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Abstract

This study is an investigation into novel members of the Interleukin-1 (IL-1) family;
IL-1F5 and IL-1F6. The classical members of the IL-1 family, including IL-1ot, IL-1P
and IL-18, are involved in immune responses to infection and injury, which they
control by activating signalling pathways leading to NFxB and MAP kinase
activation. IL-1F5 has highest sequence identity to IL-1 receptor antagonist (IL-1Ra),
a natural antagonist of the IL-1 system, with 44% identity at the amino acid level
based on structural alignment derived from crystallographic data. IL-1F6, on the other
hand, is 30% identical to IL-1Ra at the amino acid level. Both proteins are predicted
to fold in a manner similar to IL-1 by forming a B-trefoil structure. However, the
functions of the proteins are still uncertain. The sequence homology of IL-1F5 to IL-
1Ra has been used to predict an antagonistic role for this molecule but detailed
sequence analysis suggests that it does not have the features that have been shown to

determine IL-1Ra’s antagonistic activity.

Cloning and purification of murine IL-1F5 allowed functional and structural studies to
be carried out. Functional assays, in terms of activation or inhibition of IL-1-like
signal transduction pathways, have indicated that IL-1F5, as well as IL-1F6, is unable
to act as novel IL-1 antagonists and is also unable to act as agonists in a range of

tested cell types.

Presented here is a determination of the crystal structure of IL-1F5 using molecular
replacement to a resolution of 1.6 A. IL-1F5 has the same B-trefoil fold as the other
determined IL-1 structures and the hydrophobic core is well conserved but it varies
considerably in loop regions, which have been identified as receptor binding regions
in IL-1B and IL-1Ra. The structure shows that these loop regions are well ordered by
extensive hydrogen bonding networks and that their unique conformations are likely
to confer receptor specificity to the IL-1F5 ligand. The loop structures and
electrostatic potential surface map also suggest that IL-1F5 could act as an agonist

capable of recruiting an accessory protein rather than as an antagonist.
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Chapter 1. Introduction

1.1 Interleukin-1

Interleukin 1 (IL-1) is a cytokine that is produced by, and acts on, many different cell
types (Dinarello, 1996). It is classed as pro-inflammatory along with other cytokines such
as tumour necrosis factor (TNF) (Beutler and Cerami, 1989) and interleukin-6 (IL-6)
(Akira et al, 1990). It up-regulates the expression of many genes important in the
initiation and development of the inflammatory state and other immune processes
(reviewed in Dinarello, 1996). As such, IL-1 is critical in the management of host defence
and important for maintaining the health of the organism. However, the potency of the
cytokine is such that any imbalance in its functions can lead to a disease state. Indeed, 1L~
1 has been implicated in the development of many diseases including rheumatoid
arthritis, inflammatory bowel disease, coeliac disease, septic shock, Alzheimer’s disease
and Parkinson’s disease. Therefore, the understanding of the mechanism of IL-1

signalling and its regulation is a major area of investigation.

1.2 The interleukin-1 family

The interleukin-1 family of cytokines now consists of ten members. The classical
members of the family, IL-1o, IL-1P, IL-1Ra and IL-18, which are also termed IL-1F1 to

IL-1F4, have recently been joined by six novel members; IL-1F5 to IL-1F10 (reviewed in
Dunn et al., 2001). They all share sequence identity and are all predicted to fold in a

similar manner to form a B-trefoil fold. The well characterised members of the family,
IL-1o, IL-1B and IL-18 also share common signalling pathways and bind proteins from

the same receptor family. Little is yet known about any of the novel family members.



1.2.1 IL-1o and IL-1J3

IL-1oc and IL-1P were first cloned in the mid 1980’s (Auron et al., 1984; March et al.,

1985). Both IL-1c and IL-1B have identical properties in vitro, i.e. they can activate the
same signals and both bind to the type I IL-1 receptor (IL-1RI) with similar affinities
(Sims and Dower, 1994). Similarly, they produce identical effects when administered
systemically in terms of production of fever and induction of acute phase proteins
(Boraschi et al., 1990). The effects of IL-1 are wide ranging and include effects on the
development of fever, invasion of infected tissue with macrophages and monocytes, bone
metabolism and cartilage destruction (reviewed in Dinarello, 1996). These effects are
mediated through changes in gene expression in target cells either through increased
transcription or through stabilisation of mRNA (Table 1.2.1). So, for example, upon
infection, IL-1 will up-regulate itself and other cytokines such as TNF, pro-inflammatory
mediators such as inducible nitric oxide synthase (INOS), cyclo-oxygenase-2 (COX-2)
and adhesion molecules, which all work in concert to initiate and maintain the
inflammatory response. Meanwhile it will down-regulate genes such as albumin and
alkaline phosphatase that are not required for the inflammatory response (Dinarello,
1996). In a negative feedback response IL-1 will up-regulate genes such as IL-1Ra
(Krzesicki et al., 1993) and IL-10 (Foey et al., 1998) to inhibit the inflammatory response
and in this way help the system to return to homeostasis.

However, subtle differences in the regulation of IL-low and IL-1[, in terms of receptor
affinities, cellular localisation and sites and regulation of expression, may allow for
divergence of functions in vivo. Indeed, there are reports that show divergence of function
between IL-lo and IL-1fB in terms of nerve growth factor secretion from astrocytes (Juric
and Carman-Krzan, 2001), co-mitogenic effects on Schwann cells (Lisak et al., 1994) and
Leydig cell function (Calkins et al., 1990). In addition, knockout studies indicate that IL-
1B but not IL-1o is required for T-cell dependent antibody production (Nakae et al.,
2001a) and similarly IL-1, but not IL-1o is required for fever development (Alcami and

Smith, 1992; Horai et al., 1998). IL-1o. however, has been shown to be essential to T-cell



Table 1 2.1 Increased Expressmn of Vanous genes by‘II;—l B
- (After Dmarello 1996)

Cytokines:

IL-1a, IL-1B, IL-1Ra, TNF, IL-2, IL-3, IL-
6, IL-12, GM-CSF, TGFB-3, G-CSF, m-
CSF, stem cell factor, LIF, IFNa,,y, IL-8,
MIP-1c.

Cytokine receptors:

IL-2, IL-3, IL-5, GM-CSF.

Pro-inflammatory mediators:
COX-2, PLA,-2,INOS, endothelin-1,

yglutamyl transferase.

Hepatic acute phase proteins (APP):

Mn superoxide dismutase, C reactive

proetin, serum amyloid A, complement C2,

C3 factor B, metallothioneins, lysozymes.

Growth Factors:
PDGEF ,FGF, Keratinocyte GF, Hepatocyte
GF, NGF, IGF-1.

Clotting Factors:
Fibrinogen, tissue factor, Urokinase
plasminogen activator, plasminogen

activtor inhibitor, protease nexin-1.

Tissue remodeling:
Stromelysin, gelatinase, elastase,
collagenses, tissue inhibitor of

metalloproteinases.

Adhesion molecules:
ICAM-1, ELAM, VCAM-1, Lymphocyte

L-selectin, E-selectin.

Extracellular matrix:
Aortic smooth muscle decorin, collagen

type IV, laminin B1, B2.




priming in contact hypersensitivity responses, unlike IL-13 (Nakae et al., 2001b). In this

text the term IL- 1 is used where the two may be used interchangeably.

Both IL-1o and IL-1B are made as precursor molecules of 31 kDa. Unlike pro-IL-1f3,
pro-1L-1oc is biologically active and since it lacks a leader sequence it is retained largely
in the cytoplasm and little is released into the circulation (Mosley et al., 1987). IL-1co can
be released from cells, but with a delayed kinetics as compared with IL-1f (Hazuda et al.,
1988). Upon release from the cell, the precursor molecule can become cleaved by
extracellular proteases (Kobayashi et al., 1990). About 10%-15% of IL-1o can become
myristoylated (Stevenson et al., 1993) and associate with the membrane to become what

is termed ‘membrane IL-1’ (Kurt-Jones et al., 1985).

IL-1B3, on the other hand, is readily and mpidly exported from the cells, although it does
not contain a recognised signal sequence in its amino acid sequence (Hazuda et al., 1988).
The mechanism of secretion may involve packaging of IL-1B into specialised vesicles
and subsequent ATP-driven exocytosis (Andrei et al., 1999; Rubartelli et al., 1990). The
proform of IL-1P is cleaved by caspase-1 (formerly ICE) to form mature IL-1f, which is
biologically active (Black et al., 1988).

1.2.2 IL-1 Receptor Antagonist

IL-1 Receptor Antagonist (IL-1Ra) is the third member of the IL-1 family (reviewed in
Arend et al., 1998). It is structurally similar to IL-1o. and IL-1f, and can bind IL- IRI with
near equal affinity (Dripps et al., 1991a), but it is incapable of inducing intracellular
responses (Hannum et al, 1990). As such this molecule acts as a true antagonist,
competitively blocking IL-1 from binding its receptor. Four isoforms of the molecule
have been identified which result from differential splicing and use of altemnative
translational start sites on the mRNA (Figure 1.2.1). Secreted IL-1Ra (sIL-1Ra), which
was the first isoform identified (Carter et al., 1990), is synthesised with a leader sequence

which targets it for secretion. Meanwhile the 18 kDa type I intracellular IL-1Ra (type I



IL-1Ra gene

Alternative
translation initiation

18 kDa icIL-1Ra sIL-1Ra
Alternative Alternative AUG
splicing Start Sites
25kDa 16kDa
icIL-1Ra iclL-1Ra

Figure 1.2.1 Alternative forms of IL-1Ra produced from the IL-1RA gene. The IL-1RA
gene is known to produce four different isoforms; secreted and intracellular forms are
produced by use of alternative first exons of IL-/RA, while use of alternative
transcriptional start site within the first exon of sIL-1RA can lead to the production of a 16
kDa icIL-1Ra. Alternative splicing of icIL-1Ra produces a 25 kDa type II icIL-1Ra, which

has a unique insertion in its N-terminal domain.



iclL-1Ra) is transcribed from an alternative first exon and the internal splice acceptor site
of this isoform is located in the first exon of sIL-1Ra, near the 3’ end of the leader
sequence and thus it lacks a complete leader sequence and therefore is not secreted from
the cell (Butcher et al., 1994; Haskill et al., 1991). A low molecular weight, 16 kDa iclL-
IRa has also been identified, which is thought to arise from the use of alternative
translational initiation sites of sIL-1Ra (Malyak et al., 1998). Also, a 25kDa splice variant
of icIL-1Ra has been identified and is known as type Il iclL-1Ra (Muzio et al, 1995).
This larger form of iclL-1Ra has a unique 21 amino acid insertion in its N-terminal
domain that is encoded by a separate exon downstream of exon 1 (Muzio et al., 1999).
sIL-1Ra can be produced from any cell type capable of synthesising IL-1 (Arend et al.,
1998). It is produced in response to IL-1, IL-6, GM-CSF, IL-4 as well as acute phase
proteins (APP) and lipopolysaccharide (LPS) (Table 1.2.2) (reviewed in Arend et al.,
1998). Production of the 18 kDa icIL-1Ra, however, is more restricted compared with
sIL-1Ra with constitutive expression in epithelial cells (Gabay et al., 1997) and delayed
expression in LPS stimulated monocytes and macrophages (Malyak et al., 1998). Its
expression has been shown to be unable to inhibit exogenous signalling by IL-1§
(Watson et al., 1995). It is likely that icIL-Ra acts as an internal reservoir of IL-1Ra and
that its release upon cell death may serve to limit pro-inflammatory responses to cellular
debris (Muzio et al., 1999). The ability of IL-1Ra to inhibit IL-1 activity is important to
prevent the development of disease state in which IL-1 becomes chronically active. As
such it has been tested in the clinical environment for the treatment of diseases such as
arthritis and septic shock. The degree of success however, depends on the disease treated,
with most efficacy achieved in the reduction of joint destruction in rheumatoid arthritis

but little efficacy achieved against septic shock (Freeman and Buchman, 2001).

1.2.3IL-18

Interleukin 18 (IL-18) was first identified by its ability to induce interferon y (IFNy) and
was originally called interferon v inducing factor (IGIF) (Okamura et al., 1995). It has
low sequence identity to IL-1oc and IL-1B (12% and 19% respectively) but its structure is

predicted to be the same (Bazan et al., 1996). It is however the only member of the family

4



Adhnt IgG

M-CSF LPs
G-CSF APP
IL-1 Products of human CMYV early genes
IL-2 Soluble CD23 (with IL-1)
IL-3 IgA
IL-4 IgD
IL-6 Th2 cells (direct contact)
IL-10 Fibronectin
IL-13 -glucan
TGF-p
IFN-a
IFN-y

Table 1.2.2 Induction of IL-1Ra production in human monocytes. Factors which
have been shown to cause induction of sIL-1Ra are listed (After Arend et al., 1998).



not to nap to chromosome 2 of the human genome (Nolan et al., 1998). Like IL-1, it is
produced as pro-IL-18 and is activated by enzymatic cleavage by caspase-1, the same
enzyme that activates IL-1f (Pirhonen et al., 1999). IL-18 dso shares similar signalling
pathways to IL-1 (see section 1.5.7). The full range of activities of this molecule are
probably still to be defined but it plays a major role in the development of T cells,
specifically in the differentiation of T,0 cells into Tyl cells. It directs this development
mainly through the production of IFNy, which is a Tnl specific cytokine; a role
previously thought to be specific to IL-12. In fact, IL-18 is likely to act by increasing the
production of IL-12 receptors on the surface of Ty1 cells (Ahn et al., 1997). IL-18 also
has the ability to increase pro-inflammatory cytokine production required for the response
to bacterial infection, thus classing it as a pro-inflammatory cytokine itself (Sugawara et
al., 1999). Also, IL-18 has been shown to have effects on bone metabolism where it can
inhibit the formation of osteoclasts (Udagawa et al., 1997). Interestingly this is an activity
that is biologically antagonistic to that of IL-1 (Jimi et al., 1998).

1.3 Novel IL-1 Family Members

The past four years has seen the description of six novel proteins that belong to the IL-1
family (Figure 1.3.1) and the main features of each of the novel family members is
summarised in Table 1.3.1. A nomenclature has been adopted for these proteins that will
be used in this text and which names the new proteins IL-1F5 to IL-1F10 (Sims et al.,
2001). The sequence identity in the family ranges from 57% at its highest to 13% at its
lowest. Gene localisation places all the novel genes in the same locus as IL-1A4, IL-1B and
IL-1R4 (Nicklin et al., 2002). Examination of the locus also indicates that there are no
new members of the family left to be identified (Nicklin et al., 2002; Taylor et al., 2002).

The cloning of IL-1F5 has been described six times (human and murine IL-1L1 (Barton
et al., 2000), human IL-1RP2 (Busfield et al., 2000), human IL-18 (Debets et al., 2001),

murine [L-1H3 (Kumar et al., 2000), human IL-HY1 (Mulero et al., 1999), human FIL-

16 (Smith et al., 2000)). The human and murine forms share 92% sequence identity at the
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Figure 1.3.1 IL-1 Family Members. Each member of the IL-1 family is represented
schematically with numbers to the right representing the length of each protein in terms of
amino acids, and numbers in parentheses representing the length of the pro-form of the
protein. The approximate positions of cleavage sites within the proteins is indicated by a
scissors symbol. Where splice variants occur this is represented by alternatively shaded
boxes with the residue number at which the sequence divergence occurs indicated. In the
case of icIL-1Ra, the existence of a variant which results from the use of an alternative

translation start site in indicate by an asterisk.



No binding of IL-1RI, IL-

Placenta, uterus, skin, brain, 1RACcP, IL-18R, AcPL,

i heart, kidney, keratinocytes, T1/ST2, TIGIRR, IL-1APL.
[-IFS  (variant in 26 92 : g
5' UTR) monocytys, B cells, Antagon1§es ].fL- 1'F9 induced
dendritic cells NF«B activation in IL-1Rrp2
transfected cells.
- Slen. et nede 0l o g of 11K 1
IL-1F6 24 30 P brain’ Hihoeiel B, 1RACP, IL-18R, AcPL,
y ’ T1/ST2, TIGIRR, IL-1APL.
cells and T cells
Lymph node, thymus, bone
marrow, lung, testis,
placenta, uterus, skin, IL-1F7b binds IL-18R and
B foe 21 = colon, NK cells, IL-18BP
monocytes, stimulated B
cells, keratinocytes.
Bone marrow, tonsil, heart, No binding of IL-1RI, IL-
L-1F8 IL-1F8b 4.5 31 placenta, lung, testis, and 1RACP, IL-18R, AcPL,
colon, moncytes, B cells. T1/ST2, TIGGIR, IL-1APL.
Up-regulated upon chronic
contact hypersensitivity and
Placenta, stimulated Herpes-Simplex virus
L-1F9 20 31 keratinocytes, epithelial : infection.
cells, squamous cell No binding of IL-1RI, IL-
epithelia of oesophagus. 18R, T1/ST2. Activates
NFkB in IL-1Rrp2
transfected cells
‘ Basal epithelia of skin,
IF10 IL-1F10b 21 37 proliferating B cells of Binds soluble IL-1RI
tonsil

Table 1.3.1 Percentage amino acid similarity with IL-1B and IL-1Ra, expression
patterns and features of novel IL-1 family members.




amino acid level. IL-1F5 is most closely related to IL-1Ra and they share 44% identity on
the amino acid level based on a structural alignment derived from crystallographic data.
IL-1F5 has two mRNA isoforms which result from the use of alternative transcription
initiation sites. These transcripts may have implications for the regulation of translation
of IL-1F5 (Mulero et al., 2000, Barton et al., 2000). Expression of the protein is much
more restricted than that of the classical members of the IL-1 family, with strong
expression detected in fetal skin (Mulero et al., 1999) and adult skin, with keratinocytes
being the main source of the expression (Barton et al., 2000; Busfield et al., 2000; Debets
et al.,, 2001). It is also expressed in placenta (Barton et al., 2000; Busfield et al., 2000;
Smith et al., 2000), tonsil (Smith et al., 2000) and thymus (Barton et al., 2000), as well as
being abundant in psoriatic skin lesions (Debets et al., 2001). Expression is also detected
in immune cells such as monocytes (Barton et al., 2000; Smith et al., 2000), B cells and
dendritic cells (Smith et al., 2000), as well as LPS stimulated macrophages (Mulero et al.,
1999). Experiments using Fc-fusion proteins of the extracellular domains of IL-1RI, IL-1
receptor accessory protein (IL-1RAcP), IL-18 receptor (IL-18R), IL-18 receptor
accessory protein (IL-18RAcP), IL-1 receptor related protein 2 (IL-1Rrp2), T1/ST2
(Smith et al., 2000), three immunoglobulin-domain containing IL-1 receptor related
(TIGIRR) or IL-1 receptor accessory protein-like (IL-1RAPL) (Born et al., 2000) indicate
that IL-1F5 cannot bind any of these receptors. Using an IL-6 production assay the ability
of IL-1F5 to either mimic or inhibit IL-1 activity was tested but no activity was found
(Barton et al., 2000). The same result was obtained in an IFN-y production assay when
testing for the ability of IL-1F5 to mimic or inhibit IL-18 signals (Barton et al., 2000).
However, transfection of Jurkat cells with a plasmid encoding IL-1Rrp2, indicates that
IL-1F5 is able to inhibit the activation of an NFxB-luciferase reporter plasmid by another
novel IL-1; IL-1F9 (Debets et al., 2001). A polymorphism in the gene for IL-1F5 has also
been linked to the occurrence of severe forms of alopecia areata, suggesting IL-1F5 may

be involved in this disease (Tazi- Ahnini et al., 2002).

IL-1F6, cloned as human FIL-1¢ (Smith et al., 2000), is most similar to IL-1F9 based on
amino acid comparison and the two have the highest sequence identity in a pairwise

comparison of the whole IL-1 family (Lin et al,, 2001). Expression is most abundant in



tonsil, but is also in fetal brain (Smith et al., 2000). At a cellular level IL-1F6 is found in
LPS stimulated monocytes, as well as resting monocytes and B cells (Smith et al., 2000).
Experiments using Fc-fusion proteins of the extracellular domains of IL-1RI, IL-1RAcP,
IL-18R, IL-18RACcP, IL-1Rrp2, T1/ST2 (Smith et al., 2000), TIGIRR or IL-1RAPL (Bomn
et al., 2000) indicate that IL- 1F6 cannot bind any of these receptors.

Human IL-1F7 has been cloned independently by four groups as FIL-1{ (Smith et al.,
2000), IL-1RP1 (Busfield et al., 2000), IL-1H4 (Kumar et al., 2000) and IL-1H (Pan et
al.,, 2001), and it does not sem to have a murine orthologoue (Taylor et al., 2002). It
exists in five isoforms; IL-1F7 and IL-1F7b-e. IL-1F7b (Kumar et al., 2000; Pan et al.,
2001) and IL-1F7d (Taylor et al., 2002) both have a variant N-terminal region. Both IL-
1F7¢c and IL-1F7e are short isoforms of IL-1F7b, with amino acids 49 to 89 missing from
IL-F7¢ (Pan et al., 2001) and residues 29 to 89 missing from IL-1F7e (Taylor et al.,
2002). Since these proteins would be lacking some of the [-strands required for the 12
stranded P-trefoil fold it is uncertain whether they form functional proteins. Expression of
IL-1F7 has been detected in lymph node, bone marrow stroma, lung, testis and placenta
(Smith et al., 2000). Expressed sequence tags (ESTs) for IL-1F7 have been detected in
mixed fetal lung, colon, testes and B cell libraries (Kumar et al., 2000). Pan et al. (2001)
also report abundant expression in testis, thymus and uterus, with expression being up-
regulated in response to PMA in various cells lines including A431 epithelial cells,
normal human dendritic cells, peripheral blood mononuclear cells, THP-1 macrophages
and KG-1 bone marrow cells. IL-1F7 is the only member of the novel IL-1 family
members that has a pro-domain like that of IL-1ct, IL-1B and IL-18 (Smith et al., 2000).
When expressed in CHO or HEK293 cells, a cleaved form of the protein is detected in
cellular supernatants with a N-terminal sequence beginning at Val46 (Pan et al., 2001).
However, caspase-1, the same protein that cleaves IL-1 and IL-18, has been shown to
cause the cleavage of IL-1F7b in vitro at a different site, with cleavage occurring at
Glu21 (Kumar et al., 2002). Both mature and cleaved IL-1F7b have been shown to bind
the extracellular portion of IL-18R, but not IL-1RI (Kumar et al., 2002; Pan et al., 2001).
However, this binding does not seem to induce signal transduction and IL-1F7b is

reported to be unable to induce IFN-y production in KG1 cells (Kumar et al., 2000; Pan et



al.,, 2001). Recently, IL-1F7b has been shown to inhibit IL-18 activity in the presence of
IL-18 binding protein (IL-18BP) (see section 1.4.3) (Bufler et al., 2002). Binding of IL-
1F7b to IL-18BP can be detected in a crosslinking assay and it is hypothesised that this
complex can recruit IL-18RAcP. The trimeric complex would then be able to inhibit
formation of the IL-18R/IL-18/IL-18RACP active signalling complex and by this
mechanism inhibit IL-18 activity. In addition to this, IL-1F7b is reported to be able to
form dimers (Kumar et al., 2000). No other member of the IL-1 family is reported to act
in a similar manner, except for a degradative product of IL-1Ra (Chang et al., 1996).

Whether this IL-1F7 dimer is of physiological relevance is not known.

IL-1F8, originally named FIL-In (Smith et al., 2000), has a splice variant IL-1F8b,
originally IL-1H2 (Kumar et al., 2000), which varies in the Gterminal region. It is most
similar to IL-1F6 and IL-1F9 with 46% and 45% amino acid sequence identity
respectively (Lin et al., 2001). It is found expressed in tonsil, bone marrow, placenta,
lung, testis, and fetal brain, as well as in LPS stimulated monocytes and resting
monocytes and B cells (Smith et al., 2000). An EST has also been detected in an
osteoclastoma cell library (Kumar et al., 2000). Experiments using Fc-fusion proteins of
the extracellular domains of IL-1RI, IL-1RAcP, IL-18R, IL-18RAcP, IL-1Rrp2, T1/ST2
(Smith et al., 2000), TIGIRR or IL-1RAPL (Born et al., 2000) indicate that this protein is

unable to bind these receptors.

IL-1F9 has been cloned by three independent groups as IL-1RP2 (Busfield et al., 2000),
IL-1¢ (Debets et al., 2001) and IL-1HI (Kumar et al., 2000). The murine I[L-1H1
described by Kumar et al (2000) is more likely to be the mouse orthologue of human IL-
1F6 (Taylor et al, 2002). IL-1F9 is expressed in lung, TNF and IFNy stimulated
keratinocytes and epithelial cells, as well as oesophageal squamous mucosa and
macrophages (Kumar et al., 2000). Expression in keratinocytes could be induced in a
chronic inflammatory model, as well as in Herpes Simplex infected cells (Kumar et al.,
2000). Debets et al (2001) also report expression in IL-1B/TNF stimulated keratinocytes,

with up-regulation detected in lesions of psoriatic skin. Furthermore, it has been shown



that IL-1F9 can induce NFxB activation in IL-1Rp2 transfected Jurkat cells in a gene

reporter assay (Debets et al., 2001).

IL-1F10, has been cloned by two groups as IL-1HY2 (Lin et al., 2001) and as IL-1F10
(Bensen et al., 2001), and is the final member of the IL-1 family to be described. It is
most similar in sequence to IL-1F5 and IL-1Ra, sharing 41% and 37% amino acid
identity respectively. Expression is detected in fetal skin and spleen cDNA libraries and
immunohistochemistry detects expression in activated B-cells of the tonsil. It is secreted
from cells, and has been shown to be able to bind a soluble form of IL-1RI, although its
affinity for the receptor is significantly less than that of IL-1 or IL-1Ra. The functional
significance of this binding is not known.

1.4 The IL-1 Receptor Super-family

To date the IL-1 receptor family has ten members (O'Neill and Dinarello, 2000). These
receptors share a common overall structure, with an intracellular Toll-IL-1 receptor (TIR)
domain and/or three extracellular immunoglobulin (Ig)-like domains (Figure 1.4.1). The
family members include the type I IL-1 receptor (IL-1RI), which directly binds IL-1
(Sims et al., 1988), the type II IL-1 receptor (IL-1RII) (McMahan et al., 1991), the IL-1
Receptor Accessory Protein  (IL-1RAcP), which is required for IL-1 signalling
(Greenfeder et al., 1995a), the IL-18 Receptor (formerly IL-1Rrp-1) (Thomassen et al.,
1998) and its accessory protein, IL-18RAcP (formerly IL-1RAcPL) (Born et al., 1998),
IL-1Rrp2 (Lovenberg et al., 1996), which is reported to be responsive to IL-1F9 and IL-
IF5 (Debets et al., 2001), and finally T1/ST2 (Klemenz et al., 1989; Tominaga et al.,
1999), IL-1RAPL (Carrie et al., 1999) and TIGIRR/IL-1RAPL2/IL-1R9 (Bom et al.,
2000; Ferrante et al., 2001; Jin et al., 2000; Sana et al., 2000), which are all orphan
receptors with unknown ligands. Single Ig-domain containing IL-1 receptor related
(SIGIRR) is an IL-1R family member with only one extracellular immunoglobulin
domain (Born et al., 2000), similar to IL-18 binding protein (Aizawa et al, 1999;
Dinarello et al., 1998). Toll-like receptors (TLRs), which also have intracellular TIR
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domains, are classed with the IL-1 family to form the IL-1/TLR superfamily of receptors
(O'Neill, 2000).

1.4.1 IL-1 Receptors

IL-IRI is an 80 kDa glycoprotein essential for IL-1 activity (Sims et al., 1993).
Glycosylation of the receptor also seems to be required for optimal ligand binding and
activity of the protein (Einstein et al., 1996; Mancilla et al., 1992). Binding of IL-1 to IL-
IRI induces structural changes that allow dimerisation with the IL-1RAcP. Recruitment
of the IL-1RACP results in a stabilisation of the receptor-ligand complex (Wesche et al.,
1998). It is this heterodimer that is the active signalling complex (Greenfeder et al.,
1995a). IL-1RACP deficient cells indicate that IL-1 cannot signal without the presence of
IL-1RAcP (Cullinan et al., 1998), as was originally thought to be the case (Curtis et al.,
1989). Meanwhile, IL-1RI deficient cells show that IL-1 cannot form a complex with IL-
IRACP in the absence of IL-1RI (Labow et al., 1997). IL-1Ra binding to IL-1RI however
does not induce recruitment of IL-1RACP, explaining why it cannot induce signal
transduction (Greenfeder et al., 1995a).

IL-1RII is the 60 kDa product of a separate gene to that of IL-1RI (McMahan et al.,
1991). Its extracellular domain is highly similar to that of IL-IRI but it possesses a
truncated intracellular tail that lacks a TIR domain and, as a result, is not capable of
transducing a signal upon ligation with IL-1 (Colotta et al., 1993; Sims et al., 1993;
Stylianou et al., 1992). Thus, IL-1RII acts as a negative regulator of IL-1 action and an
be termed a ‘decoy receptor’. Human IL-1ct, IL-1B and IL-1Ra have similar affinities for
IL-1RI (Ruggiero et al., 1997; Stylianou et al., 1992), however IL-1RII only has a high
affinity for IL-1B and does not bind IL-1o. or IL-1Ra as effectively (Dripps et al., 1991b).
This ensures that its role as a negative regulator is not compromised by needlessly
binding IL-1Ra and reducing the effective concentration of the antagonist. In addition,
ligated IL-1RII is also able to recruit IL-1RACP, offering another means by which it can
inhibit IL-1 signalling by causing formation of non-functioning complexes which limit
the availability of the required accessory protein (Lang et al., 1998).
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IL-1RII (Giri et al., 1990; Symons et al., 1991) and possibly IL-1RI (Svenson et al., 1993;
Svenson et al., 1992) also exist naturally as ‘soluble’ receptors in the circulation. Soluble
IL-IRII is formed when the extracellular domains of the receptors are cleaved from their
membrane anchors by metalloproteases (Orlando et al., 1997). In the circulation these
receptors can bind IL-1B, as well as pro-IL-1(, protecting the pro-form from proteolytic
processing (Symons et al.,, 1991; Symons et al., 1995). Meanwhile it loses affinity for IL-
IRa (Symons et al., 1995). In this manner, these receptors can act as inhibitors of IL-1
activity. At lower concentrations, however, the binding of IL-1 by the soluble receptors
may serve to prolong the action of the cytokine by increasing its half-life. An analogous
situation, in which soluble receptor of TNF protects the ligand from proteolytic cleavage,
causes the preservation of TNF signalling (Aderka et al., 1992). A splice variant of IL-
IRACP also exists giving rise to a soluble form in T cell lymphomas (Korherr et al.,
1997), in rat brain (Gayle et al, 1997) and in liver where it may serve to inhibit IL-1
signalling (Jensen et al., 2000).

1.4.2 T1/ST2 Receptor

T1/ST2 is an orphan receptor of the IL-1 receptor family with no known ligand yet found
(Yanagisawa et al., 1993). It has been shown to be incapable of binding IL-1, however
two putative ligands have been partially purified, but not identified, using receptor
precipitation with T1/ST2-Fc chimeric receptors (Gayle et al., 1996; Kumar et al., 1995).
These ligands were also shown to activate p38 MAP kinase (Kumar et al., 1995). The
T1/ST2 receptor is preferentially expressed in Th2 cells and is therefore implicated in
directing development of these cells and influencing their effector activities (Lohning et
al., 1998). Furthermore, antibodies to TI/ST2 were effective in inhibiting the
development of lung mucosal immune responses in a model of asthma, an event that is
Th2 dependent (Lohning et al., 1998). Studies show that, unlike other members of the IL-
1 receptor family, T1/ST2 seems unable to activate NFxB, but is able to activate JNK and
p38 MAP kinase (Brint et al., 2002).
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1.4.3 IL-18 Receptor

The IL-18 receptor (IL-18R) was originally cloned as IL-1Rrpl (Thomassen et al., 1998).
Like IL-1, IL-18 forms a trimeric complex with a receptor and accessory protein (Born et
al., 1998). Furthermore, a natural inhibitor of IL-18 function has been identified as IL-18
binding protein (IL-18BP) (Aizawa et al, 1999; Novick et al., 1999). This molecule is a
member of the immunoglobulin superfamily but, unlike the other receptor family
members, has only one Ig domain and only has limited homology to IL-1RII (Novick et
al,, 1999). The protein is thought to act as a decoy receptor, in a manner similar to IL-
IRII. Six isoforms of the protein have been identified in human and mouse, with varying

affinities for IL-18 (Kim et al., 2000).

1.4.4 IL-1RAPL and TIGIRR

IL-1RAPL and TIGIRR are two closely related members of the IL-1R family (Jin et al.,
2000). They have three Ig domains and an intracellular TIR domain as well as an
additional 120 amino acid C-terminal tail, which does not have any significant similarity
to other known proteins. IL-1RAPL expression is found in brain and heart, as well as
other tissues (Born et al., 2000; Carrie et al., 1999), but TIGIRR expression seems to be
specifically limited to the developing brain (Ferrante et al., 2001; Sana et al., 2000),
although weak expression is also detected in skin (Born et al., 2000). Mutations in, and
deletions of, the IL-1RAPL gene have been linked with the development of mental
retardation (Carrie et al., 1999; Jin et al., 2000). The similarity between IL-IRAPL and
TIGIRR has been used to suggest that this protein may also be involved in the
development of mental retardation (Jin et al.,, 2000). The implicated involvement of hese
proteins in the development of the nervous system suggests that IL-1R family members,

like Dorsophila Tolls, may function in both immune and developmental processes.
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1.4.5 Toll-like Receptors

The human toll-like receptors (TLRs) are a family of 10 related receptors that can be
classed with the IL-1 receptors to form a superfamily. This superfamily is formed on the
basis of the structure of the intracellular domains of TLRs, which are very similar to that
of IL-1RI (O'Neill and Greene, 1998). The extracellular domain of these receptors does
not however resemble the IL-1 receptor and their most striking feature is the presence of
a leucine rich repeat (LRR) domain (O'Neill, 2000). TLRs are implicated in binding and
responsiveness to bacterial, viral and fungal derived pathogen products that are important
for the initiation of innate immune responses (reviewed in O'Neill, 2000). The TLRs have
also been shown to signal in a manner similar to that of IL-1, utilising a similar array of

messenger molecules to effect cellular function (see section 1.5), (reviewed in O'Neill,
2000).

1.5 IL-1 signalling

IL-1 exerts its effects on cells by altering the expression of target genes and the stability
of target mRNAs. The signalling pathway leading from the IL-1 receptor complex to
changes in transcription factor activity has been an area of intense research over many
years. This has lead to the identification of many different molecules that become
activated after IL-1 stimulation. From these studies two major pathways have emerged as
integral parts of IL-1 signalling, that is a) the pathway leading to nuclear factor kB
(NFxB) activation, and b) the pathway leading to activation of the AP-1 class of
transcription factors (Figure 1.5.1). These pathways are not however mutually exclusive

and both may be involved in cross talk interactions.

1.5.1 NFxB Activation

NFxB is a transcription factor originally identified by its ability to bind the promoter of
the x light chain in B cells (Sen and Baltimore, 1986) but has since been shown to be

present and functional in many other cell types (reviewed in Ghosh et al., 1998). At
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Figure 1.5.1 Signalling Pathways Activated by IL-1. See text for details.



present five mammalian members of the NFxB family have been identified; p65, c-Rel,
RelB, p50/p105 and p52/p100 (Figure 1.5.2). p6S, eRel and RelB are all transcribed as
transcriptionally active molecules from their genes, however pS0 and p52 are made as
larger precusor molecules that require proteolytic cleavage in order to become
transcription regulators (May and Ghosh, 1998). Each member contains a conserved Rel
homology domain (RHD) that is required for DNA binding, dimerisation with other
family members and interactions with their inhibitory proteins, the IkBs. Members of the
family are able to form both hetero- and homodimers to produce the NFxB complex,
however the term NFxB is often used to refer to the pS0/p65 heterodimer (Thanos and
Maniatis, 1995). Most NFxB dimers are transcriptionally active, however some, like p50
and p52 homodimers, are believed to be transcriptionally inactive or repressive since they
lack the transactivation domain required for transcriptional activity (Baeuerle and Henkel,
1994; Plaksin et al., 1993). NFxB is retained in the cytoplasm in a latent state by binding
to its inhibitory protein, inhibitory kB (IkB) (Beg et al., 1992). This interaction shields
the nuclear localisation signal (NLS) on NFxB thereby preventing its translocation to the
nucleus. The IkB family also consists of five mammalian members; [kBo, IkBf, IxBe,
IxBy and Bcl-3 (Ghosh et al., 1998). Each member has a multiple ankyrin repeat domain
that mediates interaction with the RHD of NFxB molecules. The best characterised of the
IxBs is IxkBo, which is responsible for transitory activation of NFxB in response to
cytokines (Sun et al, 1993). Upon phosphorylation by specific upstream kinases at
residues serine 32 and serine 36 (Brown et al., 1995), the IkBo. molecule is ubiquitinated
at available lysines and in this manner is targeted for degradation through the proteasome
pathway (Chen et al.,, 1995). This allows selective degradation of the kB molecule while
releasing the intact NFkB with its NLS exposed leading to nuclear translocation where
upon gene expression patterns can be altered by the transcription factor. The IxBo
molecule is quickly re-synthesised to allow inhibition of the pathway (Krappmann and
Scheidereit, 1997). kBp is regulated in a similar manner but its re-synthesis is delayed,

therefore leading to persistent activation in response to its degradation (Krappmann and
Scheidereit, 1997; Thompson et al., 1995)

14



S R i

Rel Homology Domain
LN
" e

pos R -

- c-rel

RelB

Dorsal

Dif

p105/p50

p100/pS2
. IxBa
IKBB

Bel-3

¥
Cactus
\

Ankyrin repeats

&, Figure 1.5.2 NFxB and IxB family of proteins. Members of the NFkB family of
!i proteins are characterised by the Rel homology domain which mediates DNA binding and
; protein-protein interactions. The IxB family of proteins are characterised by multiple
~ ankyrin repeats which mediate the interaction to the Rel Homology domain. Dif, dorsal

and cactus are Drosophila proteins. (After Baldwin, 1996)



1.5.2 The IxB Kinases

Elucidation of the pathway leading to IkBo. phosphorylation began with the identification
of novel kinase activity in a large 700-900 kDa complex that specifically phosphorylated
IxBo. at Ser32 and Ser 36 (Chen et al.,, 1996). This complex was later found to contain
the two isoforms of kB kinase (IKK), namely IKKo and IKKB, which were responsible
for this activity (DiDonato et al., 1997; Mercurio et al,, 1997; Zandi et al., 1997). Both
IKKo and IKKB have a similar overall structure, with an N-terminal kinase domain
followed by a leucine zipper (LZ) motif and a Gterminal helix-loop-helix (HLH) domain
(Figure 1.5.3). The LZ motif mediates dimerisation of the kinases, which is essential for
their activity (Mercurio et al., 1997, Woronicz et al., 1997; Zandi et al., 1997), while the
HLH is an intrinsic activator domain and mutations in this domain results in decreased
IKK kinase activity, which can be complemented for by the introduction of peptide
fragments bearing the wildtype HLH sequence (Zandi et al., 1998; Zandi et al., 1997).
However, the two kinases seem to have diverse functions. Knockout studies implicate
IKKo. in the activation of pathways required for differentiation and proliferation of
keratinocytes (Hu et al., 1999; Takeda et al., 1999), however experiments with /kko/ &
cells indicate that this activity is independent of both the IKK complex and NFxB itself
(Hu et al., 2001). In addition, the use of IKKo kinase inactive knockin mice show that
IKKo. activity is not required for normal responses to IL-1 (Cao et al., 2001). IKKf, on
the other hand, is critical for activation of NFxB in response to cytokines (Li et al.,
1999b) and this is supported by data which show that serine to alanine mutations in the
activation loop abolish cytokine responsiveness when present in the IKKP isoform and

not in IKK o (Delhase et al., 1999).

Another important component of the IKK complex is NFkB essential modulator
(NEMO)/IKKYy, which acts as an essential scaffold protein for the IKKs (Mercurio et al.,
1999; Rothwarf et al., 1998; Yamaoka et al., 1998). Yamaoka et al. (1998) cloned NEMO
by complementation of a mutant cell line, which, like NEMO " cells (Rudolph et al.,
2000), did not activate NFkB in response to various stimuli including IL-1. NEMO
interacts, via an N-terminal o.-helical region, with the IKKs through a short interaction
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Figure 1.5.3 Regulation of the kinase activity of IKK by phosphorylation. IKKa and
IKKB dimerise via their leucine zipper motifs (LZ), with the helix-loop-helix (HLH) and
C-terminal domains interacting with the kinase domain (KD). Phosphorylation by
upstream kinases in the activation loop induces the kinase activity in the dimer. This is
followed by multiple autophosphorylation events in the C-terminal region which disrupts
the interaction of the HLH and the KD, decreasing the intrinsic kinase activity. The
decreased activity allows for inactivation of the IKKs by phosphatases. (After Delhase et
al., 1999).



motif in their C-termini (May et al., 2000). The stoichiometry of the complex consists of
an IKKo/B heterodimer associated with a NEMO dimer (Miller and Zandi, 2001). NEMO
also mediates interactions with upstream activators in the TNF signalling pathway via a
C-terminal Zinc binding domain (Makris et al., 2002).

The control of IKK activity is achieved by a series of sequential phosphorylation and
dephosphorylation events (Figure 1.5.3). IKKo. and IKKJ are activated, as demonstrated
by mutational studies, by phosphorylation in their T-loops (Delhase & al., 1999; Ling et
al., 1998). This phosphorylation causes the movement of the activation loop from a
position which otherwise blocks the entry of the ATP substrate into the active site.
Activation is followed by multiple autophosphorylations on the C-terminal tail (Delhase
et al., 1999). The phosphorylation of nine or more serines in the tail is hypothesised to
cause disruption of the interaction between the kinase domain and the HLH domain. The
decreased activity as a result of the serine phosphorylations in the C-terminal tail allows
for total deactivation by protein phosphatases acting to dephosphorylate the activation
loop of the kinase domain (Delhase et al., 1999). Increases in IKK activity in okadaic
acid treated cells imply that this phosphatase activity may be constitutive (DiDonato et
al., 1997). Once activated the IKK complex can phosphorylate IkB and thereby induce its
degradation, however the complex phosphorylates free IkB much less efficiently than
NFxB bound form (Zandi et al., 1998). This would explain how free kB can accumulate
in the presence of an active IKK complex, allowing it to translocate to the nucleus, bind

NFxB and shuttle it to the cytoplasm (Arenzana-Seisdedos et al., 1995).

1.5.3 IKK Kinase

The kinase responsible for the activation of IKK is still a matter of debate. Initially this
role was designated to NFxB inducing kinase (NIK), the over-expression of which
activated IKK (Regnier et al., 1997; Woronicz et al,, 1997). Also, NIK was used in a
yeast-two-hybrid screen to isolate IKKo (Regnier et al, 1997). However, the
physiological relevance of these findings has been questioned. Although NIK has been
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shown to interact with TRAF6, the up-stream activator of NFkB in the IL-1 pathway, it
has also been shown that NIK binds to most TRAF proteins indiscriminately (Song et al.,
1997). Also, in vitro experiments have shown that NIK preferentially phosphorylates
IKKa, the isoform of IKK that has been shown not to be important for NFxB activation
in response to IL-1 and TNF (Ling et al., 1998). This suggested that NIK may not be
required for the phosphorylation of IKK in response to pro-inflammatory cytokines. NIK
deficient cells confirmed this and they retain responsiveness to treatment with either IL-1
or TNF, showing that these pathways do not rely on NIK for activation (Yin et al., 2001).

NIK is however required for activating NFxB transcriptional activity in response to

lymphotoxin B (Yin et al., 2001).

Another candidate for the IKK kinase is the TAK1/TAB complex. TGFf activated kinase
1 (TAKI1) is a kinase that was originally identified as a mediator of transforming growth
factor-B (TGFp) signalling, and is a member of the mitogen activated protein kinase
kinase kinase (MAP3K) family of proteins (Yamaguchi et al., 1995). TAKI1 activity is
dependent on the associated protein TAB1 (Shibuya et al., 1996), and this complex has
been shown to be activated in an IL-1 dependent manner, causing the activation of TAKI
kinase activity and association of the complex with TRAF6 (Ninomiya-Tsuji et al., 1999).
This association is mediated by an adopter molecule TAB2 (Takaesu et al., 2000). TAK1
has also been implicated in the activation and phosphorylation of the IKK complex in a
TRAF6 dependent manner (Wang et al, 2001). Uniquely the activation of TRAF6 is
shown to be a ubiquitin controlled event, but it is not dependent on protease activity

(Wang et al., 2001).

1.5.4 Receptor to IKK

Investigations into events further upstream of IKK phosphorylation have revealed the
existence of transitory multi-protein complexes at the IL-1 receptor. Thus upon
dimerisation, the IL-1RI/IL-1RAcP complex recruits the adapter molecde MyD88
(Burns et al., 1998; Muzio et al., 1997; Wesche et al., 1997). The importance of MyD88
to IL-1 signalling has been demonstrated in MyD88 deficient mice These mice show
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impaired responses to stimulation with IL-1 in terms of thymocyte proliferation and
production of acute phase proteins and pro-inflammatory cytokines such as TNFo and
IL-6 (Adachi et al, 1998). The protein contains two interaction domains, a Toll-IL-1
receptor (TIR) domain and a death domain (DD). The TIR domain indicates the
relationship between MyD88 and the IL-1 and Toll-like receptors (Hultmark, 1994) and
has been shown to mediate homotypic protein-protein interactions (Burns et al., 1998).
The DD, which is present in many other molecules such as RIP, FADD and TRADD, is
also well characterised in apoptosis pathways for its role in protein-protein interactions
(Boldin et al., 1995). The presence of these two interaction domains therefore suits the
function of MyD88 as an adapter molecule very well, allowing it to act as a link between
different proteins. Indeed, immuno-precipitation assays have shown that MyD88 can
interact with IL-1RAcP through its TIR domain (Muzio et al., 1997), while it interacts
with under-phosphorylated IL-1 Receptor Associated Kinase (IRAK) through its DD
(Wesche et al., 1997).

IRAK is a kinase which also has a DD and has been implicated in IL-1 signalling (Cao et
al., 1996a; Croston et al., 1995). IRAK is recruited to the IL-1 receptor complex upon IL~
1 stimulation in a process that is mediated by the IRAK binding protein Tollip (Burns et
al.,, 2000). A dominant negative truncated form of IRAK has been shown to inhibit IL-
IRI-IL/IRACP induced NKxB activation in gene reporter assays (Muzio et al., 1998).
Interestingly, the kinase activity of this molecule is not required for signalling to NFxB
(Li et al.,, 1999a; Vig et al., 1999) and MyD88 has been shown to preferentially interact
with underphosphorylated IRAK (Wesche et al., 1997). However, phosphorylation has
been shown to be followed by IRAK degradation in a proteasome dependent manner and
may therefore be a signal to limit IRAK activity (Yamin and Miller, 1997). The
requirement for IRAK in IL-1 signalling has been demonstrated using IRAK deficient
mice, since embryonic fibroblasts from these mice fail to activate NFxB in response to
treatment with IL-1, but not TNF. Also, the mice show attenuated, but not eradicated,
production of IL-6 and TNFo in response to injection with IL-1f (Thomas et al., 1999).
This implies that functional redundancy occurs with other members of the IRAK family.
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Four isoforms of the kinase exist, namely IRAK (IRAK-1), IRAK-2 (Muzio et al., 1997),
IRAK-M (Wesche et al., 1999) and IRAK-4 (Li et al., 2002), as well as a splice variant of
IRAK, IRAK-1b (Jensen and Whitehead, 2001). Studies have shown that IRAK-1 is
preferentially recruited to IL-1RAcP (Huang et al, 1997; Muzio et al., 1997), while
IRAK-2 is recruited to IL-1RI (Muzio et al, 1997). IRAK-M expression is mainly
restricted to myeloid cells (Wesche et al., 1999) and may be involved in negative
regulation of signalling (Kobayashi et al., 2002). IRAK-1b has been shown to have
similar properties to IRAK, but it does not undergo phosphorylation and is more stable
than IRAK-1 after IL-1 stimulation (Jensen and Whitehead, 2001). IRAK -4, unlike the
other IRAKSs, seems to require its kinase activity for signalling and this kinase activity is
required for its interaction with MyD88 and TRAF6 (Li et al, 2002). Furthermore,
IRAK-4 knockout cells are completely devoid of activation of NFxB and cytokine
production in response to treatment with IL-1 (Suzuki et al, 2002). Overexpression
studies in knockout cells indicate that IRAK-4 signals upstream of TRAF6 and
downstream of MyD88 (Suzuki et al., 2002). It may function to interact with and activate
IRAK -1, in a process that is reliant on its kinase activity (Li et al., 2002).

The recruitment of IRAK to the receptor complex has been shown to lead to the
recruitment of another protein called TNF Receptor Associated Factor 6 (TRAF6) (Cao et
al., 1996b). TRAF6 has been shown to te required for activation of NFkB and AP-1 in
response to IL-1 (Baud et al.,, 1999; Cao et al., 1996b). Since IRAK stimulation of NFxB
activity is inhibited by dominant negative TRAF6, this places TRAF6 downstream of
IRAK on the signalling pathway from IL-1 (Muzio et al., 1998). The structure of TRAF6
is shown in figure 1.54. It has an N-terminal RING finger and a Zinc finger domain,
followed by a coiled coil region and a well conserved C-terminal TRAF domain (Ishida
et al, 1996). Chimeric proteins that allow controlled oligomerisation of TRAF6 have
shown that this is an important event in the activation of both NFxB and AP-1 (Baud et
al,, 1999). These chimeras are truncated forms of TRAF6 and only possess the N-
terminal RING finger and Zn finger domains. Therefore, these data suggest that the
effecter activities of TRAF6 are only achieved when oligomerisation occurs through its

conserved C-terminal domain, which in tun is likely to lead to a stabilisation of the
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100 aa

Figure 1.5.4 Structure of TRAF6. Relative positions of each domain is shown. Ring and
Zinc fingers domains are important for NFkB and AP-1 activation, while the C-terminal
domain mediates protein-protein interactions. The bar represents a segment 100 amino

acids long.



interaction with its effecter molecules. The importance of TRAF6 in IL-1 signalling has
been shown through the use of knockout cells, which are defective in NFxB activation, as
well as JNK activation (Lomaga et al., 1999). A TRAF6 binding protein has also been
identified which binds TRAF6 in a manner that is mutually exclusive to that of IRAK-1,
and does not involve signalling to NFxB or JNK (Ling and Goeddel, 2000). A TRAF6
binding motif defined by the sequence Pro-X-Glu-X-X-Ar/Ac (aromatic/acidic) has been
identified and is found to be present in IRAK-1, IRAK-2 and IRAK-M (Ye ¢ al., 2002),
but it is not present in IRAK-4. The interaction of TRAF6 with IRAK-1 through this
motif then leads to the translocation of TRAF6 from the membrane to the cytosol where it
then interacts with and activates the TAKI/TAB complex (Qian et al., 2001). As
mentioned above this process is mediated by the adopter protein TAB2, which facilitates
the interaction of TRAF6 with the TAKI/TAB complex (Takaesu et al., 2000; Takaesu et
al.,, 2001). The TAK/TAB complex can then phosphorylate downstream targets such as
IKK.

1.5.5 Mitogen Activated Protein Kinases

The mitogen activated protein kinases (MAP kinases) are the second major targets of IL-
1 signalling. IL-1 has been shown to activate p38 MAP kinase and c-Jun N terminal
kinase (JNK) (Derijard et al., 1995; Lin et al, 1995; Raingeaud et al., 1995) and in
certain cell types p42/p44 MAP kinase (Bird, 1991; Guy et al., 1991). Furthermore,
knockout studies with cells deficient in p38c show that IL-1 loses its ability to induce IL-
6 production in MEF cells (Allen et al., 2000), while cells deficient in JNK1 and JNK2
have only partial responses to IL-1 in terms of induced AP-1 activity and induction of

collagenase-3 expression (Han et al., 2001).

The MAP kinases are activated by dual phosphorylation on the tripeptide Thr-X-Tyr
motif by upstream kinases MAP kinase kinases (MKK). In general, MKK3, MKK4 and
MKK6 are believed to phosphorylate p38, MKK4 and MKK7 are believed to
phosphorylate JNK, and MKKI1 and MKK2 are believed to phosphorylate p42/p44

(reviewed in Dong et al., 2002). MKK3 deficient cells however are still responsive to IL-
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1 induced p38 signalling but not TNFo, suggesting that MKK3 is not essential for p38
activation in response to IL-1 (Wysk et al., 1999). However, Mkk4 " cells are deficient in
p38 activation in response to IL-1, implicating this kinase in phosphorylation of p38
(Ganiatsas et al., 1998). MKK4 is also able to phosphorylate JNK along with MKK7
(reviewed in Davis, 2000). Using knockout cells it has been shown that Mkk7 " cells are
not responsive to IL-1 in terms of JNK activation, whereas as in Mkk4 " cells INK
activation is reduced but not abolished (Tournier et al., 2001). This suggests that MKK7
is essential for JNK activation in response to IL-1, whereas MKK4 is required for optimal
activation. Upstream of p42/44, IL-1 has been shown to activate MEK1 (Saklatvala et al.,
1993).

The proteins acting upstream of the MKKs are still unclear. MEKK]1, which has been
shown to be a potent activator of JNK activity (Minden et al., 1994), is also able to
interact with ECSIT (evolutionarily conserved signalling intermediate in Toll pathways),
a protein that seems to interact specifically with TRAF6 and can activate AP-1 activity as
well as NFxB (Kopp et al., 1999). However, knockout studies with Mekk! " cells call into
question its role in NFkB and JNK activation. The MekklI™™ cells indicate that
requirement for MEKK1 in IL-1 induced JNK activation seems to be cell type specific
and that it is not required for NFkB activation (Xia et al., 2000; Yujiri et al., 2000). It is
also possible that the effects of MEKKI may be masked by redundancy with other
MAPKKKs. TAKI is also another up-stream activator of the MAP kinase pathway that is
capable of activating JNK (Deng et al., 2000; Wang et al., 2001). The activation of
MKK1/2 is less clear, although activation of p42/44 by IL-1 has been shown to be
dependent on focal adhesion complexes (FAC), which may direct the activation of the
MAP kinase pathway leading to p42/44 (MacGillivray et al., 2000). IL-1 has also been
shown to activate Raf, a known activator of MKK1 (Huwiler et al., 1996). Evidence has
also been presented for the involvement of other small Gproteins in the activation of the
MAP kinase pathway in response to IL-1. Dominant negative Racl can inhibit IL-1
induced activation of p38 and JNK (Zhang et al., 1995) and has also been shown to be
involved in regulation of IL-1 stimulated transactivation of p65 through p38 and p42/p44
(Jefferies and O'Neill, 2000). Also, lethal toxin, which inactivates Ras, Rac and Rap by
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glucosylation, inhibits IL-1 induced activation of p38 (Palsson et al., 2000) and Ras has
been shown to be involved in activation of p38 MAP kinase in response to IL-1 in a
process that involves IRAK, IRAK-2, TRAF6 and TAKI (McDermott and O'Neill,
2002).

1.5.6. Bifurcation of the Pathway

The TAK/TAB complex represents a possible point of divergence of the IL-1 pathway to
the MAP kinases and NFxB. It has been shown to be activated by IL-1 in time dependent
manner and to specifically phosphorylate IKK[3 in a stimulus dependent manner (Wang et
al., 2001). Previous studies have shown that TAK1 mutants can inhibit the activation of
JNK by ceramide (Shirakabe et al., 1997), and that it is able to phosphorylate MKK6 and
MKK3, both upstream activators of p38 (Moriguchi et al., 1996; Wang et al., 2001).
Therefore, these data present evidence that TAK1 may activate both the pathways leading

to NFxB activation and MAP kinase activation.

Other evidence using IRAK mutants suggests that it may be a point of divergence in the
pathway. A deletion mutant on the unclassified N-terminal proximal region of IRAK was
shown to be impaired in its ability to activate NFxB while it retained its ability to activate
JNK (Li et al, 2001). This mutant was also impaired in its ability to bind TRAF6.
Experiments using truncated forms of TRAF6 also indicate a point of divergence at
TRAF6, since a C-terminal domain deleted mutant inhibits TLR induced NFxB
activation but not JNK activation (Muzio et al., 1998). TRAF6 however, has been shown

to be required for JNK activation (Lomaga et al., 1999).

1.5.7 Other IL-1 Induced Signals

IL-1RI has been shown to be capable of interacting with other signalling components
such as phosphatidylinositol 3 (PI3) kinase (Reddy et al., 1997). PI3 kinase activity is
induced by IL-1 and expression of the pl10 catalytic subunit of PI3 kinase can drive both
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NFxB and AP-1 activation (Reddy et al., 1997). The activation of NFxB transcriptional
activity by PI3 kinase is independent of IkBo. degradation and is via a transactivation
pathway that leads to phosphorylation of the p65 subunit of NFxB (Sizemore et al.,
1999). IL-1 induced PI3 kinase can also activate the anti apototic kinase, Akt (Chen et al.,
2002; Madge and Pober, 2000).

The protein kinase C (PKC) family of proteins has also been implicated in IL-1
signalling, however their participation in IL-1 responses remains controversial. Although
calphostin, an inhibitor of PKC, has been shown to inhibit IL-1 induced NFxB activation,
this activity is cell type specific (Bonizzi et al., 1999).

1.5.8 IL-18 Signalling

The features of IL-18 signalling so far described are very similar to those for IL-1 and
differences between their respective components have not yet been identified. Like IL-1,
activation of cells by IL-18 leads to NFxB activation (Matsumoto et al., 1997; Robinson
et al., 1997). This signalling has been shown to be dependent on MyD88 using Myd8§"
cells, which also fail to activate AP-1 in response to IL-18 (Adachi et al., 1998). IRAK
has also been shown to be phosphorylated in response to IL-18 (Robinson et al., 1997),
and in IRAK null cells, IL-18 signalling, in terms of IFN-y induction, is attenuated but
not eradicated, as is the case with IL-1 (Thomas et al., 1999). This suggests that the other
members of the IRAK family can compensate for the loss of IRAK. Activation of JNK in
response to IL-18 is however abolished in IRAK null cells, while NFxB activation is only
impaired (Kanakaraj et al., 1999). This suggests that IRAK may be a point of divergence
for signalling to NFxB or JNK, as has been suggested for IL-1 (Li et al,, 1999a). IL-18
has also been shown to induce the interaction of IRAK with TRAF 6 (Kojima et al.,
1998). In addition, IL-18 can induce serine phosphorylation of TABI1, while a kinase
dead mutant of TAKI inhibits IL-18 mediated NFxB activation (Wald et al., 2001). This
implicates the TAK/TAB complex in IL-18 signalling. Furthermore, it has been shown

that mutations in NEMO associated with an X-linked immunodeficiency disease leads to
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impaired IL-18 signalling (Doffinger et al., 2001). Finally, PI3 kinase inhibitors have
been shown to inhibit IL-18 induced adhesion molecule expression, suggesting that IL-18
may also be able to activate the PI3 kinase pathway (Morel et al,, 2001). However,
despite having very similar signalling pathways, mutant cells lines that are unresponsive
to IL-1 but are still capable of responding to IL-18 suggest that there are IL-18 signalling
components that are unique from those used by IL-1 (Wald et al., 2001).

1.6 Structural Aspects of the IL-1 Family
1.6.1 The B -Trefoil Fold

Crystal and nuclear magnetic resonance (NMR) structures of IL-1B (Clore et al., 1991;
Finzel et al., 1989; Priestle et al., 1988b; Veerapandian et al., 1992), IL-1o. (Graves et al.,
1990) and IL-1Ra (Schreuder et al., 1995; Vigers et al., 1994) have all been solved. These
studies show that all three family members have a common P-trefoil fold. This fold
groups the cytokines in a structural superfamily along with the Kunitz family of protease
inhibitors (Sweet et al., 1974), ricin-like toxins (Lord et al., 1994), histactophilin
(Habazetti et al., 1992) and fibroblast growth factors (Eriksson et al., 1991). The fold is
defined by three repeating units of a trefoil (Y) structure each consisting of four Bstrands
of two bonded pairs connected by three loops (Figure 1.6.1a). As a result, the structure
has a pseudo three-fold symmetry. The third loop of the repeat is longer than the first
two, allowing the last strand to fold back to associate with the first. The structure can thus
be viewed as consisting of the repeating BPBIBLP unit, where 1 is a short loop and L is a
long loop (figure 1.6.1b). The complete structure therefore consists of 12 [-strands. Six
strands, two from each trefoil unit, consisting of strands 1, 4, 5, 8, and 9, associate to
form an anti-parallel B-barrel. The other six strands form three hairpins consisting of
strands 2 and 3, 6 and 7 and 10 and 11, and form a cap at one end of the B-barrel in a
triangular triplet hairpin structure. This is illustrated in figure 1.62 with the barrel
structure represented by red strands and the cap structure represented by yellow strands.
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Figure 1.6.1 Repeating unit of P-trefoil. A)Schematic representation of the B-trefoil
structure. Three trefoil units assemble to form the fold with one hairpin forming part of
the barrel and the other contributing to the cap structure. This arrangement gives the
structure a pseudo three-fold symmetry. B) Structural sequence alignment highlights the
repeating unit of BIBIBLP, where 1 is a short loop and L is a long loop, as marked out by

red , green and blue lines.




Figure 1.6.2 Structure of IL-1p. The six stranded anti-parallel barrel (red) topped
by a three hairpin cap (yellow) are highlighted.



The members of this structural family, despite folding in a similar manner, do not share
any great sequence identity and neither do they have functional homology; the Kunitz
family bind tightly to and inhibit proteases, histactophilin binds and helps assemble actin
and FGF mediates mitogenic signals via cell surface receptors. Furthermore, they act in
both an extra-and intracellular context. Although they all act as ligands they do not all
share similarities in the type of molecules that they bind to or the regions in their tertiary
structure  with which this binding is associated. Despite this Ponting and Russell do
suggest that this fold may have arisen from a common ancestral protein in eukaryotic
cells (Ponting and Russell, 2000). Although the sequences of the family members vary
greatly they do exhibit conservation in terms of residue hydrophobicity and volume at
sites that are important for allowing the structural determinants of the fold to develop
(Murzin et al.,, 1992). These determinants include the geometry of the barrel and the cap,
and the interface of the two. In the case of the barrel the diameter of the barrel, the angle
between the axis of the barrel and the direction of the strands are important for
establishing a stable structure. For a [B-trefoil barrel with six [-strands the diameter of the
barrel is about 16 A and the angle between the strands is about 56° (Murzin et al., 1992).
The coiling of the hairpins in the cap, as well as the interaction between its residues and
those protruding from the barrel structure, are the key features that determine the cap’s
formation and stability.

1.6.2 The Barrel Structure

The barrel structure is made up of three layers of residues with each strand in the barrel
contributing one residue to each layer. The bottom layer is exposed to the solvent and the
residue side chains do not point to the interior of the barrel but out towards the solvent.
The residues that make up this layer are therefore quite heterogeneous in nature. The
middle and top layers are more conserved, with residues here being strongly
hydrophobic. Where hydrophilic residues do occur, their sidechains protrude through the
barrel to the surface. The middle layer is made up of tightly packed sidechains that fill the
interior of the protein. These residues must be fairly bulky in nature, thereby allowing the

residues to occupy the full interior of the barrel such that a diameter of 16 A is achieved.
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The mean volume of the residues in this layer are 170 A%, this is compared to 140 A for
an eight stranded barrel, which has a smaller interior (Murzin et al., 1992). The top layer
of the barrel has residues that are both large and hydrophobic, three of the residues reach
into the barrel interior while the remaining three point in the opposite direction and
interact with residues from the cap structure. Water molecules are also important in this
structure. Ordered water molecules in the structure act as hydrogen bond bridges between
strands in the barrel, in particular the residues LeulO and Val40 in IL-1f are linked by a
water molecule in this way. This seems to be a very important bond since a Thr9Gly
mutant in IL-1B is lacking this water molecule and it has relatively unchanged receptor

binding activity but 200 fold decreased biological activity (Simon et al., 1993).

1.6.3 The Hairpin Triplet

The strands of the hairpin triplet are coiled in such a way that the inner and outer strands
can be defined. Inner strands hydrogen bond, not only to the other strand in the hairpin,
but also form inter-hairpin hydrogen bonds. Outer strands however, only form hydrogen
bonds with the inner strand of their hairpin (Figure 1.6.3). In IL-1 only two of the inner
strands form hydrogen bonds directly with the other, the third strands forms hydrogen
bonds with the other through a water molecule. Like the barrel, the cap structure is made
up of layers of amino acids. There are two layers in this structure with the top layer
furthest away from the barrel. They are made up of hydrophobic residues and very often
these positions are filled by leucine or valine residues. The second layer is proximal to
the barrel and three residues, one from each of the outer strands, make up this layer along
with three residues pointing downwards from the barrel. These interlocking residues

therefore form the interface of the barrel and the cap.

1.6.4 Loop Structures

The loops of the B-trefoil structures vary greatly in length, amino acid sequence and in

the confirmations they adopt. They act to cover most of the barrel and cap such that these
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'Figure 1.6.3 Schematic representation of the arrangement of B-strands in the triangular
‘cap in IL-1B. The strands of the cap are shown by green , blue or orange arrows, the black
lines represent the approximate position of hydrogen bonds between the B-strands, based on

‘the structure of IL-1P.
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become buried with the loop structures and make up about 70% of the exposed surface of
the protein. This ability of the fold to accommodate such variations in loop structures
means that it is ideally suited to being capable of adapting the fold to different functions.
It also indicates that any conservation in the fold is likely to occur at sites that form the
core layers of the barrel and cap structures, whereas evolution of functional divergence is

likely to arise from variation in the sequence of the loops.

1.6.5 Structure of IL-1RI

The structure of the IL-1 receptor consists of three repeated domains with an
immunoglobulin (Ig) like fold (Schreuder et al., 1997; Vigers et al., 1997). Each consists
of two [3-sheets packed against each other in a [-sandwich structure. In a generalised
format each domain consists of seven [-strands, named A to G from the N to the C
terminus. Four P-strands contribute to one sheet in the sandwich and three to the other.
Each domain is linked by a flexible linker region, which is longer between domains 1 and
2 than between domains 2 and 3. All three domains have a conserved pair of cysteines, as
found in other Ig domains, and also have a conserved tryptophan about 14 residues after
the first cysteine. Domains 1 and 2 are held together by a disulphide bond between
Cys104 on the linker of the two domains and Cys147, on the loop between strand C2 and
D2 (Figure 1.6.4). In the ligand bound form domains 1 and 2 form a groove into which
the ligand can bind, and in this way the domains form a cap over half of the hairpin
structure and one side of the [-barrel (Figure 1.6.5). Also, the linker between domain 2
and 3 is almost completely stretched out in such a way that domain 3 lies below and
almost at right angles to the cap structure of domains 1 and 2, and gives the receptor a
very open structure allowing accommodation of the ligand. However, it is not known
whether this is the conformation of the unbound receptor. The crystal structure of a
21mer peptide inhibitor bound form of the receptor has also been solved (Vigers et al.,
2000). This structure shows a much more compact receptor with domain 3 rotated by
about 170° relative to its position in the ligand bound form and also with the ligand

binding region twisted such that it points away from the centre of the structure (Figure
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Figure 1.6.4 Structure of IL-1RI domains 1 and 2 linked by a disulphide bond. Domains 1 and
2 of the IL-1B bound form of IL-1RI are shown with the N terminus of domain 1 highlighted in
green and the C terminus of domain 2 highlighted in red. The position of disulphide bonds in the

domains is depicted in stick representation with the residues Cys104 and Cys147 labelled to
highlight the bond linking domains 1 and 2.



1.6.6). This shows the degree of flexibility of this linker region and that the three Ig

domains are not at all restrained in the conformations that they can adopt.

1.6.6 Structural Determinants of IL-13 and IL-1Ra Receptor Binding

The structures of IL-1B (Vigers et al, 1997) and IL-1Ra (Schreuder et al., 1997) in
complex with IL-1RI have both been solved. The solving of these structures revealed a
new mode of cytokine binding, which is seen as similar but distinct from the bnding
mode of fibroblast growth factor, which binds a receptor with two immunoglobulin-like
domains but in a manner different to that of IL-1 (Plotnikov et al.,, 2001). The overall
binding of IL-1 resembles that of the ligand being surrounded by a question mark (Figure
1.6.5). This is more pronounced in the structure of IL-1p bound to the receptor, where the
membrane proximal domain (domain 3) is rotated by approximately 20° relative to that of
the IL-1Ra bound receptor. This is due in part to the loop between strands 7 and 8 of IL-
1B. This loop is highly solvent accessible in the unbound form and has a patch of
positively charged lysines at its centre. The side chains of these residues point out into the
solvent and are thereby able to interact with an oppositely charged patch of aspartate and
glutamate residues on domain 3 of the receptor. This patch of residues is located on a
loop between strands C and D of the third Ig domain (-strands which are positioned in
such a way that they point up towards the ligand (Figure 1.6.5). This rotation, to a more
closed structure in the IL-1 complex, is made possible by the flexible linker region
between domains 2 and 3 of the receptor. IL-1Ra on the other hand does not have a
similarly charged positive patch on its 7-8 loop and therefore is unable to interact well
with the distant domain 3. The loop between strands 4 and 5 of IL-18 also interacts with
an area on domain 3, nearer the linker region than that which interacts with the charged
patch of loop 78. The residues in this loop bind to residues on and between B-strands F
and G of domain 3 using a combination of hydrophilic and hydrophobic interactions. IL-
1Ra also interacts with the receptor in this region close to the top of domain 3, even
though the loop in the ligand is much shorter in this region than in IL-1B. However,

mutagenesis studies have shown that insertion of the loop from IL-1B can increase the
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Domain 1

Domain 3

Figure 1.6.6 Structure of IL-1RI with a bound peptide inhibitor. IL-1RI is shown in
yellow, with the 21mer peptide (ETPFTWEESNAYYWQPYALPL) shown in green. The
position of the loop which interacts with loop 7-8 of the bound IL-1f ligand is shown in
blue, highlighting that domain 3 is twisted by 170° relative to the ligand bound structure.



agonist properties of the IL-1Ra K145D mutant (Greenfeder et al., 1995b, see section
1.6.7). Furthermore, partial deletion of the loop from IL-1f reduces receptor binding 10
fold and biological activity 1,000 fold (Simoncsits et al., 1994), while insertion of the
short loop from IL-1Ra into IL-1P also reduces the biological activity and receptor
binding affinity of IL-13 1,000 fold (Boraschi et al., 1995) clearly suggesting that the
length of this loop is important for receptor binding and biological activity.

The binding at domains 1 and 2 is more conserved between IL-1f and IL-1Ra, and
contacts are made to strands Al, loop B1-Cl1, A2, B2, and loop B2-C2. The residues
involved in this binding overlap in both IL-1B and IL-1Ra and consist of residues from -
strands 1, 2, 3, 10, 11 and 12, and the loops 1-2, 2-3 and 3-4. The largest of these loops,
the loop between strands 3 and 4, fits in the groove between domains 1 and 2. In most
cases the interactions in this region are hydrophilic in nature. There are more residues
involved in IL-1Ra binding to domains 1 and 2 than for that of IL-1f, which may
compensate for its lack of strong binding through domain 3 and therefore still allow tight
binding. Indeed, a truncated form of the receptor<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>