inhibit TNF mediated RANTES secretion in human 

colonic subepithelial myofibroblasts through an auto-regulatory mechanism preventing excessive 

infiltration of lymphocytes (28). Yang and colleagues identified a novel IL-17R-like protein 

(hSEF) in human umbilical vein endothelial cells which shared sequence homology with the 

intracellular domain of the IL-17RA (29). Overexpression of this receptor inhibits the induction 

of growth factor release in human 293T cells by antagonizing the MEK-ERK signal transduction 

pathway. Similarly, IL-17D was shown to directly suppress the proliferation of myeloid 

progenitors in colony formation assays (30). In line with our study, these reports suggest IL-17A 

may possess a dual role in regulating inflammation; one in the initiation and amplification of the 

local primary immune response by stimulating structural cells to release chemokines and 

myeloid growth factors, and a secondary role in moderating effector mechanisms by directly 

antagonizing inflammatory cells. 

 

As previously reported, IL-17 does not alter the spontaneous rate of neutrophil apoptosis (31) 

however we demonstrate that IL-17 attenuates the anti-apoptotic activity of GM-CSF. A similar 

effect for IL-10 in LPS treated human neutrophils has also been demonstrated (32). In this study, 

IL-10 per se had no appreciable impact on the survival rate of neutrophils but significantly 

inhibited the survival effects of LPS by antagonizing the ERK pathway. GM-CSF has previously 

been demonstrated to decrease the turnover rate of Mcl-1 via a PI3-K dependent MEK-ERK 

signaling pathway (33) and exposure of IL-17 with GM-CSF could therefore hinder the synthesis 

and stability of Mcl-1 by antagonizing this pathway. GM-CSF also activates p38 however its role 

in mediating neutrophil apoptosis remains largely unclear. Phosphorylation of p38 and ERK1/2 

have been reported to prolong neutrophil survival by phosphorylating and inactivating caspases 
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(34) however phosphorylated-p38 is equally required for the spontaneous induction of neutrophil 

apoptosis (35). Conversely, STAT3 and STAT5 are associated with the anti-apoptotic activities 

induced by GM-CSF (36). The inability of IL-17 to impair STAT3 phosphorylation could 

contribute to the limiting apoptosis-inducing effect when in combination with GM-CSF. 

 

Alternatively, IL-17 may attenuate the anti-apoptotic effect of GM-CSF by phosphorylating and 

activating pro-apoptotic factors. High levels of pro-apoptotic Bcl-2 family member Bax have 

been observed in human neutrophils (37). Although total protein levels of Bax do not increase 

during the onset of apoptosis, translocation and oligomerization of the monomeric protein into 

the mitochondrial outer wall provokes the release of cytochrome c and of antagonists of inhibitor 

of apoptosis proteins (IAP) (38). GM-CSF-stimulated primary human neutrophils and PLB-895 

differentiated neutrophil-like cells undergo Bax phosphorylation at serine 184 (39) which 

heterodimerize and becomes neutralized by Mcl-1 in the cytosol. Under the induction of 

apoptosis however, waning levels of Mcl-1 release Bax from the heterocomplex and allow Bax 

to translocate to the mitochondria and exercise its pro-apoptotic function (26). IL-17 may initiate 

the apoptotic process by offsetting the phosphorylation signals mediated by GM-CSF of anti- or 

pro-apoptotic molecules. 

 

We also demonstrate that IL-17 can impair the ability of GM-CSF to inhibit caspase-3/7 

activation. Active caspase-3/7 is an essential effector component of apoptosis which cleaves key 

cellular proteins and ultimately leads to the oligonucleosomal fragmentation of DNA (40, 41). 

Substrates from which caspase-3 may impair the signal transduction of GM-CSF include Mcl-1 

(42), AKT-1 and the intracellular common β-chain of the IL-3/ IL-5/ GM-CSF receptors (43, 
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44). Taken together, increased caspase-3/7 activation may down-regulate survival signals 

transduced by GM-CSF by inactivating crucial elements necessary for these pathways. 

 

In conclusion, we demonstrate that primary human and differentiated HL-60 neutrophils express 

mRNA and cell surface IL-17RA. The addition of IL-17 did not affect the rate of spontaneous 

neutrophil apoptosis after 18h but antagonized the MAPK and STAT signal transduction 

pathways activated by GM-CSF and attenuated associated anti-apoptotic signals. These effects 

were associated with reduced protein levels of Mcl-1, decreased mitochondrial transmembrane 

potential and in the increase of mitochondrial translocation of Bax and of caspase-3/7 activity. 

Collectively, these results suggest that IL-17 may bear a regulatory function in limiting the 

accumulation and/ or activity of neutrophils in inflammatory sites. 
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5.0. CHAPTER 5 

DISCUSSION 

5.1.0. TISSUE-MEDIATED INFLAMMATORY RESPONSES 

In response to trauma, infection, post-ischemic or autoimmune injury, inflammation regulated by 

a complex set of cellular and soluble factors is initiated and results in the classical symptoms of 

dolor, rubor, calor, tumor (pain, redness, heat and swelling) 245. Mechanistically, neural 

nociceptors rapidly detect mechanical, thermal and chemical changes in the micro-environment 

and elicit autonomic responses (pain sensation) which release neuropeptides such as autacoids to 

trigger vasodilatation (redness and heat) and extravasation of extracellular fluid (swelling). 

Immunologically, stress or nonphysiological cell death from injured cells act as danger signals 

for antigen presenting cells (APCs) to trigger immune responses. Necrotic cell death, HSPs, 

nucleic acids or hydrophobic motifs of hyaluronan degradation and bacterial products such as 

LPS stimulate pattern-recognition receptors to activate effector Th responses 246. Although 

immune responses are generally initiated by tissue-derived signals, these signals may also tailor 

the effector class of an immune response by modulating the micro-environment of APCs. Such 

signals, which may mediate organ specific responses to minimize tissue damage could be 

delivered by innate, tissue resident lymphocytes such as skin-γδ T cells, gut-γδ intraepithelial 

lymphocytes, liver-NKT cells, lung-alveolar macrophages or peritoneal B-1 B cells 210. Thus, 

danger signals may activate tissue and innate cells to initiate specialized cytokine-mediated 

responses to limit tissue damage and promote repair mechanisms. 
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5.2.0. FUNCTIONAL MODEL OF IL-17 RESPONSES 

As illustrated in figure5.1, we propose that IL-17 primarily functions as an initiating and 

amplifier of host defense/ inflammatory responses in mucosal tissues. Tissue resident γδ T, 

iNTK and LTi-like cells can directly sense and/ or rapidly respond to trauma signals or invading 

pathogens by releasing IL-17 independently of classical antigen processing and presentation 

mechanisms. CD4+ and CD8+ memory T cells can also rapidly release IL-17 which cooperates 

with Th17 cytokines and/ or inflammatory cytokines such as IL-1β and TNF to enhance innate 

immune responses from proximal stromal cells. Post-transcriptional mechanisms regulating 

mRNA stability and transcriptional mechanisms induced by IL-17 mediate the additive and 

synergistic responses to proinflammatory cytokines. Acute phase and antimicrobial factors are 

directly activated by IL-17 whereas neutrophil are indirectly recruited via the production of 

CXC-chemokines such as CXCL8. Finally, neutrophils migrate to sites of inflammation where 

they receive preactivation and survival signals from the inflammatory microenvironment. In 

cases where the IL-17 signals persist, IL-17 may attenuate the survival capacity and 

inflammatory potential of neutrophils acting in a negative feedback loop to regulate 

inflammatory responses. This response may be specific to the airways where IL-1β-producing 

alveolar macrophages and IL-17-positive γδ and αβ T cells are abundantly present in the tissues. 
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Figure 5. 1. Bridging theme 
Activated neutrophil-regulatory T cells (Tn17) and alveolar macrophages indirectly recruit neutrophils to 
sites of inflammation through the release IL-17 and IL-1β which act in synergy to generate CXC-
chemokines from structural cells. (i) Chapter 2 seeks to identify IL-17 gene targets from human ASM 
cells. (ii) Chapter 3 investigates the molecular mechanisms mediating the synergistic response between 
IL-17 and IL-1β on CXCL8 production. (iii) Chapter 4 seeks to determine direct effector functions of IL-
17 on GM-CSF-primed, human peripheral blood neutrophils. 
 

5.3.0. CELL TYPE SPECIFIC-RESPONSES 

The ubiquitous nature of the IL-17R and previously reported gene expression studies suggest that 

IL-17 can elicit cell-type specific responses. The bone-related receptor activator for NF-κB 

ligand (RANKL) gene was specifically upregulated in the osteoblastic MC3T3-E1 cell line in 

response to IL-17 whereas Muc5ac and Muc5b genes were significantly upregulated in TBE. 

Ccl5 expression was also differentially regulated as murine preosteoblasts and MEF upregulated 
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its expression in response to IL-17 102 whereas corneal fibroblasts 247, colonic subepithelial 

myofibroblasts 248 and keratinocytes 249 downregulated its expression. In our array, IL-17 

selectively upregulated smooth muscle-specific genes such as the myosin light chain-3 (Myl3), 

myosin binding protein H (Mybph), myogenic differentiation-1 (Myod1), calponin-1 basic 

smooth muscle (Cnn1) and endothelin-1 (Edn1). These genes have not previously been reported 

as IL-17 gene target supporting the notion that IL-17 may mediate pleiotropic responses by 

acting in a cell type-specific manner. 

 

5.4.0. CYTOKINE-MEDIATED AIRWAY INFLAMMATION 

IL-17A can orchestrate local airway inflammation by inducing the release of proinflammatory 

cytokines and chemokines from epithelial, fibroblast, smooth muscle and endothelial cells. In 

asthmatic patients, IL-17A expression is increased in the lungs and the severity of airway 

hypersensitivity correlates with IL-17A levels in the bronchoalveolar lavage (BAL) fluid 250. 

However, low levels of gene expression mediated by IL-17 suggest that additional cytokines 

may drive airway inflammatory responses. Alveolar macrophages, a prominent cell type in the 

airways can rapidly release cytokines such as IL-1β which can cooperate with IL-17 to amplify 

gene expression responses 251. Alveolar macrophages isolated from asthmatic patients were also 

reported to co-express IL-17 and produced greater levels of IL-1β than from healthy alveolar 

macrophages in vitro 252, 253. Tissue resident γδ T and iNKT cells can also rapidly release IL-17 

which can activate macrophages to release IL-1β and TNF 58, 254. Although IL-1β and TNF 

promote pulmonary cell recruitment, they also modulate bronchial hyperreactivity as isolated 

airways treated with IL-1β or TNF heighten constriction responses mediated by ACh and 

attenuate relaxation responses induced by isoproterenol, a β-adrenergic agonist 252, 255. Thus, the 
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additive and synergistic responses mediated by IL-17 with IL-1β and/ or TNF can exacerbate 

inflammatory responses and negatively affect airway function 167. 

 

Th17 cytokines can also cooperate with IL-17 to enhance inflammatory responses. IL-22 which 

is co-expressed by 70% of popliteal CD4+ IL-17A/ F Th17 cells functions to maintain the 

integrity of the bronchial epithelial barrier and stimulates antimicrobial and matrix proteins from 

myofibroblasts, keratinocytes and epithelial cells 12, 185, 256. IL-17 and IL-22 cooperatively 

enhance chemokines (Cxcl1, Cxcl2, Cxcl5, Cxcl9) and host defense genes (Muc1, Lcn2, Defb4, 

S100a7, S100a12, Pigr, Mmp3) 12 185 and were observed in our study to additively upregulate 

Bdkrb1, Tnfaip3, Nfkbiz, End1, Il27r, Zc3h12c, Zc3h12a, Il6 and Cxcl8 in ASM cells. Similarly, 

IL-26, a novel IL-10-like cytokine was recently reported to be coexpressed in Th17 cells 138. IL-

26 induces Tnf and Cxcl8 expression in intestinal epithelial cells (IEC) and was upregulated in 

inflammatory bowel disease (IBD) lesions 257. Although receptors for IL-17A, IL-17F and IL-22 

are expressed on several epithelial and stromal cells, the heterodimeric IL-26R consists of a 

ubiquitous IL-10R2 and a tissue-restricted IL-20R1 subunit. As such, functional responses to IL-

26 have been limited to epithelial colon carcinoma and keratinocyte cell lines 258 however, 

constitutive IL-20R1 mRNA was detected in lung and skin tissues 259. Although it is currently 

unknown whether ASM cells express the IL-26R, the expression of several Th17-cytokine 

receptors on nonhematopoietic cells strongly suggest that cooperative cytokine responses 

mediated by IL-17 could characterize a principal method of action. 
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5.5.0. DIRECT AND INDIRECT FUNCTIONS OF IL-17 ON HEMATOPOIETIC CELLS  

Initial investigation of direct effector functions mediated by IL-17 on neutrophil migration 

revealed no significant chemotactic or additive effect when in combination with CXCL8 17. 

Moreover, IL-17 with or without TNF displayed no substantial effects on the rate of spontaneous 

neutrophil apoptosis after 48-96h, and IL-17 did not increase MPO activity in isolated rat 

neutrophils 215, 260. Although other functional responses such as superoxide production, cell 

spreading, phagocytosis and mRNA synthesis have not been thoroughly assessed, IL-17 per se 

does not appear to exert any direct effects on granulocytes. However, due to the ubiquitous IL-

17RA expression at the cell surface, we sought to investigate whether IL-17 in combination with 

GM-CSF, a neutrophil priming agent, could elicit functional responses. 

 

Peripheral blood neutrophils are a quiescent cell type that in response to a priming event, gain a 

heighten state of responsiveness. Extravasation, proinflammatory mediators and growth factors 

are “dedicated primers” which elicit preactivation signals in neutrophils. Mechanistically, 

tyrosine kinases phosphorylate non-activating tyrosine-based motifs of target proteins which 

lowers the activation threshold. For example, the neutrophil cytosol factor (NCF)-1, a subunit of 

the nicotinamide adenine dinucleotide phosphate (NADPH)-oxidase complex is tyrosine 

phosphorylated in response to GM-CSF 261. Upon an activation signal, Ca-mediated serine/ 

threonine kinases phosphorylate activating motifs which triggers functional responses such as 

superoxide production. Although non-primed neutrophils can respond to activating stimulus and 

generate NADPH-oxidase activity, the activity is much greater in primed cells 262. Priming also 

regulates neutrophil responses to cytokines such as IL-2, which requires GM-CSF in order to 

induce concentration-dependent gene transcription and morphological changes 263. 
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In our study, we observed that although IL-17 phosphorylated p38, it did not affect cell survival 

outcomes. However, co-incubation of IL-17 with GM-CSF disrupted MAPK and STAT 

signaling pathways and decreased survival responses. Although we did not extend our 

observations to investigate other effector functions, our results suggest that primed neutrophils 

can directly respond to IL-17. Similar studies have also revealed that freshly isolated blood 

monocytes are also unresponsive to IL-17 signals unless preactivated by adhesion signals 15, 58. 

This appears to be a general regulatory mechanism as LPS-induced TNF and IL-6 responses are 

greater in in vitro-differentiated macrophages compared to freshly seeded monocytes 264. Hence, 

leukocytes may require preactivation signals in order to increase their state of responsiveness as 

they migrate into sites of inflammation and to avoid deleterious systemic inflammatory 

responses in the general circulation. Indeed, neutrophil-derived serine proteases such as elastase 

and cathepsin G can cleave the ectodomain of selective cell surface receptors such as CD43 

which functions to inhibit neutrophil effector functions 265, 266. This endopeptidase activity 

however is inhibited by serum albumin which constitutively binds CD43 in the blood stream. 

Thus, the physiological function of a primed/ intermediary phenotype may simply represent a 

regulatory transition state. 

 

5.6.0. IL-17 GENE TARGETS AND MICROARRAY STUDIES 

Commercial cDNA microarrays have been available since 1996 and have gained mainstream 

acceptance since the sequencing of the human genome in 2003. The first large scale investigation 

of IL-17 gene targets was undertaken in 2001 with a nylon membrane containing 219  genes 

(207 inflammatory, 9 housekeeping and 3 negative control genes) 267. As observed in table5.1, 

multiple gene arrays have since revealed the complex nature of the IL-17 response. Platform-
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specific devices, analytical algorithms as well as experimental variables such as concentrations, 

time points, cell types and organisms have progressively uncovered numerous, often non-

overlapping inducible gene targets. Although the gene expression levels can vary greatly 

between studies, the complex gene profile can be simplified by grouping similar time points to 

expose a common chemokine gene subset. Of note, subtracted IL-17 gene targets that were 

identified by combining and comparing IL-17 with TNF were omitted from table5.1 in order to 

reduce off target, synergy-dependent responses 26, 182. Remarkably, Cxcl1 was identified in all 

studies regardless of the experimental conditions suggesting that Cxcl1 could serve as a standard 

for IL-17-depedent responses, in contrast to current readouts of Il6 or Lcn2. 

 

The primary aim of chapter 2 was to uncover IL-17/ IL-17RA-mediated gene targets in non-

transformed, low passaged primary human ASM cells. Since IL-17 is associated with both 

protective immune responses and degenerative chronic inflammatory disorders, we sought to 

uncover effector functions mediated by IL-17 on normal and mild asthmatic ASM cells. This 

unique cell type was specifically chosen as it allows us to investigate a wide-range of stromal 

and inflammatory gene-related responses. FBS-deprived, semi-confluent ASM cells represent a 

resting cell type responsive to cell growth signals, migration, apoptosis and possess both 

contractile and immune (synthetic) functions. On a physiological level, ASM cells modulate 

bronchiole airway calibre and orchestrate inflammation and remodeling events which negatively 

affect long term airway function. Great precautions were taken in our study to assure a complete 

clinical history was recorded for each patient before extracting a biopsy from the airway wall of 

the main bronchus of healthy and mild asthmatic individuals. To determine the IL-17 gene 

expression profile, whole transcript (WT) sense-target (ST) Affymetrix HuGene v.1.0 gene chips 
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which interrogate 28,869 annotated genes via 764,885 distinct probes were selected for our 

study. DNA-based WT ST gene chips offers several advantages over the previous 3’IVT (in vitro 

transcription) RNA-based arrays such as the HG-U133 chip because (i) DNA-DNA 

hybridization are more specific and reduce the occurrence of false positives due to cross-

hybridization events, (ii) it interrogates the sense-strand as oppose to the uncharacterized anti-

sense strand (iii) it uses random primers rather than oligo-dT primers which limits amplification 

to poly(A) transcripts and (iv) it eliminates the dye bias via the use of terminal labelling rather 

than convoluted internal labelling techniques. Hence, the HuGene 1.0ST gene array eliminates 

technical bias by interrogating amplified, biotinylated sense-strand cDNA. 
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Table 5. 1. Analysis of IL-17 responses by microarrays 6, 20, 102, 111, 268-271 
Underlined indicate common genes, bold indicates unique genes. ASMC; primary human airway smooth 
muscle cells (serum-deprived 24h). MC3T3-E1; murine preosteoblasts, ST2; murine stromal bone cells 
and MEF; mouse embryonic fibroblasts (serum-deprived 16h in 0.3% FBS). VSMC; primary normal 
human aortic/ coronary artery vascular smooth muscle cells (serum-deprived 48h). HBE; primary normal 
human bronchial epithelial cells (not serum deprived). MEF; mouse embryonic fibroblasts (serum-
deprived 12h). RA Syn; primary human rheumatoid arthritis synoviocytes (not serum deprived). TBE; 
primary human tracheobronchial epithelial cells (not serum deprived). 
 

5.7.0. IL-17-SPECIFIC GENE EXPRESSION PROFILE 

Ten NF-κB-related genes listed in supplementary table2.4 were also identified in a genome-wide 

analysis of common LPS (50ng/ml) and TNF (10ng/ml) inducible genes at 6h in HUVEC 

cultures 272, 273. Nfkbiz, a gene initially co-described as an IL-1-inducible nuclear ankyrin-repeat 
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protein (INAP) 274 and as a molecule possessing ankyrin repeats induced by LPS (MAIL) 275 had 

the greatest fold increase in response to IL-17 in our array. As previously reported in IκBζ-

deficient mice, Nfkbiz is a PR gene which mediates IL-1R- and TLR-dependent SR gene 

expression such as for Il12b, Il6 and Lcn2 103, 276, 277. Interestingly, IκBζ-dependent SR genes are 

not expressed in NF-κB1 (p50)-deficient cells suggesting an association between both factors 277. 

Further investigation of IκBζ uncovered a transactivation domain which is suppressed by 

ankyrin-repeats located in the carboxy-terminus of the protein. Upon binding the NF-κB p50 

subunit, a conformation change liberates and activates the transactivation domain 276. Hence, p50 

homo-dimers which lack transcriptional activity bind to DNA motifs and constitutively repress 

transcription until IκBζ is expressed and forms a complex with p50 homo-dimers to activate gene 

transcription 107. Furthermore, C/EBPβ was also reported to mediate NF-κB-IκBζ transcriptional 

activation of SR genes in HEK-293 cells 278. Therefore, we speculate that IκBζ may confer 

specificity to IL-17 responses since NF-κB, IκBζ and C/EBPβ are activated and regulate IL-17-

inducible SR genes such as Il6 and Lcn2. 

 

5.8.0. TIME- AND NUCLEOSOME-DEPENDENT CHROMATIN REMODELING RESPONSES 

In our study, the 2h time point was specifically chosen as to avoid confounding autocrine 

mechanisms mediating indirect, or late-phase gene expression responses. IL-17 was previously 

reported to upregulate Muc5b via an IL-6 autocrine/ paracrine loop in HBE cells 110, and 

macrophages were also demonstrated to upregulated IL-1β and TNF protein levels by 3h 58. 

Hence, our analysis specifically seeks to identify early/ intermediate gene targets directly 

activated by IL-17. As such, we identified numerous PR genes encoding regulatory factors, 

transcriptional cofactors and chemokines. PR promoters possess constitutively poised chromatin 
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structures which constitutively recruit transcription factors to rapidly induce gene transcription. 

SR promoters however, require a stimulus-dependent modification of the chromatin structure in 

order to overcome the nucleosomal barrier and expose transcriptional control regions 279, 280. As 

such, SR genes require switch/ sucrose nonfermentable (SWI/ SNF) ATP-dependent remodeling 

complexes to destabilize histone-DNA interactions 281. Since nucleosome remodelling is required 

for the recruitment of IκBζ to SR gene promoters, we anticipate that the IL-17RA-mediated 

ERK-RSK signaling pathway may activate specific nucleosome remodeling (Brg1) and/ or 

modifying complexes (CREB-binding protein (CBP)-lysine-acetyltransferase (KAT)) to 

coordinate transcription of SR genes. Moreover, differential qRT-PCR expression levels for 

seven genes selected in our array between the 2 and 6h time-point suggest the presence of 

transcriptional regulatory mechanisms. Hence, dynamic expression profiles likely explain why 

previous arrays investigating time points beyond 2h did not identify Nfkbiz, Cebpb, Cepbd or 

Socs3 in their analysis. Moreover, it may also explain why we did not detect SR genes like Defb4 

(hBD2) or neutrophil gelatinase-associated lipocalin (Ngal/ Lcn2) in our genomic analysis. 

 

5.9.0. IL-17 AND THE REGULATORY NF-ΚB NETWORK 

Transcriptional regulators which mediate positive and negative responses may have been 

evolutionarily selected for their ability to be rapidly induced. As such, five PR genes (Nfkbia, 

Ier3, Gadd45b, Nfkbiz, Tnfaip3) and two delayed-PR genes (Rrad, Sod2) upregulated by IL-17 in 

our analysis were also identified in an unrelated, PDGF-treated human T98G glioblastoma cell 

line 282. Thus, molecular mechanisms other than NF-κB dimer combinations, abundance/ 

distribution of inducible cofactors, epigenetic regulation and promoter accessibility must 

coordinate specific transcriptional responses. In fact, nuclear translocation dynamics has also 
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been reported to regulate NF-κB gene expression profiles 283 284. Dynamic interplay between the 

rapid and strong feedback-mechanism of IκBα with the delayed IκBβ and IκBε responses induce 

sequential nuclear oscillations of NF-κB with a period of 100m 284-286. The kinetic delay in gene 

transcription confers specificity to the secondary wave of transcription by allowing upstream 

elements and/ or transcription factors to mediate post-translational nucleosome modifications. 

IκBδ (p100 homo-dimers) and upstream IKK activity were also reported to mediate temporal 

NF-κB dynamics and alter SR gene expression 287, 288. Due to the large number of inducible NF-

κB regulatory genes in our array, we speculate that IL-17 may selectively modulate temporal 

NF-κB responses. In fact, NF-κB oscillations were also previously proposed as a possible 

mechanism for IL-17 to drive differential regulation of downstream SR genes 103. Thus, 

investigating NF-κB shuttling responses may unravel a specific regulatory mechanism mediating 

IL-17 signaling responses. 

 

5.10.0. MICRORNA 

MicroRNA (miR) are small noncoding RNAs that regulate gene expression by targeting 

complementary sequences of protein-coding mRNA for cleavage 289. miR-124a was recently 

proposed to fine-tune NF-κB-mediated responses by binding to a partial complementary 

sequence in the 3'UTR of Nfkbiz. However in our study, IL-17 significantly upregulated 

expression levels of miR-21 by 1.69 fold, p≤0.005. Upregulated expression levels of miR-21 

were originally identified in human glioblastomas and sequence alignment analysis suggest it 

may have an evolutionary conserved role in regulating gene expression 290, 291. miR-

21 expression is activated by STAT3 via IL-6 stimulation in human myeloma cells (XG-1) 292 

and by AP-1 in PMA-stimulated HL-60 promyelocytic cells 293. Although numerous miR-21 



 

157 

 

gene sequences have been independently reported, a microarray analysis of miR-21-depleted 

MCF7 breast cancer cells have identified over 700 genes whose expression levels were 

differentially modulated 294. While functional studies investigating miR-21 in normal or non-

cancerous cells are relatively limited, it appears that miR-21 likely functions as a regulatory 

housekeeping gene and may thus not specifically regulate IL-17 gene responses. 

 

5.11.0. INDUCIBLE IL-17 GENETIC NETWORK 

Finally, in order to examine the molecular function and genetic network of the IL-17 response, 

upregulated genes that were statistically significant were inputted into the Ingenuity knowledge 

database and arranged into a global molecular network. Networks consist of focus genes which 

were algorithmically generated based on their interaction or connectivity to other known genes. 

Statistical significance scores based on Fisher's exact test also ranked the networks according to 

their degree of relevance to IPA’s established datasets. Three genetic networks containing more 

than one focus molecule induced by IL-17 were identified of which the Gene expression/ 

Infectious diseases/ Cellular movement network was the most significant and is shown in 

table5.2. This network effectively illustrates the key role of NF-κB in regulating IL-17 gene 

expression responses and highlights the regulatory function of p38, ERK, NFKBIA (IκBα) and 

AP1 in the signal transduction pathways of the IL-17R. 
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Table 5. 2. Inducible IL-17 genetic networks  
The table contains columns with the network number, the names of focus molecules/ upregulated genes identified in our array in bold and of 
associated genes involved in the network. Significance score values (representing the negative log p values; 2 = 0.01) and the top function 
associated to the networks are also listed. 
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6.0. GENERAL CONCLUSIONS AND SIGNIFICANCE 

Overall, this study significantly extends our previous knowledge of the IL-17RA-mediated signal 

transduction and effector functions. The effect of IL-17 on structural cells such as ASM and 

effector cells such as neutrophils provides further insight into the complex cellular network 

regulating protective and adverse immune responses. Our results identified a role for MAPKs, 

NF-κB and AP1 to regulate IL-17-mediated responses in ASM cells and strongly indicate that 

NF-κB cofactors such as IκBζ, may regulate IL-17-mediated SR gene expression. Our results 

also suggest that IL-17 may bear a regulatory function in limiting the accumulation and/ or 

activity of neutrophils in inflammatory sites by directly attenuating their survival responses. 

Finally, the combination of IL-17 with Th17 or proinflammatory cytokines cooperatively 

amplifies NF-κB-dependent gene expression responses via transcriptional and post-

transcriptional mechanisms where dysregulated responses, may enhance or result in pathological 

inflammatory disorders. 

 

6.1. KNOWLEDGE TRANSLATION 

A pathogenic role in autoimmune and chronic inflammatory disorders has previously been 

proposed for Th17 cells. As such, understanding effector functions mediated by the IL-17R 

signal transduction and the gene expression profile may uncover converging or regulatory 

mechanisms that may be targeted by pharmacological compounds. Moreover, elucidating IL-

17’s ability to initiate and amplify local immune responses may be crucial for the future 

development of robust and efficacious vaccination strategies. 
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6.2. FUTURE DIRECTIONS 

Investigation into the structure, function and dynamics of the IL-17R complex has recently 

uncovered several regulatory factors including subunit interactions, extracellular PLAD- and 

cytoplasmic SEFIR-, TILL- and CBAD-domains. While substantial research efforts are currently 

invested in characterizing Th17 differentiation factors, the intracellular signaling events 

mediating by the IL-17R complex remain largely unknown. Notably, uncovering which factors 

mediate the specificity of the IL-17 response and regulate the gene expression signature: 

 

• Elucidate the role of inducible NF-κB transcriptional co-factors and of inhibitory IκB 

family members on the dynamic, IL-17-dependent chromatin remodeling response. 

• Identify novel binding motifs in the cytoplasmic tail of the IL-17R and of interacting 

receptor subunits which may recruit additional adaptor proteins and regulate the signaling 

cascade. 

• Determine and compare the composition of the cell surface IL-17R and of interacting 

receptor subunits in structural mesenchymal cells versus those of the hematopoietic 

lineage.  

 

Thus, investigation of the composition, dynamics and downstream factors of the IL-17R has 

great potential to uncover novel adaptor proteins and signaling complexes which could mediate 

activation of selective genes or gene subsets. Elucidating the regulatory signaling networks will 

further our understanding of the role of IL-17/ IL-17RA in human biology and will ultimately 

allow us to characterize and manipulate inflammatory responses to achieve better health 

outcomes.
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