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Abstract

Systemic Lupus Erythematosus (SLE) is an autoimmune disease characterised by the
presence of a wide range of autoantibodies. A subset of SLE patients have autoantibodies
against the 90 kDa heat shock protein (hsp90.) This protein is overexpressed in the
peripheral blood mononuclear cells (PBMCs) SLE patients from this group as compared
to healthy controls. Hsp90 is a cytoplasmic protein that acts as a chaperone, and has two
isoforms alpha and beta, which are products of separate genes. The elevated level of
hsp90 in SLE correlates with increased expression of the beta isoform. The enhanced
level of protein within the cell may cause surface expression of the molecule, thus
making it a target for the immune system

The cytokines interleukin-6 (IL-6) and interleukin-10 (IL-10) are reported to be elevated
in the serum of SLE patients in comparison to healthy controls, and correlate with disease
activity. In murine lupus models the use of anti-IL-6 and anti-IL-10 therapy has relieved
the symptoms of the disease and prolonged life. IL-6 and IL-10 can activate the
expression of the hsp90p gene in both liver cells and PBMCs. In the IL-6 overexpressing
transgenic mouse the increased concentrations of the cytokine led to elevated levels of
hsp90 and autoantibodies against this protein. This suggests that IL-6 may have a role in
the pathogenesis of SLE.

This investigation initially looked at the differences in the expression of the two hsp90
isoforms in response to cytokines, to try and identify why only the beta form is elevated
in SLE patients. Constructs of the promoter region of each hsp90 gene upstream of the
Chloramphenicol Acetyl Transferase reporter gene were obtained. A hepatic cell line was
used to measure protein levels and CAT activity of each hsp90 isoform upon exposure to
cytokine and heat shock. IL-6, IL-10 and IFN activated the beta promotery. However
hsp90a. was only activated by IL-6 and IL-10, not IFNy. These results suggest that the
differences seen in the SLE patients maybe due to elevated levels of IFNy.

Previous investigations into the correlation between IL-6 or IL-10 and disease activity in
SLE have used an overall disease activity index. The British Isles Lupus Assessment
Group system records the severity of disease in each of eight categories, from which a
global score can be derived. The plasma levels of IFNy, IL6 and IL-10 in SLE patients
were measured by ELISA to identify any relationship with disease activity in each
BILAG category. Elevated levels of IL-6 were detected in 52% patients, and 16% patients
had increased levels of IL-10. Elevated levels of IFNy were not detected. The
concentration of IL-6 correlated with the global score and levels of hsp90. There were no
other significant correlations between cytokine levels and disease activity.

The increased levels of IL-6 seen in the plasma of SLE patients correlated well with the
hsp90 content of PBMCs from the same patients. This suggests that elevated IL-6 causes
increased transcription of hsp90. IL-6 induced the expression of both isoforms of hsp90
in vitro. Therefore correlation between hsp90 protein levels and the transcription of the
beta isoform reported previously may be due to a greater abundance of the beta form.
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Chapter 1 Introduction

1.1 The Immune system

The maintenance of a constant environment within an organism is paramount to
survival. The body is constantly under attack from pathogens and infective agents.
The immune system has evolved to defend the body in four mains ways: (a)
distinguishing self from non self; (b) responding specifically to the wide range of
foreign molecules; (c) priming the system by increasing the response to an antigen
during the primary exposure; (d) developing “memory” so that during a second
encounter with a specific antigen the response is faster and more effective. These
antigen specific roles are mainly carried out by lymphocyte cells, which are either
thymus derived (T cells) or bone marrow derived (B cells).

B cells produce proteins called immunoglobulins or antibodies that recognise specific
epitopes on antigens. The membrane bound form of these proteins act as receptors for
soluble antigens, stimulating the cells into clonal expansion, and production of
secreted immunoglobulins. T cells have one of two types of antigen receptor that
recognise cell derived antigenic peptides in association with either Class I or Class II
major histocompatability components. Upon stimulation T cells can develop several
functions such as the ability to kill target cells, as well as regulatory roles which are
mainly achieved by the secretion of molecules called cytokines. Murine studies have
shown that T cell clones can be generated which express specific functional
properties. T helper-1 (Tyl) cells primarily produce interleukin -2 (IL-2) and
interferon-y (IFNy) which regulate the activity of T helper-2 (TH2) cells. Ty2 cells
help B cell differentiation and immunoglobulin (Ig) production by producing IL-4, IL-
5 and IL-6. (Mosmann et al 1986) IL-10 is also produced by Ty2 cells, and acts as a

negative feedback as it suppresses the activity of Tyl cells. It has not been easy to
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identify such clones in humans, so T cells may not differentiate in the same way into
defined subsets.

Although there are a large number of cytokines used to regulate the action of the
immune system (See Table 1.1) However only three of these cytokines were of

interest in this study: IL-6, IL-10 and IFN-y. These are described in detail below.

1.2 Interleukin-6

In the presence of antigen B cells are stimulated to produce antibodies, but only in the
company of T cells and macrophages. Soluble factors produced by these accessory
cells are required for the growth and differentiation of B cells. In the early 1980’s two
different factors, B cell growth factor (BCGF) and B cell differentiation factor
(BCDF) were shown to be essential for B cell differentiation (Yoshizaki et al 1982,
Hirano et al 1984.) IgG secretion by the Epstein Barr virus (EBV) transformed human
blastoid B cell line (CESS) was induced by the addition of BCDF, now called B cell
stimulatory factor 2 (BSF-2) found in the supernatant of phytohaemagluttinin (PHA)
stimulated (Muraguchi et al 1981) or antigen stimulated (Teranishi ez al 1982) T cells.
BSF-2/BCDF was shown to be separable from other factors such as IL-2 and BCGF.
It acts in the late phase to induce Ig production in EBV-transformed B cells or antigen
stimulated normal B cells, provided that IL-2 and BCGF are present. (Yoshizaki et al
1982, Hirano et al 1984.)

In 1985 Hirano et al used the human T cell leukaemic virus transformed T cell line
(TCL-Nal) which secretes BCDF to purify the factor to homogeneity. The N terminal
amino acid sequence was determined and used to make an antibody to show this

factor was structurally and functionally distinct from other known proteins (Hirano et
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Table 1.1 Cytokine origins and functions.(Adapted from Morrow et al 1999)

Cytokine | Source [ Effector Function
Interleukins (ILs)
IL-1 Macrophages, Immune activation: induces an inflammatory
Fibroblasts response
IL-2 Primarily T cells | Activates T (and NK) cells and supports their
growth.
IL-3 T cells Promotes growth of haemopoietic cells
IL-4 T Helper cells Lymphocyte growth factor; involved in IgE
responses
IL-S T Helper cells Promotes growth of B cells and eosinophils
IL-6 Fibroblasts Promotes B cell growth and immunoglobulin
production
IL-7 Bone marrow | Lymphocyte growth factor, important in the
stromal cells development of immature cells
IL-8 Macrophages Chemoattractant
IL-9 T cells Promotes growth of T cells
IL-10 T cells, activated | Inhibits the production of IFN-y, IL-1, IL-6,
monocytes TNF-o and antigen presentation
IL-11 Stromal cells Induces acute phase proteins
IL-12 Monocytes, Augments Ty1 responses and induces
macrophages IFN-y
IL-13 T cells Stimulates B cells
IL-16 CD8 T cells Chemotaxis of T cells and eosinophils
Colony Stimulating Factors (CSFs)
GM- CSF Primarily T cells | Promotes the growth of monomyelocytic cells
G-CSF Primarily Promotes the growth of myeloid cells
monocytes
M-CSF Primarily Promotes growth of macrophages
monocytes
Steel factor Stromal cells Promotes stem cell division
Tumour Necrosis factors (TNFs)
TNFo Macrophages, Stimulates generalised immune activation as
well as tumour necrosis.
TNFB T cells Stimulates immune activation and generalised
vascular effects
Interferons (IFNs)
IFNa Leukocytes Immune activation and modulation
IFNB Fibroblasts Immune activation and modulation
IFNy T and NK cells Immune activation and modulation
Chemokines
o e.g. IL-8, NAP-2 | Macrophages Chemotactic for neutrophils
B e.g. MCP, MIP, | Macrophages Chemotactic for T cells
RANTES T cells
Others
TGFpB Platelets Immunoinhibitory but stimulates connective
tissue growth and collagen formation
LIF T cells Promotes growth of embryonic stem cells;
Chemoattractant & activator of eosinophils

Abbreviations: TGF- transforming growth factor; GM- granulocyte/macrophage; G —
granulocyte; M- monocyte; NK — natural killer.
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al 1987.) The basis of the amino acid sequence was also used to clone the cDNA for
BSF-2 revealing that it was a new interleukin made up of 184 amino acids (Hirano et
al 1986.)

In 1980 Wiessenbach et al described a novel interferon (IFN) mRNA induced by poly

(tI)-poly(rC) and cycloheximide in fibroblasts. The 26kDa product was named IFNB2

due to its antiviral activity that could be inhibited by antibody to IFNP. Another group
however cloned the same mRNA species but found the 26kDa product had no
antiviral activity, or serological similarity to IFN (Content et al 1982). The cloning
of these molecules showed that they were identical to one another, and to BSF-2.
(Zilberstein et al 1986, Haegemann et al 1986.) In 1987 Poupart et al expressed the
26kDa cDNA in Xenopus oocytes to obtain a pure protein, which had no antiviral
activity, but stimulated B cell growth and differentiation. It was confirmed to be the
same as BSF-2 and as the amino acid sequence was now known, the name interleukin
-6 (IL-6) was proposed.

Tissue injury can lead to acute inflammation that is accompanied by changes in many
plasma proteins. The liver produces acute phase protein so a chemical mediator is
needed to cause these changes in synthesis when the site of injury is elsewhere in the
body. Hepatocyte stimulatory factor was purified from the supernatant of activated
monocytes, and was found to increase the production of acute phase proteins. This
effect was also caused by the immunologically similar purified BSF2, and the two
factors were found to be identical. (Gauldie et al, 1987, Andus et al, 1987)

In 1986 Van Snick et al identified a T cell derived lymphokine by its ability to
support the growth of a B cell hybridoma, and called it interleukin-HP1 as it also
supported the growth of a murine plastocytoma in vivo. The N terminal amino acids

sequence of a human cytokine that displayed similar activity was determined and was
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found to be identical to BSF-2 (IL-6) (Van Damme et al 1987.) The subsequent
cDNA cloning identified this factor as a murine homologue of IL-6.

The discovery and molecular cloning of IL-6 indicated that this cytokine has a wide
range of functions, and effects on various tissues and cells. Table 1.2 summarises

factors that have been found to be identical to IL-6.

1.2.1 Regulation of IL-6 production

IL-6 is produced by various lymphoid and non-lymphoid cell types, such as T cells, B
cells, macrophages, fibroblasts, endothelial cells as well as several tumour cell lines.
Normal T cells generate IL-6 in a macrophage dependent manner, while monocytes
produce the cytokine in the absence of stimulation in culture in vitro (Horii et al
1988.)

The production of IL-6 can be regulated by a variety of stimuli. Lipopolysaccharide
(LPS) causes IL-6 production in fibroblasts and monocytes (Helfgott et al 1987, Horii
et al 1988). IL-1, IFNy, Tumour necrosis factor (TNF), and platelet derived growth
factor (PDGF) all induce IL-6 gene expression in a range of cell types (Kohase et al
1986, Van Damme et al 1987, Walther et al 1988, Leeuwenberg et al 1990). Phorbol
esters, activators of adenylate cyclase and other factors that cause an increase in
intracellular cAMP induce a dramatic and sustained increase in IL-6 production
(Zhang et al 1988, Smeland et al 1989.) Viral infection of fibroblasts also induced IL-
6 production, possibly as part of the acute phase response (Sehgal et al 1988.) The

cytokines IL-4 and IL-10 inhibit IL-6 production by monocytes (te Velde et al 1990,
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Table 1.2 Factors that have turned out to be identical to IL-6 (from Akira et al 1993)

B cell stimulatory factor (BSF-2)

B cell differentiation factor (BCDF)
Interferon-f3;

26-kDa protein

Hybridoma/plastocytoma growth factor (HPGF)
Interleukin hybridoma plastocytoma 1 (IL-HP1)
Plastocytoma growth factor (PCT-GF)
Hepatocyte-stimulating factor

Macrophage granulocyte- inducing factor 2 (MGI-2)
Cytotoxic T cell differentiation factor (CDF)
Thrombopoietin
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Fiorentino et al 1991a , 1991b). The glucocorticoid dexamethasone also has an anti-
inflammatory effect, decreasing IL-6 expression in stimulated monocytes (Amano et
al 1993.)

The promoter region from -109 to -50 of the IL-6 gene is necessary for the response to
IL-1 and TNF. A protein was identified that binds to bases -72 to -63 upon stimulation
by these factors, and is similar to the transcription factor NF-Kappa B (NFKB)
(Zhang et al 1990). A palindromic 14bp sequence was found in the promoter region,
and identified as the IL-1 responsive element. Two nuclear factors were found to bind
to this element, one constitutive and one inducible which was called nuclear factor IL-

6 (NFIL-6) (Isshiki ef al 1990.)

1.2.2  Structure of IL-6

The cloning of human IL-6 in 1986 by Hirano et al/ (1986) identified it as a novel 184
amino acid interleukin with two potential N glycosylation sites and four cysteine
residues. It has a molecular mass in the range of 23-30 kDa depending on the cellular
source and preparation. This variability is due to post translational modifications such
as N and O linked glycosylation and phosphorylation, but these do not have any effect
on the biological activity of the cytokine (May et al 1988a,b.) Comparison with the
murine cDNA shows 65% homology at the DNA level and 45% identity at the protein
level. The position of four cysteine residues is completely conserved and the nine
amino acids (56 - 65) between two of these residues (50 and 73) are identical
suggesting a critical role in the structure and functionality of the molecule (Tanabe et
al 1988.) A similar motif can be found in granulocyte colony stimulating factor (G-
CSF), which shows a significant overall homology to IL-6. This finding suggests that

these molecules may possess a similar tertiary structure.
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1.2.3  The IL-6 receptor, gp80

In 1987 Taga et al used iodinated recombinant IL-6 to identify receptors for the
interleukin. These were found to be widely distributed in several cell lines and tissues
including histiocytic, promyelocytic, astrocytoma and glioblastoma cells. Normal B
cells were found to only express the receptor upon activation, whereas T cells express
the receptor constitutively. The binding of the recombinant cytokine was not
competed out by GCSF or IFNP, and was also similar to the native protein, indicating
that the glycosylation is not important in binding. The receptor dynamics indicated
that there was a single high affinity binding site. This is contrary to the findings of
Yamasaki et al (1988) who cloned a receptor which coded for both high and low
affinity binding sites.

The 468 residue receptor known as gp80, was found to lack a cytoplasmic tyrosine
kinase domain, but does include 90 amino acids that formed a domain similar to the
C2 domain of the Ig superfamily. This region is not needed for IL-6 binding or signal
transduction (Yawata et al 1993.) The receptor also contains a type III fibronectin
domain in the C terminal extracellular domain (Patthy 1990.) Within this domain is
the WSXWS motif that is common to all members of the type 1 cytokine receptor
family. Later mutational analysis showed that the 39 amino acids critical for IL-6
binding in the receptor were contained in the hinge region between the two ‘barrels’
of the type III fibronectin domain, which contains the WSXWS motif (Yawata et al
1993).

Taga et al (1989) proved that the IL-6 receptor, gp80, is the only protein on the cell
surface that binds to the cytokine. The ligand binding causes the receptor complex to
associate with another membrane glycoprotein gp130, which provides the signal. The

association between these two glycoproteins occurs extracellularly as the same effect
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could be achieved in the presence of IL-6 using a soluble form of the gp80 receptor
that lacked the transmembrane and cytoplasmic domains. The residues required for
binding of gp80 to the signal transduction receptor gpl30 are all located in the
proximal half of the second barrel of the fibronectin domain (Yawata et al 1993).

A soluble form of the IL-6 receptor, gp80 is also found in the serum. Horiuchi et al
(1994) demonstrated that the transmembrane domain could be deleted by alternative
splicing of mRNA, whereas Mullberg ef al (1993a) reported that proteolytic cleavage
regulated by protein kinase C led to the production of the soluble receptor. In vivo it is
not clear which of these mechanisms occurs. This receptor can still mediate IL-6
signalling, and acts as an agonist, making cells expressing gp130 IL-6 responsive

(Suzuki et al 1993.)

1.2.4 The signal transducing receptor, gp130

As the name suggests gp130 is a 130kDa glycoprotein that is ubiquitously expressed.
It acts as a common signalling molecule for all the IL-6-like cytokines, including IL-
11, leukaemia inhibitory factor (LIF), ciliary neurotrophic factor (CNTF),
cardotrophin-1 and oncostatin M (OSM). It is made up of 918 amino acids with a
single transmembrane ddmain. The extracellular domain contains six units of the type
II fibronectin module. The intracytoplasmic region has a GTP binding like motif
(Hibi et al 1990.) The intracellular region proximal to the membrane is essential for
signal transduction. It contains two short sequences, called box1 and box 2, which are
conserved among other cytokine receptors, suggesting that these sites may be areas
where common signalling molecules such as intracellular kinases may interact. Box 1
contains a proline - any amino acid - proline (PXP) sequence that is required for
tyrosine phosphorylation following activation of the receptor. Mutation of these

proline residues abolishes the response to IL-6 (Murakami et al 1991.). It was later
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discovered that this is the region where the Janus kinases associate with the signal
transducing molecule (Murakami et al 1993.)

IL-6 is bound with a low affinity to the IL-6 receptor gp80. However when the gp80 -
gp130 interaction occurs, a high affinity binding site is formed due to the extracellular
association with gp130 (Taga et al 1989.) In the unstimulated cell gp130 exists as a
monomer. Upon interaction with IL-6 bound to gp80, the gp130 molecule forms a
homodimer via a disulphide bond, and becomes phosphorylated on tyrosine residues
(Murakami et al 1992.) This results in the formation of a hexamer containing two
molecules each of IL-6, gp80 and gpl30. The N terminal immunoglobulin-like
extracellular domain of gp130 is thought to stabilise this structure, as removal of this
region reduces the activity of IL-6 (Hammacher et al 1998, Kurth et al 1999.)
Residues Y190 and F191 within this domain are required for the interaction with IL-6,
as well as IL-11, suggesting that this may be a common mechanism of recognition for

helical cytokines by class I cytokine receptors (Kurth ez al 1999.)

In the absence of ligand gp130 associates via the box 1 motif with the Janus kinases
JAK1 and JAK?2 (Lutticken et al 1994, Narazaki et al 1994, Stahl et al 1994.) These
kinases become activated upon dimerisation of gp130, and phosphorylate tyrosine
residues in gpl130 and latent cytoplasmic signal transducer and activation of
transcription (STAT) proteins, STAT1 and STAT3 (Feldman et al 1994.) Mutant
forms of gp130, lacking the box 1 motif can still form dimers, even though the kinase
activity is abolished, indicating that activation is not essential for dimerisation
(Murakami et al 1993.) Monomers of gp130 are basally phosphorylated on serine and
threonine residues, but upon JAK activation, the level of phosphorylation on these
amino acids increases, and phosphorylation also occurs on tyrosine residues

(Murakami et al 1993.)
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The intracytoplasmic domain of gp130 also contains four box3 motifs, which have the
consensus sequence YXXQ. These act as docking sites for the STAT proteins, and are
essential for STAT3 signal transduction (Lai et al 1995.) The motifs containing Y905
and Y915, which have the sequence YXPQ, can recruit STAT1 and STAT3, whereas
those containing Y767 and Y814 can only bind STAT3 (Gerhartz et al 1996.) (Figure
1.1) This may explain why STAT3 is preferentially activated in comparison to
STATI1, and also indicates that the specificity of STAT molecules activated is
dependent on the make up of the tyrosine motif.

gp130 can also signal in a STAT independent manner. Mutation of the box 3 motif
abolishes the activation of gene expression of several acute phase proteins including
haptoglobin. However the transcription of o- macroglobulin is still upregulated.
SH2-containing protein tyrosine phosphatase-2 (SHP2), binds to a site next to box 3
on gpl30, and becomes activated. This in turn stimulates the mitogen activated
protein kinase (MAPK) pathway. This is an alternative signalling pathway that is used
by IL-6 to activate another family of transcription factors, NFIL6 and NFIL6.
Binding of SHP2 is normally hindered by STAT3, but in the presence of a mutant box
3 it can access the site, and leads to prolonged MAPK activation. Therefore SHP2 and
STAT3 compete with each to bind to gp130, leading to the activation of both the
JAK/STAT pathway and MAPK cascade. This system demonstrates a degree of

regulation and the cross talk between the two pathways that activate both sets of IL-6
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transcription factors; the STATs by the JAK kinases and the NFIL-6 family by the
MAPK cascade.

Following IL-6 binding gp130 is internalised, along with gp80 and the bound ligand.
gp130 is a crucial component for this endocytosis as the cytoplasmic domain contains
a di-leucine internalisation motif, which is important for both internalisation and
ligand-induced down regulation of the receptor (Dittrich et al 1994, 1996.) This is
also a method of removal from the body fluids of soluble gp80, and does not require
the activation of the Jak/STAT pathway (Thiel et al 1998.)

A soluble form of gp130 can be formed either by shedding in a non PKC regulated
manner (Mullberg et al 1993b) or by alternative splicing (Diamant et al 1997.) It can
still form a complex with sgp80 in the presence of IL-6 but acts antagonistically. It
has the potential to inhibit signals from other cytokines through gpl130 in vivo

(Narasaki et al 1993.)

1.2.5 Signaling pathways of IL-6

IL-6 activates expression of two sets target genmes through different signaling
pathways using either NFIL6 or STAT3 as a transcription factor. Class I acute phase
proteins (e.g. C-reactivéprotein, serum amyloid, ai-acetic glycoprotein) are expressed
in response to IL-1, TNFa and LPS, as well as IL-6. These cytokines activate only the
NFIL6 and NFIL6p pathway, as the promoters of class I acute phase proteins contain
responsive elements for these transcription factors (Akira and Kishimoto 1992, Ganter
et al 1989.) Class II acute phase proteins (such as fibrinogen, a-microglobin, and

thiostatin), however, contain STAT3 responsive elements, so expression is activated

by IL-6 but not IL-1 (Olivero and Cortese 1989.)
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1.2.5.1 NFIL-6 and NFIL-6§3

NF-IL6 was originally identified as a nuclear factor that binds to the 14bp
palindromic region in the IL-1 responsive region of the IL-6 gene (Isshiki et al 1990.)
Cloning of the molecule identified it as a member of the CAAT element binding
protein (C/EBP) family, and is also known as C/EBP. NFIL-6 has a high degree of
homology with C/EBP in the areas responsible for DNA binding and dimerisation, the
C terminal basic and leucine zipper (bZIP) domains (Akira et al 1990.)

This transcription factor is essential for the development of B lymphocytes. Knockout
mice lacking the gene for NFIL-6 are susceptible to infection by facultative
intracellular organisms, such as Salmonella typhimurium (Tanaka et al 1995.) This is
due to impairment of macrophage activity as NFIL-6 is required for the differentiation
and activation of these cells (Natsuka et al 1992.)

The protein is expressed constitutively as low levels in all tissues, but only becomes
active after stimulation by inflammatory stimuli such as IL-1, LPS or IL-6. This
process is induced by phosphorylation of Thr 235, which is surrounded a consensus
sequence for MAP kinase recognition. A ras-dependent MAP kinases has been shown
to activate NFIL-6 in this manner (Nakajima et al 1993.) The phosphorylation of Thr
235 removes the masking of the amino terminal transactivation domain by the
inhibitory domain, found between bZIP and the transactivation domain (Kowen-Leutz
et al 1994.) As NFIL-6 is activated by IL-6 this indicates that both the MAPK cascade
and Jak/STAT pathway are involved in the signal transduction.

Another member of the C/EBP family, C/EBPd or NFIL-6f also activates genes in
response to IL-6. It is also expressed at very low levels in all tissues, but levels of the
protein are rapidly elevated following exposure to inflammatory stimuli (Kinoshita et

al 1992.) Therefore, unlike NFIL-6 that is activated post-translationally, NFIL-6(3
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activation is regulated at the level of transcription (Ramji et a/ 1993.) Binding of
STATS3, but not STAT1, and Sp1 to the promoter region induces this increase in gene

expression (Cantwell et al 1998.)

1.25.2 JAK/STAT pathway

As described above IL-6 ligand binding to its receptor leads to the phosphorylation
and activation of Jak kinases and subsequently the transcription factors STAT3, and
to a lesser extent, STAT1. The JAK/STAT pathway is also used by many other

cytokines, including IL-10 and IFNy, so is therefore discussed fully in section 1.5

1.3 Interleukin-10

IL-10 was originally identified as cytokine synthesis inhibitory factor (CSIF) which is
produced by antigen stimulated murine Ty2 clones, and suppresses the synthesis of
several other cytokines including IL-2, IL-3, IFNy, TNF and GM-CSF by Tyl cells
(Fiorentino et al 1989.) The development of monoclonal antibodies to IL-10
confirmed that this cytokine is responsible for most of the Ty2 cell supernatant ability
to inhibit Tyl clone cytokine synthesis. Only Tu2, and not Tyl cells produce IL-10
(Mosmann et al 1990)

The major role of IL-10 is as an anti-inflammatory molecule. It acts on antigen
presenting cells to inhibit [FNy production by Tyl cells (Fiorentino et a/ 1991a.) IL-
10 suppresses the synthesis of TNFa, IL-1 and IL-6 from activated macrophages, and
IL-1a, IL-1B, IL-6, IL-8, TNFoa, GM-CSF, and G-CSF in activated monocytes
(Bogdan et al 1991, Fiorentino et al 1991b, Ralph et al 1992.) This effect is
autoregulatory as IL-10 also strongly inhibits IL-10 mRNA synthesis in activated

monocytes (de Waal Malefyt et al 1991.)
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IL-10 also acts as an immunosuppressive. Antigen specific T cell proliferation is
prevented by IL-10 due to inhibition of the antigen presenting capacity of monocytes
through down regulation of the MHC Class II antigens (de Waal- Malefyt et al
1991b.) It also reduces IL-12 production in activated PBMCs by inhibiting the IL-2
induced IFNy and TNFa production by macrophages and monocytes (D’ Andrea et al
1993.) However IL-10 does not effect the IL-2 induced proliferation of PBMCs (Hsu
et al 1992), although resting T cell growth is suppressed when macrophages are used
as accessory cells. IL-10 may reduce the expression of a critical co-stimulatory
molecule such as IL-2 and/or IFNy that is constitutively produced by other accessory
cells (Ding and Shevach 1992, Taga and Tosato 1992.) The inhibition of IL-2
production by IL-10 also prevents the growth of T cells, in the absence of monocytes,
when stimulated with monoclonal antibodies (Taga e? a/ 1993.) The decrease in IFNy
levels may also cause the inhibition of apoptosis in infectious mononucleosis T cells
by IL-10 (Taga et al 1994.) IL-10 release is a secondary event in T cell activation, as
IL-2 production is initially induced. This in turn has an autocrine effect, causing an
increase in expression of its inhibitor IL-10, forming a feedback loop that can limit
ongoing T cell activation and inflammation (Cohen et al 1997.)

IL-10 also has immunostimulatory effects and is involved in T cell development. In
concert with IL-2 and IL-4, IL-10 causes both foetal and adult thymocytes to
proliferate and increase CD3 expression (MacNeil et al 1990.) IL-10 and IL-4 also act
together to support the growth of mast cell line and progenitors, although IL-10 can
not perform this function alone (Thomson-Snipes et al 1991.) IL-3 also synergises
with IL-10 to induce proliferation of T cell lines (Cohen 1995.) IL-10 acts as a

cytotoxic T cell differentiation factor. In combination with IL-2, it enhances the
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growth of CD8" T cells, increases the frequency of cytotoxic T cell precursors, and
augments the cytolytic activity per clone (Chen & Zlotnik 1991.)

IL-10 is a potent proliferation and differentiation factor for B cells. Normal B
lymphocytes secrete IL-10 following activation with CD40 antigen or through the B
cell receptor. This effect can be suppressed by IL-4 (Burdin et a/ 1997.) IL-10 induces
the secretion of antibodies by activated B cells. (Defrance et al 1992, Rousset et al
1992, Burdin et al 1997) It cooperates with TGFp to induce anti CD40 activated naive
B cells to produce immunoglobulins (Defrance et al 1992). IL-10 also synergises with
IL-6 to sustain differentiation and antibody production by active B cells (Burdin et al
1997.) Activated B cell growth is also increased by exogenous IL-10 alone and in

synergy with IL-4 (Rousset et al 1992, Houssiau et al 1995.)

1.3.1 Structure of IL-10

Chemical analysis and molecular modeling revealed that IL-10 is a highly alpha
helical protein. It contains four conserved cysteine residues that are paired first with
third and second with fourth, to form two disulphide bonds that are necessary to
maintain the structure and function of the cytokine (Windsor et al 1993.) These results
were confirmed by the crystal structure of recombinant human IL-10, which also
revealed that the protein exists as a dimer with a similar structure to IFNy. Both IL-10
and IFNy contain 5 conserved residues at a 60° angle, which suggests that they are
important in the maintenance of the pronounced bend (Walter & Nagabhushan 1995.)

Gesser et al (1997) used nonapeptides from hIL-10 to discover which areas of the
protein were required for certain functions. The N terminal sequence from amino
acids 8-16 regulated mast cell differentiation, whereas the C terminal region from
amino acids 152-160 is responsible for a wide range of effects including inhibition of

spontaneous IL-8 production, and induction of IL-4 secretion.
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1.3.2 The IL-10 receptor

The IL-10 receptor consists of two polypeptide chains: the ligand binding IL-10R1 or
IL-10Ra; and the accessory protein IL-10R2 or IL-10Rf or CRF2-4. The ligand
binding protein, IL-10R1, was originally identified in mice as an IL-10 receptor that
can bind both the human and murine cytokine. The 110kDa protein was found to have
a similar structure to the IFN receptor, and so was designated a member of the class II
(TIFNR-like) subgroup of the cytokine receptor family (Ho et a/ 1993.) The human IL-
10R1 gene is located on chromosome 11 and expression of the mRNA is restricted to
haemopoietic cells (Liu et al 1994). The cDNA has 70% homology to the murine
sequence, 60% identity at the predicted protein level, and is also related to the IFN
receptor. The predicted weight of the protein however was only 60kDa, so nearly half
of the mass of the mature protein is due to glycosylation. Unlike the murine receptor,
the human protein is species specific, binding only the human cytokine. The protein
consists of a 215 amino acid extracellular domain, a 25 amino acid transmembrane
region and 317 amino acid intracellular domain. The intracellular domain contains
two tyrosine residues (Y446 and Y 496) that provide docking sites for STAT3, and
also associates with JAK1.

When the gene for IL-10R1 was expressed in normally unresponsive cells it was
found only to be sufficient for IL-10 signaling in some cells, suggesting that an
additional molecule was required. An orphan receptor, previously known as CRF2-4
was discovered to be the accessory chain for IL-10R1, and was renamed IL-10R2 or
IL-10RB (Kotenko et al 1997.) A homodimer of IL-10 binds to two IL-10R1
receptors, which then associate to two IL-10R2 molecules to form the active receptor

complex.
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IL-10R2 is widely expressed, and is essential for IL-10 signal transduction. Mice that
lack the IL-10R2 gene shown no overt deficiencies grow normally and are fertile.
However they do develop chronic inflammatory bowel disorders similar to that seen
in IL-10 knockout mice (Spencer et al 1998.) The main role of IL-10R2 is to recruit to
the receptor complex the JAK kinase Tyk2, which carries out the trans-

phosphorylation of IL-10R1 and JAK1 necessary for signal transduction.

1.3.3 IL-10 signal transduction

When IL-10 binds to its receptor JAK1 and Tyk2 become activated, and in turn
phosphorylate STAT3 and to a lesser extent STAT1a (Finbloom & Winestock 1995.)
The cytoplasmic domain of IL-10R1 contains two box 3 sequences, similar to those
found in gp130, the signal-transducing molecule of the IL-6-like cytokines, which are
essential for activating STAT molecules. (Lai et al 1996) Weber-Nordt et al (1996)
discovered two tyrosine residues (427 and 477) that are necessary for STAT3
recruitment in the intracellular domain of the mouse receptor. The human receptor
was found to contain two conserved tyrosines in the same positions, which are
surrounded by sequences similar to STAT3 recruitment motifs in gp130 (Figure 1.2)
(Weber- Nordt et al 1996.) These resemblances help to explain the similar effects of

IL-6 and IL-10.
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IL-10 also mediates a STAT3 independent pathway, as macrophage deactivation
continued even in the presence of a dominant negative form of the signaling molecule.
However the two membrane distal tyrosine motifs in the receptor were required

(O’Farrell et al 1998.)

1.4 Interferons and interferon-y

The interferons (IFNs) were first discovered as a group of proteins that had an
antiviral activity. Further research into these cytokines has revealed other regulatory
functions in the immune system. They can be divided into two groups: type I or viral
IFNs (IFNo and IFNB) which are produced mainly by leukocytes and fibroblasts in
response to viral infection; and type II or immune IFN (IFNy) which is produced by
stimulated T lymphocytes in response to specific antigens, mitogens and other stimuli.
The interferons share several functions, but IFNy can exert immunoregulatory effects
at doses several fold lower than either IFNa or IFNB, i.e. IFNy is 500-1000 more
active at inducing cytolytic macrophage activity in the presence of endotoxin (Pace et
al 1985.) IFNy has some specific effects, especially in regulating the immune system,

and therefore this role is more important than its weak antiviral activity.

1.4.1 Interferon-y Structure

Native IFNy can be either 21- or 25kDa in size due to glycosylation on residues 25
and/or 97 in the mature protein, although these post-translational modifications are
not required for the biological activity of the molecule (Rinderknecht et al 1984,
Kelker et al 1983, Kelker et al 1984.) The C terminal region is important as removal

of the last 13 residues decreases the biological activity of the molecule, but does not
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alter the conformation. However monoclonal antibodies against an epitope in the N
terminal region block receptor binding (Johnson et al 1982.)

The active cytokine is composed of a dimer (‘)f two 146 amino acids proteins with a
primarily a-helical structure. Each subunit has 6 helices that intertwine with multiple

intermolecular interactions to stabilize the dimer (Ealick et al 1991)

1.4.2 Regulation of IFN-y gene expression

The human IFNy gene, located on chromosome 12, consists of 3 introns, two exons, a
repetitive DNA sequence and is not highly polymorphic (Naylor ez a/ 1983, Gray and
Goeddel 1982.) It is regulated developmentally, as it is only expressed in T cells, even
when the human gene is transfected into mice. The gene has regulatory elements
which are all contained within an 8.6Kb fragment, and preserved across species
(Young et al 1986, 1989.) The tissue specific region was found to be 5’ to the gene,
although other intronic enhancer elements exist (Ciccarone et al/ 1980.) The region
between —215 and —53 contains a potent constitutively active positive enhancer
element, which is also tissue specific. However the region between —251 and -215
exerts a powerful dominant suppressive effect over the positive element, suggesting
that induction of gene expression may océur by derepression rather than activation

(Chrivia et al 1990.)

1.4.3 The Interferon-y Receptor

The interferon-gamma receptor is made up of two polypeptide chains: the ligand
binding chain called IFNyR-a and the accessory chain, IFNyR-f. It is a member of the
class2 cytokine receptor family, along with the receptor for IL-10.

The interferon-gamma receptor alpha chain is expressed on every cell investigated,

including fibroblasts and platelets (Novick et al 1987, Molinas et al 1987.) Two
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isoforms of 70 kDa and 90 kDa exist in the cell. The difference in weight is due to N
linked glycosylation, and only the modified form is expressed on the cell surface
(Hershey & Schreiber 1989.) The addition of carbohydrate residues to the protein is
essential to convert the receptor conformation into a form capable of ligand binding
(Fischer et al 1990.) The high affinity receptor also contains a disulphide bridge
between cysteine residues 60 and 68 (Fountoulakis ez al 1989, 1991.) It is basally
phosphorylated on serine and threonine residues, which increases two fold upon
induction by IFNy, and correlates well with the level of response, indicating that this
modification is important in signaling (Hershey et al 1990, Mao et al 1990.)

The cytoplasmic region of the receptor contains two important regions: residues 256-
303 form a membrane proximal region required for ligand processing and biological
response, while the C terminal 39 amino acids (bases 434-472) are only required for
the biological response. This region contains three residues required for the response:
Tyr 440, Asp 441, and His 444. This is the only intracytoplasmic tyrosine necessary
for receptor activity. These residues form the YDXXH motif in the IFNy receptor that
recruit the transcription factor responsible for IFNy dependent gene expression,
STATI1, even when placed in the background of the IL-6 family receptor gpl130
(Figure 1.3) (Gerhartz et al 1996.)

Although the IFNy ligand binding protein gene is found on chromosome 6, for
biological activity the presence of another gene product found on chromosome 21 is
also required (Jung et al 1987.) This is a signal-transducing molecule that is also
species specific, as murine cells only become responsive to IFNy when both the
receptor gene and human chromosome 21 are transfected (Gibbs et al 1991.) This
protein was later identified and called IFNyB receptor, with the 90-kDa receptor

designated the alpha receptor.
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The B receptor is also expressed constitutively, but unlike the o receptor is it only
present in low levels. However the expression of the receptor can be up regulated by
several external stimuli, including phorbol esters, and IFNy itself. This represents a
level of control, as unresponsiveness has been found to be due to a lack of cellular
expression of the IFNy receptor B chain (Pernis et al 1995.) Upon ligand binding the
receptor and cytokine are both internalized, where the interferon is degraded. The
receptor is then recycled, although 62% of the receptor pool is within the cell (Celada

and Schreiber 1987.)

1.4.4 Effects of interferon-y

One of the main roles of IFNy is the regulation of MHC class I and class II protein
expression on a variety of cells in the immune system including mast cells, lymphoid
cells, myelo-monocytic cells, as well as in fibroblasts, and endothelial cells (Wong et
al 1983.) It induces the expression of both of these proteins on many cells, but inhibits

class II expression on B cells (Mond et al 1986.)

1.5 JAK/STAT pathway.

The JAK/STAT pathway was originally discovered in the signal transduction of
interferons. It consists of a family of kinases (the Janus kinases or Jaks) which
phosphorylate and activate a group of latent transcription factors (the signal

transducers and activators of transcription or STATs.)
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1.5.1 Janus kinases

The Janus kinases are a distinct family of four soluble tyrosine kinases consisting of
Jakl, Jak2, Jak3, and Tyk2. They have a sequence identity of 35 — 45%, and share an
overall structural pattern with seven conserved domains, including the protein
tyrosine kinase domain, JHI. Jak kinases consist of a C-terminal tyrosine kinase
domain, a pseudokinase domain of unknown function, and Jak homology (JH)
domains 3 to 7, implicated in receptor-Jak interaction The kinases are rapidly
activated by ligand induced phosphorylation of a tyrosine residue within the kinase

domain (Schindler & Damell 1995.)

1.5.1.1 Jakl

JAK1 is normally activated in response to IFNa and IFNy, but overexpression of the
kinase leads to ligand independent STAT1 and JAK2 activation (Silvennoinen et al
1993.) A JAKI deficient cell line has a defective response to IFN. Complementation
of the cell line with JAK1 restores the response to IFN so it is necessary for IENoc/ B
and IFNy signaling (Muller et al 1993.) There maybe some interdependence of the
Jaks on one another as JAK1 is normally rapidly phosphorylated in the presence of

IFN but in Tyk2 or JAK2 deficient cells it is not activated (Muller e al 1993.)

1.5.1.2 Jak2

A mutant cell line that is unresponsive to IFNy, but normal in response to IFN-a, can
be complemented with JAK2, which is rapidly phosphorylated and activated when the
cytokine is added (Watling et a/ 1993.) Therefore this kinase is also essential for IFNy
signalling. JAK2 deficient mice die around 12 days postcoitum. The embryos are

anaemic and lack definitive erythopoiesis, indicating a significant role red blood cell
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formation (Neubauer et al 1998.) Foetal liver myeloid progenitors from JAK2
deficient mice fail to respond to erythropoietin, thrombopoietin, interleukin-3 (IL-3),
or granulocyte/macrophage colony-stimulating factor, also indicating an essential role
in cytokine signalling (Parganas et al 1998.) The pseudokinase domain of JAK2
negatively regulates the kinase activity (Saharinen et al 2000.)

The widely expressed murine JAK2 cDNA was cloned by Harpur et al (1992.)
Prolactin, associating with the receptor in unstimulated T cells and breast explants

(Campbell et al 1994), and erythropoietin (Miura et al 1994) also activate JAK?2.

1.5.1.3 Jak kinase inhibitors-SOCS proteins

The family of suppresser of cytokine signaling (SOCS) proteins contain a central SH2
domain, and a conserved SOCS box motif that is similar to the tyrosine
phosphorylation site in the JAK family that regulates the kinase activity. To date
twenty proteins that contain SOCS box motifs have been identified from databases
(Hilton et al 1998.) There are eight SOCS proteins (CIS, SOCS 1-7). The other
proteins are all thought to be involved in protein-protein interactions. The role of the
SOCS box is as yet unknown, but it may be involved in signal transduction by
inhibiting kinase activity, with the other domains of the protein defining which kinase
is inhibited. Alternatively it may act as an adapter module, regulate intracellular
location, or aid stability in the interprotein interactions. (Hilton et al 1998.) Narazaki
et dl (1998) suggest that the C-terminal conserved SOCS box domain stabilizes the

protein, protecting it from proteosome degradation.
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1.5.1.3.1 SOCS-1

In 1997 three different groups discovered JAK kinase inhibitor proteins called
suppresser of cytokine signaling-1 (SOCS-1), JAK-binding protein (JAB), and STAT
induced STAT inhibitor-1 (SSI-1) which are identical to each other (Endo et al 1997,
Naka et al 1997, Starr et al 1997.) SOCS-1 is highly conserved across species with
96-99% homology between mouse, rat and human proteins. The human protein
consists of 211 amino acids. As both IL-6 and IFN-y induce SOCS-1 expression, it
therefore acts as a negative feedback loop, upstream of receptor and STAT
phosphorylation, inhibiting both of these events (Starr et al 1997.) SOCS-1 also
associates with, and inhibits the activity of the non-receptor protein tyrosine kinase
Tec. This kinase is activated in response to a wide range of cytokines, and is involved
in the regulation of cfos gene transcription (Ohya et al 1997.)

JAB was cloned by the yeast 2 hybrid system as it binds to the JH1 region of JAK2.
This process requires the tyrosine phosphorylation and thus activation of the kinase,
which allows the SH2 domain of JAB to bind in vitro. It acts by decreasing the
phosphorylation of STAT3, JAK2, JAKI, and JAK3, so it may be a general JAK
inhibitor. This ﬁrocess requires the whole protein and not just the SH2 domain (Endo
et al 1997.)

SSI-1 mRNA is ubiquitously expressed, and induced by IL-4, G-CSF, and IL-6, as the
promoter region contains STAT3 and STAT6 binding sequences. The gene was
confirmed as a target gene of STAT3, as the IL-6 induced expression of the protein
was decreased by dominant negative STAT3. It associates with JAK2 and Tyk2,
suppressing the kinase activity, reducing the phosphorylation of gp130 and STAT3. It
is a specific inhibitor of the Jak/STAT pathway as it had no effect on the

phosphorylation of the insulin receptor (Naka et al, 1997.)
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1.5.1.3.2  Structure of SOCS-1

Three distinct domains of SOCS-1 are required to suppress IL-6 signaling; the SH2
domain, the pre SH2 domain and the SOCS box (Narasaki et al 1998.) The entire
structure of the SH2 domain is necessary to associate with the tyrosine
phosphorylated Jak kinases. A single mutation in this motif is sufficient to remove the
inhibitory effect of SOCS-1, however three such mutations are required to inhibit the
action of SOCS-3 (Nicholson et al 1999.) The pre SH2 domain (24 amino acids in
front of the SH2 domain) is required for the suppressive action, possibly by
interfering with the approach of the JAK substrate to the kinase, or by inducing a
conformational change inactivating the enzyme (Narasaki et al 1998.) The N terminal
domains of SOCS-1 and SOCS-3 can be interchanged without effect (Nicholson et al

1999.)

1.5.1.3.3 SOCS-2 and SOCS-3

SOCS2 does not inhibit IL-6, OM or IFNy signaling. SOCS1 and SOCS3 both inhibit
the tyrosine phosphorylation and nuclear translocation of STAT]1 in response to IFNy
at low protein concentrations, but SOCS1 displayed a stronger effect. SOCS3 did
strongly inhibit the activation of STAT1 following IFNa stimulation. As IFNa
activates JAK1 and Tyk, whereas IFNy activates JAK1 and JAK2, this suggests
SOCS3 may have a higher affinity towards Tyk2 than JAK2 (Song and Shuai 1998.)

SOCS-1 and SOCS-3 both inhibit IL-6 and LIF signaling but appear to act in different
ways. Either the N terminal region or the SH2 domain of SOCS-1 is sufficient to

inhibit JAK2 activity. The N terminal domain can be co-immunoprecipitated with
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JAK?2, so may represent an independent binding domain. SOCS-3 could not inhibit
JAK1 or JAK2 in vitro, so may act by binding to receptor phosphotyrosine residues

instead of directly inhibiting kinase activity (Nicholson et al 1999.)

1.5.2 Signal transducers and activators of transcription (STATs)

The STATs were discovered as part of the IFN signaling pathway. Each protein
contains a Src-homology-2 (SH2) domain. Latent monomeric molecules become
activated by phosphorylation of a tyrosine residue. This allows a dimer to form via the
interaction of the SH2 domain of one STAT protein with the phosphotyrosine of
another. These dimers are active and capable of binding to specific DNA sequences
called STAT binding elements (SBE) within the promoter region of target genes.
These SBEs have a general consensus sequence of TTCC(G/C)GGAA, although a
number of STAT binding sites do vary slightly from this consensus (Thle 1996.) The
palindromic structure of SBE is important, as a disruption in this sequence reduces
STAT binding. However STAT3 is more sensitive than STAT1 to these changes,
therefore this may be a level of transcriptional regulation. The number of SBE present
in a promoter also determines which STAT complexes bind. STAT1a:STAT3
heterodimers are more efficient at enhancing gene transcription than homodimers on a
single SBE. In the presence of multiple SBEs STATla homodimers are more
effective than STAT3 dimers. The N terminal domain (which is highly conserved
among STATSs) is not required for dimerisation or DNA binding. It does form an
interaction with other dimers though at a tandem site in the DNA producing a more
stable complex and therefore stronger activation of gene transcription (Vinkemeier et
al 1996.) Therefore the pattern of STATs activated by a cytokine and the SBE
structure and arrangement in the target genes affect the transcriptional response

caused by a cytokine (Lamb et al 1995.)
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1.5.2.1 Serine Phosphorylation of STATs

Phosphorylation of Ser727 is induced in STAT1a by IFNy and in STAT3 by IL-6,
LIF, EGF and CNTF. Serine phosphorylation occurs in the cytoplasm, and can take
place either before or after tyrosine modification (Zhu et al 1997). A mutant STAT1
(S727A), which induced though tyrosine phosphorylation, dimerisation and nuclear
translocation, was only 20% as efficient at transcriptional activation as the wild type
protein. (Wen et al 1995) STAT1 serine phosphorylation requires activated Jak2, but
does not involve the Ras-mitogen activated kinase pathway (Zhu et al 1997.)

The presence of the serine/threonine kinase inhibitor H7 prevented the formation of
STAT3 homodimer: DNA complex in a T cell line, but not in HepG2 hepatoma cell
line. This suggests that the serine phosphorylation enhances or is required for STAT3
homodimer: DNA complex formation in certain cell types. The serine/threonine
specific phosphatase PP2A also inhibited the formation of the STAT3-STAT3
complex in vitro, suggesting that serine phosphorylation is required for stable
complex formation (Zhang et al 1995.)

The serine phosphorylation of STAT3 was reported to be dependent on the activation
of MAPK, since the MAPK inhibitor PD98059 reduced serine phosphorylation to
basal levels. The inhibition of MAPK had no effect on tyrosine phosphorylation,

dimerisation or nuclear translocation (Stephens et al 1998.)

1.5.2.2 Selection of STATS.
The selection of a particular STAT or other substrate activated is not dependent on
which Jak kinase is activated, but on the tyrosine based motif within the cytokine

signaling receptor. These motifs are modular and can be transferred to other receptors
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to confer reactiveness to a particular STAT. gp130 contains 4 such motifs with a
YXXQ consensus sequence (Y769, Y864, Y905, and Y915) (Stahl et al 1995.)
STAT3 can be recruited by all of these, but only two which have a YXPQ motif can
recruit STAT1 (Y905 and Y915), therefore activation of specific STAT molecules
relies upon the tyrosine receptor module. This explains why IL-6 preferentially
activates STAT3 as opposed to STAT1 in a T cell line. STAT3 is rapidly tyrosine
phosphorylated following IL-6 treatment, and forms dimers. In addition if these
motifs are removed, but the Jak association site remains STAT]1 is not activated. The
YDXXH motif from the IFNy receptor can still recruit STAT1 even when placed in
the gp130 background (Gerhartz et al 1996.) A SH2 domain swap between STAT1
and STAT3 changes the specificity of activation of the two signaling molecules.
Therefore the SH2 domain recognizes and determines the interaction with the
phosphorylated tyrosine motif in the receptor. The STAT1 SH2 domain can be
recruited by two distinct motifs, one in the IFNy receptor (YDXXH) and one in the

gp130 molecule(YXPQ). (Hemmann ef al 1996)

1.5.2.3 STATI

STATI has two isoforms, STAT1a and STAT1p, formed by the alternate splicing of
mRNA, that have a molecular weight of 91kDa and 84kDa respectively (Schinder et
al 1992.) STAT1a is phosphorylated on Tyr701, which is required for nuclear
translocation, DNA binding but not gene activation. STAT1B, which lacks the C
terminal 38 amino acids, is phosphorylated but does not activate transcription
although it does bind to the DNA. The C terminal domain of STATlais a
transcriptional activation domain, which can interact with a group of nuclear proteins,

including HSF-1 and MCMS5 (Stephanou et al 1999, Zhang et al 1998.) This
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activation requires Leu724, and is increased by serine phosphorylation (Zhang et al
1998) STAT 1o therefore mediates the transcriptional response, and the 38 C terminal
amino acids are important for the activation of transcription through the GAS site
(Shuai et al 1993.)

STAT1 exists as a monomer in untreated cells. Dimerisation is mediated through the
SH2 domain and phosphotyrosyl residues. Behrmann ef a/ (1997) demonstrated that a
single STAT1 recruitment module on a receptor, as opposed to two closely positioned
regions is sufficient to form active homodimers. Only the dimer can bind DNA and
activate transcription. SH2 recognition may be involved in the interactions with other

STATS to form different transcriptional complexes (Shuai et al 1994.)

STAT1 preassociates with either STAT2 or STAT3. This association does not require
tyrosine phosphorylation, but the affinity does increase upon modification. STAT1

may contain a common binding site for other STATs (Stancato et al 1996.)

STAT1 deficient mice show no overt developmental abnormalities, but they fail to
thrive and do not respond to IFNs. This leaves them highly susceptible to infection by
microbial pathogens and viruses. The mice do however respond normally to other
cytokines that activate STAT1 in vivo, showing the overlapping roles of other
transcription factors in these signaling pathways, and the obligate role of STAT1 in

the IFN response (Meraz et al 1996, Durbin et al 1996.)

1.5.2.4 STAT3

Acute phase response factor (APRF) was originally identified and characterised as
transcription factor activated in response to IL-6 like cytokines (Wengenka et al

1993.) It was later cloned and determined to be a member of the STAT family, and
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named STAT3 (Akira et al 1994, Zhong et al 1994.) It is essential in embryo
development as STAT3 deficient mice undergo rapid degeneration around day seven
(Takeda et al 1997.) It is required for embryonic stem cells propagation and
maintenance of pluripotency (Raz et a/ 1999.)

Alternative splicing of the same gene produces two forms of STAT3. In STAT3f the
C terminal 55 amino acids of STAT3a are replaced by seven specific residues. C
terminal truncation leads to constitutive activation of the signalling molecule.
Therefore the shortened B form is constitutively active, but has a lower transcriptional
activity than STAT3a, although it has a greater DNA binding affinity. The C terminal
amino acids that are missing in the short protein, form an acidic region which is
thought to destabilise the active dimer leading to the decreased DNA binding activity.
(Schaefer et al 1997)

STAT3 can be serine phosphorylated in response to IL-6 by a H7 sensitive kinase, or
by members of the ERK family of MAPK kinases in response to growth factors
(Boulton et al 1995, Chung et al 1997.) This modification of ser727 causes the
maximal activation of transcription, but does not alter the DNA binding affinity (Wen
et al 1995, Wen & Darnell 1997.) It appears to enhance the formation of stable
STAT3 homodimers (Zhang et al 1995.)

Upon dimerisation the SH2 region of STAT3 undergoes a conformational change, so
only the monomeric form of the SH2 domain can recognise phosphorylated tyrosine
residues (Haan et al 1999.)

The box3 motif in gpl30, facilitates, but is not essential for STAT3 activation.
Overexpression of JAK and STAT molecules can lead to transcriptional activation in
the absence of the receptor. (Lai et al 1995) STAT3 binds to the box 3 motif in the

gp130 receptor. Lack of a functional box 3 motif prolongs the activation of the

46



mitogen activated protein kinase (MAPK) pathway as SH2 containing protein
tyrosine phosphatase 2 (SHP-2) can bind to gp130 and in turn trigger the MAPK
cascade. STAT3 and SHP-2 therefore compete for a similar site on gpl130 and

modulate the signalling response. (Lai et al 1999)

1.5.2.5 STAT inhibitors.

1.5.2.5.1 Protein inhibitor of activated STAT (PIAS) proteins

The STAT transcription factors can be inhibited by a group of molecules called the
protein inhibitors of activated STATs (PIAS.) These proteins have several highly
conserved domains, including a putative zinc finger motif, and a highly acidic
domain. These proteins do not contain a phosphotyrosine binding domain such as
SH2, so the phosphorylation of the STAT protein may induce a conformational
change, exposing the PIAS interaction domain. The binding of the PIAS to an
activated STAT inhibits the DNA binding activity, either by obscuring the DNA
binding domain of the STAT, or by preventing the dimerisation of the STATs. PIAS1
was discovered by Liu B e al (1998) using the yeast 2 hybrid system. The human
c¢DNA encodes a product of 650 amino acids, which binds specifically to STAT1, and
not other STAT proteins, at the phosphorylated tyrosine motif. A similar protein,

PIAS3, a specific inhibitor of STAT3 was discovered by Chung CD et a/ (1997.)

1.5.2.5.2 Dominant negative STAT3

A dominant negative form of STAT3 is formed by the mutation Y705F. This form of
the protein can not be activated as it lacks the necessary tyrosine residue. It inhibits
wild type STAT3 phosphorylation, and IL-6 induced transcription by STAT3. The
phosphorylation of the tyrosine molecule, which is near to the SH2 domain, may

cause a conformational change so that the SH2 domain changes it preference to a
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different phosphotyrosine containing motif. This would cause the activated STAT to
dissociate from the receptor, and dimerise with another activated STAT protein. As
the mutant STAT3 cannot be phosphorylated it may remain associated with the
receptor, preventing other STAT molecules from being activated, or may only form
weak dimers that can be readily dissociate or be attacked by phosphatases (Kaptein et

al 1996.)

1.6 Autoimmune rheumatic diseases

The cells of the immune system that react to self peptides are normally screened out
of the immune system. However the complex interaction of genetic, environmental
and hormonal factors can lead to the loss of tolerance seen in autoimmune rheumatic
diseases. The main condition studied in this research was Systemic Lupus
Erythematosus (SLE), which is examined at length in section 1.7. However, other
conditions are frequently used as controls and have similar characteristics to SLE,

some of which are described briefly below.

1.6.1 Rheumatoid Arthritis

Rheumatoid Arthritis is a common chronic disorder, affecting approximately 1% of
the general population. It is primarily caused by inflammation of the joints, but other
organs such as the kidneys can be affected. It occurs more frequently in females than
in males, and is more common in elderly people, although a juvenile form does exist.
Autoantibodies to nuclear components and rheumatoid factors are commonly present,
as in SLE. However the antinuclear autoantibodies tend to predominate in lupus

whilst the reverse is true in RA (Harris 1993.)
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1.6.2 Scleroderma

Scleroderma, also known as systemic sclerosis (SSc), is a generalised disorder of
connective tissues. It is characterized by thickening and fibrosis of the skin, caused by
an accelerated rate of extracellular matrix accumulation. There are distinctive forms
of the disease due to involvement of internal organs especially the heart, lungs,
kidneys and gastro-intestinal tract (Seibold 1993.) It is more common in women with
a 4:1 ratio overall, that rises to 15:1 in women of a child bearing age. Autoantibodies

to protein nuclear components are common (Morrow et al 1999.)

1.6.3 Sjogren’s Syndrome

Sjogren’s Syndrome is a chronic inflammatory disorder characterized by lymphocytic
infiltration of the lacrymal and salivary glands. This causes dry eyes and dry mouth.
There can also be involvement of other extraglandular organs including the skin, liver,
lung and nervous system This disease can be either a primary disorder alone, or
commonly secondary to another autoimmune disorder. A variety of autoantibodies are
produced, in particular those against ribonuclear proteins Ro and La, which are
involved in the transport and post translational modification of mRNA (Fox & Kang

1993.)

1.6.4 Mpyositis

Myositis is the inflammation of muscle tissue which causes proximal weakness, and
elevated serum levels of skeletal muscle enzymes. There are also elevated levels of
circulating autoantibodies, generally against tRNA transferases and other factors

involved in protein synthesis (Wortmann 1993.)
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1.7  Systemic Lupus Erythematosus

Systemic Lupus Erythematosus is a diverse autoimmune rheumatic disease, affecting
primarily women of child bearing age. In 1993 Hochberg reported that the prevalence
rate of the disease in the United States of America was between 14.6-50.8 cases per

100,000 of the general population, with a sex ratio of 6-10:1 women to men.

1.7.1 Diagnosis and Classification

The disease is characterized by the production of a wide range of autoantibodies,
particularly against nuclear proteins and nucleic acids. Although antinuclear
antibodies can be found in healthy blood donors, 99% of SLE patients are positive for
these autoantibodies, and they are part of the diagnosis of the disease (Craft & Hardin
1993.) The circulating immunoglobulins can either bind directly to tissues, or form
immune complexes. These complexes are then deposited within the tissue of many
organs, especially the kidneys, skin, liver, lung and brain, leading to inflammation and
tissue damage. The immune complexes are thought to activate the complement
cascade, which in turn recruits inflammatory cells. This means the disease is hard to
classify due to the multiorgan involvement, which has led to a range of classification
systems. Today the American College of Rheumatology, formerly the American
Rheumatism Association, defined criteria for the diagnosis of SLE are generally used
(Table 1.3). A patient is considered to have the condition if four or more of the eleven
criteria are present sequentially or at the same time (Hochberg 1997.)

The disease course usually consists of a series of relapses and remissions, so disease
activity can vary greatly over time. Disease activity can be measured by one of the
indices developed and validated over the last 15 years. Most of these indices produce
a global score. One developed by the British Isles Lupus Assessment Group (BILAG)

is based on the principle of the clinician’s intention to treat (Hay et al 1993.) (See
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Appendix I) The disease activity is assessed in general, skin, vascular, renal, central
nervous system, cardiovascular system, haemotology and muscoloskeletal categories.
A questionnaire is completed at each visit to the clinic, and analyzed by computer.
Each system is given an activity score from A-E, with A being the most severe,
requiring major immunosuppressive treatment, and E indicating that a system has
never been involved. A score of A, B, or C are considered to represent active disease,
and D or E inactive disease. An overall global score can also be calculated by giving a
numerical value to each score as follows: A=9, B=3, C=1 and D or E =0. A total score
greater than six has been taken to represent albeit crudely, that the disease is active

(Stoll et al 1996.)
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Table 1.3 Revised SLE Classification criteria

For the purposes of identifying patients in clinical studies, a person shall be said to
have SLE if any four or more criteria are present, serially or simultaneously, during
any interval of observation (Hochberg 1997.)

1. Malar Rash

2. Discoid rash

3. Photosensitivity
4. Oral ulcers

5. Arthritis

6. Serositis

7. Renal disorder

8. Neurologic
disorder

9. Haematologic
disorder

10. Immunologic
disorder

11. Antinuclear
antibody

Fixed erythema, flat or raised, over malar eminences, tending to spare

the nasolabial folds

Erythematosus raised patches with adherent keratotic sealing and

follicular plugging; atrophic scarring may occur in older lesions

Skin rash as a result of unusual reaction to sunlight — by patient’s

history or physician’s observation

Oral or nasopharyngeal ulceration, usually painless — observed by

physician

Non-erosive arthritis involving two or more peripheral joints,

characterized by tenderness, swelling or effusion.

a) Pleuritis — convincing history of pleuritic pain or rub heard by
physicians or evidence of effusion OR

b) Pericarditis — documented by ECG or rub or evidence of
pericardial effusion.

c) Persistent proteinuria greater than 0.5g per day or greater than 3+ if
quantitation not performed OR

d) Cellular casts — may be red cell, haemoglobin, granular, tubular or
mixed

e) Seizures — in absence of offending drugs or known metabolic
derangements, e.g. uremia, ketoacidosis or electrolyte imbalance
OR

f) Psychosis — in the absence of offending drugs or known metabolic
derangements, e.g. uremia, ketoacidosis or electrolyte imbalance

g) Haemolytic anaemia — with reticulocytosis OR

h) Leukopenia — less than 4000/mm’ total on two or more occasions
OR

i) Lymphopenia — less than 1500/mm” total on two or more occasions
OR

j) Thrombocytopenia — less than 1001000/ mm’ in the absence of
offending drugs

k) Anti-DNA: antibody titre to native DNA in abnormal titre OR

1) Anti-Sm : presence of antibody to Sm nuclear antigen OR

m) Positive finding of antiphospholipid antibodies based on:

1. An abnormal serum level of IgG or IgM anticardiolipin antibodies
OR

2. A positive test result for lupus anticoagulant using a standard
method OR

3. A false positive serologic test for syphilis known to be positive for
at least six months and confirmed by Treponema pallidum
immobilization or fluorescent treponemal antibody absorption test

An abnormal titre of antinuclear antibody by immunofluorescence or

an equivalent assay at any point in time and the absence of drugs

known to be associated with “drug induced lupus syndrome”
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1.7.2  Susceptibility factors in SLE

The exact cause of SLE is not known, but it is probably due to a wide range of factors

including genetic, environmental and hormonal influences, and infections.

1.7.2.1 Genetic factors

1.7.2.1.1 Ethnic background and family linkage

A study in the UK gave prevalence rates for SLE of 36.2, 90.6, and 206 per 100,000
among women of Caucasian, Asian and Afro-Caribbean origin respectively (Johnson
et al 1995.) However, although the condition is more common in black women in the
UK, West Indies and USA, it is still rare in Africa (Nived & Sturfelt 1997.)

The prevalence of SLE in the general population is approximately 10 per 100,000; in
families with an affected relative with SLE this rises several hundred fold to 0.4-5 per
cent. Identical twins have a concordance rate for lupus up to 70%, but in dizygotic
twins it is between 10-15% (Block et al 1975.) However more recent work by Deapen
et al (1992) reports rates of 24% and 2% in mono- and dizygotic pairs, respectively,

suggesting a genetic link.

1.7.2.1.2 HLA haplotype

Genes that encompass around 400 kilobases of DNA, and compose the major
histocompatability complex (MHC) encode the histocompatability antigens (HLA)
haplotypes. The molecules produced from these genes are essential for molecular
recognition and determining what is self and non-self in immune activation. The HLA
complex is situated on chromosome 6, and is separated into two major classes. Class I

complex contains three loci, named HLA-A, B, and C which encode the major HLA
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class I molecules expressed on all nucleated cells. These genes are highly
polymorphic with at least 80 alleles for each of HLA-A and B. Class II genes fall into

two categories, those that encode a a-polypeptide, and those that encode a B-

polypeptide. Together these proteins form an a-B heterodimer that is the mature class
II MHC complex, expressed only on cells of the immune system. The class II region,
originally called HLA-D, is separated into three subregions, now called HLA-DR,
DQ, and DP. As with the class I region allelic polymorphism is a major feature of
these genes.

People with certain HLA haplotypes can be more susceptible to some conditions.
Those with a haplotype containing HLA-B8/DR3 are more hyper-responsive to both
cellular and humoral immunity (Kallenberg ef al 1985.) In SLE there is an association
with HLA-DR3 or DR2 haplotype. In Caucasians the A1/B8/DR3 haplotype is
associated with a tenfold increase in the relative risk of developing the disease.
However stronger associations with a certain haplotype and specific autoantibodies
rather than the disease itself have been found. HLA-DR3 (DRw17) and DQw2 are

linked with anti-Ro/anti-La antibodies (Amett 1994.)

1.7.2.1.3 Complement deficiencies

Lupus is also associated with deficiencies of the C1, C4 and C2 components of the
complement cascade. Clq “knockout” mice have been developed following the
observation that patients with homozygous deficiency in this factor develop a form of
lupus. These mice develop glomerulonephritis at a rate of 1 in 4, and also have anti-
Sm, but not anti-dsDNA autoantibodies (Botto ez al 1998.)

The complement cascade aids the clearing of immune complexes (Davies 1996) so is
important in the disease. Deficiencies in C2 and C4 are often linked to the HLA-DR2

and DR3 alleles, so this may be the primary reason for the increased risk of
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developing lupus with these haplotypes. Serum levels of C3 are routinely used to aid
diagnosis, as low levels tend to indicate active disease with renal involvement. Once
the activated complement fractions C3b and C4d, produced as breakdown products
from C3 and C4, bind to the immune complexes, they then associate with complement
receptors, such as CR1. SLE patients have lower levels of CR1 expression on
erythrocytes and peripheral blood leukocytes, when compared to healthy controls.
This may explain the reduced removal of immune complexes from the blood of lupus

patients.

1.7.2.2 Environmental factors

Environmental factors also affect SLE disease activity. Patients often suffer from
photosensitive skin, and exposure to UV radiation can trigger or exacerbate the rash.
Pelton et al (1992) showed that in SLE patients IL-6 production was increased on
exposure to UV light.

Although diet is not a causal factor, it has been shown that some strains of
autoimmune mice that are fed on a fat, or calorie restricted diet, develop symptoms
later than control animals (Kubo et al 1984.) Monkeys have developed SLE like
symptoms after eating a diet containing alfalfa sprouts, due to the presence of the non-
protein amino acid L-cavaline, and activation of the disease in humans has also been

observed after taking alfalfa tablets (Alcocer-Varela et al 1985.)

1.7.2.3 Drug-induced SLE

Drugs, particularly anti-hypertensive agents such as procainamide and hydralazine,
can also induce SLE. The disease in these cases is associated with antibodies to
ssDNA and histones as opposed to dsDNA, and the male: female ratio is similar.

There is a lack of renal and cerebral involvement (Tan 1989.)
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1.7.2.4 Sex Hormones

The disparity between the number of women compared to men affected, and the fact
that most women developing SLE are of a child-bearing age, suggests that hormones
play an important role in the disease. Affected women excrete large amount of
material with high oestorgenic activity, and have decreased levels of androgens, when
compared to healthy females (Lahita et al 1987.) Jungers et al (1985) suggested that

in preliminary trials, antigonadotrophic drugs decrease the severity of lupus.

1.7.2.5 Infection

A common hypothesis with autoimmune diseases is that they are triggered by
infectious agents such as viruses. This has yet to be proven (Elkon 1995.) Tolerance
can be broken due to molecular mimicry, and thus autoimmunity induced by the co-
immunisation of viral-self complexes (Dong et al 1994.) Once tolerance has been
broken, perhaps by a viral homologue, the self protein can perpetuéte autoimmunity.
Young patients with lupus have been shown to have a highly increased prevalence of
Epstein-Barr virus infection, compared to controls (James et al 1997.) Antigenic
peptides from EBNA-1, an Epstein Barr virus nuclear antigen were found to be very
similar to antigenic epitopes of Sm and nRNP autoantigens (Harley & James 1995.)
However immunisation of rabbits and mice with a peptide of the Sm antigen has been
shown to result in the formation of autoantibodies but does not lead to autoimmunity
(Mason et al 1999.) This suggests that infection may be one of several contributing

factors that lead to the development of autoimmune disease.

1.7.3 Apoptosis in SLE

Cells can die in two ways, either by necrosis or apoptosis. Necrosis usually occurs

following infection, and usually involves cells in one location leading to
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inflammation. Apoptosis or programmed cell death is a closely regulated process to
remove unwanted or aged cells. This normally happens in scattered singular cells
within a tissue, without disrupting the structure. The cell undergoes a series of
morphological changes including membrane ruffling, organelle condensation, nuclear
contraction and DNA cleavage. This leads to the formation of apoptotic bodies that
are rapidly engulfed by phagocytes, in the absence of inflammation.

Defects in apoptosis are thought to be involved in the development of autoimmune
diseases. T cells, including those that recognise self antigens, are normally depleted in
the thymus by apoptosis. Therefore the lack of deletion of these cells, or inappropriate
removal of cells could lead to immunomodulatory defects.

There are many proteins involved in the signaling leading up to apoptosis. One of
these the Fas cell surface receptor, once bound to the Fas ligand, recruits a caspase,
leading to the activation of the caspase cascade. These caspases cleave cellular
components including laminin causing the morphological changes seen in the
apoptosis process. Mice with a mutation in the Fas gene product (MRL Ipr/ipr)
develop a lupus like disease and are used a murine model for the disease, indicating
that apoptosis may be important in the pathogenesis of SLE. (See 1.7.3) However,
similar dysfunctions have only been seen in one human SLE patient, suggesting this is
not a common mechanism in Man.

The Bcl-2 family of protooncogenes are also important regulators of apoptosis. Bcl-2
was originally identified from human B-cell lymphomas, and has a blocking effect on
apoptosis leading to increased cell survival. Bcl-2 and the related Bax protein can
form homo- or heterodimers to modify the regulation of programmed cell death.
Transgenic mice expressing bel-2 in B cells develop a lupus like autoimmune disease,

leading to death from immune complex glomerularnephritis (Strasser et al 1991.)

57



However other Bcl-2 B cell transgenic mice did not develop the disease (Mc Donnell
et al 1989,1990) so this process alone does not lead to autoimmunity, but may be a
genetic susceptibility factor. In Man increased levels of Bcl-2 have been observed in
T cells, as opposed to B cells, and correlates well with disease activity (Mc Donnell et
al 1989.)

Increased rates of apoptosis were reported in the PBMCs from SLE patients cultured
in vitro (Emlen et al 1994.). However it is now generally believed that there is no
difference in apoptosis between SLE sufferers and normal controls ir vivo, especially
as cytokines can return elevated rates of cell death to normal (Lorenz et al 1997.) It
has now been reported that although apoptosis in SLE patients is normal, there is
reduced removal of the remnant bodies by phagocytes (Herrman et al 1998.) This
allows the apoptotic waste to exist and circulate in the body for longer. This may lead
to autoimmunity in several ways.

Keratinocytes undergoing programmed cell death express autoantigens commonly
seen in SLE on the surface of apoptotic blebs and bodies. These bodies contain
nucleosomal DNA, Ro, La and small nuclear ribonuclear proteins (Rosen et al 1994,
1995.) The autoantigens are also frequently cleaved during the death process (Casiano
et al 1996.) This may lead to the exposure of new epitopes, which are not recognized
as self, or tolerated by the immune system. The prolonged exposure of apoptotic
bodies in SLE allows autoantibodies to bind, leading to immune complex formation.
This can lead to the uptake of immune complexes by B cells, which can then present
the autoantigens efficiently to T cells evoking an increased immune response. The
uncleared remnants can also deposit themselves in the glomerular basement

membranes leading to localized inflammation. The apoptotic bodies that persist can
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also start to undergo necrosis leading to inflammation. Therefore the reduced removal

of apoptotic cells may be a crucial factor in the development of SLE.

1.7.4 Treatment of SLE

SLE can be treated with drugs from four main groups: non-steroidal anti-
inflammatories = (NSAIDs), antimalarials such as hydroxychloroquinone,
corticosteroids and immunosuppressives. NSAIDs and antimalarials are used to treat
mildly active disease such as joint pain, minor rashes and fatigue. When these are
insufficient to relieve the symptoms, or the disease is more active corticosteroids are
used. Major immunosuppressive therapy such as azathiopine, cyclophosphamide or
cyclosporine, are used in the presence of renal disease, haemolytic anaemia, major
thrombocytopenia and severe skin vasculitis. Other therapies can be used in addition
to pharmaceuticals such as a low fat diet supplemented with fish oils, and intravenous

immunoglobulins (Isenberg 1993.)

1.7.5 Animal models of SLE

Several murine models of SLE éxist, the most common being the MRL Ipr/Ipr and
New Zealand black (NZB) New Zealand White (NZW) F1 hybrid (Table 1.4). These
models spontaneously develop SLE like symptoms, allowing the processes involved
in disease development to be studied. However the clinical features are not identical

to the human disease. The condition tends to be a continuous progression in mice, as
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Table 1.4 Murine models for SLE (From Isenberg and Horsfall 1998)

Strain Symptoms Autoantibodies Defects
(NZBxNZW)F, Female >Male dsDNA TNF deficiency
Renal defects ssDNA Nephritis delayed by
Hypergammaglobulinaemia administration of
TNFa
NZB Autoimmune haemolytic Red blood cells
anaemia
MRL*"* Female>Male Sm, Histones,
Late onset renal disease DNA,
Lymphadenopathy Rheumatoid
factor
MRL-lpr/lpr  Early onset similar to +/+  Sm, Ipr gene accelerates,
Infection with IL-2/vaccinia Histones, DNA, neonatal thymectomy
recombinant virus gives Rheumatoid delays disease onset
prolonged survival, factor

decreased antibodies,
normal renal function

BXSB Males only DNA, Y chromosome factor
Haemolytic anaemia thymocytes, Early thymic atrophy
Glomerulonephritis red blood cells
Lymphadenopathy

Moth-eaten Males and Females DNA, Immunosuppression
Glomerulonephritis thymocytes,

Hair loss, infection red blood cells

(SWRxNZB)F,; Female >male early onset  IgGypanti-DNA  Pathogenic antibodies

lethal glomerulonephritis

Sm - Smith antigen, TNF - Tumour necrosis factor
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opposed to a series of relapses and remission seen in humans. Some of the symptoms
seen in humans are also not seen in the models, and vice versa (Andrews et al 1978.)
The MRL/Ipr mouse, which has a defect in the extracellular domain of the Fas gene,
involved in apoptosis develops a massive lymphadenopathy (Wu et al 1993, Adachi et
al 1993, Watanabe-Fukunaga et al 1992.) Neither the Fas mutation, nor proliferation
of lymphocytes is seen in the human condition (Myster et al 1994.) However, dsSDNA
antibodies are developed in mice in a similar way to SLE patients, which often leads
to glomerular nephritis. This process allows the treatment and etiology of SLE to be
studied, but the differences to the human disease may limit the usefulness of this

information.

1.7.6 Cytokine involvement in SLE.

A wide range of cytokines and immune cell abnormalities have been implicated in
SLE in both patients and murine models (Table 1.5) In particular there is substantial
indirect evidence that the cytokines IL-6 and IL-10 are involved in the pathogenesis

of autoimmune diseases including SLE.

1.7.6.1 Interleukin-6in SLE

In the MRL/Ipr murine model, as the disease progresses with age, serum IL-6 levels
rise (Tang et al 1991.) Serum IL-6 levels are also elevated in the lupus prone and
NZB/NZW F, (B/W) mouse. Treatment of these mice with anti-IL-6 therapy prolongs
life, reducing proteinuria, and anti-dsDNA antibody production, proving that IL-6

promotes autoimmunity (Finck et al 1994.)
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Table 1.5 Cellular abnormalities and cytokine dysregulation in SLE (adapted from

Isenberg and Horsfall 1998)

Cell Type/ Cytokine Dysregulation
Monocytes/Macrophages { TNF-a production - genetic defect
Lymphocytes 1 number of activated B lymphocytes
B cells Hypergammaglobulinaemia

IgG antibodies reactive with self antigens (cell
membrane, cytoplasmic proteins, nuclear antigens,

and extracellular proteins)

T IL-2 receptor expression, + CR1 expression, T

surface expression of hsp 90, but not hsp 70 compared
to normals
T lymphocytes 4 CD4*CD45R" (subset T helper, suppresser/inducer)

1 CD4°8 T cell receptor of* Th
Activated T cells are class II+ (DP,DR)
Defective suppression

Impaired cytotoxicity

Activated peripheral T cells

Cytokines

IL-1 1 or 4 responsiveness of T cells

IL-2 1 or {. Reduction in vitro may reflect transient
exhaustion of in vivo activated T cells. IL-2 leads to
autoimmunity in thymectomised mice, and ameliorates
disease in MRL/Ipr mice.

IL-4 May have a role in B cell hyperactivity

IL-6 Elevated in SLE and correlates with disease activity.

Antibodies against IL-6 prolong life in NZB/W mice.
Reactants induced by IL-6 are not elevated in SLE,
possible abnormality in IL-6R?

IL-10 Elevated in SLE and correlates with disease activity.
Administration accelerates disease in NZB/W mice.
Antibodies against IL-10 delay disease onset and T
TNFa.

TNFa MHC-linked production:
! in HLA-DR2, DQw1 associated with nephritis
1 in HLA-DR3, DR4, no nephritis.
Accelerates nephritis in animal models

IFN-y %1 in SLE. Augments disease in animal models
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Elevated levels of IL-6 have been measured in the sera of SLE patients, which
correlate well with disease activity (Linker-Israeli et al 1991, Spronk et al 1992.)
Davis et al (1995) however noted that serum IL-6 levels vary widely in SLE patients

and did not correlate with disease activity in this study. Increased IL-6 has also been
detected in the urine of patients with lupus nephritis (Gotti et a/ 1994), and in the
cerebrospinal fluid in patients with CNS involvement (Jara et al 1993). Studies using
peripheral blood cultures from SLE patients have supported these observations.
Whole blood cultures and B cells from SLE patients spontaneously produce increased
levels of IL-6 compared to controls (Klashman et al 1991, Kitani et al 1992,
Barcellini et al 1996, Viallard et al 1999.) Freshly prepared monocytes and
lymphocytes from SLE patients, but not from healthy controls, were found to contain
IL-6 mRNA cytoplasmic protein. (Linker-Israeli et al 1991) The overexpression of
IL-6 in SLE may be due to its increased mRNA stability in active disease. The
addition of exogenous IL-10 can downregulate IL-6 production as normal, by
destabilising IL-6 mRNA in vitro. However during SLE patient PBMC culture the
levels of IL-10, which can be elevated in patients, were lower than IL-1P, which
induces IL-6 expression. This suggests that IL-6 overexpression is partly due to the
availability of regulatory cytokines (Linker-Israeli et al 1999.) The spontaneous in
vitro production of IgG anti-dsDNA antibodies can be inhibited by the administration
of monoclonal antibodies against IL-6 (Linker-Israeli et al 1991, Klashman et al
1991) or gp80, the IL-6 receptor (Kitani ef al 1992). As B cells in SLE spontaneously
produce IL-6 and express receptors for the cytokine, this creates an autocrine loop
maintaining proliferation and differentiation (Tanaka et a/ 1988.) Exposure to UV
radiation also induces the production of IL-6 by peripheral blood mononuclear cells

from SLE patients, but not by samples from rheumatoid arthritis patients or healthy
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controls (Pelton et al 1992). These observations suggest that disease activity in SLE,

including flares induced by UV light, may be affected by IL-6.

1.7.6.2 Interleukin-10in SLE

Elevated serum levels of IL-10 have also been reported in patients with SLE
compared to controls (Lacki et al 1997). These titres are positively correlated to
disease activity and anti-dsDNA antibody levels. (Houssaiu et al 1995, Park et al
1998.) The administration of IL-10 increases antibody production in vitro and in vivo
(Llorente et al 1995.) Anti-IL-10 monoclonal antibodies decreases the autoantibody
concentrations in SCID mice, and delays the development of lupus in NZB/NZW
mice (Ishida et al 1994, Llorente et al 1995.) The increased survival of the NZW/NZB
mice was attributed to the increased levels of TNFa, as antibodies against this
cytokine abolished the protective effect of the anti-IL-10 treatment (Ishida et al 1994.)
Similar results were seen when mice were treated with the immunomodulator
ammonium trichloro (dioxoethylene — 0, 0°) tellurate that has been shown to decrease
IL-10 levels (Kalechman et al 1997.) This suggests that IL-10 plays a role in the
pathogenesis of SLE, perhaps due to its role in the regulation of cytokine production.

Whole blood cultures from SLE patients spontaneously produced higher levels of IL-
10 than samples from healthy controls (Barcellini et al 1996, Viallard et al 1999.)
However, this effect was more significant in patients with a low disease activity
(Viallard et al 1999.) It has also been shown that PBMCs from SLE patients that
spontaneously produce IL-10 also spontaneously secrete IL-6 (Klinnman & Steinberg
1995.) This suggests that IL-10 mediated downregulation of IL-6 production does not
occur in SLE. This was confirmed by in vitro studies where IL-6 production was
reduced less by IL-10 administration in B cells from SLE patients as compared to

those from healthy controls (Mongan et a/ 1997.) However Linker-Israeli et al (1999)
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reported that there was no difference in IL-10 downregulation of IL-6 production
between PBMCs from SLE patients or normal controls. Therefore it is not clear
whether IL-10 can mediate the down regulation of other cytokines in SLE, but the co-
existence of elevated levels of IL-6 and IL-10 in SLE indicates there is a breakdown

in the regulation of cytokine production.

1.8  Heat Shock proteins

Heat shock proteins were originally described when swellings, known as puffs, were
observed on the giant polysomes in the salivary glands of Drosophilia upon exposure
to elevated temperatures (Ritossa 1962.) These puffs indicated areas of increased
transcription corresponding to heat shock protein genes. Heat shock proteins were
subsequently found to be ubiquitously expressed throughout all organisms.
Environmental stress, selected toxins, cytokines, oxygen depravation, inhibitors of
metabolism, microbial and viral infections can all cause increased heat shock protein
synthesis in prokaryotes, eukaryotes and plant cells (Lindquist 1986.) Heat shock
proteins can make up a significant percentage of the protein in a non-stressed cell, so
obviously they have an important role in normal cell function. They are thought to act
as chaperone molecules, binding to nascent polypeptides, assisting in the formation of
the correct tertiary structure by preventing protein misfolding and aggregation. Some
members of the family also bind transcription factors and steroid receptors so may
play a role in signal transduction. The family of heat shock proteins has been
classified according to the molecular weight of the molecule. The major heat shock

proteins are shown in Table 1.6
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Table 1.6 Major Heat Shock or Stress Proteins

Name Bacterial Homologue Compartment Role
Ubiquitin Cytosol/nucleus Involved in non-lysosomal protein
degradation
Hspl0 Gro ES Mitochondria/chloroplast ~ Cofactor for Hsp60
Hsp27, crystallins and ~ Possible homologues identified Cytosol/nucleus Chaperones and involved in thermotolerance
small hsps
Hsp 40 Dnal Cytosol Binds nascent polypeptides
Hsp 47 Endoplasmic reticulum Collagen chaperone
Hsp 56 Cytosol Part of steroid hormone receptor complex
Hsp 60 Gro EL Mitochondria/chloroplast  Molecular chaperone -"chaperonin”
TCP-1 Gro EL Cytosol/nucleus Molecular chaperone related to hsp 60
Hsp 72 DnaK Cytosol/nucleus Highly stress inducible chaperone
Hsp 73 DnaK Cytosol/nucleus Constitutively expressed chaperone
Grp 75 Dna K Mitochondria/chloroplast ~ Constitutively expressed chaperone
Grp 78 (BiP) Dna K Endoplasmic reticulum Constitutively expressed chaperone
Hsp 90 htpG Cytosol/nucleus Chaperone; part of steroid receptor complex
Hsp 104/110 Clp family Cytosol/nucleus Chaperone; required to survive severe stress.
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1.8.1 Regulation of heat shock protein expression

All heat shock proteins contain a heat shock response element in the promoter region
of the gene that is palindromic and has a general consensus sequence of
CTNGAATNTTCTAGA. This sequence is recognized by a group of transcription
factors known as heat shock factors (HSFs) (Morimoto 1993, Lis and Wu 1993.) To
date four HSFs (1-4) have been identified; HSFs 1,2 and 4 are ubiquitous in
vertebrates but HSF3 has only been found in avian species. All these factors have a
similar structure that is conserved across species (Figure 1.4.) Only HSF-1 is known
to involved in the response to thermal stress. The other factors maybe involved in the
regulation of expression of heat shock proteins in the unstressed cell in response to
general growth processes such as cell differentiation (Morimoto et al 1992, Morimoto
1993.) In the unstressed cell heat shock protein genes are primed for transcription as
the GAGA and TFIID factors are already bound to the GAGA and TATA box
sequences respectively. However HSF must bind to the HSE for transcription to occur

(Wu 1985, Tsukiyama et al 1994.)

1.8.1.1 Activation of HSF

In the unstressed cell HSF1 exists as an inert monomer, in either the cytoplasm or
nucleus. The protein is maintained in this state by the C terminal end, as demonstrated
by a mutant lacking this region that can form trimers and bind DNA. This region
contains a leucine zipper, with a leucine every seventh residues, which is thought to
associate with another leucine zipper motif adjacent to the N terminal DNA binding
domain. This intramolecular folding masks the nucleic acid binding domain, and

maintains the protein as a monomer. The molecule is maintained in this
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condition by intramolecular interactions within the central part of the protein.
Constitutive phosphorylation of the molecule, on serine residues (Ser 303 and Ser
307) in the region distal to the transactivation domain represses the activation of the
transcription factor (Kline & Morimoto 1997, Knauf et al 1996.) Molecular
chaperones including Hsp90 have also been shown to maintain HSF1 in an inert state.

(Al et al 1998, Zuo et al 1998.)

Upon heat shock or exposure to another stressful condition, the repression is removed,
and HSF1 forms a transcriptionally active trimer in a multistep process (Figure 1.5.)
This action does not require de novo protein synthesis, therefore the transcription
factor exists in an inactive state in the unstressed cell (Zimarino & Wu 1987.)
Although trimerisation is sufficient for DNA binding, it is inadequate for activation of
transcription. Experiments with anti-inflammatory drugs have shown that inducible
phosphorylation on serine residues is essential for transcriptional activation (Jurivich
et al 1992, Lee et al 1995.) The increase in negative charge, caused by the
phosphorylation, allows the protein to interact like an acidic domain with other
transcription factors, such as TFIID, increasing transcription

There is evidence that heat shock proteins act as negative regulators of the response,
helping to return HSF1 back to an inert monomeric state. Overexpression of hsp70
inhibits the inducible transcription of heat shock genes (Mosser at al 1993, Shi et al
1998) and complexes of trimeric HSF1 and Hsp70 have been detected during the
attenuation of heat shock transcriptional response (Abravaya et al 1992, Shi et al.

1998.)
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Figure 1.5 Analysis of HSF1 structural and functional domain: a model for the
mechanism of HSF1. (a) Schematic representation of HSF structural motifs [DNA-
binding domain, heptad repeat A/B (HR-A/B) and HR-C] and functional domains
[negative regulation domain, activation domain, constitutive phosphorylation, and
suggested inducible phosphorylation). (b) Model for HSF1 regulation. In control cells
intramolecular interactions between HR-A/B and HR-C are important for negative
regulation. Following heat shock additional interactions between HRA/B and HR-C
and between negative regulatory domain and activation domain favour the new
intermolecular interactions of the HR-A/B domains leading to HSF1 trimerisation and
subsequent acquisition of DNA binding activity. (Adapted from Morimoto et al 1997)
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However, it has now been shown that hsp90 and not hsp70, inhibits the activity of
HSF1 (Zou et al 1998.)

A protein that binds to the hydrophobic heptad repeats in HSF, called heat shock
factor binding protein 1 (HSBP1) has been identified. This molecule, conserved
across evolution (from Caenorhabditis elegans to humans,) consists of 76 amino acids
that form an extended hydrophobic heptad repeat that interacts with the hydrophobic
heptads in HSF1. It only interacts with the trimeric state of the transcriptidn factor,
and Hsp70. Overexpression of this protein in vivo leads to an inhibited heat shock
response (Satyal et al 1998.) The mechanism by which this protein wofks is not clear,
but it may act to destabilize the protein, allowing other molecular chaperones to help

to shift the equilibrium towards the monomeric form.

1.9 HSP90 family.

The Hsp90 family comprises of amongst others hsp90, and the 94-kDa glucose
response protein, grp94, which are the main chaperones in the cytoplasm and
endoplasmic reticulum respectively.

HSP90 is one of the most abundant proteins in the unstressed cell accounting for 1-
2% of the total cell protein. There are two isoforms, hsp90a and hsp90p, that are the
products of genes on different chromosomes (Minami et al 1991). This is the result of
a duplication event that occurred before the teleosts emerged from the rest of the
vertebrate lineage over 500 million years ago (Moore et al 1989, Kroner and Sass
1994). The human alpha form is 85% identical to the beta form at the amino acid level
(Hickey et al 1989) but is more heat inducible (Simon ez al 1987.) Hsp90 is mainly
cytoplasmic and is found in association with filaments of the cytoskeleton (Koyasu et

al 1986, Czar et al 1996).
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1.9.1.1 Structure of HSP90

Both hsp90 isoforms consist of two spherical domains joined by a flexible junction. It
1s usually found as a homodimer although monomers of the beta isoform do exist
(Minami et al 1991.) The C terminal 49 residues of human hsp90c. are necessary for
dimerisation, which is vital for function in vivo (Minami et al 1994.) The amino acid
substitutions in the beta form between amino acids 561 and 685, compared to the
alpha form, account for its reduced ability to dimerise (Nemoto et al 1995.) The
protein can be modified postranslationally by phosphorylation on serine (S231 and
S263 in a, S227 and S255 in B) or threonine (only in o amino terminal domain)
residues but these are not essential for the protein function (Lees-Miller & Anderson
1989a, 1989b, Sullivan and Toft 1993.)

The two N terminal domains of the dimer form a clamp structure that can open and
close and may participate in the binding of ligands to hsp90 (Prodromou et al 1997.)
The N terminal domain of hsp90 contains a pocket that can bind the antibiotic
geldanamycin (GA) which has aided the research into the function this chaperone.
This 15 A deep pocket is highly conserved across species and is thought to bind
peptides in a turn conformation and may take part in a refolding action. (Stebbins et a/

1997.)

1.9.1.2 Function of HSP90

The main function of hsp90 is as a molecular chaperone. It is found in association
with several proteins including hormone receptors, arylhydrocarbon receptors,
kinases, other signalling components, and microtubules, and is often required to keep
them in a functional state.

The hormone receptors for progesterone and glucocorticoids bind to hsp90 to enable

them to bind the hormone. Hsp90 forms part of a heterocomplex that is pre-associated
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that can bind the glucocorticoid receptor (GR) to produce a steroid responsive
conformation (Hutchinson et al 1994). One of the components of the heterocomplex
is an immunophilin such as protein serine phosphatase 5, which associates with hsp90
in the C terminal domain through a tetratricopeptide repeat (TPR) domain (Chen, MS
et al 1996, Carello et al 1999). This is a degenerate sequence of 34 amino acids that
are often arranged in tandem repeats and are thought to be sites where intra- and
intermolecular interactions occur (Sikorski et al/ 1990.) Upon hormone binding the
hsp90 heterocomplex dissociates, allowing the active receptor hormone complex to
translocate to the nucleus and bind to DNA enhancing gene expression. Similarly
hsp90 is required to convert the nascent basic helix-loop-helix protein MyoD into the
active DNA binding form (Shue & Kohtz 1994)

Hsp90 is also found in association with several protein kinases. The Caesin Kinase II
(CKII) catalytic subunit associates with hsp 90 maintaining it in a soluble state and
preventing its aggregation. The chaperone can be phosphorylated by the enzyme at
two sites but this has no effect on the function of hsp90 (Miyata and Yahara 1992, Shi
et al 1994, Miyata and Yahara 1995.)

Hyperphosphorylation of both isoforms occurs in the presence of the serine/
threonine phosphatase inhibitor, okadaic acid. This causes the chaperone to dissociate

OV-STC

from the kinase pp60"™", and thus allowing the oncogene to become active
(Mimnaugh et al 1995) The normal cellular form of the kinase does not associate with
hsp90. Raf kinase and the injtiatioh factor elF-2a kinase are also stabilised by hsp90
indicating the chaperone’s importance in signal transduction (Kudlicki et al 1985,
Schulte et al 1998).

As several functions of hsp90 require ATP, and as another chaperone hsp70 has

ATPase activity, a similar activity in hsp90 has long been disputed. ATP induces hsp
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90 to undergo an “open” to “closed” conformational change (Csermely et al 1993)
and results in autophosphorylation on serine residues (Csermely & Kahn 1991.) It has
now been shown that ATP can bind at the GA binding site, which has a structural
homology to the ATPase domain of E.Coli DNA gyrase. An ATPase activity was
clearly detectable and was necessary for hsp90 function in vivo. p23, an essential part
of the steroid receptor heterocomplex only recognises the ATP bound form of hsp90,
not the ADP bound or nucleotide free protein. This process, as does the ATPase

activity, requires the entire hsp90 protein (Obermann et al 1998.)

1.9.1.3 Regulation of HSP90 gene expression

As well as the constitutive, and heat inducible expression of hsp90, several cytokines
have been shown to induce the production of this heat shock protein.

IL-6 has been shown to elevate the level of hsp90 in PBMCs and liver cells. This
increase in liver cells has been shown to be due to IL-6 activation of the hsp90pB
promoter (Stephanou et al 1997.) This effect can also be produced by the
overexpression of NFIL6 and NFIL6PB, as the promoter region contains several
binding sites for these transcription factors. This was confirmed by the finding that
IL-1, which also uses the NFIL6 transcription factors, can also induce hsp90B
expression (Stephanou et al 1998b.) The nucleic acid sequence between -643 and -
623 can confer IL-6 responsiveness on a heterologous promoter as it contains one of
these binding sites (Stephanou et al 1998b.) Further investigation showed that this
short region of the hsp90p promoter also contains two STAT3-like binding sites, and
that elevated levels of STAT3 can also induce gene expression (Stephanou et al
1998b.) This was confirmed as IL-10, which also activates STAT3, can induce

hsp90p expression (Ripley et al 1999.)
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It was also demonstrated that that two transcription factors NFIL6 and STAT3
synergise strongly to activate hsp90f gene expression and this interaction is essential
for the response to IL-6 (Stephanou et al 1998b.) Therefore the hsp90B promoter
seems to be induced by both the JAK/STAT pathway and the MAPK pathway, that
leads to activation of NFIL6 by threonine phosphorylation. Although STAT3 and
NFIL6 synergise upon IL-6 stimulation on the hsp90$ promoter, these transcription
factors have different interactions with HSF-1 following heat shock. While
overexpressed NFIL6 and HSF-1 or heat shock cooperate to increase hsp90f
promoter activity, overexpressed STAT3 suppresses the effect of HSF-1 or heat
shock. When both the heat shock and IL-6 stimuli were given simultaneously to cells
expressing normal levels of the transcription factors the activation of hsp90B gene
expression was less than that seen with either stimulus alone. This suggests that the
STATS3 antagonistic effect on HSF-1 is greater than the NFIL6 synergy following IL-
6 treatment (Stephanou et al 1998b.)

IFNy has also been shown to increase hsp90 protein levels by activating the beta
promoter. This effect was not seen in a STAT1 deficient cell line, indicating that this
transcription factor mediates the [FNy response. STAT1 can bind to the same short
region as STAT3 and NFIL6 described above, which also contains the HSE. In
contrast to the inhibitory effect of STAT3, STAT1 can form a protein-protein
interaction with HSF-1, strongly activating hsp90p gene expression (Stephanou et al
1999.)

These experiments demonstrate the complexity of the regulation of hsp90p gene

expression, where more than one signaling pathway is involved.
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1.10 Heat shock proteins and autoimmune diseases

Heat shock proteins are highly conserved across species. The human hsp90 shares
60% homology with the yeast equivalent, and 78% with the Drosophilia protein at the
amino acid level (Rebbe et al 1987.) Homologues of these proteins are induced by all
organisms, including those that infect Man, in response to stressful stimuli. T cells
and antibodies against exogenous hsps have been found in patients infected with
Mycobacteria, Plasmodium falciparum, and the yeast Candida albicans (Shinnick et
al 1988, Young et al 1988, Al-Dughaym et al 1994.)

There are several reasons why heat shock proteins maybe major targets for the
immune system in a wide range of infections. (1) These proteins are likely to be
elevated in pathogens after infection due to the stressful environment of the host
making them likely antigens. (2) Some heat shock peptides have been found in
association with MHC Class I and Class II molecules which may demonstrate that
they are amenable to processing by antigen presenting cells (3) Exposure to infection
early in life may develop immunological memory for a common epitope on these
conserved proteins, and subsequent infections restimulates the system. This may
provide a level of defense although it is not sufficient for immunization, as infection
by one pathogen does not protect against the infection of another. The high degree of
similarity between exogenous heat shock proteins and self-peptides suggests that host
tolerance may be broken by the production of antibodies against these targets, and
may lead to autoimmunity. Al-Dughaym et al (1994) demonstrated that patients with
fungal infections produced antibodies that cross-react with human hsp90. There is
some evidence that autoantibodies to hsps are involved in the pathogenesis of

autoimmune diseases.
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Rheumatoid arthritis can be induced in animal models by injection of killed
Mycobacteria tuberculosis, which produces a T cell response generating the condition
(Holoshitz et al 1983.) Further investigation discovered that hsp60 was the antigen
recognized by arthritogenic T cells (Young e a/ 1988.) Immunisation of rats with hsp
65 in complete Freunds adjuvant causes experimental arthritis. T cells lines can be
isolated from these animals which can transfer the condition. Protective T cell lines
can also be established (Cohen 1988.) However immunisation with soluble hsp65
does not induce arthritis, but causes resistance to further induction of adjuvant
arthritis (Van Eden et al 1988, Billingham et al 1990.) This suggests that hsp 65 may
play a regulatory role in adjuvant arthritis. Hsp70 has also been identified as a target
for T cells from the synovial infiltrate of rheumatoid arthritis patients (Lamb et al
1989.) The mycobacterium hsp60 homologue, GroEL, has also been implicated in the
development of insulin-dependent diabetes in NOD mice (Cohen 1991.)

However autoantibodies against hsps are commonly detected in healthy people, and
those who have been infected with tuberculosis often show no signs of autoimmunity.
This demonstrates that the presence of autoantibodies is not sufficient to induce an
autoimmune response. A susbset of T cells that have the yd T cell receptor have been
shown to recognize both foreign and self hsp epitopes (O’Brien et al 1989.) These
cells may form an initial line of defense against pathogenic infection, by recognizing
not only the infective agent itself, but also infected cells.

The increased levels of stress proteins, produced by both the host and the pathogen
upon infection, may lead to the abnormal surface expression of these proteins. Viral
infection and transformed cells lines have been shown to express heat shock proteins

on the cell surface (La Thangue & Latchman (1988.) This would expose epitopes not
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normally seen by the immune system, and may produce a response from T cells and

antibodies primed against exogenous heat shock proteins, leading to autoimmunity.

1.11 Hsp90 and SLE

Several investigations have examined the levels of heat shock proteins in SLE
patients. Deguchi et al (1987) noticed increased levels of both hsp70 and hsp90 in the
pooled PBMCs from patients with SLE compared to healthy controls. Investigation of
individual patients has confirmed this elevation of hsp90 and the heat inducible form
of hsp70, hsp72, in some SLE patients (Norton et al 1988, Dhillon et al 1993.) The
raised level of hsp90 seen in a subset of SLE patients correlated well with active
disease in the cardiovascular and central nervous system categories. However the
increase in hsp72 did not relate to disease activity. The expression of the heat shock
proteins ubiquitin, hsp65 and hsp73, the constifutive form of hsp 70, was not altered
in SLE patients. The level of hsp90 seen in febrile patients did not correlate with the
degree of fever observed (Dhillon et al 1993.) Overexpression of hsp90 was seen in
patients with SLE and myositis, but not in those with Rheumatoid Arthritis or
Sjogren's Syndrome (Dhillon et al 1993.) Together these facts demonstrate that the
increase in hsp90 seen in SLE patients is specific for the disease and is not a
generalized effect of stress, illness or the presence of activated lymphocytes, which
also occurs other autoimmune diseases. The subset of 30% of patients with elevated
hsp90 in the PBMCs is also distinct to the group with increased levels of hsp72.
Patients with raised levels of hsp 90 were also more likely to be affected by
cardiovascular or neurological disease activity, and lack the common HLA
A1/B8/DR3 haplotype (Dhillon et al 1993.) Further investigations discovered that the
elevation in hsp90 levels seen in a subset of SLE patients is due to increased

transcription of the hsp90p isoform, and not hsp90c. (Twomey et al 1993.)
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Further evidence for the involvement of hsp90 in the pathogenesis of SLE was
gathered from the lupus prone MRL Ipr/Ipr mouse. The level of the heat shock protein
is elevated in the spleen of these mice, compared to controls. This increase occurs
prior to the onset of the disease, suggesting that it may give rise to an autoimmune
response (Faulds et al 1994.)

The generation of an immune response to hsp90 would require abnormal surface
expression, in order to induce the production of autoantibodies that recognize the
protein. Hsp90 is normally a cytoplasmic protein, but several situations have been
shown to induce surface expression including PMA stimulation of HL60 monocytic
cells, PHA stimulation of lymphocytes and viral infection (Haire et al 1988, La
Thangue & Latchman 1988.) The presence of hsp90 on the cell surface has also been
shown in SLE, and the extent of this phenomenon correlates well with the level of
expression of the protein. This suggests that the two events may be related, with
overexpression leading to surface expression, especially as they both correlate well
with active disease (Erkeller-Yuksel et al 1992.)

Minota et al (1988) reported that 40% of SLE patients examined had increased levels
of autoantibodies against hsp90. The same group then produced conflicting evidence,
with only 10% of SLE patients producing the antibodies, which was similar to
patients with other autoimmune conditions (Jarjour et al 1991.) The development of
an enzyme linked immunoassay system to detect antibodies to the native form of
hsp90 allowed a more accurate picture of the situation to be formed. In a study of 73
patients 35% had raised levels of IgM anti hsp90 antibodies, whilst 26% had elevated
levels of the IgG subtype to hsp90, compared to healthy controls (Conroy et al 1994.)
Patients with the increased levels of the hsp autoantibody, as those with raised levels

of the protein itself, were significantly more likely to lack the HLA A1/B8/DR3
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haplotype. However there was no correlation between the level of antihsp90 and anti-
DNA antibodies. The observations seen in humans were mirrored in the MRL/[pr
murine model. A similar percentage of mice developed autoantibodies to hsp90,
which increased with age. This increase did not correlate with levels of anti DNA
antibodies (Faulds et al 1995.)

The presence of increased levels of hsp90, the surface expression of the protein, and
autoantibodies against it all indicate that tolerance to the protein has been lost and
autoimmunity induced. These observations, taken together with the increased levels in
SLE patients of the cytokines IL-16 and IL-10, which are known to activate the
transcription of hsp90, suggest that it may play a role in the pathogenesis of SLE in
some patients. This hypothesis is strengthened as transgenic mice that overexpress IL-
6 have elevated levels of hsp 90 and develop autoantibodies against this protein
(Stephanou et al 1998b.) This study has investigated the differences in gene
regulation by cytokines between the two isoforms of hsp90, to try to identify the
reason for the specific increase in hsp90p in SLE patients. The plasma cytokine levels
in lupus patients have also been investigated to elucidate whether these are related to

disease activity in a certain category of the BILAG index.
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Chapter 2 Materials and Methods

2.1 Chemicals

All chemicals were purchased from BDH Laboratory Supplies, Poole, Dorset,
England, and were of AnalaR quality unless otherwise stated. All solutions were
made in water purified using a Milli-Q Plus 185 purification system from Millipore
UK Ltd., Watford, Herts UK.

Appendix II gives details of the components of solutions described below where

indicated.

2.1.1 CAT assay reagents
Acetyl Coenzyme A was purchased from Boehringer Mannheim GmbH, Mannheim,
Germany. D-threo [dichloroacetyl -1 -14C] Chloramphenicol was procured from

Amersham Pharmacia Biotech UK Ltd., Little Chalfont, Bucks, England.

2.1.2 Cytokine ELISA kits.

IL-6 Quantikine® High Sensitivity ELISA was purchased from R&D Systems

Minneapolis, MN USA. The IL-10 Cytoscreen High sensitivity kit was supplied by

Biosource International Inc., Camarillo, CA. IFN-y Biotrak high sensitivity ELISA
was acquired from Amersham Pharmacia Biotech UK Ltd., Little Chalfont, Bucks,

England.

2.1.3 DNA purification
Yeast extract was supplied by Difco Laboratories, Detroit, MI, USA, and Tryptone

from Duchefa, Haarlem, Netherlands. Glycerol was purchased from BDH.
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Agarose (electrophoresis reagent) was supplied by Gibco BRL, Life Technologies

Ltd., Paisley, Scotland.

2.1.4 Western Blotting

30% Acrylamide/Bisacrylamide solution (37.5:1) (electrophoresis quality) was
purchased from Amresco, Solon, OH, USA. Primary goat polyclonal IgG antibodies
against hsp90a (N-IT) and hsp90B (D-19) were obtained from Santa Cruz
Biotechnology Inc., Santa Cruz, CA, USA

Secondary horse radish peroxidase (HRP) conjugated antibodies were purchased from

Dako Ltd., High Wycombe, Bucks, England

2.1.5 Cell culture

All tissue culture medium components were purchased from Gibco BRL, Life
Technologies Ltd., Paisley, Scotland. All plastic ware was obtained from Nalgene
Nunc International, Poole, UK or Bibby Sterilin Ltd., Stone, Staffs, England and had
been sterilized by gamma irradiation. IL-6 was purchased from Genzyme, and IFN-y

was acquired from Sigma Chemical Co. St. Louis, MO, USA

2.1.6 Plasmids
A schematic diagram of both promoter regions is shown in Figure 2.1

The hsp90a CAT construct was a kind donation from Dr. Weber (University of

Nevada, Reno, U.S.A). This consists of approximately 1.8Kb of the 5’ flanking region

82



% % G
+ %

?B

%

%

8:0 8//

@B BB Zl @ Z/I@ ZB<? Z B Z <B< Z?75<«<

Eo ol
0 F " %



from the hsp90a gene containing the cap site, coupled to the chloramphenicol acetyl
transferase gene (Hickey et al 1989.)
The hsp90B construct contained the hsp90B promoter region and coding region upto
part of the first intron (-1039 to +1531) upstream of the CAT gene (Shen ef al 1997.) -
This was a gift from Professor Yu-Fei Shen (Peking Union Medical College).
A control plasmid consisting of the B-galactosidase lacZ gene under the control of the
Rous Sarcoma Virus (RSV) promoter was used to equalize transfections.

2.2

2+4 Apparatus.
Microtitre plate spectrophotometric readings for protein concentration, f-
Galactosidase activity and cytokine ELISAs were read using a LabSystems multiskan
RC microtitre plate reader with associated Genesis software v1.87 Life Sciences (UK)
Ltd. (LabSystems, UK). UV spectrophotometry of DNA samples was carried out
using a Jenway 6405 UV/Vis spectrophotometer.
Densitometry was carried out with Bio-Rad model GS-670 imaging densitometer with
associated Molecular Analyst™ v1.1 software (Bio-Rad Laboratories Ltd., Hemel
Hempstead, Herts, England.)

Western Blot analysis was carried out using Mini-PROTEAN 1I electrophoresis cell

system followed by transfer in a Mini Trans-Blot® electrophoretic transfer cell

powered by a Biometra (Maidstone, Kent, England) power pack.

Photographs were taken by Polaroid MP.4 land camera, (Polaroid, Cambridge, MA,
USA) using Polaroid 667 Black and white print film (Sigma Chemical Co. St. Louis,

MO, USA.)
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2.2  Methods

2.2.1 Cytokine measurement by Enzyme Linked ImmunoSorbent Assay (ELISA)

2.2.1.1 Preparation of samples.

2.2.1.1.1 Sera.

10ml of freshly taken venous blood was placed in a Vacutainer serum separator tube.
The blood was allowed to clot at room temperature for at least 1 hour and then spun at
2000 rpm for 10 minutes. The serum was removed with a pasteur pipette and

aliquoted for storage at -70°C unless otherwise stated.

2.2.1.1.2 Plasma.

20ml of venous blood was collected into a heparinised universal (10U/ml sodium
heparin, Monoparin CP Pharmaceuticals, Wrexham, UK). The cells were removed by

centrifugation at IOOOfpm for 5 minutes at 4°C. The plasma was passed through a

0.22um syringe filter and aliquoted for storage at -70°C unless otherwise stated.

2.2.1.2 Interleukin-6 Assay.

A high sensitivity ELISA kit was obtained from R&D Systems, and the samples
analyzed according to the manufacturer's instructions. A set of standards was
prepared using the serum based sample diluent. Samples were either assayed neat or

diluted using the serum based diluent. The primary incubation was carried out for 20
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hours at room temperature. The plate was then washed manually four times, before
adding the conjugated antibody. After a 6 hour incubation at room temperature the
plate was washed again. The substrate solution was added, and after 1 hour at room
temperature, the amplifier solution was added. The stop solution was used to prevent
further colour development after 30 minutes at room temperature. The plate was read
at 490nm and 620nm using a plate reader in conjunction with Genesis computer

package.

2.2.1.3 Interleukin-10 Assay.

An ultrasensitive IL-10 ELISA kit was purchased from Biosource, and used according
to the manufacturers instructions. A standard curve was prepared using the sample
diluent. Samples were assayed neat or diluted using the sample diluent. After the
initial 3hour incubation at 37°C, the plate was washed 6 times manually. The biotin-
conjugated antibody was then added and incubated for an hour at room temperature
before the wash step was repeated. The strepdavidin- horse radish peroxidase complex
solution was added and the plate incubated for an hour at room temperature before the
plate was washed as before. The substrate solution was then added. The colour
development was stopped after 35 minutes at room temperature and the absorbance
read at 450nm using a plate reader in conjunction with Genesis computer software.

The standard curve was used to calculate the level of IL-10 in the samples.
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2.2.2  Growth of bacterial cultures.

400ml of Luria Broth or Terrific Broth [see Appendix II] was supplemented with

100pg/ml ampicillin as all plasmids used conferred resistance to this antibiotic. 40ul
of glycerol stock was used to inoculate the culture, which was expanded at 37°C in an

oscillating incubator for 16 hours.

2.2.3 Preparation of glycerol stock.

800pl of bacterial suspension was removed from the overnight culture and placed in a

sterile cryotube. 200ul of autoclaved glycerol was added and mixed well before being

placed at -70°C for storage.

2.2.4 Isolation of plasmid DNA by PEG precipitation.

The overnight culture was centrifuged at 3000 rpm for 20 minutes at room
temperature. The pellet was resuspended in 20ml of solution 1 [see Appendix II.]
40ml of freshly prepared solution 2 [see Appendix II] was added, gently mixed and
left to stand for 10 minutes at room temperature to ensure complete lysis of the
bacterial cells. 30ml of ice cold solution 3 [see Appendix II] was added and after
gently mixing incubated on ice for 10 minutes. The protein/genomic DNA precipitate
was removed by centrifugation at 3000rpm at 4°C for 30 minutes. The supernatant
was strained through tissues into a fresh 250ml centrifuge tube. 50ml of isopropanol
was added, mixed gently and immediately centrifuged at 8000rpm for 15 minutes at

4°C. The supernatant was carefully decanted and the remaining pellet washed with
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70% ethanol. The remaining ethanol was allowed to evaporate before the pellet was
resuspended in 3ml of TE pH 7.5 and placed in a fresh 15ml falcon tube. 3ml of ice
cold 5M lithium chloride was added and mixed thoroughly. The resulting precipitate
was removed by centrifugation at 3000rpm for 10 minutes at 4°C. The supernatant
was removed to a fresh tube and 1 volume (6ml) isopropanol added. After mixing, the
tube was immediately centrifuged, at 3000 rpm for 10 minutes at 4°C. The
supernatant was removed and the pellet washed with 70% ethanol. The excess
ethanol was allowed to evaporate before the pellet was resuspended in 400l TE pH 7.
5 supplemented with 20pl 10mg/ml RNAse A, and incubated at room temperature for
30 minutes. The DNA was precipitated with 400ul 13% (w/v) polyethylene glycol
8000 in 1.6M NaCl. After centrifugation at 14000rpm at 4°C for 10 minutes in a
microcentrifuge the pellet was resuspended in 500ul TE pH 7. 5. 500l of Tris-
equalised phenol was added and the tube vortexed. The protein precipitated was
removed by centrifugation at 14000rpm at 4°C for 10 minutes. The upper aqueous
phase was carefully removed to a tube containing 500l chlorofqrm: isoamylalcohol
(TAA) (24:1). After vortexing the phases were separated by centrifugation at 14000
rpm at 4°C for 5 minutes. The aqueous phase was carefully removed to a fresh tube.
100l of 100mM ammonium acetate was added and mixed thoroughly. 2 volumes
(1ml) ice cold ethanol was added and gently mixed before centrifugation at 14000
rpm at 4°C for 10 minutes. The supernatant was aspirated and the pellet washed with
70% ethanol before drying in a centrifugal concentrator. The pellet was dissolved in
500ul of 0.22um filter sterilized water under category 2 conditions. A 20ul aliquot

was removed for DNA concentration analysis.
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2.2.5 Determination of DNA concentration

4pl of DNA sample was diluted to 1ml with sterile water, and the absorbance at
260nm and 280nm was read using a spectrophotometer. The 260nm: 280nm reading
ratio gives an indication of protein contamination and any samples with a ratio higher
than 1.7 were re-extracted using phenol and chloroform as described above. The
DNA concentration was calculated using the fact that a DNA solution of 50mg/ml
gives an optical density of 1. 00 at 260nm. Therefore the reading at 260nm was

multiplied by 12.5 to give the DNA concentration of the sample in mg/ml.

1. 00 OD = 50mg/ml DNA

50 x OD =DNA in mg/ml
But as 4ul of sample used  50/4 x OD = DNA in mg/ml

12. 5 x OD = DNA concentration of sample in mg/ml

The volume of sample containing 1ug DNA was calculated.

2.2.6 Electrophoresis of DNA

1pg of each DNA sample was loaded onto 1% agarose gel containing 1mg/L ethidium
bromide using loading buffer containing bromophenol! blue dye, and run at 70V
against a standard 1Kb ladder until the dye front had moved halfway down the gel.

DNA was visualized under UV light and photographed using a Polaroid camera.
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2.2.7 Cell culture

The human HepG2 hepatoma cell line was obtained from the American Type Culture
Collection (Rockville, MD.) HepG2 cells stably expressing the IL-10 receptor were a
kind gift from Dr. Heinz Bermann (Roswell Park Cancer Institute, Buffalo. NY.)

The cells lines were cultured in a full growth medium of Dulbeccos modified Eagles
medium (DMEM) supplemented with 10% (v/v) fetal calf serum, and 1% (v/v)
penicillin/streptomycin (10000 IU/ml/10000pg/ml) at 37°C in a humidified 5% CO,

incubator.

2.2.7.1 Passaging of cells.

When the culture reached 70-90% confluence the cells were passaged for continued
growth and expansion. The media from an 80cm’® flask was aspirated and the cells
washed with versene. 3ml of versene with 10% (v/v) trypsin was added and the flask
replaced in the incubator until the cells began to detach. 9ml of full growth media
was added to rinse the flask and neutralize the trypsin. The cell suspension was
placed into a 15ml falcon tube and then centrifuged at 1000rpm for 5 minutes. The
supernatant was removed and the cell pellet resuspended in full growth media and

used to seed a new flask or 6 well plates as required.

2.2.7.2 Long term storage of HepG2 Cells.

A cell pellet was prepared as described for passaging (see above). The pellet was
resuspended in 1.8ml of ice cold Dulbecco's media containing 40% (v/v) fetal calf

serum. 0.9ml of cell suspension was placed into a cryotube and 0.9ml of ice cold
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Dulbeccos media supplemented with 30% (v/v) fetal calf serum and 16% (v/v)
dimethylsulphoxide (DMSO). The tubes were placed on ice for 30 minutes before
being wrapped in insulating material and placed at -70°C to freeze slowly overnight.

The tubes were then transferred into liquid nitrogen for long term storage.

2.2.7.3 Thawing cells from long term storage

The cells were rapidly thawed by placing the cryotube in a 37°C waterbath. As soon
as the cells had thawed the cell suspension was added to 10ml prewarmed full growth
media. The cells were pelleted by centrifugation at 1000rpm for 5 minutes at room
temperature. The supernatant was removed and the pellet resuspended in Sml of full
growth media and used to seed a 25cm’ flask. The cells were then passaged as

described above.

HepG2 cells were plated at a density of 10° cells per well in a six-well plate the day

before transfection.

2.2.7.4 Transfection

Several methods for the introduction DNA into mammalian cells or transfection exist
which differ by the means of crossing the cell membrane. Microinjection involves
piercing the membrane with a fine pipette and injecting a precise amount of DNA
directly into the nucleus. This is a highly technical method that only allows one cell
to be transfected at a time.

Exposure of cells to a high electric field causes the membrane to become permeable
allowing external molecules to diffuse into the cytoplasm. This method of

electroporation uses pulses of electricity to allow the membrane to reseal after the
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trauma to ensure cell survival. This simple method enables millions of cells to be
transfected at one time.

Liposomes composed of cationic lipids and a helper lipid (usually
diolecylphosphatidylethanolamine (DOPE)) form slightly positively charged
complexes with polyanionic DNA. These can then interact with the slightly
negatively charged cell membrane leading to fusion. This method produces a higher
efficiency and better reproducibility than the other methods, but it requires highly
purified DNA.

Calcium phosphate and diethyl aminoethyl (DEAE) dextran can be used to form a
precipitate along with an environment where the DNA complex attaches itself to the
cell membrane where it undergoes phagocytosis or endocytosis. These methods
require common laboratory chemicals and can transfect many cell at once with high

efficiency.

The calcium phosphate method was used, as it was the most efficient and economical

for the large amount of transient transfections carried out during this research.

Transfection of DNA was performed by the method of Gorman (1985.) 2ug of the
promoter reporter plasmid, 2pg of the indicated transcription factor expression vector
and 1pg of the B-galactosidase reporter construct were added to 32l of 2M Calcium

chloride and mixed by inversion. 400pl of phosphate buffer [see Appendix II] was
added dropwise with gentle mixing, and allowed to stand for 10 minutes. The
medium was aspirated from the cells, and the transfection mixture slowly added

dropwise to the cells, ensuring the entire well was covered. The plates were gently
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tilted from side to side, before being placed at 37°C in a 5% CO, incubator. After 20-
40 minutes 2ml of full growth medium was added to each well, and the cells returned
to the incubator for a further 4-6 hours.

The medium was aspirated and the cells washed twice with sterile 1xPBS. The cells

were then refed with 2ml of full growth medium.

2.2.8 Treatment of cells

The cells were treated 24-48 hours post transfection using one of the following

methods.

Control. The cells were aspirated and re-fed with 1ml DMEM.

Interferon-y. The cells were aspirated and the medium replaced with 1ml DMEM
containing 50ng/ml interferon-y. Interferon-y was purchased from Promega
Corporation (Madison, WI, USA.) and had an endotoxin content of less than 0.1ng/pg
of IFN-y. The product was guaranteed to be biologically active.

Interleukin-6. The media was removed and the cells were refed with 1ml DMEM
supplemented with 5Ong/ml interleukin-6. Recombinant human IL-6 (CHO cell
derived) was obtained from Genzyme Diagnostics (Cambridge MA, USA.) The
product was guaranteed to be biologically active and an endotoxin level of less than
0.1ng/ug IL-6. This was typically 0.001ng/pg IL-6.

Interleukin-10. The media was removed and the cells were refed with 1ml DMEM

supplemented with 100ng/ml interleukin-10. IL-10 was purchased from Sigma (St
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Louis, MI, USA.) The endotoxin level was guaranteed to be less than 0.2ng/ug IL-10.
The biological activity was also certified.

The doses of the cytokines had been previously determined in the laboratory and
shown to activate transcription of the hsp90pB promoter (Stephanou et a/ 1999, Ripley
et al 1999.)

Heat shock. The cells were wrapped in parafilm and placed in a 42°C waterbath for 1

hour. The medium was removed and the cells were then refed with 1ml DMEM.

16 hours post treatment the media was removed and the cells washed with PBS. Cell

extracts were prepared. 150l of reporter lysis buffer (Promega) was added to each
well and incubated on ice for 10 minutes. The cells were harvested with a rubber

policeman, and the cell debris removed by centrifugation at 20 000g for 2 minutes.

2.2.9 [Galactosidase Assay
This assay was carried out in triplicate using a microtitre plate method. 10pl of cell

extract was place in each well with 90ul of water and 100ul of 2x Z buffer [see
Appendix I1.] The plate was incubated at 37°C for 2 hours and the colour change read

at 405nm using a plate reader in conjunction with Genesis computer software.

The cell extracts were then equalized for B-galactosidase activity using reporter lysis

buffer.
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2.2.10 Chloramphenicol acetyl transferase (CAT) Assays.

Assays of CAT activity were performed by the method of Gorman (1985.)

80ul of each equalized sample was added to 120ul of reaction buffer [see Appendix
IT] and incubated at 37°C for 1.5 hours. 1ml ethyl acetate was added to the reaction
mixture and vortexed for 20 seconds, before centrifugation at 20 000g for 2 minutes.
The ethyl acetate layer was removed to a fresh tube, and desiccated in a centrifugal
concentrator. The radioactive pellet was resuspended in 12pl of ethyl acetate and
plated out at 15Smm intervals on silica coated aluminum thin layer chromatography
plates. The enzyme reaction products were separated by thin layer chromatography
using 19:1 chloroform: methanol until the solvent front had reached 1cm from the top
of the plate. The plates were exposed to radiographic film for 24 hours before

development. The products were quantified using densitometry.

2.2.11 Western Blotting

Cells were aspirated and washed with 1xPBS. Cells were harvested in 150ul protein
sample loading buffer [see Appendix II] using a rubber policeman. The samples were
boiled for 3 minutes using a heating block and then kept on ice. 20ul of each sample
was loaded against Spl rainbow marker on a 10% SDS polyacrylamide gel and run
vertically at 60 mAmps until the dye front had reached the bottom of the gel. The
proteins were transferred to Hybond-C nitrocellulose membrane overnight at 4°C in
transfer buffer at 200mAmps using a Bio-Rad transfer system. A magnetic stirrer was

used to maintain a constant ion distribution throughout the buffer.
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The nitrocellulose membrane was blocked in 4% for 1 hour at room temperature with
gentle shaking. The membrane was then placed in primary antibody (1/1000 in 4%
Marvel in PBS-T [see Appendix II]) for one hour at room temperature with gentle
shaking. The membrane was given two 5 minutes washes in 4% Marvel in PBS-T,
before addition of the secondary horse radish peroxidase conjugated antibody
(1/10000 in 4% Marvel in PBS-T.) After 1 hour at room temperature with gentle
shaking the membrane was washed for 5 minutes in PBS-T, 5 times. The antibodies

were detected using the ECL chemiluminescence system from Amersham Biotech.
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Chapter 3 Regulation of hsp90 gene expression by cytokines.

3.1 Introduction

It has been shown that a subset of SLE patients have elevated levels of hsp90 (Norton
et al 1988, Dhillon ez al 1993), and some have autoantibodies to this protein (Conroy
et al 1994.) The increase in hsp90 levels correlate well with hsp90f gene transcription
(Twomey et al 1993.) Previous studies have shown that the expression of hsp90
protein is up regulated by the cytokines IL-6, IL-10 and IFNy (Stéphanou et al 1997,
Ripley et al 1999). The activity of the hsp90PB promoter was increased by these
cytokines.

The effect of cytokines on the activity of the alpha promoter has not been reported. In
this study the differences between the two hsp90 genes have been investigated to

identify any mechanisms that might lead to the elevation of the beta, but not the alpha
form in SLE.

3.2  Methods _
The HepG2 cells that stably express the IL-10 receptor were tested for a response to
IL-10. The hsp90B construct is known to have a STAT3 binding site, and IL-10
activates transcription through this factor. Therefore the activation of hsp90f was
used as an indication of a response to IL-10. Two six well plates of cells of each cell
line (native HepG2 and the IL-10 responsive HepG2) were transfected with the
hsp90p construct and (-galactosidase control plasmid as described in Chapter 2. The
cells were treated with either nothing (controls), IL-10 (100 ng/ml) or heat shock, and
harvested 16 hours after treatment.

The response of the hsp90a and hsp90f promoters to IL-10, IL-6 and IFNY were

compared in the IL-10 responsive HepG2 cell line. Initially the cells were treated with
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either 1ml serum free DMEM (control), 50 ng/ml IL-6, 50 ng/ml IFNy, 100 ng/ml IL-
1- or heat shock (1 hour at 42°C.) The cells were harvested 16 hours after treatment
and analysed by Western blotting.

The differences in regulation at the promoter level were investigated using the
hsp900-CAT and hsp90B-CAT contructs. Cells were transfected with either the
hsp90a: or hsp90P construct, with the B-galactosidase control plasmid as described in
Chapter 2. The cells were treated with either 1ml serum free DMEM (control), 50
ng/ml IL-6, 50 ng/ml IFNY, 100 ng/ml IL-1- or heat shock (1 hour at 42°C.) The cells

were harvested 16 hours post treatment and a CAT assay performed.

3.3 Results

The HepG2 cell stably expressing the IL-10 receptor was shown to be responsive to
IL-10, while the native cell line did not respond. The experiment was repeated three
times and typical results are shown in Figure 3.1. The results were analysed by means
of densitometry and equalised using B-galactosidase activity. The average results for
the three experiments are shown in Figure 3.2. The transcription of the hsp90f
promoter was activated in both cells lines by heat shock, but only by IL-10 in the cell
line that stably expresses the cytokine receptor. This also confirms that the IL-10 is

biologically active.

IL-10 responsive Hep-G2 cells were treated with IFNy, IL-6, IL-10 and heat shock.
Two identical SDS-PAGE gels were run to analyse the protein content of each sample.
The hsp90c and hsp90P content of each sample was compared to control untreated
cells by western blotting. The experiment was repeated three times and typical results

are shown in Figure 3.3 The protein levels were quantified by
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densitometry and equalized using actin levels in each sample. The average relative
levels for the three experiments are shown (Figure 3.4)

The hsp90c and hsp90p levels were increased by treatment with IL-6, IL-10 and heat
shock. IFNY did not increase the expression of the hsp90c isoform, but did elevate the
levels of the B form.

To identify whether these changes at the protein level were caused by differences at
the transcription or post-transcriptional level, a chloramphenicol acetyl transferase
(CAT) assay was carried out using hsp90a and hsp90f promoter-reporter constructs.
The hsp90a construct consists of approximately 1.8Kb of the 5' flanking region of the
hspQ0a gene containing the cap site, coupled to the CAT gene (Hickey et al 1989).
The hsp90B construct contains the hsp90f promoter and coding region upto part of
the first intron (-1039 to +1531) upstream of the CAT gene (Shen et al 1997).

HepG?2 cells expressing the IL-10 receptor were transfected with either the hsp90a or
hsp90B CAT construct, and then treated as control cells, or with IFNYy, IL-6, IL-10 or
heat shock. The difference in promoter activity was then investigated using a CAT
assay. The experiment was repeated three times and typical results are shown in
Figure 3.5. The results were analysed by densitiometry and the average results for the
three experiments are shown in Figure 3.6. The results of the CAT assay reflected
those seen in the Western blot. Both isoforms were upregulated by IL-6, IL-10 and

heat shock, but only the promoter activity of the B form was increased by IFNY.
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3.4 Discussion

The IL-10 receptor expressing cell line was shown to be responsive to IL-10, by the
ability of the cytokine to activate the transcription of the hsp90f promoter construct.
This effect was not seen in the native cell line. As the hepatoma cell lines are known
to be responsive to IL-6 (Stephanou et al 1997), and the native HepG2 cell line has
previously been shown to be responsive to IFNY (Stephanou et al 1999), this cell line
could be used to investigate any differences in the transcription and expression of the
two hsp90 isomers.

These results confirm previous findings that hsp90p is upregulated by IL-6, IL-10 and
IFNYy. However the alpha form was upregulated by IL-6 and IL-10, but not by IFNy.
IFNYy only activates the transcription factor STAT1, whereas the other two cytokines
activate STAT3. IL-6 also activates STAT1, but to a lesser extent that STAT3, as well
as signaling through NFIL6 and NFIL6f. This data would suggest that the alpha
promoter does have a STAT binding site, but the sequence favours the binding of
STAT3 as opposed to STAT1. The beta promoter is known to have overlapping
binding sites for the transcription factors NFIL6, STAT3, STATI1, and HSF1. The
alpha promoter however has consensus sequences for HSF and STATSs, but they are
not overlapping. There is also only one STAT binding site as opposed to the two seen
in the hsp90 gene promoter. (Figure 3.7.) STAT1o: STAT3 heterodimers are more
efficient at enhancing gene transcription than homodimers on a single SBE
(Vinkemeier et al 1996.) This may explain why IFNy which only signals through
STAT1 homodimers is less efficient at activating hsp90c. gene transcription that IL-6
or IL-10 which lead to the formation of STAT1: STAT3 heterodimers, as well a

homodimers. In the presence of multiple SBEs STAT 1o, homodimers are more
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Figure 3.7 Sequences of the hsp90 gene promoters showing transcription factor
binding sites. a) Asp90c gene promoter from —740 to —719 relative to the transcription
start site. Heat shock element and STAT consensus sequences are indicated
(Morimoto 1993, Schumann et al 1996.) b) hsp90f gene promoter from -643 to —623
relative to the transcription start site. Heat shock element, STAT and NF-IL6
consensus sequences are indicated (Morimoto 1993, Schumann et al 1996, Akira et al
1990.) Note that the orientation of the central repeat of the tripartite HSF-binding

-740

STAT
TCTTCCGGAAGTTCGGGAGGCTTCTGGAAAAAG

HSE HSE HSE

STAT STAT

-643 GCCTGGAAACTGCTGGAAAT  -623
HSE HSE HSE
NF-IL6

region is opposite to that of the outer two repeats.
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effective than STAT3 dimers (Vinkemeier et al 1996,) perhaps explaining why IFNy

can induce hsp90f gene expression equally as well as IL-10 and IL-6.

The cytokine IL-4 has been shown to upregulate the expression of hsp90a (Metz et al
1996.) The study however did not investigate the effect on the hsp90p promoter. IL-4
suppresses the expression of pro-inflammatory cytokines, and induces the
differentiation of T-helper cells into Tx2 cells, which in turn produce IL-6 and IL-10.
Therefore IL-4 may act on hsp90 by inducing IL-6 or iL-lO which in turn activate

transcription.

The effect of the cytokines investigated could vary according to the cells type. As the
levels of hsp90 have been shown to increase in the Peripheral blood monouclear cells
(PBMCs) of SLE patients, these experiments should be repeated in PBMCs prepared
from healthy people to determine whether the same differences occur in these cells.
This would give a more accurate indication of the situation in SLE patients.

Additional experiments using dominant negative forms of the transcription factors
need to be carried out to identify the signaling pathways used to activate expression of
the hsp90o promoter. Cotransfection with a dominant negative form of STAT1
would abolish the IFNy signaling pathway, and also prevent to formation of active
STAT1:STAT3 heterodimers. The production of hsp90c would be expected to drop, |
as it is hypothesised that the heterodimers are more efficient at activating transcription
than the homodimers.

CAT constructs containing either single or multiple STAT binding elements in the
promoter sequence could also be used to investigate the role of these elements in the
signaling of the three cytokine. Experiments could be carried out using the cytokines

or by overexpressing either STAT1, STAT3 or both STAT proteins, by means of co-
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transfecting plasmids encoding the relevant transcription factor. The SBE from the
hsp90c and hsp90B promoters could also be isolated and placed upstream of a CAT
gene. Overexpression of STAT1 or STATI, or both STAT proteins would help to
confirm the hypothesis that heterodimers are better than homodimers at activating
transcription on a single SBE.

Electromobility shift assays using single and multiple STAT binding sequences would
also help to confirm these results and clarify the situation. A labeled probe with either
the SBEs from the two hsp90 promoters or manufactured probes containing a single
SBE or multiple SBEs could be used. The probe can be added to the nuclear extract
from cells treated with the cytokines. If a STAT protein binds to the probe it is retaded
on an electrophoresis gel. This can be confirmed with the use of an antibody to the
transcription factor, as this removes the retarded band. It would be expected that
retarded band for the probe containing the single SBE would be larger (i.e. more dense
or darker) in the IL-6 treated cells as compared to the IFNY treated cells, if the
hypothesis is correct.

As expected both forms of hsp90 were increased following heat shock, but in
agreement with previous work the o form was induced more then the B form (Meng et
al 1993). The blot also shows relatively higher levels of hsp90f3 compared to the alpha
form, as described in murine lymphoma cells (Minami et al 1991). This could
however, be due to the relative binding affinities of the two primary antibodies, and
not differences in protein concentration.

These differences in cytokine regulation may partially explain the upregulation of the
beta form in the subset of SLE patienfs. It is generally accepted that both IL-6 and IL-

10 are present at elevated levels in the serum of SLE patients (Linker Israeli et al
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1991, Spronk et al 1992, Houssaiu et al 1995, Park et al 1998) which would according
to this data elevate both isoforms of the protein. However IFNYy is also reported as
being slightly increased (Kim er al 1987.) The beta isoform may therefore be
upregulated, more so than the alpha form, by the elevated levels of IL-10, IL-6 and
IFNY present in SLE patients.

The beta construct contains part of the first intron as well as the promoter region,
whereas the alpha construct consists only of the promoter upstream of the CAT gene.
The first intron of both genes contain putative HSEs, which have been shown to be
essential for the maintenance of high hsp90fB expression and its heat inducibility
(Shen et al 1997.) The presence of these elements within the first intron of the hsp90c
gene however are not important for the regulation in response to heat (Zhang et al
1999.) The sequences in the hsp90P first intron are similar to those within the
promoter region that can bind STAT3, so they could aid the response to the cytokines,
as perhaps they may in the alpha gene. The lack of activation of the hsp90c. construct
by IFNy may have been due to the absence of essential enhancer elements found
within the first intron. However as the protein levels reflect the results of the CAT
assay experiments this is unlikely.

These results suggest that the increase in hsp90f levels seen in some SLE patients
may be due to raised levels of IFNy. Alternatively IL-6 and IL-10 may stimulate the
production of both proteins‘ in SLE, but the beta form could be more highly expressed

and therefore correlate better with the protein levels observed.
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Chapter 4 Evaluation of cytokine ELISA kits and the effect of sample
storage temperature on cytokine content

4.1 Introduction.

There is strong evidence to link cytokines with the pathology of SLE. Anti-IL-6 therapy
prolongs life and relieves symptoms in lupus prone mice (Finck et al. 1994.) Antibodies
against IL-10 and pharmacological reduction of IL-10 production have also been shown
to delay the onset of disease in murine models (Ishida et al. 1994, Llorente et al. 1995,
Kalechman et al. 1997.)

A subset of SLE patients have elevated levels of hsp90 and also express autoantibodies to
this protein (Norton et al. 1988, Dhillon et al. 1993, Conroy et al. 1994.) The
transcription of the hsp90B isoforms correlates well with the protein concentration
(Twomey et al. 1993.) The differences in the induction of the hsp90 isoforms gene
expression by the cytokines IL-6, IL-10 and IFNy described in Chapter 3 may explain this
phenomenon.

ELISA kits were purchased to measure the IL-6, IL-10 and IFNy content of serum and
heparinised plasma samples from SLE patients. The use of these kits was evaluated to
establish dilution curves. Some of the samples that were used formed part of the serum
bank kept in the Bloomsbury Rheumatology Unit/ Centre for Rheumatology. These
samples were kept frozen and subjected to freeze-thaw several times before sampling.
Therefore the effect of freeze-thaw on the cytokine content of the samples was

investigated.
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Ideally sera samples should be assayed fresh, without being frozen, but this is not always
possible. The optimal storage temperature, either‘ -20°C or -70°C, at which samples to be
tested for IL-6 and IL-10 should be stored was unclear. An investigation was carried out
to see if there is any deterioration in the cytokine levels after storage at -20°C, compared
to -70°C. This would be particularly relevant as the serum samples bank at the
Bloomsbury Rheumatology Unit/ Centre for Rheumatology are stored at -20°C, and

would indicate whether these samples would still be useful for cytokine studies.

4.2 Methods

ELISA kits were purchased in different batches, due to the short shelf life of the
components (1-2 months.) Each kit came from a separate batch and was sufficient for 2 x

96 well plates.

4.2.1 Dilution curves.

Three heparinised plasma samples from SLE patients were selected at random and diluted
in a doubling dilution series from neat to 1/32 in the correct diluent supplied with the kit.

Each dilution was assayed in duplicate according to the manufacturers instructions.

4.2.2 Freeze-thaw of samples

Four fresh serum samples from SLE patients were selected at random. Five 100ul
aliquots of each serum sample were made. Four aliquots were placed in a -80°C freezer
for 30 minutes. The samples were then thawed at room temperature for 20 minutes. This
process was repeated four times in total with one aliquot being removed each time. The

aliquots were assayed neat in duplicate according to the manufacturers instructions.
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4.2.3 Storage Temperature Experiments

Serum samples were taken from 28 consecutively attending patients from an autoimmune
rheumatic disease clinic; 21 Systemic Lupus Erythematosus (SLE) patients and 7 controls
(2 undefined Autoimmune Rheumatic Diseases (ARD), 2 polymyocytitis, 1 Sjogren's
Syndrome, 1 Primary anti-phospholipid syndrome (PAPS), 1 Wegeners Granulomatosis.)
Once the serum was separated two aliquots were prepared from each sample, one being
transferred to a -20°C freezer, and the other to a -70°C freezer. The samples were kept
frozen for 4 months before thawing. The samples were assayed for IL-6 and IL-10 using
an ELISA kit at a 1/5 dilution according to the manufacturer's instructions. The difference
between the cytokine concentrations at different storage temperature was analysed using a
paired Student's T-test.

In subsequent experiments, due to the large volume of sera that would have been required
to carry out both IL-10 and IL-6 measurements from one patient, two sets of patients
were used.

Three aliquots were prepared of serum from each of ten SLE patients. One aliquot was
assayed immediately, one stored at -20°C, and one stored at -70°C. The stored samples
were assayed after three months. The level of IL-6 in each aliquot was measured using an
ELISA kit, at 1/5 dilution, in triplicate.

Seven aliquots were prepared of serum from each of seven SLE patients, and 2 controls
(1 Sjogren's Syndrome, 1 PAPS). One aliquot was assayed immediately, three were

stored at -20°C, and three were stored at -70°C. One aliquot from each storage
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temperature was assayed after one week, one month and three months. The level of IL-10

in each aliquot was measured using an ELISA kit, at 1/5 dilution, in triplicate

4.3 Result.

Standard curves were run with each assay carried out. The R? value was always greater
than 0.9800 for both cytokines, for all assays. Typical results are shown in Figure 4.1 &
Figure 4.2. The high R? value indicates an accurate standard curve that can be used for the

calculation of unknown values.

Once an accurate standard curve could be generated the ELISA kit could be used to
identify any changes in the cytokine content after manipulation of the samples. A dilution
curve was established to identify the best dilution to use for each cytokine (Figure 4.3 &
Figure 4.4.) The dilution where the curve in the plot is the greatest gives the optimum
dilution to use. The curves generated indicated that the best dilution for IL-6 samples was

1/5, but for IL-10 the 1/2 dilution was preferable.

As the samples would be frozen before testing, and could be thawed several times, the
cytokine content assayed following a series of freeze thaw cycles. The results of the
freeze-thaw experiments are shown in Figure 4.5 and Figure 4.6. There was little

variation in the cytokine content of the samples following several freeze-thaw cycles.
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Figure 4.1 Typical Standard Curve for IL-6 ELISA
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Figure 4.2 Typical standard curve for IL-10 ELISA
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