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ABSTRACT

ABSTRACT

The cytokine IFN-y regulates the expression of numerous genes in macrophages,
including many that are implicated in atherosclerotic processes. Studying the
signalling mechanisms involved in the mediation of IFN-y responses may lead to the
identification of future therapeutic targets for the treatment of atherosclerosis.

Previous work in our laboratory revealed a role for the kinase CK2 in modulating the
expression of the LPL and ICER genes in response to IFN-y. Experiments detailed in
this report show that the CK2 inhibitor apigenin inhibited the IFN-y-mediated
induction of each gene in the group selected for study (ICER, MCP-1, SOCS-1, IP-10,
Mig, I-TAC, CCR2), suggesting that there may be a common role for CK2 in the
regulation of macrophage gene expression by the cytokine. The PI3K inhibitor
LY294002 has also previously been found in our laboratory to prevent the IFN-y-
mediated suppression of LPL expression. In this study LY294002 selectively
inhibited the induction of MCP-1, 1P-10, Mig, I-TAC, and CCR2 expression by IFN-y
but not that of ICER or SOCS-1. Extension of this line of investigation through
microarray analysis provided further evidence for a gene-specific requirement for
PI3K in mediating IFN-y responses.

The signalling pathways involved in the regulation of MCP-1 and ICER gene
expression by IFN-y were chosen for more detailed study. The JAK-STAT pathway is
the most widely accepted mechanism of IFN-y signalling. However, recent studies
have suggested the existence of potential STAT1-independent pathways. The
functions of CK2 and PI3K were investigated, in relation to a STAT1-dependent or -

independent mechanism of IFN-y signalling, in the regulation of MCP-1 and ICER
expression.

A role for the JAK-STAT pathway in the regulation of MCP-1 expression by IFN-y was
revealed, in macrophages, through co-transfection studies with inactive mutant
forms of JAK1, JAK2 and STAT1. Promoter binding analyses demonstrated that IFN-
v induced the binding of STAT1 to a GAS site in the MCP-1 promoter. PKB was
found to act as a downstream effector for PI3K in the IFN-y-mediated induction of
MCP-1. Both CK2 and PI3K/PKB were found to be involved in the IFN-y-mediated
activation of STAT1 through phosphorylation at Serine 727.  Additionally,
constitutive Sp1 protein binding to the MCP-1 promoter was demonstrated. Co-
immunoprecipitation revealed an IFN-y-inducible interaction between Sp1 and
STAT1 that may function in the cytokine response.

In our laboratory CK2 has previously been shown to phosphorylate CREB in

response to IFN-y. A luciferase reporter construct containing four tandem CRE
consensus elements, used to model the ICER promoter that contains four CRE-like

sites, showed inducible activation by IFN-y, through CK2. The JAK2 inhibitor AG490,
and dominant negative forms of JAK1, JAK2 and STAT1, did not attenuate increases

in ICER expression in response to IFN-y. These findings indicate that CREs

represent a novel class of IFN-y-responsive element and that the regulation of ICER
expression may occur through CK2 in a JAK-STAT-independent pathway.

Together these studies have demonstrated novel roles for the kinases CK2 and
PI3K in the regulation of macrophage gene expression by IFN-y.

Xi
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Insulin-like growth factor

Inducibly expressed GTPase

IxB kinase

Interleukin

Inducible NOS

Interferon inducible protein-10
Interferon regulatory factor

G-protein induced by IFN

Insulin receptor substrate
IFN-stimulated gene
Interferon-stimulated response element
Interferon-inducible T-cell alpha chemoattractant
Janus kinase

c-Jun amino-terminal protein kinase
Liver-enriched activating protein

Low density lipoprotein

LDL-receptor

Leukaemia inhibitor factor

Homologous to lymphotoxins, inducible expression, competes with herpes
simplex virus glycoprotein D for herpes virus entry mediator (HVEM/TR2)
Liver-enriched inhibitor protein

Latent membrane protein-1

Lipoprotein lipase

Lipopolysaccharide

G-protein induced by LPS and IFN
LDL-receptor related protein
Lymphotoxin

Mitogen activated protein kinase

Mini chromosomal maintenance protein 5
Murine cytomegalovirus

Monocyte chemoattractant protein
Macrophage-colony stimulating factor
Melanoma-differentiation associated gene-7
Macrophage-derived chemokine
Mammary-enriched chemokine
Neuronal RNA-binding protein
Metabotropic glutamate receptor

Major histocompatibility complex
Monokine Induced by IFN-y

Macrophage inflammatory protein

MAP kinase phosphatase 1

Mixed lineage kinase
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mmLDL
MMP
MPIF-1
mTOR
NADPH
NAP-2
NF-xB
NFAT
NF-YA
NGF
NO
NOS
oxLDL
PDGF
PF4

PH

Pl

PI3K
PIP
pIRE
PKA
PKB
PKC
PKR
PRL
PRP
P-selectin
pTEFb
PTEN
Pyk2
Rac
Raf
RANK
RANTES
Rap
Rb

Ro RNP
ROS
S6K
SCM-18
SDF-1
SH2
SHIP
SHP
SLC
SOCS
SOD
Sp

SR
SREBP
SSRE
STAT
TARC
TBP
TDAG-51
TECK
TGF
TGIF
TGTP
TI-227
TNF

Minimally modified LDL

Matrix metalloproteinase

Myeloid progenitor inhibitory factor-1
Mammalian target of rapamycin
Nicotinamide adenine dinucleotide phosphate
Neutrophil-activating peptide 2

Nuclear factor xB

Nuclear factor of activated T cells
Nuclear factor Y-subunit

Neuronal growth factor

Nitric oxide

Nitric oxide synthase

Oxidised LDL

Platelet-derived growth factor

Platelet factor 4

Pleckstrin homology (domain)
Phosphatidyl-inositol

Phosphoninositide 3-kinase
Phosphatidyl-inositol phosphate
Palindromic interferon response element
Protein kinase A

Protein kinase B (Akt)

Protein kinase C

dsRNA-dependent protein kinase
Prolactin

Precursor RNA processing protein
Platelet selectin

Positive transcription elongation factor-b
Phosphatase and tensin homolog
Protein tyrosine kinase 2

Ras-related C3-botulinum toxin substrate
Rous sarcoma associated factor
Receptor activator of NF-xB

Regulated upon activation, normal T cell expressed and secreted

Receptor associated protein
Retinoblastoma protein
Ribonucleoprotein

Reactive oxygen species

Ribosomal protein S6 kinase (p70)
Single cysteine motif-1§
Stromal-cell-derived factor 1

Src homology 2 (domain)
SH2-containing inositol 5’ phosphatase
SH2-binding protein

Secondary lymphoid tissue chemokine
Suppressor of cytokine signalling
Superoxide dismutase

Specificity protein

Scavenger receptor

Sterol-regulatory element binding protein
Shear stress-regulatory element

Signal transducer and activator of transcription
Thymus and activation regulated chemokine
TATA-binding protein

Pro-glu-his rich protein
Thymus-expressed chemokine
Transforming growth factor
5'-TG-3'-interacting factor

T-cell GTP-binding protein

Cancer metastasis associated gene
Tumor necrosis factor
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TPA Tumor promoting agent

TPL-2 Tumor promotion locus-2

TRAIL TNF-a related apoptosis inducing ligand
TRE TPA responsive element

TSH Thyroid stimulated hormone

Tyk Tyrosine kinase

VCAM Vascular cell adhesion molecule

VEGF Vascular endothelium derived growth factor
VLDL Very low density lipoprotein

XKLF Kru ppel-like factor

YB-1 Y-box binding protein-1

Zfx Zinc finger protein

Reagents, units and general scientific terminology

APS Ammonium persulphate

ATP Adenosine triphosphate

b Base

BMM Bone marrow-derived macrophage
bp Base pair

BSA Bovine serum albumin

C Carboxyl (terminus)

CAD Coronary artery disease

cDNA Copy DNA

cmv Cytomegalovirus

cRNA Copy RNA

Da Dalton

DBD DNA-binding domain

DC Dendritic cell

DMEM Dulbecco's modified Eagle s medium
DMSO Dimethyl sulphoxide

DN Dominant negative

DNA Deoxyribonucelic acid

dNTP Deoxynucleotide triphosphate
dsDNA Double-stranded DNA

dsRNA Double-stranded RNA

DTT Dithiothreitol

EC Endothelial cell

ECL Enhanced chemiluminescence
ECM Extracellular matrix

EDTA Ethylene diamine tetraacetic acid
EMSA Electrophoretic mobility shift assay
ER Endoplasmic reticulum

g Grams

g Gravity

gDNA Genomic DNA

GTP Guanidine triphosphate

h Hours

HEPES N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
HI-FCS Heat inactivated-fetal calf serum
HUVEC Human umbilical vein endothelial cell
IP Immunoprecipitation

IUIS/WHO International Union of Immunological Societies/World Health Organisation
k Kilo

log Logarithm

Luc Luciferase

M Molar

m Metres

MEF Mouse embryonic fibroblast
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min Minutes

MMLV Molony murine leukaemia virus
mRNA Memory RNA

N Amino (terminus)

NA No antibody

NK Natural killer (cell)

NKT Natural killer T (cell)

Pa Pascals

PAGE Polyacrylamide gel electrophoresis
PBS Phosphate buffered saline

PCR Polymerase chain reaction

PE! Polyethylenimine

pen/strep Penicillin/streptomycin

PMA Phorbol 12-myristate 13-acetate
PMSF Phenylmethanesulphonyl fluoride
Pol Polymerase

PVDF Polyvinylidene fluoride

RNA Ribonucleic acid

rpm Revolutions per minute

rRNA Ribosomal RNA

RSV Rous sarcoma virus

RT Reverse transcriptase

S Seconds

SD Standard deviation

SDs Sodium dodecyl sulphate

siRNA Small interfering RNA

SMC Smooth muscie cell

Sv40 Simian virus 40

T Treated

TBE Tris-borate-ethylenediaminetetracetic acid
TE Tris-ethylenediaminetetracetic acid
TEMED N. N, N'.N, tetramethylenediamine
TF Transcription factor

Th T-helper (cell)

tRNA Transfer RNA

u Units

uT Untreated

UTP Uridine triphosphate

uv Ultraviolet

\ Volts

v/v Volume/volume

VSMC Vascular smooth muscle cell

w/v Weight/volume

XVi



ABBREVIATIONS

Amino acids

Alanine
Arginine
Asparagine
Aspartate
Cysteine
Glutamate
Glutamine
Glycine
Histidine
Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Proline
Serine
Threonine
Tryptophan
Tyrosine
Valine

Chemical elements

Calcium
Carbon
Chlorine
Fluorine
Hydrogen
Magnesium
Nitrogen
Oxygen
Phosphorus
Potassium
Sodium
Sulphur
Vanadium
Zinc

Ala
Arg
Asn
Asp

Glu
Gin
Gly
His
lie
Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val

Ca
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Zn
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CHAPTER 1. INTRODUCTION

1.1 INTRODUCTION

The rising incidence of obesity in the Western world is accompanied by an increase
in the proportion of the population affected by coronary artery disease (CAD). There
is therefore an ever increasing demand for new therapies for the combat of
coronary conditions. Atherosclerosis is a primary cause of CAD, characterised by
the formation of a lipid-filled plaque within the wall of large arteries. One of the
major risk factors for the disease is the presence of high levels of cholesterol in the
blood. The development of the cholesterol-lowering drugs statins, in the past ten
years, has had a dramatic benefit in reducing the incidence of the disease in high
risk individuals (Grundy 1998). However there is still a need for new and more
effective treatments for atherosclerosis.

The development of the atherosclerotic lesion is a chronic inflammatory process
and is governed by a complex network of signalling pathways. Although statins may
have some antiinflammatory effects, the therapeutic strategies currently in place
largely ignore the inflammatory component of the disease (Lefer 2002). The study
of signalling mechanisms involved in the regulation of gene expression by
inflammatory cytokines, with respect to atherosclerosis, offers the opportunity to
uncover potential targets for therapeutic intervention in the future. The focus of this
thesis is the mechanisms by which the proinflammatory cytokine interferon (IFN)-y
regulates gene expression. In particular, the role of IFN-y in inducing the expression
of the proatherogenic chemokine monocyte chemoattractant protein (MCP)-1 was
studied in detail.
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1.2 CYTOKINES

Cytokines are small, regulatory proteins (most below 30kDa in size) with pleiotropic
actions, particularly in the regulation of the immune system and the inflammatory
response. White blood cells secrete numerous cytokines although they are also
produced by a variety of other cells in the body. Constitutive expression of cytokines
is usually low, a range of stimuli inducing transient production. Typically cytokines
act over short distances by binding to specific cell surface receptors and causing
changes in the pattern of gene expression. Cytokines exert a multitude of actions
on a variety of cells, including regulation of cell proliferation, changes in the state of
differentiation, chemotaxis and other effects on the inflammatory response (Vilcek
2003).

It is possible to group cytokines into families on the basis of their structural
features. Families include: interleukins (IL-1 to IL-26); interferons (e.g. IFN-at, IFN-3,
IFN-o and IFN-y); chemokines (chemotactic cytokines) (CC, CXC, C, and CX3C
subfamilies); tumor necrosis factors (e.g. TNF-a); transforming growth factor-3
family (e.g TGF-B, bone morphogenetic proteins (BMPs)); and other growth factors

(e.g. platelet-derived growth factor (PDGF), epidermal growth factor (EGF)) (Table
1.1) (Vilcek 2003).

There is a high degree of functional redundancy among the different cytokines and
cytokines that are structurally very distinct often exhibit similar effects (e.g. TNFa
and IL-1 (Zhao et al. 2003, Le and Vilcek 1987)). There are also many examples of
cytokines acting synergistically (e.g. TNF-a and IFN-y in the regulation of lipoprotein
lipase (LPL) (Tengku-Muhammad et al. 1998) or ICAM-1 expression (Jahnke and
Johnson 1994); IL-18 with IL-2 or IL-12 in the induction of Th1/Th2 cytokine
expression (Rodriguez-Galan 2005)) or antagonistically (e.g. IL-4 and IFN-y in the
regulation of INOS expression (Jungi et al. 1997), or collagen biosynthesis
(Sempowski et al. 1996); IL-1 and TGF-f observed over genome wide gene
expression analysis (Takahashi et al. 2005a)). In the inflamed tissue a large
number of cytokines are present and the network of interactions between them is

likely to be extremely complex.
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Table 1.1 Division of cytokines into families based on structural features

Chemokines CC subfamily (CCL1-28)
CXC subfamily (CXCL1-16)
C subfamily (XCL1-2)
CX3C subfamily (CX3CL1)
IL-1 IL-la
IL-ip
IL-1 receptor antagonist
IL-18
IL-10 IL-10
IL-19
IL-20
IL-22
IL-24 (MDA-7)
IL-17 IL-17
IL-25
IL-2/IL-4 IL-2
IL-A
IL-5
GM-CSF
IL-6/1L-12 IL-6
IL-12
IFNs IFN-a
IFN-P
IFN-e
IFN-K
IMN<D
IFN-y
IFN-T
IFN-X(I1-3)
TGF-P TGF-P
BMPs
Inhibins
Activins
Tumor necrosis factors TNF-a
LT-a (TNF-p)
LT-p
Fas ligand
CD40 ligand
TRAIL
BAFF
APRIL
RANK
LIGHT

Abbreviations: APRIL apoptosis-inducing ligand; BAFF, B-cell activating factor belonging to the TNF
family; BMP, bone morphogenetic protein; CD40, complementarity determinant 40; IL. interleukin;
IFN, interferon; LIGHT, homologous to lymphotoxins, inducible expression, competes with HSV
glycoprotein D for HVEM/TR2; LT, lymphotoxin; MDA-7, melanoma-differentiation associated gene-7;
RANK, receptor activator of NF-kB; TGF, transforming growth factor; TNF, tumor necrosis factor
TRAIL TNF-a related apoptosis inducing ligand (adapted from Vilcek 2003).
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1.3 INTERFERON-y

The interferon (IFN) family of cytokines is divided into Type | IFNs (IFN-a., IFN-f3, IFN-
g, IFN-x, IFN-o, IFN-1), Type Il IFNs (IFN-y) and the more recently discovered Type lli
IFNs (IFN-A1-3). Type | IFNs share notable sequence homology and are synthesised
by most cell types (Meager 1998). Type Il IFN, IFN-y is molecularly distinct from the
Type | IFNs and functions through a separate receptor (IFN-yR). IFN-y is produced
predominantly by natural killer (NK) cells and activated T-lymphocytes but can also
be produced by monocytes/macrophages, NKT cells, B cells and dendritic cells.
(Schroder et al. 2004, Freucht et al. 2001, Gessani and Bellardelli 1998). It is
homodimeric, composed of two identical a-subunits, with secondary structure
consisting mostly of a-helix with no B-sheet (Ealick et al. 1991). The biological and
pathological roles of IFN-y are discussed in more detail in the following sections.
Type lil IFNs are relatively uncharactised but function through a distinct receptor to
that used by either Type | or Il IFNs (Bartlett et al. 2005).

1.3.1 Biological functions of IFN-y

IFN-y has a multitude of functions, displaying direct antiviral activity through the
inhibition of several stages of viral replication, as well as a variety of
immunomodulatory and inflammatory roles. Mice with defective IFN-y genes or
lacking IFN-yR develop with no obvious morphological defects but display an
increased susceptibility to bacterial and viral infection (van den Broek et al. 1995,
Daiton et al 1993). Specific actions of IFN-y signalling in inflammation and the
immune system include: stimulation of antigen presentation through induced
expression of Class | and Il major histocompatibility complex (MHC) molecules on
the surface of macrophages and T-lymphocytes; antigen processing; control of
Th1/Th2 balance (primarily through inhibition of Th2 proliferation); the activation of
macrophages, T-lymphocytes and NK cells by inducing the production of reactive
oxygen intermediates and hydrogen peroxide to enhance the killing of intracellular
parasites; stimulation of cytokine production in target cells; and recruitment of cells
to the site of injury through increased expression of chemokines and adhesion
molecules (Schroder et al. 2004, Tau and Rothman 1999, Stark et al. 1998,
Boehm et al. 1997).
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Cellular state is also influenced by IFN-y, including regulation of the rate of
proliferation, differentiation and apoptosis. In general IFN-y inhibits cell growth by
modulating the expression of certain genes linked to the cell cycle (e.g. c-myc
(Ramana et al. 2000)), and can either induce or suppress apoptosis depending on
the cell type or state of differentiation (Schroder et al. 2004, Tau and Rothman
1999, Stark et al. 1998, Boehm et al. 1997). Table 1.2 summarises the biological
roles of IFN-y.

Table 1.2 Biological roles of IFN'y

Anti-viral activity Inhibition of viral replication

Immunomodaulation Stimulation of antigen presentation and processing
Control of Th1/Th2 balance

Inflammation Recruitment of inflammatory cells
Stimulation of cytokine production

Regulation of cellular state Inhibition of proliferation

Regulation of differentiation
Regulation of apoptosis
Activation of macrophages, T-lymphocytes and NK cells

1.3.2 Pathological functions of IFN-y

The pathogenesis of several autoimmune diseases is accelerated by IFN-y including
multiple sclerosis, Typel diabetes mellitus and HIV infection (reviewed in Billau
1996) and anti-IFN-y has been suggested as a potential treatment for these
conditions (Skurkovich and Skurkovich 2003). Multiple sclerosis is associated with
a systemic increase in IFN-y and adminstration of the cytokine to patients with the
disease increases the exacerbation rate (Panitch et al. 1989, Panitch 1992,
Navikas and Link 1996, Link etal. 1994). Patients with diabetes mellitus have also
been shown to have elevated levels of the cytokine in blood plasma (Ozer et al.
2003). Non-obese diabetic (NOD) mice in which the IFN-yR gene has been knocked-
out exhibit a marked inhibition of insulitis and display no signs of diabetes (Wang et
al. 1997). Disruption of the IFN-y gene in these mice has also been shown to delay
the onset of diabetes (Serrez et al. 2005). Treatment of NOD mice with anti-IFN-y

antibodies, or a nonimmunogenic form of IFN-yR that similarly binds and neutralises
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the cytokine, results in decreased insultis (Nicoletti et al. 1996, Campbell et al.
1991). In individuals infected with HIV, raised levels of IFN-y have been found in
the blood serum and lymph nodes and the cytokine can act as an inducer of HIV
expression in monocytes (Boyle et al. 1993, Biswas et al. 1992, Griffin et al. 1991).

Antitumor activity has been well documented for IFN-y. IFN-yR-null mice are highly
susceptible to chemical carcinogenesis (Kaplan et al. 1998) and treatment with
IFN-y has been found to result in increased survival rates in animal models of
tumorigenesis (Peyregne et al. 2004, Gansbacher et al. 1990). The tumor
suppressive effects of IFN-y may be due to the antiproliferative and proapoptotic
effects of the cytokine and the promotion of the other immune responses (Ruiz de
Almodovar et al. 2004, Wagner et al. 2004, Ikeda et al. 2002, Detjen et al. 2001,
Dighe et al. 1994, Hawkyard et al. 1992). Several clinical studies have examined
the use of recombinant IFN-y as an anticancer therapy. In some cases patients
exhibited tumor regression following IFN-y treatment (Pujade-Lauraine et al. 1996,
Boutin et al. 1994, Ellerhorst et al. 1994, Kurzrock et al. 1985), however, a number
of trials have shown no significant effect (Elhilali et al. 2000, Gleave et al. 1998,
Jett et al. 1994). The cytokine may also be associated with a cancer related
disorder, cachexia, involving weight loss and anaemia. In this case IFN-y treatment
of mice with the condition accelerates weight loss (Ramos et al. 2004, Mattys et al.
1991).

The role of IFN-y in the immune system and inflammation means that it is likely to
have a role in disorders associated with a chronic inflammatory reaction. For
instance, differential expression of IFN-y has been linked to the pathology of
glomerulonephritis (Kitching et al. 1999), rheumatoid arthritis (Canete et al. 2000)
and pancreatitis (Uehara et al. 2003, Xie et al. 2001). While this report will
concentrate on the implications for the development of atherosclerosis, several of
the key functions contributing to disease progression may be applicable to other
inflammatory conditions.
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1.4 IMPORTANCE OF IFN-y IN ATHEROSCLEROSIS

1.4.1 Atherosclerosis

Atherosclerosis is a chronic, progressive disorder characterised by the development
of a complex, lipid filled plaque in the artery wall. Complications arising from
atherosclerosis, including myocardial infarction and stroke, are the principal cause
of death in Western societies. It is a multifactorial disease in which genetic
predisposition, age, stress, physical inactivity, dietary habits, diabetes, infection,
smoking, hypercholesterolemia and hypertension are some of the main risk factors
(Glass and Witztum 2001, Libby 2000, Lusis 2000, Ross 1999).

The pathology of atherosclerosis can be broken down simplistically into three
distinct phases: formation of fatty streaks; development of a complex lesion; and
plaque rupture (Figure 1.1). In the course of the disease monocytes and T-
lymphocytes migrate from the circulation into the intima of the arterial wall. The
monocytes in the intima differentiate into macrophages, which then take up
modified lipoproteins to transform into foam cells. Fatty streaks, often present in
humans even from childhood, consist of an accumulation of such cholesterol-filled
foam cells (Figure 1.1A). The more advanced, complex lesion develops as smooth
muscle cells (SMCs) from the arterial media migrate into the intima. Here they may
also take up lipoproteins to become foam cells (Figure 1.1B). A fibrous cap,
consisting of SMCs and extracellular matrix (ECM), then forms, that encloses a
necrotic core of lipid-rich debris that results from the death of accumulated foam
cells (Glass and Witztum 2001, Libby 2000, Lusis 2000, Ross 1999). Other
features of the complex plaque can include calcification and neovascularisation.
Neovascularisation is thought to contribute to plaque instability and aiso provide a
route by which cells can continue to enter the lesion even after the fibrous cap
becomes impossible to penetrate (Lord and Bobryshev 2002).



Figure 1.2A LDL is oxidised in the subendothelial space, progressing from
minimally modified LDL (mmLDL) to oxidised LDL (oxLDL). OxLDL and
inflammatory cytokines induce expression of cell adhesion molecules on the
endothelial surface, mediating attachment of monocytes. Monocytes migrate
into the subendothelial space and differentiate into macrophages. Uptake of
oxLDL via scavenger receptors leads to foam cell formation. Within the
macrophage oxLDL cholesterol is esterified and stored in lipid droplets,
converted to more soluble forms, or is exported to extraceliular HDL acceptors
(adapted from Glass and Witztum 2001).

Figure 1.2B Interactions between macrophage foam cells and Th1/Th2 cells
establish a chronic inflammatory process. Cytokines secreted by lymphocytes
and macrophages exert both pro- and antiatherogenic effects on cells of the
vessel wall. Smooth muscle cells (SMCs) migrate from the media, proliferate
and secrete extracellular matrix (ECM) proteins to form a fibrous cap enclosing
macrophage foam cells (adapted from Glass and Witztum 2001).

Figure 1.2C Necrosis of macrophage and SMC-derived foam cells leads to the
formation of a necrotic core and accumulation of extraceilular cholesterol.
Macrophage secretion of matrix metalloproteinases (MMPs) and
neovascularisation contribpute to weakening of the fibrous plaque. Plaque
rupture exposes blood components to tissue factor, initiating coagulation, the
recruitment of platelets and the formation of a thrombus (adapted from Glass
and Witztum 2001).

Abbreviations: ABCA1, ATP-binding cassette transporter Al; ACAT, acyl-CoAcholesterol
acyltransferase; apoE, apolipoprotein E; CCR2, CC chemokine receptor 2; CD36,
complementarity determinant 36, CS-1, connecting segment-1; E-selectin, endothelial-selectin;
HDL, high density lipoprotein; ICAM-1, intercellular adhesion molecule-1; IL, interleukin; IFN,
interferon; iNOS, inducible nitric oxide synthase; LDL, low density lipoprotein; 15-LO, 15-
lipoxygenase; MCP-1, monocyte chemoattractant protein-1; M-CSF, macrophage-colony
stimulating factor; mmLDL, minimally modified LDL; MMP, matrix metalloproteinase; oxLDL,
oxidised LDL; P-selectin, platelet-selectin; SR-A, scavenger recptor-A; Th, T helper; VCAM-1,
vascular cell adhesion molecule-1.
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Growth of the lesion into the arterial lumen often leads to alterations in blood flow
and ischemia. However it is the eventual rupture of the plaque that causes clinical
complications as exposure to tissue factor in the necrotic core initiates the
coagulation cascade and leads to thrombosis formation (Figure 1.2C). Vulnerable
plaques usually have very thin fibrous caps and a higher number of inflammatory
cells. The maintenance of the fibrous cap is dictated by the production of ECM
components, predominantly by SMCs, and the action of matrix degrading enzymes
(Lord and Bobryshev 2002, Lee and Libby 1997, Davies et al. 1993).

1.4.2 Response to injury hypothesis

The “response to injury” hypothesis is a widely accepted model for atherogenesis.
The disease is currently considered as an initially protective, inflammatory response
to the accumulation of modified lipoproteins in the artery (the “injury”) (Glass and
Witztum 2001, Lusis 2000, Ross 1999). Although many risk factors are believed to
influence the progression of atherosclerosis, hypercholesterolemia is undoubtedly
the most important, being sufficient in itself to drive lesion formation (Steinberg
2002). Hypercholesterolemia can arise due to genetic predisposition (e.g. in
familial hypercholesterolemia) (Lusis et al. 2004) or as a result of various lifestyle
factors including a high fat diet or lack of exercise.

Cholesterol is carried in the bloodstream by several lipoprotein particles:
chylomicrons; very low-density lipoprotein (VLDL); low-density lipoprotein (LDL); and
high-density lipoprotein (HDL). LDL transports the majority of serum cholesterol in
humans. Elevated levels of serum cholesterol lead to the deposition of LDL in the
arterial wall (Navab et al. 1996). Native LDL would not accumulate rapidly enough
through normal transport pathways to form foam cells. It is the oxidation of LDL by
reactive oxygen species (ROS) and oxidative enzymes in the intima that is thought to
be the primary intiating event in atherosclerosis development (Skalen 2002, Cyrus
et al. 1999, Navab et al. 1996, Goldstein et al. 1979). Oxidatively modified LDL
(oxLDL) acts both as an inflammatory mediator itself, capable of stimulating the
recruitment of inflammatory cells, and by inducing an inflammatory response in
overlying endothelial cells (ECs) (Navab et al. 1996, McMurray et al. 1993, Yui
1993, Quinn et al. 1987).

10
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1.4.3 Role of endothelial cells in atherosclerosis

In response to oxLDL and cytokines within the intima, the endothelium becomes
more permeable and displays increased levels of cell adhesion molecules including
vascular cell adhesion molecule-1 (VCAM-1) (Cybulsky and Gimbrone 1991),
intercellular adhesion molecule-1 (ICAM-1) and P- and E-selectins (Collins et al.
2000, Dong et al. 1998). The endothelium also produces a range of vasoactive
molecules, cytokines, chemokines and growth factors. These include IL-1, IL-18,
TNF-a, IL-8, MCP-1, macrophage-colony stimulating factor (MCSF), PDGF and TGF-f.
This response leads to increased leukocyte adhesion to the endothelium and the
extravasation of monocytes and T-lymphocytes into the intima, contributing to lesion
development. The further release of cytokines, chemokines and growth factors by
these cells enhances the endothelial response. Certain cytokines (e.g. IL-3, IL-18)
and chemokines (e.g. IL-8, MCP-1) stimulate the proliferation of ECs and promote
angiogenesis (Raines and Ferri 2005, Grainger 20044, Fazio and Linton 2001, Ross
1999).

An important regulator of EC gene expression is shear stress, controlling transcription
through shear stress regulatory elements (SSREs) (consensus sequence: GAGACC) in
the promoter regions of target genes. The endothelium appears to be sensitive to
different flow forms in the artery which cause varying patterns in gene expression.
Steady laminar flow is characterised as atheroprotective, and disturbed flow as an
atheroprone waveform. This is important in explaining the prevalence of
atherogenesis at particular arterial sites, such as branches or curvatures where the
blood flow is altered. These sites display an increased accumulation of T-cells and
NKT cells; high concentrations of inflammatory cytokines; and increased permeability
of the endothelium to lipoprotein molecules. Plaques forming in these regions often
have a high cellularity and are predisposed to the generation of thin fibrous caps
prone to rupture. Gene array analysis has shown that atheroprone waveforms
upregulate the expression of cell surface adhesion molecules (e.g. VCAM-1, ICAM-1,
E-selectin), chemokines and chemokine receptors (e.g. MCP-1, IL-8, CXCR4), pro- and
antioxidant enzymes (lipoxygenases, nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase, superoxide dismutase (SOD), nitric oxide synthase (NOS)), and
matrix degrading enzymes (e.g. MMP-1) in ECs (Dai et al. 2004, Vanderlaan et al.
2004, Brooks et al. 2002, Chen et al. 2001, Gimbrone 1999).

11
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1.4.4 Role of monocytes and macrophages in atherosclerosis

Monocytes and macrophages are present at all stages of lesion development and
make up about 60-70% of cells in the advanced plaque. They have a
multifunctional role in the progression of the lesion (reviewed in Takahashi et al.
2002). Monocytes recruited to the site of inflammation infiltrate the artery wall
where they are propagated and differentiate into macrophages in response to
stimulation by M-CSF (Watanabe et al. 1995). OxLDL has been shown by
microarray analysis, to induce the expression of a number of chemokines and other
cytokines in macrophages that contribute to inflammation within the lesion and the
further recruitment of immune celis (Mikita et al. 2001). Initially the recruitment of
macrophages acts as a protective mechanism through the uptake and therefore
removal of the injurious agent, oxLDL. However macrophage uptake of modified
lipoproteins ultimately leads to foam cell formation and atherogenesis.
Phagocytosis of cholesterol-loaded apoptotic cells by macrophages leads to further
accumulation of lipid within these cells (Li and Glass 2002, Kruth 2001). Mice
carrying a mutation in the M-CSF gene (the osteopetrotic mutation) have very low
circulating numbers of macrophages. When crossed with apoE-deficient mice (that
rapidly develop atherosclerotic lesions on a high cholesterol diet) the offspring show
a high resistance to the development of atherosclerotic plaques, supporting a
proatherogenic view of macrophages (Smith et al. 1995).

1.4.4.1 Macrophage foam cell formation

The uptake of oxLDL to form foam cells is mediated predominantly through
scavenger receptors on the macrophage surface. The most important of these in
atherosclerosis are scavenger receptors A (SR-A) and CD36 (Yamada et al. 1998,
Suzuki et al. 1997), both of which are upregulated by exposure to oxLDL (Nakgawa
et al. 1998, Yoshida et al. 1997). The LDL receptor (LDL-R) also initially contributes
to lipid loading by binding to minimally modified LDL (mmLDL). However, LDL-R is
downregulated by the sterol regulatory element-binding protein (SREBP) pathway as
cholesterol accumulates, while scavenger receptors continue to take up increasing
amounts of lipoprotein (Goldstein et al. 2002, Brown and Goldstein 1999). The
VLDL receptor (VLDL-R) and LDL-R-like protein (LRP) are also upregulated in
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atherosclerotic lesions and may contribute to the pathogenesis of the disease as
they have a high affinity for atherogenic remnant particles and are involved in the
uptake of modified LDL (Schulz et al. 2003, Kosaka et al. 2001, Hiltunen et al.
1998).

As macrophage levels of cholesterol increase, efflux mechanisms may maintain
homeostasis for a short while largely through a process known as reverse
cholesterol transport. One of the principal components of this system is the ATP-
binding cassette transporter A1 (ABCA1), that mediates transfer of cholesterol from
the cell to HDL, a role that makes HDL highly atheroprotective (reviewed in Tall et al.
2002). ApoE-null mice transplated with ABCAl-deficient bone marrow cells showed
significantly more atherosclerosis than those given wild type bone marrow (Aiello et
al. 2003, Aiello et al. 2002). Ultimately however, in high concentrations of modified
LDL, the macrophage fails to maintain an adequate cholesterol balance. The
majority of cholesterol in foam cells exists in the form of cholesterol esters. In the
absence of a suitable acceptor (such a HDL), the enzyme acyl coenzyme A:
acylcholesterol transferase (ACAT) catalyses the formation of cholesterol esters
from free intracellular cholesterol and long chain fatty acids. Raised levels of
ACAT1, the isoform principally found in macrophages, are associated with these
cells in the atherosclerotic plaque (Miyazaki et al. 1998). It was originally thought
that knocking out the ACAT1 gene would be beneficial to atherosclerosis but apoE-
null mice with this deletion exhibited atherosclerosis progression to a similar extent
to those without it. Though the lesions had a reduced cholesterol content, deposits
were found elsewhere including the brain (Fazio et al. 2001). Partial inhibition of
ACAT activity however has been demonstrated to have an atheroprotective effect in
apoE-null mice (Kusunoki et al. 2001).

1.4.4.2 Plaque destabilisation

Lendon et al. (1991) showed that lesions with a high macrophage density had
weaker fibrous caps than less cellular lesions. Macrophages may contribute to the
destabilisation of the plaque in a8 number of ways. As macrophage foam celis
undergo apoptosis themselves, their contents contribute to the necrotic core (Li and
Glass 2002). A correlation has been found between lesional macrophages
expressing the marker of apoptosis, caspase 3, and high levels of expression of
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tissue factor. The release of prothrombotic molecules, such as tissue factor and
complement proteins (e.g. complement C3b) produced by macrophages, into the
necrotic core following foam cell apoptosis increases the thrombogenic potential of
the plaque (Hutter et al. 2004, Takahashi et al. 2002). Macrophages also produce
proteolytic enzymes, including matrix metalloproteinases (e.g. MMP-2, MMP-9) that
act to weaken the fibrous cap and so lead to eventual plaque rupture (Galis et al.
1994).

1.4.5 Cytokines in atherosclerosis

The inflammatory component of atherosclerosis has come to prominence in recent
years and cytokines have emerged as key regulators in the development of the
atherosclerotic  lesion. Cell types within the atheroma include
monocytes/macrophages, ECs, SMCs, and T-lymphocytes as well as lower numbers
of dendritic cells (DCs) and in some cases B-cells. A variety of cytokines and
chemokines are secreted by each of these cell types within and around the site of
plaque formation and they are involved in all stages of atherogenesis. Cytokines
affect the recruitment of cells to the lesion through: chemotaxis; modulation of the
expresson of cell adhesion molecules by ECs and SMCs; and the regulation of cell
proliferation and migration in the atheroma. Cholesterol loading of foam cells is
modulated by the cytokine-induced regulation of genes involved in the uptake of
oxLDL. Cytokines also contribute to the overall stability of the lesion by regulating
the expression of effectors of ECM turnover, and to thrombosis through the
regulation of genes involved in coagulation cascades. Recent reviews discuss in
detail the role of cytokines in the pathogenesis of atherosclerosis and other
cardiovascular diseases (Mehra et al. 2005, Grainger 2004a, Young et al. 2002).
In atherosclerosis the impact of proinflammatory stimuli (e.g. TNF-a, IL-12 and IL-
18), that are predominantly proatherogenic (Branen et al. 2004, Elhage et al. 2003,
Bruunsgaard et al. 2000, Lee et al. 1999), appears to outweigh that of anti-
inflammatory, antiatherogenic cytokines such as TGF- and IL-10 (Grainger 2004Db,
Zimmerman et al. 2004, Mallat et al. 1999) triggering a chronic inflammatory
response (Frostegard et al. 1999). However, the wide range of effects induced by
each of these mediators means that a single molecule may have both pro- and anti-
atherogenic roles (e.g. IFN-y (Section 1.4.6)).
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1.4.6 Effects of IFN-y on atherogenesis

Among the cytokines, IFN-y is emerging as a key factor in the pathogenesis of
atherosclerosis. Immunohistochemical studies have revealed the localisation of
IFN-y to the atherosclerotic lesion where it is secreted primarily by activated T-
lymphocytes (CD4+ Th1 cells) and possibly macrophages (Gessani and Bellardelli
1998, Hansson et al. 1989). Plaque formation is most likely to occur at vascular
branch ponts where blood flow is altered. Th1l cells, believed to be largely
proatherogenic, accumulate in these regions and the expression of IFN-y is induced
(Dai et al. 2004, Daugherty and Rateri 2002, Gimbrone 1999, van der Wal et al.
1994). More recently a key role for NKT cells, which exhibit the properties of both
NK cells and T cells and secrete high levels of IFN-y, has been identified in
atherosclerosis. Mice with low numbers of NKT cells display less atherosclerosis
development than the wild type counterparts (Aslanian et al. 2005, Nakai et al.
2004). IFN-y has a range of influences on disease progression, acting on all the
major cell types of the plaque and the overall effect is complex. A large number of
genes are directly or indirectly regulated by IFN-y including approximately 25% of
the macrophage transcriptome (Ehrt et al. 2001). The expression of many such
genes impacts on several areas of lesion development. While many of the changes
in gene expression are proatherogenic there are also a number of key genes for

which the regulatory effects of IFN-y are antiatherogenic.

1.4.6.1 Proatherogenic roles of IFN-y

1.4.6.1.1 Recruitment of immune cells to the lesion

Growth of the atheroma occurs largely through continued recruitment of
macrophages and T-lymphocytes, and also SMC migration and proliferation. The
lesions of apoE- or LDL-R-null mice deficient in IFN-y or its receptor have a
dramatically reduced cellular content, indicating an important role for IFN-y in this
recruitment (Buono et al. 2003, Gupta et al. 1997). The secretion of chemokines
by lesional cells has an important role in the development of atherosclerosis,

discussed in Section 1.5. IFN-y is responsible for the induction of a number of key
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chemokines and chemokine receptors including: MCP-1, MIP-1a. and -p (Valente et
al. 2001, Martin and Dorf 1991) and the receptors CCR5, CCR1 and CCR3
(Hariharan et al. 1999, Zella et al. 1998); the CXC chemokines IP-10, Mig, I-TAC and
CXCL16 (Wuttge et al. 2004, Cole et al. 1998, Farber 1997); and the CX3C
chemokine fractalkine (Imaizumi et al. 2000).

The uptake of cells into the blood vessel intima at the site of the plaque also
requires cell adhesion molecules displayed on the Iluminal surface of the
endothelium. One of the earliest events in the development of the fatty streak is
the upregulation of members of the immunoglobulin family of adhesion molecules
including VCAM-1 and ICAM-1 (Collins et al. 2000, Cybulsky and Gimbrone 1991).
IFN-y is an important mediator of this response, inducing the expression of both
VCAM-1 and ICAM-1 in ECs and SMCs (Chung et al. 2002, Cybulsky et al. 1993).
IFN-y also increases the expression of integrins such as o-5-B-1 integrin, on the
surface of VSMCs. This allows the cells to bind to the fibronectin component of the
extracellular matrix (ECM) and hence provides a substrate for SMC migration to the
lesion and causes the cells to adopt a proliferative phenotype (Barillari et al. 2001).

The majority of macrophages and T-cells in the atherosclerotic lesion are in an
activated state whereby they are primed to respond to stimuli such as bacterial
antigens (or in the lesion, oxLDL). For both cell types this involves the increased
secretion of proinflammatory cytokines and chemokines so contributing to the
inflammation and growth of the plaque. IFN-y is known to stimulate both the
differentiation of monocytes to macrophages and macrophage activation (Nathan et
al. 1983). Activation of CD4+ T-cells by IFN-y occurs through increased antigen
presentation by MHC Class Il molecules. While both Type | and Type Il IFNs cause
upregulation of MHC Class | antigens that present antigens for the activation of
CD8+ T-cells, IFN-y alone induces MHC Class Il expression involved in the activation
of CD4+ T-cells (Thl). IFN-y increases the expression of MHC Class Il molecules on
the surface of a variety of cell types including ECs, macrophages and SMCs (lwata
etal. 2001, Mach et al. 1996, Jonasson et al. 1985).
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1.4.6.1.2 Cholesterol accumulation in foam cells

The uptake of cholesterol, in the form of oxLDL, by macrophages and SMCs to form
lipid-loaded foam cells, is a key process throughout all the stages of plaque
development. IFN-y has a regulatory effect on the expression of several genes that
are key players in cholesterol metabolism, including the downregulation of ABCA1,
apolipoprotein E and cholesterol hydroxylase and upregulation of ACAT (Reiss et al.
2001, Panousis and Zuckerman 2000a, Panousis and Zuckerman 2000b, Brand et
al. 1993) (Section 1.4.4.1). It appears that a general effect of IFN-y may be to
increase the lipid loading of foam cells via a downregulation of cholesterol efflux
pathways and up-regulation of mechanisms by which cholesterol accumulates (e.g.
esterification through ACAT). Incubation of foam cells with IFN-y decreases HDL-
mediated cholesterol efflux by approximately 2 fold and efflux to apoAl by more
than 4 fold (independent of apoE or SR-B1 synthesis). Overall, treatment has been
shown to result in a redistribution of intraceliular cholesterol and an increase in
cholesterol ester accumulation (Panousis and Zuckerman 2000a, Panousis and
Zuckerman 2000b). More recently, IFN-y has been shown to impede reverse
cholesterol transport and promote foam cell transformation in human THP-1
monocytes/macrophages (Reiss et al. 2004).

14.6.1.3 Complex plaque formation and thrombosis

As the disease progresses, the atherosclerotic lesion becomes increasingly complex
and the advanced plague may include features such as calcification and
neovascularisation (Lord and Bobryshev 2002). Neovascularisation and
angiogenesis may be increased by IFN-y by the upregulation of certain chemokines
(e.8. MCP-1). The cytokine may have a role in mechanisms of calcification through
an increase in the expression of 1-a-hydroxylase. This enzyme is responsible for
catalysing the conversion of 25-hydroxyvitamin D to 1-a, 25-dihydroxyvitaminD, an
active metabolite of vitamin D that contributes to calcification (Esteban et al. 2004,
Shoi et al. 2000).

Production of ECM components by SMCs contributes to the formation of a fibrous
cap on the luminal side of the lesion. Beneath this cap, the advanced plaque
contains a lipid filled necrotic core, formed as foam cells in the lesion die and
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release their contents. Cell death in the atherosclerotic lesion occurs primarily
through the process of apoptosis. The function of IFN-y in apoptosis is complex and
the cytokine can have either a pro- or antiapoptotic effect depending on the specific
state of the cell (Schroder et al. 2004, Tau and Rothman 1999, Stark et al. 1998,
Boehm et al. 1997). Inagaki et al. (2002) have shown that IFN-y stimulates the
apoptosis of macrophage foam cells. Microarray studies have revealed a number of
IFN-stimulated genes (ISGs) with apoptotic functions including TNF-o. related
apoptosis inducing ligand (TRAIL), Fas and caspases 4 and 8 in macrophages.
Upregulation of caspases 1 and 3 by IFN«y has also been demonstrated in
macrophages. In SMCs and monocytes an increase in susceptibility to apotosis and
IL-1B-converting enzyme (ICE) expression has been observed in response to IFN-y
treatment (Inagaki et al. 2002, Tamura et al. 1996, Chawla-Sarkar et al. 2003).

Certain factors contribute to the likelihood of plaque rupture, leading to the clinical
complications of atherosclerosis, by affecting the composition and stability of the
fibrous cap. IFN-y producing Thl cells frequently accumulate at the sites of plaque
rupture and there are several mechanisms by which IFN-y can contribute to
destabilisation of the plagque (van der Wal et al. 1994). The fibrous cap is
composed principally of ECM components synthesised by SMCs, including elastic
filament and proteoglycans with collagens providing most of the tensile strength.
Lesions with a high foam cell content and low ECM have been shown to be more
likely to rupture and cause thrombosis formation (Lee and Libby 1997, Davies et al.
1993). Increased cellularity of the lesion caused by exposure to IFN-y has already
been discussed. Additionally the expression of a number of collagen genes (e.g.
collagens 1 and 3), as well as SMC proliferation and matrix synthesis, is inhibited by
IFN-y (Yuan et al. 1999, Amento et al. 1991, Hansson et al. 1988).

Matrix metalloproteinases (e.g. MMP-1, 2, 3 and 9) break down the ECM and thus
cause plaque destabilisation (Galis et al. 1994). Activated Thl cells have been
shown to stimulate increased production of these MMPs by macrophages and
SMCs (Schonbeck et al. 1997). Tissue factor activity is also enhanced by IFN-y
treatment, in synergy with C-reactive protein (CRP), so increasing the likelihood or
rate of thrombosis following plaque rupture (Nakagomi et al. 2000).
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1.4.6.2 Antiatherogenic roles of IFN-y

Despite the range of proatherogenic functions of IFN-y discussed so far, certain
modulations in gene expression caused by this cytokine appear to be
atheroprotective. Treatment of monocyte/macrophage cells with IFN-y in vitro has
been demonstrated, in some cases, to reduce both the oxidation of LDL and the
uptake of oxLDL (Folcik et al. 1997, Christen et al. 1994, Fong et al. 1994, Fong et
al. 1990). Arecent study has also found that transplantation of IFN-y-deficient bone
marrow in LDL-R-/- mice increases the extent of atherosclerosis development,
suggesting that IFN-y secreted by bone marrow derived cells (T-lymphocytes and
monocytes/macrophages) has an atheroprotective effect. Notably however the
lesions in these mice had a high collagen content suggesting that they were less
susceptible to rupture (Niwa et al. 2004). The seemingly contradictory pro- and
antiatherogenic roles of IFN-y can be compared to the cytokine’s similarly conflicting
pro- and antiinflammatory effects. While IFN-y is primarily considered to be a
proinflammatory cytokine, it induces the expression of a number of anti-
inflammatory mediators (e.g. IL-1 receptor antagonist and IL-18 binding protein) in a
range of cell types (Muhl and Pfeilschifter 2003).

1.4.6.2.1 Reduced uptake of oxLDL

In atherosclerosis, scavenger receptors, most significantly SR-A and CD36, are the
principal mediators of oxLDL uptake in foam cell formation (Yamada et al. 1998,
Greaves et al. 1998, Suzuki et al. 1997). IFN-y mediates inhibition of the
expression of SR-A and CD36 in macrophages (although it increases expression in
SMCs) and it is primarily to this effect that reductions in macrophage foam cell
formation are attributed (Nakagawa et al. 1998, Geng and Hansson 1992). VLDL-R
and LRP have also been implicated in atherosclerosis development through the
uptake of modified LDL and atherogenic remnant particles (Schulz et al. 2003,
Hiltunen et al. 1998). The expression of these receptors is similarly repressed by
IFN-y (Kosaka et al. 2001, LaMarre et al. 1993).

19



CHAPTER ONE: INTRODUCTION

The physiological role of LPL in lipid metabolism is to catalyse the hydrolysis of the
triacyl glycerol component of VLDL and chylomicrons to provide non-esterified fatty
acids and 2-monoacylglycerol for tissue utilisation (Mead et al. 2002). LPL plays a
compelx role in atherogenesis with both pro- and antiatherogenic actions being
reported. The enzyme expressed by adipose tissue and muscle is considered to be
antiatherogenic because it aids the clearance of circulating lipoproteins. On the
other hand, LPL expressed by macrophages is proatherogenic. The main evidence
for this comes from a series of bone marrow transplantation studies (reviewed in
Stein and Stein 2003, Mead and Ramji 2002, Mead et al. 1999). For example,
mice transplanted with LPL-null bone marrow (therefore producing LPL-deficient
macrophages) exhibit decreased macrophage foam cell development in
atherosclerosis (Babaev et al. 1999). It is believed that the lipolysis of VLDL and
chylomicrons by LPL increases the formation of atherogenic lipoprotein remnants.
Additionally, the enzyme on the surface of macrophages acts as a molecular bridge,
assisting the uptake of oxLDL to form foam cells (Stein and Stein 2003, Mead and
Ramji 2002, Mead et al. 1999, Zilversmit 1973). We have shown previously that
IFN-y reduces LPL gene expression in macrophages at the transcriptional level, and
this represents an atheroprotective effect (Hughes et al. 2002, Tengku-Muhammed
et al. 1999a, Tengku-Muhammad 1996).

1.4.6.2.2 Effects on oxidative stress in the vascular wall

In certain studies, IFN-y has been found to inhibit macrophage-mediated LDL
oxidation, a crucial step in the development of atherosclerosis (Folcik et al. 1997,
Christen et al. 1994, Fong et al. 1994). IFN-y has various effects that may
contribute to changes in oxidative stress in the vascular wall and thus affect the
oxidation of LDL (Madamanchi 2005). Of particular importance is the regulation of
nitric oxide (NO) production. Signalling by IFN-y, in particular in synergy with
lipopolysaccharide (LPS) or other cytokines (e.g. TNF-q, IL-2, TGF-B, IL-4), leads to an
upregulation of inducible NOS (iNOS) gene expression in a wide variety of cell types,
including ECs, SMCs and macrophages (Yokoyama et al. 1996, Hukkanen et al.
1995). The subsequent increase in NO plays a role in mediating many of the
antiviral and antimicrobial effects of IFN-y, participating directly in the killing of
parasitic cells (Bogdan 2001).
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antiviral and antimicrobial effects of IFN-y, participating directly in the Killing of

parasitic cells (Bogdan 2001).

Increased generation of NO, which acts as a potent antioxidant, in response to IFN-y
may be responsible for observations that the cytokine counteracts the oxidation of
LDL (Jessup and Dean 1993). Indeed, iNOS-deficient mouse macrophages disclose
a prooxidant effect of IFN-y on LDL oxidation (Niu et al. 2000). NO also has a
number of other antiatherogenic effects, including: inhibition of immune cell
recruitment to the lesion by counteracting the increase in VCAM-1 expression on
ECs; blocking nuclear factor-kappa B (NF-xB) signalling which is important for many
proinflammatory pathways; and decreasing the proliferation of VSMCs and both T-
cell activation and proliferation, leading to reduced cytokine production (including
IFN-y) (Gewaltig and Kojda 2002, Bodgan 2001, De Catarina et al. 1995, Peng et al.
1995). Knock-out of endothelial NOS (eNOS) in mice has been shown to increase
atherosclerotic lesion formation (Knowles et al. 2000). It should, however, be noted
that at high vascular concentrations of NO (appr. >1uM), a reaction is promoted
with superoxide to form peroxynitrite, an oxidant stronger than superoxide itself
(Beckman and Koppenol 1996). In fact, where eNOS is overexpressed it has been
shown to accelerate atherosclerotic lesion formation in apoE-deficient mice
(Kawashima and Yokoyama 2004, Ozaki et al. 2002, O’'Donnell and Freeman
2001). It has also been suggested that graft arteriosclerosis is promoted by IFN-y
through the induction of iINOS expression leading to excessive production of NO
(Mitchell and Lichtman 2004).

IFN-y also regulates the expression of a number of other genes implicated in the
control of oxidative stress and the oxidation of LDL. A consensus on the action of
such gene regulation has, however, not emerged as some effects are
atheroprotective whereas others are proatherogenic. For example, IFN-y induces
the expression of extracellular (EC)-SOD, which protects cells from oxidative stress
via the removal of reactive oxygen species (ROS) (Stralin and Marklund 2000,
Takahashi et al. 1998, Markiund 1992). In addition, the expression of
myeloperoxidase, implicated in the development of atherosclerosis through the
production of ROS, is suppressed by IFN-y (Zhang et al. 2001, Podrez et al. 2000,
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Kawano et al. 1993). Furthermore, IFN-y decreases the expression of 15-
lipoxygenase, which has been linked to the oxidation of LDL (Li et al. 2005,
Takahashi et al. 2005b, Fong et al. 1994, Conrad et al. 1992). On the other hand,
the cytokine has been demonstrated to stimulate the secretion of ROS by
macrophages, ECs and neutrophils (Tennenberg et al. 1993, Matsubara and Ziff
1986, Murray et al. 1985). This may be because of the induced expression of
vascular enzymes such as NADPH oxidase (Lopez et al. 2003, Obermeier et al.
1995, Pfefferkorn et al. 1990) and xanthine oxidase (Ghezzi et al. 1984).

1.4.6.3 Mouse models

Compound-deficient mice in apoE and IFN-y or IFN-yR exhibit significant reductions
in diet-induced atherosclerosis compared with apoE-null mice (Whitman et al.
2002a, Gupta et al. 1997). Recently, compound-deficient mice in LDL-R and IFN-y
have also been shown to exhibit decreased atherosclerosis compared to LDL-R-null
mice (Buono et al. 2003). Furthermore, administration of exogenous IFN-y
enhances atherosclerosis in apoE-deficient mice and IL-18 has also been shown to
enhance atherosclerosis in these mice through the release of IFN-y (Whitman et al.
2002b, Whitman et al. 2000). Interestingly, IFN-y has been found to elicit
arteriosclerosis in the absence of leukocytes, suggesting that a proatherogenic
effect may be mediated through actions on VSMCs (Tellides et al. 2000). As
mentioned previously, Thl and NKT cells, both of which secrete large amounts of
IFN-y and localise to sites of lesion formation, have been shown through mouse
models to be proatherogenic (Aslanian et al. 2005, Nakai et al. 2004, Daugherty
and Rateri 2002). Inhibition of Thl polarization leading to decreased IFN-y
secretion is also atheroprotective (Laurat et al. 2001). In a directly clinically
relevant situation, there is a reduced incidence and severity of transplant
arteriosclerosis following heart grafts in IFN-y-deficient mice (Raisanen-Sokolowski
et al. 1998, Nagano et al. 1997)

22



CHAPTER ONE: INTRODUCTION

Table 1.3 Pro- and antiatherogenic effects of IFN'y

Cell adhesion
molecules (+)
(e.g.VCAM-1,ICAM-1)
Chemokines (+)
(e.g. MCP-1, MIP-la,

MIP-13)
MHC-II (+)

ABCA1 (9

ApoE(-)

ACAT (+)

Cholesterol

hydroxylase (-)

MMPs (+)

(eg. 1,2, 3,9)

Collagens (-)
(e.g.-l, -3)

EC
SMC

Macrophage
EC

Macrophage
EC

SMC
Macrophage

Macrophage

Macrophage

Macrophage
EC
Macrophage
SMC
Macrophage
SMC

Recruitment
inflammatory cells

Recruitment
inflammatory cells

Antigen presentation
T cell activation

Reduced cholesterol
efflux

Reduced cholesterol
efflux

Increased
cholesterol
esterification
Reduced cholesterol
metabolism

Plaque instability

Plaque instability

Cybulsky et al. 1993  SRs ()

Chungetal. 2002 (e.g. SR-A,
CD36)

Valente etal. 1998 LRP (-)

Martin and Dorf

1991

Iwata et al. 2001 VLDLR (-)

Jonasson etal. 1985

Mach et al. 1996

Panousis and LPL (-)
Zuckerman 2000a

Brand etal. 1993 iNOS (+)

Panousis and
Zuckerman 2000b

Reiss et al. 2001

Schonbeck et al.
1997

Amento et al 1991
Yuan et al. 1999

“"Macrophage

Macrophage

Macrophage

Macrophage

Macrophage
EC
SMC

Reduced uptake oxLDL

Reduced uptake oxLDL

Reduced uptake oxLDL

Reduced uptake oxLDL
Reduced production of
proatherogenic remnants
Reduced oxidation LDL

Gengand
Hansson 1992

Kosaka etal.
2001

LaMarre etal.
1993

Hughes etal.
2002

Yokoyama etal.
1996

Abbreviations: ABCA1, ATP-binding cassette transporter-Al; apoE, apolipoprotein E CD36, complementarity determinant 36; EC, endothelial cell; ICAM-1, intercellular
adhesion molecule-1; iNOS, inducible nitric oxide synthase; LDL, low-density lipoprotein; LPL, lipoprotein lipase; LRP, low density lipoprotein-receptor related protein; MCP-1,
monocyte chemoattractant protein-1; MHC-Il, major histocompatibility antigen class-Il; MIP, macrophage inflammatory protein; MMP, matrix metalloproteinase; oxLDL,
oxidised-LDL; SMC, smooth muscle cell; SR-A, scavenger recptor-A; VCAM-1, vascular cell adhesion molecule-1; VLDL-R, very low density-1ipoprotein-receptor
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In contrast to these findings, a recent study by Niwa et al. (2004) suggested that
IFN-y produced by bone marrow-derived cells delayed the progression of
atherosclerosis. The results in relation to changes in lipoprotein levels have also
been controversial. For example, exogenous administration of IFN-y in apoE-
deficient mice decreases serum cholesterol levels but enhances atherosclerosis
formation (Whitman et al. 2000). Another study observed a gender specific effect
whereby IFN-y-deficiency in male, but not female, apoE-null mice was associated
with reduced atherosclerosis development (Whitman et al. 2002). Table 1.4
summarises the findings from studies into the effect of IFN-y on atherosclerotic

lesion formation in mice.

The role of IFN-y in the pathology of atherosclerosis is undeniably complex and the
proatherogenic versus antiatherogenic nature of the cytokine has long been a
subject for debate. While it is still not currently possible to reconcile all the
conflicting evidence, the majority of research from mouse models of the disease
that are deficient in IFN-y signalling points towards a largely proatherogenic role.
However, such a plethora of genes are regulated by IFN-y that it is hard to
determine the impact of each of these on the disease. Substantial evidence exists
that some of these gene regulatory events are antiatherogenic. It is possible that
the role of IFN-y may depend on the stage of the pathology and the presence of
other factors in the atheroma, and mice that are deficient in IFN-y signalling
represent an extreme situation. Further research is, therefore, clearly needed into
the phenotypic effects of this cytokine on various areas of complex plaque growth
(e.g. foam cell formation, angiogenesis, calcification, plaque rupture) and into the
specific signalling pathways involved in the regulation of individual genes, with the
hope of identifying potential therapeutic targets in order to combat this disease.
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Table 1.4 Effects of IFN-y on atherosclerotic lesion formation in mice

Im S i
Gupta etal. IFN-yR/ High fat Decreased lesional area Proatherogenic
1997 ApoE Decreased lipid content
Decreased cellularity
Increased collagen content
Increased apoAlV rich particles in plasma
Nagano et al. IFN-y Heart transplant in Decreased intimal thickening Promotes graft
1997 immuno-suppressed arteriosclerosis
mice
Raisanen- IFN-y Heart transplant in Decreased intimal thickening Promotes graft
Sokolowski et al. immuno-suppressed Increased cellularity arteriosclerosis but may
1998 mice increase plaque stability
in atherosclerosis
Tellideset al. IFN-y Transplant Thickening of intima Can induce
2000 injection (3 pi*human arteries Accumulation VSMCs in intima arteriosclerotic changes
times in immuno-deficient through action on VSMCs
weekly) mice
Whitman etal. ApoE IFN-y Increased lesional area Proatherogenic but may
2000 injection Increased cellularity decrease serum
(daily) Decreased collagen content cholesterol levels
Decreased serum cholesterol
Whitman et al. IFN-y/ IL-18 IL-18 induced atherogenesis not observed in Proatherogenic
2002 ApoE injection compound knock-out mice
(daily)
Whitman et al. IFN-y/ Normal/ Decreased lesional area in males only Proatherogenic in male
2002 ApoE high fat Decreased cellularity in males only mice
Buono et al. IFN-y/ High fat Decreased lesional area Proatherogenic
2003 LDLR Decreased lipid content
Decreased cellularity at 8 weeks
Niwa et al. 2004  |FN-y BMT High fat Increased lesional area at 6 weeks IFN-y produced by BM-

(BMT)/
LDLR

Decreased cellularity
Increased collagen content

derived cells anti-
atherogenic but may
decrease plaque stability

Abbreviations: BMT, bone marrow transplant; IFN-y, interferon-y; IL-18, interleukin-18; LDL-R, low density-lipoprotein-receptor; VSMC, vascular smooth muscle cell.
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1.5 CHEMOKINES

As discussed previously, chemokines have an important role in the progression of
atherosclerosis. IFN-y alters the expression of a number of chemokines and
chemokine receptors and these responses are likely to impact on the development
of the disease.

1.5.1 Structure and classification

Chemokines are a class of cytokines best characterised with respect to their role in
the recruitment of immune cells to the site of inflammation. They are small (most 8-
10kDa) disulphide linked polypeptides classified according to the arrangement of a
conserved N-terminal cysteine motif. Disulphide bonds link the first and third and
the second and fourth cysteine residues in the motif. The largest chemokine family
is the CC chemokines in which the first two cysteine residues are adjacent; in CXC
chemokines they are separated by one amino acid; and in CX3C chemokines, of
which there is only one known at present (fractalkine), they are separated by three
amino acids. The C chemokines, of which two have been identified at present
(lymphotactin and SCM-1f), have only one pair of cysteine residues linked by a
disulphide bond. The majority of chemokines function as dimers aithough one,
platelet factor (PF) 4 (CXCL4) is a tetramer (IUIS/WHO Subcommitte on Chemokine
Nomenclature 2003, Mantovani 1999, Rollins 1997).

1.5.2 Biological functions of chemokines

Chemokines are produced by the majority of somatic cells inciuding
monocytes/macrophages, ECs, SMCs and T-cells in the atherosclerotic lesion. They
are mostly secreted although there are two membrane bound chemokines;
fractalkine (CX3CL1) and CXCL16. Chemokine signalling is mediated through
binding to 7-transmembrane G-coupled receptors. Downstream signalling cascades
are usually calcium-dependent and often involve the activation of PI3K (Curnock et
al. 2002, Sozzani et al. 1993). Chemokine receptors are classified according to the
class of ligand to which they bind and so fall into CC, CXC, CX3C and C receptor
families (IUIS/WHO Subcommitte on Chemokine Nomenclature 2003, Murphy
2002). Each receptor may be activated by a number of different ligands (see Table
1.5).
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Table 1.5 Human chemokine receptors and their ligands

Abbreviations: BCA-1, B Ilymphocyte chemoattractant; CTACK, cutaneous T-cell-attracting
chemokine: DC, dendritic cell; EC, endothelial cell; ENA-78, epithelial neutrophil-activating
peptide 78; GCP-2, granulocyte chemotactic protein-2; GRO, growth related oncogene; HCC,
human CC chemokine; IL-8, interleukin 8; IP-10, interferon-y-inducible protein 10; I-TAC,
interferon- inducible T-cell a chemoattractant, MCP, monocyte chemoattractant protein; MDC,
macrophage-derived chemokine; MEC, mammary-enriched chemokine; Mig, monokine induced
by interferon y, MIP, macrophage inflammatory protein; MPIF-1, myeloid progenitor inhibitory
factor 1, NAP-2, neutrophil-activating peptide 2; NK cell, natural killer cell; PMN,
polymorphonuclear leukocyte (eosinphil, neutrophil, basophil, mast cell); RANTES, regulated on
activation normal T cell-expressed and secreted; SCM-1f, single cystein motif-1f3; SDF-1,
stromal-cell-derived factor 1, SLC, secondary lymphoid tissue chemokine; SMC, smooth muscle
cell; TARC, thymus and activation-regulated chemokine; TECK, thymus-expressed chemokine
(adapted from Lucas and Greaves 2001, Mantovani 1999).
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CC family

CCR1

CCR2

CCR3

CCR4

CCR5

CCR6

CCR7

CCR8
CCR9

CCR10

CXCR1

CXCR2

CXCR3

CXCR4
CXCR5
CXCR6
CX3C family
CX3CR1

C family

XCR1

MIP-la
MIP-ip
RANTES
MCP-3
HCC-1
HCC-2
HCC-4
MPIF-1
MCP-1
MCP-3
MCP-2
MCP-4
HCC-4
RANTES
MCP-3
MCP-2
Eotaxin
MCP-4
HCC-2
Eotaxin-2
Eotaxin-3
MEC
TARC
MDC
MIP-la
MIP-ip
RANTES
HCC-1

MIP-3a

MIP-30
SLC
1-309
TECK
CTACK
MEC

GCP-2
IL-8
GRO-a
GRO-p
GRO-y
ENA-78
GCP-2
NAP-2
IL-8
Mig
IP-10
I-TAC
SDF-1
BCA-1

Fractalkine

Lymphotactin
SCM-13

CCL3
CCL4
CCL5
CCL7
CCL14
CCL15
CCL16
CCL23
CCL2
CCL7
CCL8
CCL13
CCL16
CCL5
CCL7
CCL8
CCL11
CCL13
CCL15
CCL24
CCL26
CCL28
CCL17
CCL22
CCL3
CCL4
CCL5
CCL14

CCL20

CCL19
CCL21
CCL1

CCL25
CCL27
CCL28

CXCL6
CXCL8
CcXcL1
CXCL2
CXCL3
CXCL5
CXCL6
CXCL7
CXCL8
CXCL9
CXCL10
CXCL11
CXCL12
CXCL13
CXCL16

CX3CL1

XCL1
XCL2

DC
B cell
SMC

DC

EC
Fibroblast
SMC

Epithelial

cell

DC

DC

DC
B cell
DC
B cell

B cell

EC

EC

EC
DC
Bcell

SMC
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Traditionally, chemokines have been viewed as effectors of immune cell function,
however receptors are also present on other cell types including ECs and SMCs (see
Table 1.5) (Mantovani 1999, Rollins 1997). Similarly, while research has focused
on the role of chemokines in immune cell recruitment in inflammation, it is now
recognised that they also have important functions in the regulation of cellular state

(e.g. proliferation, activation, differentiation), discussed separately below.

1.5.2.1 Role of chemokines in immune cell recruitment

Leukocyte extravasation occurs in three stages: leukocyte rolling; firm adhesion to
the endothelium; and migration into the arterial intima. At the site of inflammation
chemokines present at the endothelial surface provide a cue for the firm binding of
leukocytes and a chemokine gradient spanning the endothelium directs
extravasation into the intima. Chemokines both upregulate the expression of
adhesion molecules on the surface of the endothelium and promote the activation
of integrins to increase binding affinity. They also stimulate the secretion of other
inflammatory mediators to further increase immune cell recruitment (Cybulsky et al.
2004, Montavani 1999, Rollins 1997). The CX3C chemokine, fractalkine, is able to
act as an adhesion molecule itself. Fractalkine is unusual in that the chemokine
domain is anchored to the cell membrane by a mucin-rich stalk attached to a
transmembrane domain. The chemokine is presented on the surface of ECs in
inflammation and mediates the adhesion of monocytes, T-lymphocytes, NK cells
and dendritic cells (DCs) by interacting with CX3CR1 on the target cell. The
chemokine domain can also be shed through proteolytic cleavage by the enzymes
ADAM17 (TNF-a converting enzyme) or ADAM10 (disintegrin-like MMP). The
secreted chemokine can induce chemotaxis, activate monocytes and enhance the
binding affinity of integrins (Haskell et al. 1999, Fong et al. 1998, Bazan et al.
1997, Imai et al. 1997).

1.5.2.2 Role of chemokines in the regulation of cellular state

Chemokines have a role in the regulation of both immune cell activation and
cellular proliferation in inflammation (Mantovani 1999, Rollins 1997). Enhanced
proliferation of ECs in response to a subset of chemokines stimulates angiogenesis.
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The family of CXC chemokines is further divided into two groups based on the
presence or absence of an ELR (glutamate-leucine-arginine) motif in the N-terminal
domain. ELR-containing chemokines (e.g. I1L-8, ENA-78 and GCP-2) are generally
angiogenic while non-ELR CXC chemokines (e.g. IP-10 and Mig) are found to inhibit
angiogenesis (Strieter et al. 1995). Some CC chemokines also stimulate
angiogenesis including MCP-1 and eotaxin (Salcedo et al. 2001, Salcedo et al.
2000, Weber et al. 1999a). Chemokines have a role in hematopoiesis (the
generation of new blood cells from myeloid progenitors) through the inhibition of
proliferation, regulation of survival and promotion of chemotaxis. A large number of
chemokines have the ability to suppress the proliferation of progenitor cells
including MIP-1a, GRO-3, GRO-y, PF4, IL-8 and MCP-1. Those that do not exert this
effect, and in some cases counteract the suppressive effect of other chemokines,
include MIP-18, GRO-a, GRO-y and RANTES (Broxmeyer 2001, Youn et 2000,
Broxmeyer and Kim 1999).

1.5.3 Chemokines and atherosclerosis

As an inflammatory disease, the overall expression of chemokines in the
atherosclerotic lesion is high, stimulated by the cocktail of cytokines and oxidised
lipids present. The role of chemokines in the pathogenesis of atherosclerosis is
currently of particular interest. A number of studies have suggested a pro-
atherogenic impact and broad-spectrum chemokine inhibitors offer a promising
thereapeutic strategy for the treatment of the disease (Grainger and Reckless
2003, Johnson et al. 2004). Several recent reviews discuss the various functions of
chemokines in atherosclerosis in detail (Quehenberger 2005, Charo and Taubman
2004, Sheikine and Hansson 2004, Burke-Gaffney et al. 2002, Lucas and Greaves
2001, Reape and Groot 1999) and the effects are summarised in Table 1.6.

Particular interest in the role of chemokines in atherosclerosis has been generated
due to important studies involving the CC chemokine MCP-1, which have shown a
beneficial effect to deficiency in either the chemokine or its receptor CCR2 in mouse
models of atherosclerosis (Dawson et al. 1999, Gosling et al. 1999, Boring et al.
1998, Gu et al. 1998). This chemokine is discussed in detail in Section 1.6. Other

chemokines that have been shown to be present in the atheroma, in either humans
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or mouse models of the disease, are listed in Table 1.6. Each chemokine displays a
differential pattern of expression and localisation within the lesion and this is likely
to vary over the course of the disease.

Knock-out mouse models (summarised in Table 1.6) have revealed the function and
importance of specific chemokines and receptors in atherosclerosis and also the
degree of functional redundancy in the chemokine system. For instance, the
receptors CCR1 and CCR5 both bind to the chemokines RANTES, MIP-1a and MIP-
1B, all of which have been localised to the lesion (Pattison et al. 1996, Wilcox et al.
1994). While knock-out of the CCR5 receptor in apoE-null mice does not confer an
atheroprotective effect (Kuziel et al. 2003), blocking both CCR1 and CCR5 signalling
using the inhibitor Met-RANTES decreases atherosclerosis development in apoE-
and LDL-R-deficient mice (Veillard et al. 2004, Schober et al. 2002). It is also
noticeable that while MCP-1- or CCR2-deficiency in mouse models of the disease
significantly reduces the number of monocytes/macrophages within the lesion,
these cells are still present, indicating the existence of alternative mechanisms of
recruitment (Dawson et al. 1999, Gosling et al. 1999, Boring et al. 1998, Gu et al.
1998).

The membrane bound chemokines fractalkine and CXCL16 are of particular interest
in atherosclerosis. As discussed previously, in addition to its role as a
chemoattractant, fractalkine can also act as a cellular adhesion molecule in the
recruitment of monocytes/macrophages and T-cells. A knock-out mouse model
deficient in fractalkine and apoE has recently been generated that exhibits reduced
atherosclerosis in comparison to the apoE-null mouse (Teupser et al. 2004). Mice
lacking the receptor CX3CR display a similar phenotype (Combadiere et al. 2003,
Lesnik et al. 2003). The chemokine CXCL16 has similar domain organisation to
fractalkine; including a chemokine domain anchored to the membrane by a mucin-
rich stalk, which may be released by enzymatic cleavage (Wilbanks et al. 2001).
CXCL16 also has a dual role in atherosclerosis, functioning as both a
chemoattractant for activated T-cells, and as a scavenger receptor contributing to
the uptake of oxLDL in macrophage-foam cell formation (Wuttge et al. 2004,
Minami et al. 2001).
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Table 1.6 Chemokines in the atherosclerotic lesion

MCP-1

MCP-4

MIP-la

MIP-10

RANTES

PARC
MIP-30

TARC
MDC

IL-8

GRCkx

CXCL16
Eotaxin

Fractalkine

IP-10

Mig
ITAC
SDF-la

Monocyte chemoattractant
T-cell chemoattractant
Adhesion of leukocytes to EC
SMC migration and proliferation
Angiogenesis

Monocyte chemoattractant
Activated T-cell chemoattractant
Monocyte chemoattractant
Activated T-cell chemoattractant

Monocyte chemoattractant
T-cell chemoattractant

Monocyte chemoattractant
Activated T-cell chemoattractant
Activation of macrophages
Activation of T-cells

Naive T-cell chemoattractant
T-cell chemoattractant

Adhesion of T-cells to EC
Activated T-cell chemoattractant
Platelet activation and aggregation
Activated T-cell chemoattractant
Platelet activation and aggregation
Monocyte chemoattractant
Activated T-cell chemoattractant
Angiogenesis

SMC migration and proliferation
Adhesion of monocytes to EC
Monocyte chemoattractant
Activated T-cell chemoattractant
Angiogenesis

SMC migration and proliferation
Scavenger receptor

Activated T-cell chemoattractant
SMC migration

Cell-adhesion molecule
Monocyte chemoattractant
T-cell chemoattractant
Adhesion of monocytes to EC
SMC migration

Platelet activation

Activated T-cell chemoattractant
SMC migration

Activated T-cell chemoattractant
Activated T-cell chemoattractant
T-cell chemoattractant

Platelet activation and aggregation

Rayner et al. 2000
Seino etal. 1995
Takeya etal. 1993

Gu etal. 1998 (MCP
Boringetal. 1998
(CCR2-A. apoE -A)
Gosling etal. 1999
(MCP -A, overexpression apoB)
Aiello et al. 1999
(Overexpression MCP-1 BMT,
apoE-A)

Dawson et al. 1999

(CCR2-A, apoE-A)

LDLR -/-)

Berkhout et al. 1997
Wilcox etal. 1994 Schober et al. 2002

(Inhibition CCR1/5 signalling with
Met-RANTES, apoE-A)

Veillard etal. 2004

(Inhibition CCR1/5 signalling with
Met-RANTES, LDLR-A)

Pattison et al. 1996

Wilcox etal. 1994

Reape etal. 1999

Greaves et al. 2001

Boisvertet al. 1998
(CXCR2)

Wang etal. 1996a
Apostolopoulos et al.
1996

Boisvert et al. 1998
(CXCR2)

Boisvert et al. 1998
(CXCR2-A BMT, LDLR-A)

Minami et al. 2001
Wuttge et al. 2004
Haley et al. 2000 Veillard etal. 2005

(CXCR3-A, apoE-A)

Teupser et al. 2004 (Fractalkine
-A. apoE-A and LDLR-A)

Lesnik et al. 2003

(CXC3R-A, apoE-A)

Combadiere et al. 2003
(CXC3R-A, apoE-A)

Wong et al. 2002
Lucas etal. 2003

Mach etal. 1999

Abi-Younes etal.
2000
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In general, chemokines increase the cellularity of the lesion through: increased
recruitment of monocytes/macrophages, T-cells and SMCs; enhanced proliferation
of SMCs; immune cell activation; and stimulation of the secretion of
proinflammatory mediators. In inflammation and atherosclerosis, the recruitment
of monocytes/macrophages appears to be largely regulated by the CC chemokines
(e.£. MCP-1 and 4, MIP-1a and -1B, RANTES) although CXC chemokines such as IL-
8 and the CX3C chemokine fractalkine have also been shown to recruit monocytes.
The CXC chemokines predominantly recruit activated T-cells (e.g. IL-8, GRO-, I1P-10,
Mig, ITAC) (Quehenberger 2005, Charo and Taubman 2004, Sheikine and Hansson
2004, Burke-Gaffney et al. 2002, Lucas and Greaves 2001, Reape and Groot
1999). The CC chemokine PARC preferentially attracts naive T-cells (Adema et al.
1997) that are activated within the lesion by inflammatory cytokines and
chemokines such as the CC-chemokines RANTES, MIP-1a and MCP-1 (Taub et al.
1996, Bacon et al. 1995). The chemokine receptors CCR1, CCR2, CCR3, CCR5,
CXCR4 and CX3CR have been shown to be present on the surface of SMCs and the
migration and proliferation of these cells can be regulated by chemokines in the
lesion (e.g. IP-10, IL-8, MCP-1, fractalkine, eotaxin) (Kodali et al. 2004, Lucas et al.
2003, Schecter et al. 2003, Schecter et al. 2000, Hayes et al. 1998, Wang et al.
1996b). Eotaxin is known primarily for the recruitment of eosinophils but is
associated with SMC-rich areas of the atherosclerotic plaque and is thought to
function in the recruitment of these cells in the disease (Kodali et al. 2004, Haley et
al. 2000).

In the advanced plaque chemokines are likely to have a role in neovascularisation.
As previously discussed, ELR-containg CXC chemokines (e.g. IL-8) and CC
chemokines (e.g. MCP-1) stimulate angiogenesis. Non-ELR CXC chemokines (e.g.
IP-10, Mig) however inhibit this process so that the overall role of chemokines in
neovascularisation is uncertain (Strieter et al. 1995). Additionally, particular
chemokines increase the thrombogenic potential of the plaque as they are known
to cause platelet activation and clotting. These include SDF, TARC, MDF and
fractalkine (Schafer et al. 2004, Abi-Younes et al. 2001, Abi-Younes et al. 2000).
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1.6 MONOCYTE CHEMOATTRACTANT PROTEIN-1

Of the chemokines discussed above, the CC chemokine MCP (monocyte
chemoattractant protein)-1 (CCL2) has attracted the most interest in relation to its
role in atherosclerosis and has been shown in several independent studies to be a
proatherogenic factor (Harrington 2000, Rollins 1996). The regulation of MCP-1 is
of particular interest as it presents a potential therapeutic target for atherosclerosis.
Transfection of a N-terminal deletion mutant of the MCP-1 gene (7ND) in apoE-null
mice has been shown to inhibit both lesion formation and the progression of
existing lesions, as well as increasing plaque stability (Inoue et al. 2002, Ni et al.
2001).

1.6.1 Biological roles of MCP-1

There are four functional MCP chemokines in humans (MCP 1-4) and three in mice
(MCP 1, 3 and 5) (Berkhout et al. 1997, Sarafi et al. 1997, Proost et al. 1996). A
variety of cell types produce MCP-1 including monocytes/macrophages, ECs,
VSMCs, fibroblasts, chondrocytes, astrocytes and epithelial cells as well as certain
cancerous cells (Proost et al. 1998, Zhang et al. 1996). MCP-1 functions as a
dimer and is structurally similar to MIP-13. The murine protein (also known as JE)
shares considerable sequence homology with human MCP-1 but has an additional
O-linked carbohydrate at the C-terminus, the function of which is unclear
(Lubkowski et al. 1997, Zhang et al. 1996a). The action of MCP-1 is mediated by
binding to the G-protein linked CC chemokine receptor, CCR2, on the cell surface
(Section 1.5) (IUIS/WHO Subcommitte on Chemokine Nomenclature 2003, Boring
etal. 1997).

The major biological function of MCP-1 is to promote the chemotaxis of monocytes
to the site of inflammation, although it has also been shown to be involved in the
recruitment of T-lymphocytes, NK cells and in the migration of VMSCs (Proost et al.
1998). Other actions of this chemokine include: increasing monocyte adhesion to
the endothelium through the activation of cell adhesion molecules (Gerszten 1999);
modulating Th1l and Th2 responses and the expression of inflammatory mediators
(e.8. IFN-y, IL-4 and IL-5) (Gu et al. 2000, Peters et al. 2000, Lu et al. 1998);
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increasing the proliferation SMCs (Seltzman et al. 2002); and stimulation of
angiogenesis (Salcedo et al. 2001, Weber et al. 1999a). Knock-out mice deficient
in MCP-1 show an impaired ability to recruit monocytes in models of inflammation
and exhibit decreased expression of cytokines including IL-4, IL-5 and IFN-y. Other
responses are unaffected in these mice such as the ability to clear infection with
Mycobacterium tuberculosis (Lu et al. 1998). Deletion of the CCR2 gene (that also
functions as receptor for MCP-2, -3, -4 and HCC-4) in mice leads to similar defects
in monocyte/macrophage recruitment in response to inflammatory stimuli. These
mice exhibited a dramatic reduction in the production of IFN-y as well as the
cytokines IL-4, IL-5 and IL-12 (Boring et al. 1997).

MCP-1 has been linked to several pathological processes characterised by the
infiltration of monocytes, including: inflammatory skin diseases (e.g. cutaneous
sclerosis) (Yamamoto 2003); allergic asthma (Ross et al. 2003); autoimmune
diseases such as multiple sclerosis (Mahad and Ransohoff 2003, Simpson et al.
1998) and autoimmune encephalomyelitis (Mahad and Ransohoff 2003,
Ransofhoff et al. 1993), as well as atherosclerosis.

1.6.2 Role of MCP-1 in atherosclerosis

A proatherogenic role has been well established for MCP-1, characterised
predominantly by an increased accumulation of macrophage- and SMC-derived
foam cells (Harrington 2000, Rollins 1996). As well as the role of MCP-1 in the
chemoattraction of monocytes/macrophages, T-cells and VSMCs, the pro-
inflammatory effects on the expression of other cytokines and enhanced
angiogenesis stimulated by the chemokine, all contribute to atherogenesis and
destablisation of the plaque. High levels of expression of MCP-1 have been
detected in the atherosclerotic lesion by antibody detection and in situ
hybridisation, and elevated levels have been found in patients in association with
risk factors for atherosclerosis (de Lemaos et al. 2003, Rayner et al. 2000, Seino et
al. 1995, Takeya et al. 1993). Knock-out of the MCP-1 gene in apoE- and LDL-R-
null mice significantly reduces cellularity and lesion area without affecting plasma
lipid or lipoprotein levels (Gosling et al. 1999, Gu et al. 1998). Conversely
increased expression of MCP-1 enhances atherosclerosis formation in apoE-null
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mice (Aiello et al. 1999). Local overexpression of MCP-1 at the blood vessel wall in
rabbits was not sufficient by itself to induce atherosclerosis formation but acted in
synergy with hypercholesterolemia to promote atherosclerotic changes (Namiki et
al. 2002). Knock-out of the MCP-1 receptor, CCR2 in apoE-null mice has a similarly
atheroprotective effect (Dawson et al. 1999, Boring et al. 1998). Expression of
CCR2 on monocytes has been found to be increased in patients with
hypercholesterolemia and is upregulated by high levels of LDL (Han and
Quehenberger 2000, Han et al. 1999, Han et al. 1998). Studies have shown
however that, in contrast to native LDL, oxLDL has an inhibitory effect on monocyte
CCR2 expression (Han et al. 2000, Han et al. 1998). This has been explained by a
model in which monocytes are recruited to the lesion through CCR2 signalling and
retained at the site by downregulation of CCR2 in the presence of high levels of
oxidised lipid. Another study has demonstrated the opposite effect, whereby oxLDL
increased the expression of CCR2 in monocytes (Weber et al. 1999b).

1.6.3 Regulation of MCP-1 expression by inflammatory mediators

A number of inflammatory cytokines regulate the expression of MCP-1 in a variety of
cells types, including IFN-y, IL-1B, IL-4, TNF-a , TGF-, GM-CSF and PDGF (reviewed
in Proost et al. 1998). Proinflammatory cytokines generally induce MCP-1
expression (e.g. IFN-y (Valente et al. 1998), IL-13 and TNF-a (Bian et al. 2004))
while antiinflammatory cytokines suppress MCP-1 gene expression (e.g. IL-10 and
IL-13 (Kucharzik et al. 1998)). For some cytokines there is conflicting data about
the regulatory role in MCP-1 expression and this is potentially dependent on cell
type (e.g. TGF-B upregulates MCP-1 in ECs and mesangial cells (Cheng et al. 2005,
Matagrano et al. 2004) but downregulates expression in macrophages (Feinberg et
al. 2004); IL-4 induces expression in ECs (Lee et al. 2003) but downregulates MCP-
1 in epithelial cells (Kucharzik et al. 1998)).

Transcriptional regulation of human MCP-1 appears to be controlled largely through
specific distal (-2500/-2300) and proximal promoter regions (-300/+1). Binding
sites for NF-xB have been identified in both regions while the proximal region also
contains a putative GAS site, a GC-box, AP-1 (TPA-responsive element (TRE)) sites
and possible C/EBP binding sites. Inducible and constitutive binding to these sites
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has been demonstrated in various combinations in different cell lines and in

response to particular mediators, as summarised in Table 1.7. Shear stress,
thought to promote atherosclerotic plaque formation at particular arterial sites, has
also been demonstrated to either stimulate the production of MCP-1 by ECs (Bao et
al. 1999, Shyy et al. 1995) or to downregulate MCP-1 gene expression (Chiu et al.
2002), potentially in response to varying flow forms (Vanderlaan et al. 2004, Bao et

al. 1999).

Table. 1.7 Regulation of MCP-1 gene expression; promoter binding studies1

IL-IP (+) Endothelial AP-1 Human Bian etal. 2004
Endothelial NFKB Human Choi et al. 2004
Mast NFKB Human Lee et al. 2004
Endothelial AP-1 (6 8), NFKB (-90) Human Martin et al. 1997
IFN-y (+) Astrocyte STAT1 (-212), Spl (-124) Human Zhou et al. 2001
Astrocyte STAT1 (-212), Spl (-124) Human Zhou et al. 1998
Osteoblast STAT1 (-212), IRIS 2(-227) Human Valenteetal. 1998
IL-4 (+) Endothelial STAT1 (-212) Human Lee etal. 2003
Insulin (+) VSMC C/EBP-p (-2589, -3116) Rat Sekine et al. 2002
VSMC C/EBP-P (-2589, -3116) Rat Kodama etal. 2005
Glucose () Mesangjai AP-1 Human Lee etal. 2001
LPS (+) Macrophage C/EBP-P Mouse Hu etal. 2000
Macrophage kB3 binding site (-169) Mouse Ueno etal. 2000
Epithelial NFKB(-2287,-2261), Rat Wang etal. 2000b
AP-I(-54)/Spl(-51)
Macrophage C/EBP-3 Mouse Bretz et al. 1994
PDGF BB (+) Fibroblast Spl. Sp3 (-51) Mouse Ping etal. 1999
Fibroblast Sp3 2(-1468, -1434) Mouse Sridhar etal. 1999
ROS (+) Endothelial NFkB. AP-1 Dog Lakshminarayanan etal. 2001
Shear stress (+)  Endothelial NFkB Human Bao et al. 1999
Endothelial AP-1 (-60) Human Shyy et al. 1995
Shear stress (-) Endothelial AP-1 Human Chiu etal. 2002
Tat (HIV) (+) Astrocyte Spl(-124), AP-K-128), NFKB(-150) Human  Lim and Garzino-Demo 2000
Astrocyte C/EBP-3 (0//-200). Smad3 2 Human Abraham etal. 2005
TGF-p () Macrophage AP-1, Smad3 2(-122 human) Mouse Feinberg et al. 2004
TNF-a (+) Endothelial AP-1 Human Bian et al. 2004
Fibroblast NFKB (-2378, 2352), Spl (-51) Mouse Boekhoudtet al. 2003
Endothelial NFkB (-2378, 2352), Spl (-51) Mouse Ping etal. 2000
Mesangial NFKB (-2378, 2352), Spl (_51) Mouse Ping etal. 1999
Fibroblast Mouse Ping etal. 1996

1Where transcription factor binding has been localised to a particular site in the MCP-1 promoter, the position of the
site upstream of the transcriptional start site (+1) is given in parentheses. In other cases increased DNA binding has

NFKB (-2378, 2352), Spl (-51)

been shown to a consensus element for that transcription factor.

2Transcriptional repression

Abbreviations: AP-1, activating protein-1; C/EBP-p, CCAAT/enhancer binding protein-P; HIV, human immunodeficiency
virus; IFN-y, interferon-y; IL-ip, interieukin-lp; LPS, lipopolysaccharide; NFKB, nuclear factor KB; PDGF BB, platelet-

derived growth factor BB; ROS, reactive oxygen species; STAT1, signal transducer and activator of transcription 1;

TGF-p, transforming growth factor-p; TNF-a, tumor necrosis factor-a.
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Although studies in astrocytes have demonstrated the presence of a functional
STAT1-binding site, that is involved in promoter activation by IFN-y (Table 1.7), a
study of gene expression in STAT1-null bone marrow-derived macrophages (BMMs)
showed MCP-1 induction by IFN-y in both wild type and STAT1-deficient cells,
suggesting that a STAT1-independent pathway may also exist (Gil et al. 2001,
Ramana et al. 2002). In the following sections potential STAT1-dependent and -

independent mechanisms of IFN-y signalling are discussed.

1.7 ROLE OF THE JAK-STAT PATHWAY IN IFN-y SIGNALLING

Cytokines mediate signalling through binding to specific receptors at the cell
surface. The association of the cytokine with its receptor generally leads to
alterations in receptor confirmation and initiates a specific signalling cascade
resulting in changes in transcription, translation or post-translational modifications.
The key components of the majority of signalling pathways are protein kinases,
which control the activation of downstream effectors through the phosphorylation of
particular residues.

1.7.1 JAK-STAT signalling

JAK-STAT signalling is involved in the mediation of responses to a number of
cytokines (e.g. IFN-a, IFN-B, IFN-y, IL-4, IL-6, IL-13). JAKs (including tyrosine kinase
2 (Tyk2) and JAK1-3) are receptor-associated tyrosine kinases that are activated by
cytokine binding to the receptor. STATs (including STAT1-4, -5a, -5b and -6) are
SH2-domain containing transcription factors that bind to DNA as a homo- or
heterodimer. Various JAK-STAT components are associated with the mediation of
signalling in response to different cytokines. For instance: IL-6 treatment can lead
to the activation of JAK1, JAK2 or Tyk2 and STAT1 and STAT3; Type 1 IFNs activate
Tyk2, JAK1, STAT1 and STAT2 (that also associate with IRF-9 to form the
transcription factor ISGF3); while IFN-y signalling involves JAK1, JAK2 and STAT1
(Kerr et al. 2003, Aaronson and Horvath 2002, Schindler and Darnell 1995). The
“JAK-STAT pathway”, as associated with IFN-y signalling, has been extensively

studied and is discussed in detail below.
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1.7.2 JAK-STAT signalling in the IFN-y response

The cellular response to IFN-y is mediated via interaction of the cytokine with its
receptor, IFN-yR. IFN-yR is a heterodimeric receptor with o and B chains (IFN-yR1
and IFN-yR2), both of which are required in order for the receptor to function in the

transduction of the IFN-y signal (Tau and Rothman 1999, Marsters et al. 1995).

The most widely accepted signalling mechanism for the mediation of the IFN-y
response is the JAK-STAT pathway, elucidated through studies of mutant cell lines
lacking specific components of the pathway (reviewed in Stark et al. 1998,
Schindier and Darnell 1995). JAK1 is bound to the intracellular domain of IFN-yR1
while JAK2 binds IFN-yR2. In the absence of IFN-y stimulation, receptor subunits
are not strongly associated with one another. Ligand binding to IFN-yR causes
assembly of the active receptor complex in which the intracellular domains of the
receptor subunits are brought together. This allows activation of JAK1 and JAK2 by
auto- and trans-phosphorylation. Subsequent phosphorylation of a specific tyrosine
containing sequence on the IFN-yR1 subunit provides a docking site for STAT1
through a SH2 domain. Receptor associated STAT1 is phosphorylated by the JAK
proteins (at tyrosine 701) causing it to dissociate from the receptor and form
homodimers. Phosphorylation of STAT1 at Serine 727 is also required for maximal
activation although the mechanisms involved in this are less clear (Decker and
Kovarik 2000, Wen et al. 1995).

STAT1 homodimers translocate to the nucleus and regulate transcription of the
majority of IFN-y-responsive genes through gamma-activated sequence (GAS)
promoter elements (consensus sequence: TTNCNNNAA). However other elements
have also been found to be necessary for the transcription of certain genes by IFN-y,
including the interferon-stimulated response element (ISRE) (more commonly
associated with Type | IFN-signalling), palindrome IFN-response element (pIRE) and
gamma-IFN-activated transcriptional element (GATE). The signalling mechanisms
involved in the JAK-STAT pathway are reviewed in a number of articles (Kalvakolanu
2003, Kerr et al. 2003, Aaronson and Horvath 2002, Stark et al. 1998, Schindler
and Darnell 1995) and <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>