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Abstract

This study demonstrates the mechanism of regulation of 1L-18 function by the pro-
and anti-inflammatory cytokines, TNFa and TGFf1 respectively. The importance of
the antagonistic interaction between these two cytokines, to control IL-18 signalling,
has been demonstrated using an in vitro model of dendritic precursor cells, which
have the ability to produce IFNy and potentially mature upon stimulation with IL-18.
The ability of TNFa to sensitise the cells and promote IL-18-induced IFNy
production was suppressed in the presence of TGFB1, in part via a mechanism of IL-
18 receptor regulation. TNFa stimulation increased the levels of both mRNA and
surface protein of IL-18 receptor, whereas the addition of TGFB1 resulted in 50%
reduction of the surface expression of the receptor. Further work confirmed the
counter effects of these cytokines on IL-18 signalling, through p38 MAPK activation
and T-bet expression. The importance of TNFa and TGFB1 in controlling the
maturation process of dendritic cells, by regulating their early IL-18-induced IFNy
production, led to the hypothesis that blocking IL-18 could dampen Thl immune
response in chronic inflammatory conditions, through the regulation of dendritic cell
maturation. Therefore, a soluble recombinant human heterodimeric receptor was
generated and was confirmed to bind strongly to IL-18. Preliminary in vitro work
showed that this soluble decoy receptor was active and able to suppress IL-18
function. Further studies to investigate the effects of this receptor in vivo may lead to

the development of a potential anti-cytokine therapy for chronic inflammation.
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Chapter 1 — General Introduction

1 General Introduction

1.1 Principles of Innate and Adaptive Immunity

The principles of immunity were acknowledged back in ancient civilisations, where
Thucydides wrote about the plague of Athens during the Peloponnesian War in
430BC, and noted that people who had recovered from a previous attack of the
disease could foster the sick, without being infected for a second time. However, the
origin of immunology as a scientific theory is relatively new, and arose quite recently
with the discovery of vaccination by Edward Jenner (1796). Nowadays, the rate of
development in the field has revealed the complexity of the immune system and the
major goal of research in immunology is the regulation of immune responses, i.e.
whether to suppress them, when unwanted or to stimulate them, when necessary to

fight infectious diseases.
1.1.1 Bacterial infection induces inflammation by activating innate immunity

As soon as pathogens enter the epithelial surfaces, which are considered to be the
first line of defence against infection, they are recognised, ingested and killed by
macrophages and neutrophils, through the production of phagolysosomes and
respiratory burst (Hampton et al.,, 1998). Tissue damage and cytokine release in
response to lipopolysaccharide (LPS), induce an inflammatory response, where
inflammatory cells such as neutrophils, monocytes, eosinophils and lymphocytes
enter the site of infection to initiate killing of pathogens. The activation of the kinin
system increases vascular permeability for the complement system of plasma
proteins (complement components and anaphylatoxins) to enter from circulation and
start bacterial killing, through osponisation of pathogens and recruitment of
inflammatory cells (Lambris et al., 2008). At the same time the coagulation system is
triggered in response to damage in blood vessels and leads to the formation of a clot
that prevents any microorganisms to enter the blood stream (Sun, 2006). Cytokines

of the early immune response induce the expression of co-stimulatory signals on
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macrophages and dendritic cells, enabling them to prime lymphocytes and initiate the

slower and more specific adaptive immune response.

1.1.2 Activation of specialised antigen presenting cells bridges innate and

adaptive immunity

Dendritic cells (DCs) are the most potent specialised antigen presenting cells (APCs).
These cells function as effector cells in innate immunity, play a role in the induction
of peripheral immunological tolerance and activate adaptive immunity by taking up
bacterial antigens at the site of infection and presenting them to T cells; thereby
inducing their clonal expansion and their differentiation into effector cells regulating

the types of T cell responses (Banchereau and Steinman, 1998).

The functional diversity of DCs depends on the different DC subsets and lineages
and on the functional plasticity of DCs at the immature stage. The CD34"
haematopoietic stem cells (HSC) in the bone marrow differentiate into common
myeloid progenitors (CMP) and common lymphoid progenitors (CLP). The CMPs
further differentiate into CD34'CLA" and CD34'CLA" that become CD11c'CDla"
Langerhans immature DCs (iDCs) upon their migration to epidermis, and
CD11c'CDla’ interstitial iDCs upon their migration to dermis and other tissues,
respectively (Strunk et al., 1997, Ito et al., 1999). There are also another two types of
DC precursor cells (pre-DCs) that come from the HSCs during haematopoiesis; the
CMP-derived monocytes (myeloid pre-DC1) and the CLP-derived plasmacytoid cells
(lymphoid pre-DC2) (Liu et al., 2001b).

DCs are the most potent activators of naive T cells. Upon encountering an antigen
(Ag), immature DCs residing in the peripheral tissues migrate to lymphoid organs,
where they mature into professional antigen-presenting cells capable of the efficient
activation of T cells. Pattern recognition receptors (PPRs), such as Toll-like receptors
(TLRs), expressed by immature DCs (iDCs) facilitates microbial antigen (Ag)
recognition and induction of their maturation process (Kaisho and Akira, 2001).
Maturing DCs rapidly lose their endocytic ability, undergo an increase in the
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expression and stability of major histocompatibility complex class (MHC) I- and II-
peptide complexes, up-regulate expression of adhesion and co-stimulatory molecules
(CD40, CD54, CD80, CD83 and CD86) and secrete pro-inflammatory cytokines
such as interleukin (IL)-18, IL-1, IL-12, IL-6 and IL-23 that facilitate conversion of
naive T cells into effector cells. Maturing DCs express chemokine receptors, such as
CCR7, that drive their migration into T cell areas of the draining lymph nodes, where
they screen for antigen-specific naive T cells and stimulate them to initiate primary
immune responses and the differentiation into armed effector T cells (Sallusto and
Lanzavecchia, 2000).

There are two groups of signals that activate iDCs to promote T helper (Th) 1, Th2
Th17 or Treg cell differentiation. Pathogenic molecules such as LPS, bacterial CpG
DNA and double stranded viral RNA, along with T cell signals such as CD40 ligand
and interferon (IFN)-y, are signals that activate iDCs to produce IL-18 and IL-12 in
order to drive Thl cell responses or IL-1, IL-21, IL-23, TGFpB and IL-6 to induce
Th17 cell responses (Mills, 2008). Conversely, inhibition of iDC maturation by the
anti-inflammatory molecules TGFf1, IL-10, prostaglandin E-2 (PGE-2) and
corticosteroids, suppress IL-12 production driving Th2 or regulatory T (TReg) cell
responses (Kalinski et al., 1999).



Chapter 1 — General Introduction

1.2 Cytokine Networks Drive T Cell-Mediated Immunity

1.2.1 Cytokines determine lineage commitment of T helper cells and their

effector functions

The Th1-Th2 theory, which has hitherto supported the adaptive CD4" T effector cell
responses (Mosmann and Coffman, 1989, Murphy and Reiner, 2002), has been
recently revisited. Depending on the cytokine milieu, CD4" T helper (Th) precursor
cells (ThO or naive CD4" T cells) differentiate into the three lineages of Thl, Th2
and the recently identified Th17 cells, all three of which produce different cytokines
to facilitate the adaptive immune response. Th17 is the third lineage of CD4" T cells
that has been recently identified (Bettelli et al., 2006) and is the only additional
subset of effector CD4" T cells to be described since the original discovery of Thl
and Th2 cells. Th17 cells produce distinct effector cytokines such as IL-17 (or IL-
17A), IL-17F, and IL-6, and promote clearance of pathogens not targeted by Thl and
Th2. Th17 cells are distinct from Thl and Th2, but similar to TRegs they require
TGFp for their development and action (Weaver et al., 2006).

Differentiation of Thl cells, which are important for the clearance of intracellular
pathogens, release IFNy and IL-12 effector cytokines (Hsich et al., 1993, Scharton
and Scott, 1993), whereas Th2 cells that are responsible for clearing parasites,
produce IL-4, IL-5, IL-10 and IL-13 (Mosmann and Coffman, 1989, Min et al., 2004,
Shinkai et al., 2002). IFN-y produced by Thl cells promotes the differentiation of
ThO to Thl cells, and inhibits the proliferation of Th2 cells. On the contrary, 1L-4
produced by Th2 cells can drive Th2 cell proliferation, and IL-10 can indirectly
inhibit the secretion of IFNy by Th1 cells (Fitch et al., 1993).

1.2.2 Interferon-y production influences the functional differentiation of CD4' T

cells and the commitment to Th1 lineage

As described above, interferon (IFN)-y is a critical Thl cytokine that induces the

differentiation of naive CD4" T cells into Thl effector cells that mediate cellular
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immunity against infection. Mice deficient in IFNy are highly susceptible to both
intracellular bacterial infections, such as Listeria (Harty and Bevan, 1995),
Salmonella (John et al., 2002), and viral or protozoan infections (i.e. Toxoplasma and
Leishmania) (Dalton et al,, 1993, Huang et al.,, 1993, Jouanguy et al., 1999).
Decreased levels of IFNy production resulting from gene deficiencies in IL-12, IL-23
and IFNy pathways are associated with increased susceptibility to mycobacterial and
Salmonella infections in humans (Filipe-Santos et al., 2006, Casanova and Abel,
2002, de Jong et al., 1998). IFNy is also involved in protection of the host against
tumour growth (lkeda et al., 2002, Rosenzweig and Holland, 2005). Apart from the
protective role of IFNy in host defence, the aberrant up-regulation of IFNy has been
associated with the pathogenesis of chronic inflammatory and autoimmune diseases,
such as inflammatory bowel disease (IBD), multiple sclerosis (MS), and diabetes
Mellitus (Bouma and Strober, 2003, Neurath et al., 2002, Skurkovich and
Skurkovich, 2003).

During immunological synapse, i.e. when an APC comes in contact with a
lymphocyte, IFNy binds to its receptor on the surface of the cells and induces STAT
signalling. In CD4" T cells, phosphorylation and nuclear translocation of STAT-1,
together with TCR and CD28 co-stimulatory signals, induces T-bet transcription
factor expression (Lighvani et al., 2001), which is important in driving Thl
differentiation (Szabo et al., 2000). T-bet-deficient mice lack Thl cells and exhibit a
large Th2 compartment (Szabo et al., 2002). T-bet induces two transcription factors,
Hix (Mullen et al., 2002) and Runx3 (Djuretic et al,, 2007) to regulate IFNy
transcription. T-bet and Runx3 bind to IFNy promoter to induce IFNy transcription,
but they also bind to the IL-4 silencer to facilitate commitment to Thl lineage
(Djuretic et al., 2007). Hlx promotes chromatin accessibility at the IFNy promoter
(Mullen et al., 2002) and facilitates the expression of the IL-12RB2 chain (Afkarian
et al, 2002). Binding of IL-12 (p35 and p40) to IL-12RB1 and IL-12RP2,
subsequently induces phosphorylation of Jak2/Tyk2 signalling and nuclear
translocation of STAT4 (Trinchieri et al., 2003), which is able to induce IL-18R
(Ahn et al., 1997, Nakahira et al., 2001), thereby conferring responsiveness to IL-18
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by mature Thl cells. IL-12 also signals through p38 MAPK, and loss of its activity in
T cells by using a specific pharmacological inhibitor or p38 MAPK deficiency
inhibits IFNy production in response to IL-12, but not in response to T cell receptor
(TCR) stimulation (Berenson et al., 2006). The IL-12-driven component of Thl
immune response results in effector cells that produce IFNy through either TCR-
dependent or TCR-independent (IL-12 and IL-18) pathways (Robinson et al., 1997,
Yang et al., 1999). The combination of IFNy, IL-12 and IL-18 signals can optimise
activation and expansion of Th1 cells (Grogan and Locksley, 2002, Ho and Glimcher,
2002, Murphy and Reiner, 2002).

1.2.3 IFNy-inducing cytokine Interleukin-18

As described above, the production of IFNy is induced by IL-18 in synergy with
other Th-1 pro-inflammatory cytokines such as IL-12, IL-2, IL-15 and IL-23
(Robinson et al., 1997, Okamoto et al., 2002, Nakahira et al., 2002, Okazawa et al.,
2004). IL-18 is a member of the IL-1 superfamily (Dinarello, 1999), together with
IL-1a, IL-1B, IL-1 receptor antagonist (IL-1Ra) and the recently described IL1FS to
IL-1F10 cytokines (Dinarello, 2004, Gracie et al., 2003). IL-18, previously known as
IFNy-inducing factor (IGIF), was initially described as an unidentified soluble factor
present in the serum of Mycobacterium bovis BCG-infected mice challenged with
lipopolysaccharide (LPS). This cytokine was able to induce high levels of IFNy in
cooperation with IL-2 in macrophage-depleted murine splenocytes (Nakamura et al.,
1989). The cloning of IL-18 from a murine liver cell library generated from heat-
killed Propionibacterium acnes and LPS challenged animals, has resulted in the
sequencing of a 192 amino acid precursor polypeptide lacking a conventional signal
peptide and a 157 amino acid mature protein that had the ability to induce IFNy
production in T cells (Okamura et al., 1995b). Cloning of the human IL-18 from
normal human liver cDNA libraries has revealed 65% homology with the murine IL-
18 and subsequent expression of the cloned cDNA in E. coli has resulted in the
purification of the rhIL-18 that also induced IFNy production in mitogen-activated
PBMCs (Ushio et al., 1996).
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1.2.3.1 Role of IL-18 in host defence and disease

Studies utilising IL-18 deficient mice (Takeda et al., 1998, Wei et al., 1999) have
demonstrated the important role of IL-18 in host defence and chronic inflammation.
IL-18 knock-out (ko) mice have demonstrated increased susceptibility to Leishmania
major (Wei et al., 1999, Ohkusu et al., 2000), Streptococcus pneumoniae (Lauw et
al., 2002) Mycobacterial (Sugawara et al., 1999), Plasmodium berghei (Singh et al.,
2002) and Cryptococcus neoforms (Kawakami et al., 2000) infection. In the animal
model of Collagen induced arthritis (CIA), the incidence and severity of disease was
significantly decreased in IL-18 ko mice compared to the heterozygote or wild type
(wt) counterparts (Wei et al., 2001). Similar result was obtained with the
experimental model of MS of autoimmune encephalomyelitis (Shi et al., 2000). In
these two studies protection has been attributed to the impaired capability of
leukocytes to produce tumour necrosis factor (TNF)-a and IFNy due to the IL-18
deficiency. Mice deficient in IL-18 have reduced NK cell response and lower levels
of IFNy production (Takeda et al.,, 1998). Mice deficient in IL-18R also
demonstrated defective NK cell activity, showed decreased levels of IFNy production
and impaired Thl development (Hoshino et al., 1999). Loss of IL-18 was also
beneficial for animals with experimental autoimmune diabetes (Lukic et al., 2003)

and with 2,4,6-trinitrobenzene sulfonic acid-induced colitis (Kanai et al., 2001).
1.2.3.2 Regulation of IL-18 expression and production

The transcriptional regulation of IL-18 gene expression has been reviewed by Gracie
et al., 2003. The first 2 of the 7 exons that comprise the IL-18 gene are non-coding.
The promoter activity upstream of exon 2 acts constitutively, whereas that of exon 1
is up-regulated by LPS in activated macrophages and T cell lines (Tone et al., 1997).
As opposed to all the other cytokines, the two promoters of IL-18 are TATA-less and
G+C poor type, which could explain why IL-18 is expressed in various cell types,
even non-immune cells. The 3’-untranslated region (UTR) of human IL-18 mRNA
lacks the AUUUA destabilisation sequence, which could be responsible for the

constitutive mRNA expression of IL-18 in PBMCs and mouse splenic macrophages
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(Puren et al., 1999). The IFN-consensus sequence-binding protein (ICSBP) and PU.1
transcription factors have been identified upstream of exon 1 and 2, respectively and
are important for the activation of IL-18 promoter, as they are found to be up-
regulated by IFNy (Kim et al, 1999, Weisz et al., 1994, Sharf et al., 1997,
Shackelford et al., 1995). Activator protein 1 (AP-1) and ICSBP elements are also
induced by IFNy stimulation of macrophages (Kim et al., 2000b).

IL-18 requires post-translational enzymatic processing in order to be biologically
active. It is produced as a 24kDa inactive precursor (pro-IL-18) that lacks a signal
peptide. Pro-IL-18 is cleaved by IL-1B-converting enzyme (ICE; caspase-1) after
Asp35 to generate the 18kDa biologically active mature form of IL-18 (Ghayur et al.,
1997, Gu et al., 1997). The importance of IL-18 activation by ICE is demonstrated in
splenocytes isolated from ICE knock-out mice which do not produce IFNy
production upon LPS stimulation (Fantuzzi et al., 1998). Additionally, mice deficient
in ICE are protected from ischemic acute renal failure (Melnikov et al., 2001).
Similar to IL-1pB, another mechanism of IL-18 secretion is through the ATP regulated
P2X-7 receptor, as P2X-7R-deficient macrophages do not produce IL-18 upon ATP
stimulation (Perregaux et al., 2000). DCs constitutively produce IL-18 upon T cell
interaction via a CD40 signal, since an agonistic antibody against CD40 also
stimulates IL-18 secretion (Gardella et al., 1999). Proteinase-3 release of active IL-
18 has also been implicated in regulating IL-18 secretion in the presence of LPS in

IFNy primed oral epithelial cells (Sugawara et al., 2001).
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1.2.3.3 IL-18 receptor and signalling

The IL-18 receptor consists of an IL-18Ra chain responsible for extracellular
binding and an IL-18RP chain responsible for signal transduction (Torigoe et al.,
1997, Hoshino et al., 1999, Pamnet et al., 1996). The IL-18Ra and IL-18Rf chains
both belong to the IL-1R super-family and have an extracellular domain consisting of
Ig-folds (~340aa), a signal peptide (~15aa), an intracellular domain (~200aa) that is
homologous to the cytosolic motif of the Drosophila Toll protein and a
transmembrane domain (~220aa) (Parnet et al., 1996, Bomn et al., 1998, Debets et al.,
2000). The presence of IL-18 activates its receptor through the heterodimerisation of
the two structurally related but distinct Ig-like chains, to form a complex required for
IL-18 signal transduction (Born et al., 1998, Debets et al., 2000). A study by (Kato et
al., 2003) using NMR spectroscopy and mutants for the 50 surface-exposed residues
of IL-18, has revealed two residues on IL-18 (sites I and II) that are important in
binding of 1L-18 to IL-18Ra (Fig.1.1) and a third one that is involved in the cellular
response and potentially binds to IL-18Rp but not to IL-18/IL-18Ra. Another study
looking at the carbohydrate recognition activities of IL-18 in KG-1 cells revealed the
presence of a single GPIl-anchored protein, CD48, that forms a complex with IL-
18/IL-18Ra and immediately binds to IL-18RB to induce IFNy production
(Fukushima et al., 2005).

IL-18Ra is expressed on Thl, NK cells, as well as macrophages, dendritic cells,
neutrophils, basophils, endothelial cells, smooth muscle cells, synovial fibroblasts,
chondrocytes and epithelial cells (Yoshimoto et al., 1998, Nakamura et al., 2000,
Gerdes et al., 2002, Leung et al., 2001, Moller et al., 2002, Sims, 2002, Gutzmer et
al., 2003). Upon binding of IL-18 to IL-18Ra, IL-18R is recruited to form a higher
affinity signalling complex (Fig. 1.2) (Kim et al., 2001b, Debets et al., 2000). The
approximation of the cytoplasmic Toll-IL-1 receptor (TIR) domains of the receptors
triggers signal transduction (ONeill, 2000), via the recruitment of the myeloid
differentiation (MyD)-88 adaptor molecule and auto-phosphorylation of the IL-1R-
associated kinase (IRAK) (Wesche et al., 1997, Kanakaraj et al., 1999, Adachi et al.,
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1998). IL-18, thus, shares common downstream signalling pathways with important
regulatory molecules, such as Toll-like receptor (TLR) that are implicated in
regulating IL-18 expression (Seki et al., 2001, Akira et al., 2001), providing feedback
loops to control IL-18 function. IRAK then dissociates from the receptor complex to
interact with the adaptor protein tumour necrosis factor receptor (TNFR)-associated
factor 6 (TRAF) (Cao et al., 1996, Kojima et al., 1998). Phosphorylation of NFxB-
inducing kinase (NIK) and rapid degradation of IkB, through activation of IxB
kinases 1 and 2 (IKK1/2), result in the release of the p5S0 and p65 components of
NFxB and its subsequent nuclear translocation (Robinson et al., 1997, Matsumoto et

al., 1997) to regulate IFNy expression, as shown in KG-1 cells (Kojima et al., 1999).

Additional signalling pathways have been described in IL-18 stimulated human
NK92 cells through the activation of p38 MAPK and extracellular signal-related
kinases p44 and p42 (ERK1/2) (Kalina et al., 2000, Yang et al., 2001, Wyman et al.,
2002, Lee et al., 2004, Shapiro et al., 1998). IL-18 has also been shown to signal
through MAPK-ERK kinase 4 (MEKK4) in Thl cells (Yang et al., 2001).
Additionally, Tyk2” mice demonstrated decreased NK cell activity and IFNy
production in response to IL-18 implicating an alternative signalling pathway similar
to IL-12 (Shimoda et al., 2002).
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