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Summary

The pro-inflammatory anaphylatoxin C5a exerts its biological actions via the C5a receptor
(C5aR), a G-protein-coupled-receptor (GPCR). Cholesterol, a crucial component of
biological membranes, has previously been shown to regulate expression and function of
numerous GPCRs. As statin therapy is widely used to reduce serum cholesterol levels, it
was hypothesised that statins can exert anti-inflammatory effects by down regulation
expression and/or function of the C5aR.

This thesis first investigated how basal human C5aR expression was regulated. It
was shown that the majority of the -2Kbp promoter region is dispensable for transcription of
the C5aR and that the main regulatory domains are localised in the first 200 bp of the
promoter region. Furthermore CCAAT and NFAT motifs are important for the transcriptional
control of the human C5aR, however the transcription factors which bind to these sites could
not be identified.

A model system to measure C5aR expression and function was set up using two pro-
monocytic U937 sub-cell lines, which demonstrated that dibutyryl-cyclic-AMP was the best
inducer of the C5aR, but only in one of the cell lines. Induction of the C5aR made these cells
more responsive to C5a induced intracellular calcium-release and IL-8 and MMP-9 secretion.

Investigating possible effects of cholesterol and modulation of cholesterol on C5aR
expression and function showed that statins did not affect expression and function of basal
levels of C5aR in monocytes or U937 cells, but reduced induced C5aR expression.
Concomitantly C5a induced release of intracellular calcium and secretion of IL-8 reduced,
however C5a induced MMP-9 secretion increased. This reduction was due to inhibition of
isoprenoid biosynthesis rather than inhibition of cholesterol biosynthesis.

Using sucrose gradient floatation it was shown that the C5aR is unlikely to reside in a
lipid raft region of the plasma membrane making it less likely to be susceptible to membrane
cholesterol content.
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Regulation of C5aR expression and function: potential
modaulation by lipid-lowering drugs

Complement activation leads to the release of the potent pro-inflammatory anaphylatoxin
C5a, which exerts its biological actions via the C5a receptor (C5aR), a G-protein coupled
receptor. Over expression or under regulation of C5a and the C5aR has been implicated in a
variety of pathologies, including ischaemia reperfusion injury. Cholesterol, a major risk factor
for cardiovascular disease, is a crucial component of biological membranes. Furthermore
cholesterol has been shown to regulate expression and function of numerous GPCRs. Statin
therapy is the most widely used therapeutic strategy to lower serum cholesterol levels.
Evidence suggests that statins also exert beneficial anti-inflammatory effects, thus further
improving cardiovascular disease outcome. The principal aim of this thesis was to determine
if the C5aR expression and function can be modulated by cholesterol. It is hypothesised that
statins can exert anti-inflammatory effects by down regulation of expression and/or function

of the receptor for the potent pro-inflammatory anaphylatoxin C5a, C5aR. pl

Chapter 1

General Introduction

1.1 Complement system

Complement (C) is a crucial part of innate immunity. It was identified in the late nineteenth
century as a heat labile fraction of serum which complemented the antibody-mediated killing
of bacteria. Since then more than 30 soluble and cell surface proteins have been identified,
which together interact in a tightly controlled manner to achieve its main physiological
functions in host defence against infection, bridging the innate and adaptive immunity and
waste disposal (Walport, 2001b, Walport, 2001a).

1.1.1 Complement activation

C activation can be achieved by three pathways: the classical pathway (CP), alternative
pathway (AP) and lectin pathway (L.P) (figure 1.1).

Activation of the CP is achieved by the recognition subunit C1q of the C1 complex.
C1q contains six large globular heads, which bind to the Fc regions of immobilised antigen
bound 1gG or IgM antibodies. As well as being activated by immune complexes, C1q can
also bind other ligands including fragments of cellular and subcellular membranes (e.g.
mitochondria membrane), modified host proteins and phospholipids, and C-reactive protein

and serum amyloid protein, of the pentraxin family (reviewed in (Kojouharova et al., 2010)).
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Activator binding to C1q induces a conformational change that triggers the activation of C1r,,
which in turn cleaves C1s; within the C1 complex.

Activation of the AP allows the rapid and spontaneous deposition of complement C3b
on cell surfaces. This is achieved by the spontaneous hydrolysis of C3, which then binds to
factor B to form the C3 convertase of the AP following cleavage by factor D. As activation of
the AP lacks specificity, host cells are protected from C3b disposition by the expression of
complement regulators, such as CR1, DAF and MCP, on their cell surface. However, foreign
surfaces are unable to control C3b deposition due to the lack of these regulators, which
results in the C3 positive feedback amplification loop.

The LP is the most recently discovered and least understood pathway. This pathway
employs germline-encoded pattern recognition receptors, mannose-binding lectin (MBL) and
ficolin, which bind to pathogen associated molecular patterns, such as simple carbohydrates
and N-acetyl glucosamine groups, present on the pathogen cell surface (Dunkelberger and
Song, 2010). Similarly to the CP activation, the LP activation results in the generation of
C4bC2a on pathogen cell surfaces, however this is mediated via the MBL-associated serine
protease (MASP) complex instead of the C1 complex (reviewed by (Gal et al., 2009)).

More recently it has also been suggested that complement activation could occur by
the direct cleavage of either C3 or C5 by serum protease unrelated to complement such as
kallikrein and thrombin (Huber-Lang et al., 2006, Dunkelberger and Song, 2010).

1.1.2 The complement cascade

Activation of the complement cascade leads to the proteolytic cleavage of inactive
proenzymes to their active form (figure 1.1). Although C activation occurs via three distinct
pathways, they all converge at the point of C3 activation by the C3 convertases.

The activation of complexes C1r.s,, via the CP, or MBL/MASP and ficolin/MASP, via
the LP, leads to the cleavage of C4 and C2 to form the C3 convertase C4b2a and released
fragments C4a and C2b.

The spontaneous formation of a single C3 convertase (C3(H,0O)BDb), via the AP, can
lead to C3b deposition on activating surfaces by cleavage of C3. The deposition of C3b can
lead to the formation of the predominant C3 convertase, C3bBb, of the AP when deposited in
the presence of factor B and factor D. Furthermore this C3 convertase can be stabilised by
properdin. Together both these C3 convertases would rapidly activate all C3 and factor B via
this positive feedback amplification loop.

The formation of the C3 convertase C4b2a, via the CP or LP, or C3(H,O)Bb and
C3bBb, via the AP, leads to the proteolytic cleavage of C3 to C3b and the released fragment
C3a. The addition of C3b to the C3 convertases leads to the formation of the C5

convertases; C4bC3bC2a of the CP and LP and C3bBbC3b of the AP. Both C5 convertases
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are able to cleave C5 into C5a and C5b to initiate the terminal pathway. The released
fragment, C5a, serves as a potent anaphylatoxin and inflammatory mediator, as does C3a,
although to a lesser extent.

1.1.3 The membrane attack complex

The terminal pathway ends by the formation of the transmembrane channel (the membrane
attack complex, MAC) within the phospholipid bilayer of the target cell. Following the
cleavage of C5, C5b binds to C6 to form C5b-6 and then to C7 to form C5b-7. Binding of
C5b-7 to a membrane surface allows C8 to bind and becoming inserted into the membrane
forming an unstable pore. Binding of C9 to C5b-8 initiates polymerisation of multiple C9
molecules and incorporation to form the stable C5b-9, complex. The MAC disrupts the
osmotic gradient across the membrane and thus results in a rapid influx of water which leads
to swelling and lysis of the cell.
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1.1.4 Biological activities of complement activation

The physiological activities of C can be divided into three main categories; defending the
host against infection; acting as an interface between the innate and adaptive immunity; and
the clearance of immune complexes and apoptotic cellular waste (Walport, 2001b).

C can defend against bacterial infections by several mechanisms. The opsonisation
of bacteria with covalently bound fragments C3b and C4b results in their engulfment and
destruction by the phagocytic cells via receptors CR1 and CR3. C can recruit leukocytes
towards sites of infection via the pro-inflammatory anaphylatoxins (C3a, C4a and C5a) and
their receptors (C3aR and C5aR) present on leukocytes cell surface. The anaphylatoxins
can activate leukocytes causing them to increase their cytotoxicity by increasing expression
of phagocytic receptors on their cell surface and increasing production of other inflammatory
mediators and reactive oxygen metabolites. The anaphylatoxins C3a and C5a and their
receptors C3aR and C5aR can cross talk with Toll-like receptors and the coagulation system;
therefore further coordinate the innate immune response and preventing the spread of
infection by amplifying coagulation (reviewed by (Ricklin et al., 2010)). The formation of the
MAC is an essential mechanism for defence against Neisseria bacteria infections.

C activation can also serve as an important bridge between the innate and adaptive
immunity. One mechanism by which this is achieved is by augmentation of humoral B cell
immunity. Expression of the C3 receptors (CR1 and CR2) on B cells and antigen presenting
cells (APC) lowers the activation threshold when they encounter antigen opsonised with C3
fragments. Expression of CR2 by follicular dendritic cells is essential for long term B cell
memory (Barrington et al., 2002). The anaphylatoxins and their receptors can regulate the
humoral B cell response; for instance the C5aR can lower the threshold for Fcy receptor
(FcyR) activation by increasing expression of FcyRIl and FcyRIll and down regulating the
inhibitory FcyRIIB (Kumar et al., 2006, Shushakova et al., 2002). C can also regulate T cell
immunity by its regulators DAF/CD55, MCP/CD46 and CD59, as well as the anaphylatoxins
and their receptors (Ricklin et al., 2010). The anaphylatoxins can affect T cell differentiation
partly due to their effects on APC but also due to cross talk with the TLR pathway.

The C system can also remove apoptotic cells and immune complexes from tissues
via C1q of the CP, as well as opsonisation with C3 and C4 fragments.

1.1.5 Methods of regulating complement activation

As the C cascade involves a series of enzymatic steps its activation can rapidly be amplified
and therefore must be tightly regulated to prevent detrimental damage to the host.
Regulation is achieved by the expression of membrane bound and fluid phase regulators
(figure 1.2), but also by intrinsic mechanisms such as; inactive precursor zymogens need to
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and a heavily glycosylated STP rich domain (Caras et al., 1987, Medof et al., 1987). Like
MCP, C3b and C4b binding sites are located within the CCP repeats (Law and Reid, 1995).

CR1

Complement receptor 1 (CR1) is an integral membrane glycoprotein which acts as a cofactor
for factor | mediating the cleavage of C3b to iC3b and C3f and further cleaving iC3b to C3c
and C3dg (Morley and Walport, 2000). Furthermore, CR1 also acts as a cofactor for factor |
mediated cleavage of C4b to C4c and C4d. CR1 can also accelerate decay of the C3 and
C5 convertases (Medof et al., 1982). CR1 is found on all erythrocytes, B cells, neutrophils,
monocytes, a small subset of T cells, follicular dendritic cells and glomerular podocytes
(Morley and Walport, 2000).

CD59

CD59 another widely distributed GPI anchored membrane regulator. CD59 can prevent the
formation of the MAC by binding to C8 in the C5b-8 complex, thus blocking the binding C9
and formation of the MAC pore (Sugita et al., 1988).

1.1.5.2 Fluid phase regulators

C1 inhibitor

C1-inhibitor (C1-Inh) prevents over activation of the CP and LP. It does so by binding to
active C1r and C1s and MASPs causing their displacement from the active complexes (Sim
and Reboul, 1981). C1-Inh can also prevent the spontaneous activation of CP by binding
reversibly to C1 in fluid phase. Other targets for C1-Inh include factors Xlla, factor Xia,
plasmin and kallikrein. The importance of C1-Inh can be seen in hereditary angioneurotic
oedema (HANE) where there is a deficiency C1-Inh which is associated with attacks of

increased vascular permeability.

Factor |

Factor | is a highly specific serine protease which regulates the C3/C5 convertase. It does
so by cleaving the a chain of C4b or C3b using co-factor activities from C4-binding protein
(C4bp), CR1, DAF or factor H (Pangburn et al., 1977).

Factor H
Factor H is the main fluid phase regulator of the AP. It has a high affinity for the sialic acid

residues attached to glycoproteins present on the host cell membranes compared with the
pathogen membrane and thus allows the discrimination between self and non-self. Factor H
protects the host from AP activation by attaching to C3b deposited on the host surface and
then acting as a cofactor for factor . The importance of factor H can be observed in fH
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deficiencies or impairments where unrestricted AP activation leads to C3 deficiency and
predisposes to bacterial infections and conditions such as glomerulonephritis or hemolytic-
uremic syndrome (HUS) and age related macular degeneration (AMD) (Ault, 2000, Zipfel et
al., 2010).

C4 binding protein

Similar to factor H, C4bp can act as a cofactor for factor | causing the proteolytic inactivation
of C4b and C3b. C4bp also contains decay accelerating activity and its principal aim is to
decay the C3 convertase (Gigli et al., 1979, Daha and van Es, 1980).

Properdin

Properdin is a positive regulator of C activation via the AP. The binding of properdin to C3b
results in (1) resistance to cleavage by factor I, (2) it increases C3b affinity for factor B and
(3) it increases stability of the C3 convertase C3bBb (Fearon and Austen, 1975, Smith et al.,
1984).

S-protein

S-protein (vitronectin) can prevent the formation of MAC by binding up to three molecules
C5b-7 and preventing the complex from binding to the cell surface. S-protein can also
prevent C9 polymerisation (Podack et al., 1984).

Clusterin
Similarly to S-protein, clusterin can prevent MAC formation by binding to C5b-7 and
preventing the complex from binding to the cell surface (Jenne and Tschopp, 1992).

C8p chain

The C protein C8, which is composed of three non-identical subunits (o, B and y), can also
act as a fluid phase inhibitory protein. In the absence of membranes the C8@ chain can bind
to soluble SC5b-7 complex, bound by S protein, therefore rendering the complex inactive
and membrane insertion cannot take place (Monahan and Sodetz, 1980).

Carboxypeptidase-N

The anaphylatoxins are very potent pro-inflammatory molecules whose activities need to be
tightly controlled. The anaphylatoxins C5a, C3a and C4a are readily metabolised to their
less active ‘des Arg’ counter parts by serum and cell surface carboxypeptidase which remove
the C-terminal arginine (Bokisch and Muller-Eberhard, 1970). Although C5a des Arg is less
capable at binding to the C5aR than C5a, studies have found that C5a des Arg binds with a
10-fold higher affinity to the receptor C5L2 which has led to the suggestion that one function



of C5L2 is to remove circulating C5a des Arg, however, this remains controversial (see
section 1.2.6) (Cain and Monk, 2002, Okinaga et al., 2003, Scola et al., 2009).

1.1.6 Complement in pathology

It is essential that the correct balance between C activation and regulation is achieved in
order to protect the host from infection and aid the clearance of immune complexes and
apoptotic cells, whilst ensuring that the activation is restricted to prevent its deleterious
effects to the host (Walport, 2001b, Walport, 2001a). The importance of this balance is
observed in pathology where attenuated activation can predispose to infections or to
diseases such as systemic lupus erythematosus (SLE) where the delayed clearance of
apoptotic cells due to deficiency of CP components triggers autoimmunity (Flierman and
Daha, 2007). In contrast, uncontrolled activation of C can lead to excessive inflammation,
which has implicated in numerous pathological inflammatory diseases such as rheumatoid
arthritis (Guo and Ward, 2005).

1.2 C5a and its receptors

1.2.1 Biological functions of C5a

Cba is the most potent anaphylatoxin generated following C activation, being 20 times more
potent than C3a at exerting its pro-inflammatory activities. Following the release of C5a from
site of injury, smooth muscle cells lining the blood vessels contract increasing vasodilation
and vascular permeabilty (Ember and Hugli, 1997). Although smooth muscle cell
constriction is believed to be due the release of histamine from residential mast cells,
secondary to C5a, the identification of C5aR expression on smooth muscle cells suggests a
possible direct role (Haviland et al., 1995, Gasque et al., 1998, Zwirner et al., 1999). The
released C5a also acts as a potent chemoattractant for neutrophils, monocytes and
macrophages (Snyderman et al., 1971, Snyderman et al., 1975, Marder et al., 1985). The
binding of C5a to the phagocytes promotes their adhesion to endothelial cells by up-
regulating the expression of adhesion molecules on their cell surface, followed by their
infiltration and chemotaxis up the C5a concentration gradient towards the site of C activation
(Guo et al.,, 2002). C5a can enhance the phagocytic activities of activated leukocytes by
increasing expression of phagocytic receptors and releasing reactive oxygen species,
cytokines, chemokines and granule enzyme (Snyderman and Pike, 1984, Goldstein and
Weissmann, 1974, Sacks et al., 1978).

In addition to these pro-inflammatory properties C5a also displays some immune
modulating functions. For instance it has been proposed that C5a plays an important role in

inhalation tolerance regulating Th2 lineage commitment of naive CD4+ Th lymphocytes
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((Kohl et al., 2006); reviewed by (Kohl, 2006)). C5a can also effect T cell differentiation and
lineage commitment via cross-talk with the TLR signalling pathways (reviewed (Ricklin et al.,
2010, Kohl, 2006)).

The discovery of the C5a receptor, C5aR, expression on non-myeloid cells suggested
that the anaphylatoxin may function beyond its immuno-modulating and inflammation
functions and roles in tissue regeneration, tissue fibrosis and in brain development have also
been suggested (Strey et al., 2003, Mastellos et al., 2001, Hillebrandt et al., 2005, Osaka et
al., 1999, Mukherjee and Pasinetti, 2000, Mukherjee and Pasinetti, 2001).

1.2.2 Binding of C5a to the C5aR

C5a binds to the seven transmembrane receptors C5aR and C5L2. Although both receptors
are capable of binding to C5a, only the C5aR is functionally coupled to G proteins (Okinaga
et al., 2003). Binding of C5a to the C5aR is more complex than other GPCR as binding
occurs via two separate domains. The first domain is composed of acidic residues in the N-
terminus of the C5aR which interacts with high affinity to the basic residues in the core of
Cba (figure 1.3).

Using antibodies raised against N-terminal peptides of the C5aR, two separate
studies have demonstrated that blocking the N-terminus inhibits binding of C5a to the C5aR,
and anaphylatoxin mediated cellular activation (Oppermann et al., 1993, Morgan et al,
1993). Furthermore, it was suggested that N-terminus of the C5aR, which is rich in
negatively charged residues, facilitates the interaction with the positively charged C5a ligand
(Oppermann et al., 1993). Removal of the N-terminal residues 2-22, resulted in a 600 fold
reduction in affinity of C5a for its receptor, while extending the deletion to residues 30 caused
a further 75 fold reduction in C5a binding (DeMartino et al., 1994). Using site directed
mutagenesis this study identified key aspartic acid residues (Asp 10, 15, 16, 18, 21 and 27)
at the N-terminus as being critical for the high affinity binding of C5a (DeMartino et al., 1994).
In contrast another study by Chen and co-workers (1998), using NMR, suggested that
residues 21-30 are crucial for the first binding domain of C5a to the receptor (Chen et al.,
1998b). Using yeast random saturation mutagenesis which exploits the fact that amino acid
residues most critical for receptor function are those that are most resistant to substitution,
Hagemann and co-workers found that residues 19-29 remained relatively conserved
suggesting their importance for C5a binding, but no single aspartate residue was critical
(Hagemann et al., 2006). Chimeric receptors of the human C3aR and C5aR also confirmed
that the C5aR N-terminus is required for the high affinity binding of the native C5a ligand,
however, the C5a analogue peptide (H-8315) was still able to bind to the receptor, therefore
confirming the two step binding model for the human C5aR (Crass et al., 1999). Sulphated

tyrosine residues at positions 11 and 14 in the C5aR, have also been identified as critical for
10



the ability of C5aR to bind C5a and mobilise calcium (Farzan et al., 2001). Although
Hagemann and colleagues were unable to support these findings in their yeast random
saturation mutagenesis (Hagemann et al., 2006).

The second interaction occurs between the C-terminus of the C5a and a binding
pocket formed by the hydrophobic residues in the transmembrane (TM) helices and charged
residues at the base of the extracellular loops (ECLs) of the C5aR (Monk et al., 2007).
Investigations of the ECLs using random saturation analysis has revealed that both the first
and third ECLs are important for receptor activation but not ligand binding. However, ECL1
is more resistant to amino acid substitution than ECL3, suggesting this loop contains more
essential amino acid residues (Kico et al., 2006). Investigations of the second ECL revealed
that this loop acts as a negative regulator for C5aR activation as the random mutagenesis
resulted in ligand independent signalling (Klico et al., 2005).

As well as C5a, several other proteins have been found to bind to the C5aR. S19
ribosomal dimers were first identified as a major monocyte specific chemotactic factor in
rheumatoid arthritis synovial tissue (Nishiura et al., 1996). It has since been shown that the
S19 ribosomal dimers are liberated by apoptotic HL-60 and AsPC-1 cells and it has therefore
been suggested that this monocyte chemotactic factor plays an important role in phagocytic
clearance of apoptotic cells (Nishiura et al., 1998, Shibuya et al., 2001). Skp, a periplasmic
chaperone protein from E. coli, has also been shown to induce chemotactic responses of
monocytes and polymorphonuclear leukocytes via the C5aR (Shrestha et al., 2004). Using
receptor antagonising experiments Shrestha and co-workers showed that Skp is likely to bind
to the C5aR in the same two-step mechanism as C5a and ribosomal S19 (Shrestha et al.,
2004). Chemotaxis inhibitory protein of Staphylococcus aureus (CHIPS) efficiently inhibits
the activation of neutrophils and monocytes by C5a, and does so by binding to the N-terminal
(residues 1-35) of the C5aR (Ippel et al., 2009). Ippel and co-workers found that sulphated
tyrosines residues 11 and 14 are essential for the tight binding between C5aR and CHIPS
(Ippel et al., 2009).

11
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membrane and together the interaction of DAG with protein kinase C (PKC) and rise in
intracellular calcium concentrations results in the activation of PKC. PKC activity has been
shown to be important for the C5a-induced priming of oxidative burst in phagocytes (Wrann
et al., 2007).

1.2,3.2 Activation of phosphoinositol 3-kinase

The dissociated GBy subunits have been found activate both p110p and p110y isoforms of
phosphoinositol 3-kinase (PI3K) (Guillermet-Guibert et al., 2008, Stoyanov et al., 1995).
PI3K can convert the membrane PIP, into phosphoinositol-3,4,5-bisphosphate (PIP;) (Rabiet
et al,, 2007). PI3K also activates Akt which phosphorylates p38 MAPK, ERK and c-Jun N-
terminal kinase (JNK) and causes Cb5a induced IL-12 reduction in human monocytes (la Sala
et al.,, 2005). PI3K activity is critical for numerous leukocyte functions. Hirsch and co-
workers found that PI3Ky knockout mice have an impaired respiratory burst and chemotactic
activity towards Cba (Hirsch et al.,, 2000). Another study by Wrann and co-workers has
shown that inhibition of the PI3K results in a reduced C5a-induced phagocytic response
(Wrann et al., 2007). Convergence of the PI3K/Akt and ERK signalling pathways leads to
the activation of cAMP-response element-binding protein (CREB) (Perianayagam et al.,
2006). CREB, in turn, modulates the transcription of the anti-apoptotic molecule Bcl2 which
has been proposed to be part of the mechanism by which C5a can delay neutrophil
apoptosis (Perianayagam et al., 2002, Perianayagam et al., 2004). Signal transducer and
activator of transcription (STAT3) has also been shown to become phosphorylated following
Cbha stimulation. In human erythroleukemia cells this is believed to be achieved via
Ras/Raf/MEK/ERK and c-Src/JAK pathways, whereas in neutrophils it is believed to be only
achieved by ERK pathway (Lo et al., 2003, Kuroki and O'Flaherty, 1999).

1.2.3.3 Activation of GTP-binding proteins

p21-activated kinase (PAK) has also been shown to be activated in neutrophils following
stimulation of the C5aR (Huang et al., 1998). PAKs play an important role in regulation of
the motility and cytoskeleton dynamics, as well as in the regulation of transcription factors,
such as NFkB, through the MAPK cascade (Bokoch, 2003). A study by Li and colleagues
found that the G protein By subunits binds PAK1 and with the guanine nucleotide exchange
factor PIXa, via PAK-associated. PlXa activates Cdc42, a low molecular weight GTP binding
protein part of the Rho family, which in turns activates PAK1. They showed that this Gpy-
PAK1/PIXo/Cdc42 pathway is essential for directional sensing and the persistent directional
migration of chemotactic leukocytes (Li et al., 2003). PAK1/PAK2 can activate p38 MAPK,
which in turn activates MAKP-activated protein kinase 2 (MAPKAP-K2). Macrophages from

mice deficient in MAPKAP-K2 have an impaired chemotaxis towards C5a (Rousseau et al.,
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2006). Activated Cdc42 has also been shown to bind to the Wiskott-Aldrich syndrome protein
(WASP), which then promotes the association of WASP to the C-terminal cytoplasmic tail of
the C5aR (Tardif et al., 2003). Tardif and co-workers suggested that this targeting of WASP
to the plasma membrane following C5aR stimulation and Cdc42 activation might be one
mechanism by which actin assembly is spatially controlled in cells moving towards C5a.

Activation of other guanine nucleotide exchange factors can lead to the activation of
other GTP-binding proteins. pRex1 activation has been shown to activate Rac, another
member of the Rho family which can control leukocyte functions such as chemotaxis,
phagocytosis and superoxide production (Welch et al., 2002a). RhoG has also been found
to become activated in neutrophils following stimulation of the C5aR. RhoG knockout mice
have an impaired reactive oxygen species generation in response to C5a (Condliffe et al.,
2006).

1.2.4 Regulation of C5aR function

Due to the potent pro-inflammatory nature of C5a-C5aR signalling, a crucial mechanism to
limit its excessive activation is to regulate the C5aR function. Regulation of receptor
activation can be achieved by receptor oligomerisation, clustering, phosphorylation and
desensitization and internalisation.

1.2.4.1 Receptor oligomerisation

Only recently the idea that many GPCR form dimeric structures or higher order oligomeric
complexes has become accepted (Milligan et al., 2003). It is believed that receptor
oligomerisation may play an important role in receptor biosynthesis and the trafficking of the
receptor to the plasma membrane (Rabiet et al., 2007).

A study by Floyd and co-workers found, by fluorescence resonance energy transfer
(FRET) analysis, that the C5aR tagged with green fluorescent protein (GFP) forms receptor
specific and constitutive dimers in vivo and by using S.cerevisiae expression system, they
showed that this oligomerisation is not dependent on any accessory proteins (Floyd et al.,
2003). Subcellular fractionation studies suggest that oligomerisation occurs early in the
biosynthesis of the receptor and is important for the transport to the plasma membrane
(Rabiet et al., 2007, Floyd et al., 2003, Milligan et al., 2003).

It has been suggested that GPCR dimerisation is likely to occur through association
of transmembrane helices 1 and 2 (Geva et al., 2000, Kico et al., 2003). A study by Kico and
co-workers investigated the role of the lipid facing residues in C5aR oligomerisation. They
found that these residues alone are not essential for oligomerisation and they proposed that
it is likely that multiple residues within the transmembrane are responsible for dimerisation.

However, they did find that these lipid facing residues are essential for the trafficking of the
15



C5aR from the endoplasmic reticulum to the plasma membrane (Klco et al., 2009). Although
C5aR homodimers do not undergo cross-phosphorylation, the stimulation and
phosphorylation of only one monomer is enough to lead to the dimer internalisation (Rabiet
et al,, 2008). The C5aR has also been shown to form hetero-oligomers with the chemokine
receptor 5 (CCRS) (Huttenrauch et al., 2005). In this study they found that G protein receptor
kinases (GRK) as well as PKC, promote the cross-phosphorylation of these hetero-oligomers
and that B-arrestin then mediated their internalisation.

1.2.4.2 Receptor clustering

Chemotaxis across a chemical gradient induces cell polarisation which results in
asymmetrical distribution of the membrane. This asymmetrical distribution of the membrane
can cause an enrichment of some chemoattractant receptors at the leading edge towards a
point source. A study by Servant and co-workers (1999) found that C5aR forms clusters at
the plasma membrane shortly after stimulation with C5a, however, this apparent increase in
Cb5aR concentration reflects the increased relative abundance of plasma membrane rather
then preferential accumulation of the receptor at the leading edge (Servant et al., 1999).

1.2.4.3 Receptor phosphorylation

Activation of GPCR leads to their rapid phosphorylation. Phosphorylation can occur by
secondary messenger dependent kinases such as PKC or by GRK. Receptor
phosphorylation can lead to desensitization of the receptor within milliseconds to minutes of
agonist challenge (Pitcher et al., 1998). Desensitization is achieved by the binding of
arrestins to the phosphorylated receptor, which causes the uncoupling from the G proteins
and receptor internalisation (Rabiet et al., 2007).

The C5aR is primarily phosphorylated on serine residues (Ser-314, Ser-317, Ser-327,
Ser-332, Ser-334, Ser-338), as well as threonine residues, all be it to a lesser extent
(Giannini et al., 1995, Huttenrauch et al., 2005). Christophe and co-workers found that
phosphorylation of either of the two serine pairs (Ser-332/-334 and Ser-334/-338) is a
prerequisite for full receptor phosphorylation (Christophe et al., 2000). Phosphorylation of
serine residues (Ser-327, Ser-334, Ser-338), allows B-arrestin 1 and 2 to associate with the
activated receptor, however, internalisation requires a minimal level of phosphorylation of
these key residues (Braun et al., 2003). As well as mediating the uncoupling of G proteins
from the receptor, it has also been suggested that bound B-arrestins sterically interfere with
further receptor phosphorylation and also protects phosphorylated residues by
dephosphorylation by protein phosphatases (Pollok-Kopp et al., 2007). Several studies have
shown that mutant C5aRs, which are not able to undergo phosphorylation, are not
internalised following agonist binding and undergo a sustained intracellular calcium release
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and production of superoxide (Naik et al., 1997, Suvorova et al., 2008, Christophe et al.,
2000).

The exact nature of the kinases which phosphorylate the C5aR still remains
controversial. The C5aR phosphorylation levels are likely to be regulated by GRK, as well as
PKCB (Langkabel et al., 1999, Pollok-Kopp et al., 2007). Co-expression of GRK 2 and 3 with
C5aR in human mast cells, led to the suggestion that these were likely to be the main GRK
members involved in phosphorylation of the C5aR (Langkabel et al., 1999). However, when
GRK2, as well as GRK6, were over expressed in COS-7 cells transfected with the C5aR, the
agonist induced phosphorylation remained unchanged (Milcent et al., 1999).

1.2.4.4 Internalisation, intracellular trafficking and recycling

Following agonist binding some GPCR, but not all, are internalised via B-arrestin-mediated
pathway into early endosomes. Internalised receptors can either be recycled back to the
plasma membrane or they can be targeted to lysosomes where they are then degraded. A
rapid internalisation and recycling process may be critical for receptors whose primary
function is to direct cell migration across a chemotactic gradient (Naik et al., 1997).

Within ten minutes of exposure to C5a, the C5aR can be detected within vesicles that
cluster in the perinuclear region (Naik et al., 1997). The internalised receptors are rapidly
recovered to the plasma membrane. The amount of C5aR re-expressed on the cell surface
seems to depend on which cells are being studied; 73% of the C5aR has been found to be
re-expressed on the cell surface of neutrophils compared with 90% in the stably transfected
rat insulinoma cell line (Suvorova et al., 2005, Naik et al., 1997). Originally it was proposed
that C5aR internalisation was mediated in an arrestin, dynamin and clathrin independent
manner; however, more recent studies suggest that the C5aR is internalised via the classical
clathrin-dependent pathway (Gilbert et al., 2001, Licht et al., 2003, Braun et al., 2003,
Suvorova et al., 2005, Huttenrauch et al., 2005). Further investigations are needed in order
to define the exact nature of the structural determinants involved in trafficking the C5aR to

the lysosomes.

1.2.5 C5aR expression

C5aR expression was originally believed to be restricted to cells of myeloid origin, however it
is now known to be expressed by numerous non-myeloid cell types. Summarised in table
1.1 is the non-myeloid cellular distribution of C5aR expression. This table highlights that
some evidence for the expression of the C5aR in non-myeloid cells, such as the
parenchymal cells of the lungs and kidney, remains controversial with several studies
challenging the expression of the C5aR in these cells. A variety of techniques have been

employed to detect C5aR; including measuring mRNA by techniques such as RT-PCR,
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Table 1.1 Non-myeloid distribution of the C5aR. LBS = ligand binding studies (using radio labelled C5a), IC = immunochemistry, WB
western blotting, RT-PCR = reverse transcriptase PCR, FC = flow cytometry, CHX = chemotaxis assay, ISH = in situ hybridisation and NB

northern blotting.
Loci Species | Cell type Method of | C5aR Reference
detection detected
Circulatory | Mouse Microvascular endothelial cells LBS, IC Y (Laudes et al., 2002)
system
CNS Human | Microglia, reactive astrocytes IC, WB,RT- | Y (Gasque et al., 1995,
Mouse Neural stem cells PCR Y Gasque et al., 1997)
ISH, IC (O'Barr et al., 2001)
Connective | Human | Synoviocytes RT-PCR, Y (Yuan et al., 2003)
tissue FC, IC
Endocrine | Rat Anterior pituitary gland and pituitary cell lines RT-PCR,IC | Y (Francis et al., 2008)
system
Immune Human | CD3+ and Jurkat T cells FC, RT- Y (Nataf et al., 1999)
system PCR, CHX
Kidney Human | Cultured human glomerular mesangial cells IC,FC,RT- Y (Braun and Davis,
PCR 1998)
Tubular epithelial cells IC,ISH Y (Abe et al., 2001a)
Normal and inflamed renal tubular epithelial cells IC N (Kiafard et al., 2007)
Mouse Tubular smooth muscle or endothelial cells NB,IC N (Zwirner et al., 1999)
Rat Normal and inflamed renal tubular epithelial cells IC N (Kiafard et al., 2007)
Normal and inflamed renal tubular epithelial cells IC N (Kiafard et al., 2007)
Liver Human | HepG2 cell line NB, LBS Y (Haviland et al.,
1995)
Liver parenchymal cells ISH, IC Y (Buchner et al., 1995)
Liver hepatocytes, bile duct epithelial cells, vascular smooth IC N (Haviland et al.,
muscle and endothelial cells 1995)
(Zwirner et al., 1999)
Lung Human | Vascular smooth muscle, endothelial cells and bronchial and IC Y (Haviland et al.,
alveolar epithelial cells 1995)
Normal and inflamed bronchial epithelial and smooth muscle celis | ISH,IC Y (Drouin et al., 2001)
Inflamed pulmonary epithelial cells ISH N (Fayyazi et al., 1999)
Bronchial and alveolar epithelial, vascular smooth muscle or IC N (Zwirner et al., 1999)
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endothelial cells

Mouse Normal and inflamed epithelial, endothelial and smooth muscle IC N (Tschernig et al.,
cells. 2007)
Rat Normal and inflamed bronchial epithelial and smooth muscle cells | ISH,IC Y (Drouin et al., 2001)
Normal and inflamed epithelial, endothelial and smooth muscle IC N (Tschernig et al.,
cells. 2007)
Respiratory | Human | Normal or allergic nasal mucosa epithelial, vascular smooth IC, WB N (Jun et al., 2008)
tract muscle or endothelial cells
Skin Human | Inflamed keratinocytes ISH Y (Fayyazi et al., 1999)

(Zwirner et al., 1999)




Table 1.2 Stimuli reported to alter C5aR expression. Abbreviations; LBS = ligand binding studies; CHX chemotaxis assay; FC = flow
cytometry; WB = western blotting; NB = northern blotting; RT-PCR = reverse transcriptase PCR; Q-PCR = quantitative PCR; IHC =
immunohistochemistry.

Stimuli Cell type Conditions Methods of | Reference
' detection
Cigarette smoke Human bronchial | 5% cigarette smoke extract 2h incubation LBS, FC (Allen-Gipson et al.,
extract epithelial cells 2005)
Dibutyryl cAMP U937, MM6 and 72h Incubation 0.5mM Bt.,cAMP LBS, NB (Burg et al., 1996, Burg
(Bt,cAMP) HL-60 et al., 1995)
uoa37 72h Incubation 1mM Bt.,cAMP LBS, FC (Chenoweth et al., 1984)
U937 72h Incubation 10mM Bt,cAMP CHX (Gavison et al., 1988)
U937 72h Incubation 0.5mM Bt,cAMP LBS, NB (Gerard and Gerard,
1991)
.é U937 96h Incubation 1mM Bt.cAMP LBS (Rubin et al., 1986)
[72]
g MM6 24h Incubation 0.5mM Bt,cAMP LBS, RT- (Takabayashi et al.,
) PCR 2004)
% Forskolin ua37 72h Incubation 75 uM forskolin CHX (Shayo et al., 1997)
[Ty
O
® U937 96h Incubation 15 uM forskolin and 10°M 1,25- | LBS (Rubin et al., 1986,
§ (OH),Ds Brodsky et al., 1998)
3]
[
- Isoproterenol when | U937 96h Incubation 107-10"M isoproterenol and 10" | LBS (Rubin et al., 1986)
combined with ®M 1,25-(0OH)2D3
1,25-(OH).D,
Prostaglandin E; ua37 96h Incubation 10nM 1,25-(OH),D;and 0.3uM | LBS (Rubin et al., 1991a)
when combined Prostaglandin E2
with 1,25-(OH),D,
Phorbol 12- U937, MM6 and 64h Incubation 10nM PMA LBS, NB (Burg et al., 1996)
myristate 13- HL-60
acetate (PMA) 72h Incubation (THP-1), 48h Incubation (U937 | FC, WB, (Gasque et al., 1995,

ic



[44

THP-1 and U937 | 10ng/ml PMA RT-PCR Gasque et al., 1998)
U937 24h Incubation100nM PMA NB (Gerard and Gerard,
1991)
IL-1 (IL-oe @and IL- MM6 24h Incubation, 20ng/ml IL-1 LBS (Takabayashi et al.,
1B) 2004)
IL-6 Mouse lung, liver, | During the development of sepsis in mice IHC, RT- (Riedemann et al., 2003)
kidney and heart PCR
IL-4 when Monocyte-derived | 7 day Incubation FC,RT- (Weinmann et al., 2003)
combined with DC 250U/ml followed by prostaglandin E; 1ug/mi PCR, Q-
1,25-(0OH),D, for 48h PCR
IFNy ug37 48h Incubation 10,100,1000 IU/ml| FC, RT- (Gasque et al., 1998)
PCR
U937, HL60 and | 72h Incubation 1000U/mI rINFy (Burg et al., 1996, Burg
MM6 LBS et al., 1995)
TNFa ug37 48h Incubation 101U/ml TNFa FC (Gasque et al., 1998)
© IL-4 Human 24h Incubation 300 U/ml FC, RT- (Weinmann et al., 2003,
e monocytes and PCR Soruri et al., 2003)
g 3 monocyte derived
2 © DC




Gerard and colleagues also investigated the promoter activity of a ~800bp fragment,
using a chloramphenicol acetyltransferase (CAT) reporter, composed of ~-350bp upstream of
the initiating methionine codon, exon 1 and ~450bp of the beginning of the intron, of the
human C5aR gene (figure 1.6 A). Their results showed that this ~800bp fragment contained
a cis-acting element which is responsive to PMA, as treatment of the transfected rat
basophilic leukemia (RBL-1) cells with PMA resulted in 2 fold increase in reporter CAT
activity and they speculated that an AP-1 site could be responsible for this activity. Gerard
and colleagues also found cell-type specific suppressor activity within -346bp and -225bp
from the start codon which prevented transcription of the CAT gene when transfected into the
neuroblastoma SK-N-SH cell line (Gerard et al., 1993) (figure 1.6 A).

Another study by Hunt and colleagues (2005) investigated the transcriptional
regulation of the mouse C5aR gene. In this study they cloned a -2278bp fragment from the
transcription start site and created a series of 5'deletions into the pGL2-Basic vector which
allowed the promoter activity to be determined by performing luciferase assays (figure 1.6 B).
By transfecting these constructs into the mouse macrophage (RAW 264.7) and endothelial
(b.End3 and mHEVCc) cell lines, which express C5aR mRNA, they found that the majority of
the region cloned (-2278bp to -232bp) was dispensable for expression in these cells (Hunt et
al.,, 2005). When they transfected the same constructs into the B16 melanoma cell line,
which do not express C5aR mRNA, they found that the -2278bp to -232bp fragments
contained a cell type specific suppressor element which resulted in minimal transcriptional
activity of the luciferase gene in this cell line. Hunt and colleagues also showed that deletion
of fragments between -232bp to -132bp and -132bp to -90bp, resulted in approximately 40%
and 80% reduction in promoter activity respectively, in the RAW 264.7, b.End3 and mHEVc
cell lines (figure 1.6 B). They identified the transcriptional regulatory site most critical for the
promoter activity within the -132bp to -90bp is a putative CCAAT site, which specifically binds
nuclear factor-Y (NF-Y). This NF-Y site was also shown to be predominately responsible for
LPS induced up regulation of the C5aR, however, there was some contribution from a CP-2
site at position -155bp (Hunt et al., 2005).

Further studies by the same group investigated the transcriptional control
mechanisms of the mouse C5aR in glial cells of the central nervous system. They found that
the mouse microglial (BV-2) and astrocyte (Ast2.1) cell lines and primary microglial cells
contained strong CCAAT box DNA binding activity, however, only weak activity was
observed in primary astrocytes. Supershift assays demonstrated that NF-YA protein is
critical in formation of this DNA-protein complex. By using the luciferase reporter gene
constructs Martin et al. (2007) showed that, contrary to results in murine macrophages, the
CCAAT element has little activity in primary astrocytes. They then suggest that C5aR
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MAP-kinase activation, intracellular Ca** flux, degranulation or chemotaxis; thus further
suggesting a non-signalling role (Cain and Monk, 2002, Okinaga et al., 2003). However, the
exact role for C5L.2 still remains controversial. In rodents, deletion or blockade of the C5L2
receptor was found to enhance the biological activities of C5a suggesting that its role is to
limit the pro-inflammatory response to C5a (Gerard et al., 2005, Gao et al., 2005). However
a study by Chen and co-workers found that C5L2 deficiency led to a reduction in C5a
mediated inflammatory cell infiltration (Chen et al., 2007). Furthermore, in a mouse model of
sepsis only blockade of both C5aR and C5L2 improved outcome (Rittirsch et al., 2008).
Despite evidence suggesting a more positive regulatory role for C5L2 in C5a signalling in
mice, the human C5L2 has been shown to act as negative regulator by removing and
degrading active C5a fragments from the extracellular environment when transfected into the
rat basophilic leukemia cell line (Scola et al., 2009). In human neutrophils antibody blockade
of C5L2 resulted in a dramatic increase in C5a mediated chemotaxis and ERK-
phosphorylation but C5aR endocytosis remained unchanged. Bamberg and co-workers also
observed that following C5a stimulation both C5aR and C5L2 appeared to translocate to the
same compartment, and that both receptors were found to associate with B-arrestins. These
findings led the authors to suggest that C5L2 acts as a negatively regulate for C5aR ERK1/2
signalling possibly via B-arrestin pathway in human neutrophils (Bamberg et al., 2010).

C5L2 is co-expressed with C5aR on many cell types including neutrophils,
macrophages and immature dendritic cells (Ohno et al., 2000, Chen et al., 2007, Gerard et
al., 2005), as well as, in the lung, liver, spleen, brain and heart (Kalant et al., 2005, Gao et
al., 2005). Despite being co-expressed with the C5aR, the C5L2 mRNA transcript
expression is approximately one-third of that of the C5aR (Gerard et al., 2005), and its actual
protein expression is found mainly intracellular compared with the C5aR which is expressed
mainly on the cell surface (Bamberg et al., 2010).

1.2.7 C5a and the C5aR in disease

Over production of C5a or increased C5aR expression has been implicated in pathogenesis
of many inflammatory conditions, autoimmune and neurodegenerative diseases (table 1.3).
Elevated plasma levels of C5a have been noted in humans with sepsis, and is believed to
cause neutrophil dysfunction which in turn contributes towards the cytokine storm and
multiple organ failure (Guo and Ward, 2005). In cecal ligation and puncture (CLP) induced
septic rats neutrophils displayed defective phagocytosis, chemotaxis and NADPH oxidase
assembly, which was prevented by blockade of C5a (Huber-Lang et al., 2002). Despite
down regulation of C5aR expression in neutrophils, which is probably due to increased
internalisation of the receptor following interaction with C5a, Riedemann and co-workers

have shown the receptor expression increases in the lungs, liver, kidney and heart in the
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mouse CLP septic model, which has been suggested to contribute towards multiple organ
failure (Riedemann et al., 2002). In mouse CLP induced sepsis, Rittirsch and co-workers
showed that only blockade of both C5aR and C5L2 improved survival rates suggesting that
C5L2 may have some signalling role (Rittirsch et al., 2008). For information on the role of
Cba/C5aR signalling in atherosclerosis and ischemic reperfusion injury please see sections
1.4.4 and 1.4.5 respectively.

In some instances C5a/C5aR signalling has been shown to have a protective effect
initially, however, once an inflammatory response has become established C5a generation
exacerbates pathology. For instance in allergic asthma C5a/C5aR signalling can initially
have a protective role in the allergen-sensitisation phase by regulating the dendritic cell/T cell
interface, however, once allergen inflammation is established it drives Th2 mediated
eosinophil and mast cell destruction (Kohl, 2006, Ricklin et al., 2010).

In autoimmune diseases, such as rheumatoid arthritis, C activation initiated by
immune complex formation results in a C5a chemotactic gradient which attracts leukocytes
to the site of C activation which in turn exacerbates the inflammatory response. Evidence
from C5aR-/- mice suggest that the C5a gradient across the synovial joint is crucial for the
recruitment and activation of neutrophils and monocytes into the synovium and synovial fluid
(Grant et al.,, 2002). Furthermore, these activated neutrophils secrete pro-inflammatory
cytokines TNFa and IL-1B, which recruit additional inflammatory cell subsets and activate
residential synovial fibroblasts, and therefore amplifying the inflammatory response and
resulting in cartilage and bone degradation (Grant et al., 2002, Woodruff et al., 2002,
Weissmann, 2004).

Due to the potentially destructive nature of C5a/C5aR signalling in disease, a C5aR
antagonist would have huge therapeutic potential.
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Table 1.3 Pathologies associated with over production or under regulation of C5a or

increased C5aR expression. Adapted from (Monk et al., 2007).

Disease

Author

Rheumatoid arthritis

(Grant et al, 2002, Woodruff et al., 2002,
Neumann et al., 2002, Weissmann, 2004)

Respiratory distress syndrome

(Hammerschmidt et al., 1980)

Inflammatory bowl disease

(Woodruff et al., 2003)

Ischaemia reperfusion injury

(Arumugam et al.,, 2003, Martin et al, 1988,
Proctor et al.,, 2004, Woodruff et al., 2004,
Arumugam et al., 2004a)

Chronic obstructive pulimonary disease

(Marc et al., 2004)

Sepsis

(Huber-Lang et al., 2002)

Asthma and allergy

(Abe et al., 2001b, Baelder et al., 2005, Gerard
and Gerard, 2002, Lambrecht, 2006)

Psoriasis

(Kapp et al., 1985)

Atherosclerosis

(Hammerschmidt et al., 1981, Speidl et al., 2005)

Tissue rejection

(Gaca et al., 2006, Gueler et al., 2008)

Glomerulonephritis

(Kondo et al., 2001, Welch et al., 2002b)

Pancreatitis

(Bhatia, 2002)

Mulitiple sclerosis

(Muller-Ladner et al., 1996)

Neurodegeneration and macular degeneration

(Kijlstra et al., 2005, van Beek et al., 2003, Ager
etal, 2010)

Cystic fibrosis

(Fick et al., 1986)

Systemic lupus erythematosus

(Hammerschmidt et al., 1980, Hopkins et al.,
1988)

Antiphospholipid syndrome

(Girardi et al., 2003)

Anaphylactic and haemorrhagic shock

(Harkin et al., 2004, Younger et al., 2001)

Burns

(Piccolo et al., 1999)
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1.3 Role of cholesterol in GPCR function and expression

Cholesterol is an integral component of biological membranes. Its rigid ring structure allows
it to insert between phospholipids present within the lipid bilayer, where it then regulates
membrane fluidity and permeability (Pike, 2003). As well as its crucial role in membrane
fluidity, cholesterol is now becoming recognised for its importance in the formation of
cholesterol rich microdomains termed lipid rafts (Burger et al., 2000, Maxfield and Tabas,
2005). As GPCR are commonly found localised within these lipid raft microdomains or move
in or out of such regions following their interaction with their ligand (table 1.4); their function
and expression can often be regulated by cholesterol. Discussed below are the different
mechanisms by which cholesterol can alter GPCR function and expression within the plasma
membrane.

Table 1.4 Summary of the effects of agonist binding on G-protein coupled receptor
membrane lipid raft localisation. (Adapted from (Pike, 2003)).

Moves into rafts Moves out of rafts Unaffected by agonist
Angiotensin |l type 1 Adenosine A1 (Lasley et al., | B1-Adrenergic (Rybin et al.,
(Ishizaka et al., 1998) 2000) 2000)

m2 Muscarinic cholinergic B2-Adrenergic (Rybin et al., | Endothelin (Chun et al.,
(Feron et al., 1997) 2000) 1994)

Bradykinin 1 (Sabourin et al., Rhodopsin (Seno et al.,
2002) 2001)

Bradykinin 2 (de Weerd and

Leeb-Lundberg, 1997,

Haasemann et al., 1998)

EDG-1 (Igarashi and Michel,

2000)

1.3.1 Role of cholesterol in GPCR compartmentalisation into lipid rafts

The identification of lipid raft regions within the membrane has allowed the concept of
membrane sub-compartmentalisation (Lingwood and Simons, 2010). The
compartmentalisation of signalling components into lipid raft or non-lipid raft regions can act
as an important regulatory mechanism for the signalling cascade. For instance, the close
proximity of signalling components when localised all in one raft would allow a rapid and
efficiently signalling mechanism (Pike, 2003). Alternatively it could restrict the signalling flux
by physically separating different signalling components which would then be targeted to
each other upon activation (Pike, 2003).

Compartmentalisation and targeting of certain receptors to different regions of the
plasma membrane can also lead to a polarity of the cell. This cell polarity is crucial for

chemoattractant stimulated cells which display noticeable polarised phenotype where lipid
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rafts and associated proteins, such as chemokine receptors, are preferentially distributed
towards the leading edge (Manes et al., 2001). Several studies have shown that chemotaxis
of neutrophils and monocytes towards fMLP is reliant on membrane cholesterol levels (Bath
et al., 1991, Dunzendorfer et al., 1997, Wolach et al., 1992). It has been show, using methyl-
B-cyclodextrin (MBCD), which depletes membrane of cholesterol, that cholesterol is critical
for the clustering and redistribution of the fMLP receptor (FPR), structurally homologous to
the C5aR, into lipids rafts during the chemotaxis towards fMLP (Xue et al., 2004). Another
study has also shown that although cholesterol was required for polarisation and
redistribution of the FPR, cholesterol depletion had no effect on earlier signalling events such
as intracellular Ca® flux (Rose et al., 2008). Furthermore a study by Dunzendorfer and co-
workers showed that treatment of neutrophils and monocytes with the statin pravastatin
significantly decreased chemotaxis triggered by fMLP (Dunzendorfer et al., 1997). However,
a study by Sitrin et al. contradicts these findings and suggests that the FPR is not located in
lipid rafts neither does it require intact rafts for its signalling capacity (Sitrin et al., 2006).
Although the FPR and the C5aR are often compared in the literature due to their structural
similarities, evidence suggests that the C5aR is unlikely to form clusters at the membrane
edge towards Cba. As already described in section 1.2.4.2, a study by Servant et al. found
that although the C5aR appeared to cluster at the plasma membrane towards the C5a
source, this was due to an increase in relative abundance of plasma membrane rather than
preferential accumulation of the receptor at the leading edge (Servant et al., 1999). Despite
this, a study by Nagao and co-workers found that cholesterol loading of mouse macrophages
J774A.1 cells with cholesterol MBCD led to a significant decrease in transmigration towards
Cba suggesting that the chemotactic functioning of the receptor is sensitive to membrane
cholesterol (Nagao et al., 2007). However, this study did not investigate whether cholesterol
loading had any effect on the clustering/membrane compartmentalisation of the C5aR,
instead it found that cholesterol loading reduced activation of Rho A, a GTP binding protein
involved in downstream signalling of the C5aR (Nagao et al., 2007).

1.3.2 Role of cholesterol on GPCR structural properties

Cholesterol within the plasma membrane can also affect the structural properties of proteins
and therefore their function. It does so by either a direct mechanism, where cholesterol can
bind directly to the protein, thereby altering its conformation, or indirectly, by influencing the
biophysical properties of the membrane lipid bilayer (Burger et al., 2000). The rhodopsin
receptor, for example, has been shown to be regulated by cholesterol content in both an
indirect and direct manner. Stimulation of this photoreceptor with light induces a
conformational change from its inactive to its active form. This change requires the receptor

to expand within the plane of the bilayer. In a high-cholesterol environment this transition is
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inhibited as the membrane becomes more rigid and therefore signalling is reduced (Albert
and Boesze-Battaglia, 2005).

As lipid rafts are rich in cholesterol, GPCRs and their signalling components located
in these regions tend to be sensitive to membrane cholesterol levels. For instance,
experiments using neutrophils from neonates, which have more fluid plasma membranes due
to lower cholesterol to phospholipid ratio, showed that slight rigidification of the plasma
membrane using cholesteryl hemisuccinate enhanced the fMLP chemotactic function
(Wolach et al., 1992). However, as described above 1.3.1, several studies have shown that
membrane cholesterol is crucial for the redistribution of the FPR following its stimulation and
to date no published studies have investigated whether cholesterol binds directly to the
receptor. As very little is known about the membrane localisation of the C5aR it is difficult to
speculate at this stage whether the structural properties of the receptor will be affected either
directly or indirectly by cholesterol.

1.3.3 Effects of cholesterol on GPCR internalisation

Following stimulation of GPCR with their ligands many are desensitised by rapid
phosphorylation and internalisation of the receptor. Where some GPCR are targeted to lipid
raft regions following their activation, these microdomains can then facilitate receptor
endocytosis as well as signal transduction (Pike, 2003). Although initially there were
conflicting results as to whether C5aR internalisation was mediated by clathrin dependent or
independent mechanism, it is now believed that following stimulation of the C5aR with C5a
the receptor clusters into clathrin coated pits where it is then internalised in a p-arrestin,
dynamin, and clathrin-dependent pathway (Gilbert et al., 2001, Licht et al., 2003, Braun et al.,
2003, Suvorova et al., 2005, Huttenrauch et al., 2005). However, as lipid raft dependent
endocytosis is characterised by clathrin-independence, as well as cholesterol sensitivity, this
would suggest that the C5aR is unlikely to be internalised in a lipid raft dependent manner,
however it has not been investigated whether C5aR internalisation is dependent on
cholesterol (Lajoie and Nabi, 2010).

Regulating GPCR internalisation by altering membrane cholesterol is another
mechanism which cell surface expression can be regulated which will be discussed below in

more detail.

1.3.4 Effects of cholesterol on GPCR expression

As cholesterol is a crucial component for maintaining membrane integrity, mammals have
developed several feedback regulation mechanisms to sustain cholesterol homeostasis
within the cell (see section 1.5) (Goldstein and Brown, 1990). Many genes that are involved

in cholesterol metabolism are regulated by sterol-regulatory-element-binding protein
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(SREBP), which allows the cell to sense cholesterol levels and regulate gene transcription of
target genes accordingly. At high cholesterol levels, SREBP is trapped within the
endoplasmic reticulum where it is bound to SREBP cleavage activator protein (SCAP) in its
inactive form (Muller-Wieland et al., 1997, Maxfield and Tabas, 2005). Inactivation of
SREBP leads to a reduction of cholesterol biosynthesis by reduction in gene transcription of
HMG-CoA synthase and HMG-CoA reductase, as well as reducing uptake of LDL-cholesterol
via down regulation of the LDL receptor gene. When cholesterol levels are low the SREBP-
SCAP complex exits the endoplasmic reticulum and undergoes proteolytic cleavage to
release SREBP. SREBP is translocated into the nucleus where it regulates the transcription
of many genes such as HMG-CoA reductase, HMG-CoA synthase and LDL receptor gene
(Muller-Wieland et al., 1997). Plasma LDL has also been shown to increase expression of
the MCP-1 receptor CCR2, a GPCR, in the THP-1 cell line; furthermore its expression is
dramatically increased on monocytes from hypercholesterolemic patients (Han et al., 1998).
Later investigations found that in a mouse hypercholesterolemia model the CCR2 gene in
circulating monocytes is under the transcriptional control of SREBP and PPARy within the
promoter region (Chen et al., 2005, Han et al., 2005).

As cholesterol is an integral part of cellular membranes it can also affect expression
of genes which encode cell surface molecules by affecting membrane fluidity and therefore
the proper processing and targeting to plasma membrane. For instance simvastatin has
been suggested to reduce surface expression of MHC-Il molecules by disrupting the
cholesterol-containing microdomains which are important for the transport and concentration
of MHC-II at the cell surface (Kuipers et al., 2005).

1.4 Atherosclerosis

Atherosclerosis is the primary cause of heart disease in westernised societies. It is a highly
complex disease where both environmental and genetic factors play an important role in its
susceptibility and progression (table 1.5). Atherosclerosis is an inflammatory disease,
initiated by endothelial dysfunction followed by chronic inflammation in the vessel wall (Ross,
1999a). Atherosclerotic lesions are characterised by infiltrating immune cells (mainly
monocytes, macrophages, T-cells and mast cells), chronic inflammation, lipid accumulation,
cell-death and fibrosis. Unstable lesions may rupture causing thrombotic occlusions of the
artery which can lead to serve clinical events such as myocardial infarction or ischaemic
stroke (Libby, 2002).
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Table 1.5 Risk factors associated with cardiovascular disease. Adapted from (Lusis,
2000).

Genetic risk factors Environmental risk factors
Elevated LDL/VLDL levels High fat diet

Reduced levels of HDL Smoking

Elevated levels of lipoprotein (a) Lack of exercise

Elevated blood pressure Infection agents

Elevated levels of homocysteine C Reactive protein

Family history

Diabetes and obesity

Elevated levels of haemostatic factors

Depression and other behavioural traits

Gender (male)

Systemic inflammation

Metabolic syndrome

1.4.1 Initiation of atherosclerosis

Early research, which focused on the link between hypercholesterolemia and the
development of atherosclerosis, led to the lipid hypothesis model being proposed by Rudolf
Virchow in 1856. However, simply reducing serum lipid levels did not prevent the
development of the disease. In 1977 the response to injury hypothesis was proposed, which
postulated that the lesions of atherosclerosis arise as a result of injury to the arterial
endothelium (Ross et al., 1977). In response to endothelium injury, caused by mechanical,
chemical or biochemical factors (table 1.5), inflammation and the formation of a
fibroproliferative response begins, as a protective mechanism initally, however with time and
continuing insult may become excessive (Ross, 1999b).

Endothelium dysfunction, thought to play a large role in the initial, progression and
complications of atherosclerosis, manifests itself by abnormal production of vasoactive
factors such as decreased nitric oxide production and adhesion molecule expression.
Disruption to the endothelial cells leads to an increased permeability that allows LDL to
diffuse within the vessel wall which may become retained by its interactions with matrix
proteoglycans (Boren et al., 1998). Trapped LDL can become modified by oxidation,
lipolysis, proteolysis and aggregation which in turn contributes towards the inflammatory
response and foam cell formation (Lusis, 2000). The recruitment of leukocytes, mainly
monocytes and T-cells, into the arterial intima represents an essential step in lesion initiation
and formation. Experimental evidence has shown that expression of adhesion molecules
VCAM-1 and P-selectin are increased on endothelium cells lining aortic plaques in rabbits
fed a high cholesterol diet, which is a prerequisite for recruitment of monocytes and T-
lymphocytes into the intima (Li et al., 1993, Cybulsky et al., 2001). Animal studies using

mice lacking chemokine MCP-1 and its receptor CCR2 have also shown that this
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chemotactic gradient is essential for the recruitment of monocytes into the arterial wall (Gu et
al., 1998, Boring et al., 1998). A similar role has also been reported for IL.-8 (Boisvert et al.,
1998). The recruitment of lymphocytes is achieved by a trio of IFNy inducible chemokines
IP-10, Mig and I-TAC (Libby, 2002).

1.4.2 Atherosclerosis progression

Atherosclerosis develops slowly over many years (see figure 1.7 for schematic diagram of
the different stages). The first observed stage in atheroma development is the formation of
the fatty streak which can be seen in childhood (Stary, 2000). The formation of the fatty
streak involves the activation of the recruited monocytes into macrophages by inflammatory
cytokines such as TNFa or IFNy and macrophage colony-stimulating factor MCS-F.
Activated macrophages rapidly take up oxidised LDL via scavenger receptors on their cell
surface to become foam cells. The importance of scavenger receptors, SR-A and CD36, in
formation of foam cells has been demonstrated in mice lacking these receptors, which show
a modest reduction in atherosclerotic lesions (Suzuki et al., 1997, Febbraio et al., 2000). The
accumulation of lipid-laden foam cells within the early lesion gives the appearance of fatty
streak under the microscope hence its name.

Fatty streaks can progress into fibrous plaques by the proliferation and migration of
vascular smooth muscle cells (VSMC) into the lesion, which is achieved by the secretion of
growth factors and cytokines by macrophages and foam cells. Together the VSMC and
leukocytes within the lesion secret extracellular matrix components, which give rise to the
fibrous cap.
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1.4.3 Plaque rupture

As the atherosclerotic plaque develops, the lesion becomes overlaid with a fibrotic cap
composed of collagen and elastin secreted by the VSMC (Rekhter, 1999). These more
complex plagues contain a necrotic core which is rich in lipids and cellular debris from dead
cells. At this point the plaques can restrict blood flow through the lumen of the artery;
however the greatest danger is of plaque rupture and thrombus formation. Destabilisation of
the fibrotic plaque occurs by the continual secretion of pro-inflammatory cytokines and matrix
metalloproteinases (MMPs) by activated macrophages, T cells and mast cells, which in turn
inhibit the proliferation of the VSMCs and reduce their collagen synthesis. Following plaque
rupture prothrombotic lipids spill into the blood pool activating the coagulation cascade.
Thrombus formation can cause occlusion of the artery leading to myocardial infarction (Ml),
ischaemic reperfusion (I/R) injury or ischaemic stoke (Libby, 2002).

1.4.4 Complement in atherosclerosis

Atherosclerosis is a chronic inflammatory disease state, involving inflammation at all stages
from initiation to destabilisation. The participation of C in the atherosclerotic process was
first proposed over forty years ago by Geertinger and Sorensen who found that C6 deficient
rabbits fed on high cholesterol diet had reduced atherosclerosis (Geertinger and Sorensen,
1977). Although the C system has been well recognised for its pro-inflammatory role in
atherosclerosis, it is now becoming clear that the C system is likely to have a role in
protecting tissue from the accumulation of debris (Haskard et al., 2008).

C activation within atherosclerotic lesions occurs through activation of the CP and the
AP (Torzewski et al., 1997, Vlaicu et al., 1985b). Potential triggers for C activation within the
lesions include CRP (Torzewski et al., 1998a), auto-antibodies (Vlaicu et al., 1985c, Vlaicu et
al., 1985b, Orekhov et al., 1991, Burut et al., 2010) cholesterol crystals (Seifert and
Kazatchkine, 1987), apoptotic cells, cellular debris and enzymatic modified LDL (Seifert et
al., 1990, Torzewski et al., 1998b, Bhakdi et al., 1999, Klouche et al., 1999, Wieland et al.,
1999). Enzymatically modified LDL (E-LDL) represents the most abundant stimulus within
the lesions and is capable of activating both the AP and the CP by the presence of circulating
auto-antibodies against modified LDL (Seifert et al., 1990, Orekhov et al., 1991, Burut et al.,
2010).

Using immunohistochemistry several studies have identified evidence that C
components (C1q, C3c, C3d, C4, C9 and Bb) (Niculescu et al., 1987, Vlaicu et al., 19853,
Vlaicu et al., 1985c, Vlaicu et al., 1985b, Vlaicu et al., 1985d), C receptors (CR1, CR3, C3aR
and C5aR) (Saito et al., 1992, Oksjoki et al., 2007) and C inhibitory proteins (DAF, factor H,

CD59, CR1 and clusterin) are present within atherosclerotic lesions (Niculescu et al., 1990,
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Seifert and Hansson, 1989a, Seifert and Hansson, 1989b, Seifert et al., 1992). C activation
has also been demonstrated by formation of the terminal pathway complex C5b-9 within
atherosclerotic lesions (Vlaicu et al., 1985a). Expression of C5b-9 was found to be higher in
advanced fibrotic plaques compared with early lesions and fatty streaks, which led to the
suggestion that there is a constant accumulation of these complexes within the lesion (Vlaicu
et al., 1985a). In addition C5b-9 has been found to be co-localised with enzymatically
modified E-LDL within early lesion, which has been suggested to induce foam cell formation
(Seifert et al., 1990, Bhakdi et al., 1995, Torzewski et al., 1998b).

It has been suggested that the function of the C5b-9 complex within the
atherosclerotic lesion is unlikely to involve complete lysis of the target cells due to the critical
density required to achieve this but instead lower levels of disposition may be important for
cellular signalling cascades and stimulate cell activation (Haskard et al., 2008). Several
studies have shown that the sublytic assembly of C5b-9 on aortic SMC and endothelial cells
induces their activation and proliferation (Niculescu and Rus, 1999). In SMC C5b-9 induced
activation of ERK-1, c-Jun, JNK and p38-MAPK, resulting in an increased production of
MCP-1, which may be important for the recruitment of monocytes during the initial stages of
atherosclerosis (Niculescu and Rus, 1999, Torzewski et al., 1996). Furthermore, it was
shown in endothelial cells that C5b-9 induces activation of the PI3K/Akt pathway, which was
important for cell cycle progression and proliferation of the endothelial cells (Fosbrink et al.,
2006). To protect against formation of the C5b-9 complex on endothelial cells, Kinderlerer
and colleagues have found that shear laminar stress can cause up-regulation of CD59 and
therefore helps protect endothelial cells from activation (Kinderlerer et al., 2008).

C activation also leads to the generation of the anaphylatoxins C3a and C5a which in
turn cause further inflammation (see sections 1.1.4 and 1.2.1). Both receptors C3aR and
C5aR have been found to present within the human atherosclerotic plaques but not normal
intimas by immunofluorescence and RT-PCR (Oksjoki et al., 2007). Furthermore, C5a has
recently been suggested to contribute towards destabilising the lesions by increasing the
secretion of MMP-1 and MMP-9 within the plaques (Speidl et al., 2011).

Several experimental models have been used to clarify the role of the C system in
vascular injury and atherosclerosis. Results from LdIR-/- C1gA-/- double knockout mice
suggest that activation of the CP has an anti-atherogenic role by removing apoptotic cells
from early lesions, as these mice had plaques three fold larger and more complex compared
to the control mice (Bhatia et al., 2007). Furthermore CP activation has been shown to
promote the phagocytosis of modified forms of LDL by human monocytes and monocyte
derived macrophages (Fraser and Tenner, 2010). The CP can also be activated by CRP
which can bind apoptotic cells and E-LDL aiding their phagocytosis in early lesions, however

at high concentrations of E-LDL the protective function of CP activation is overrun by
36



potentially harmful accumulation of C5b-9 complexes (Bhakdi et al., 2004). Studies involving
the LdIR-/- mice crossed with C3-/- mice found that these mice had greater plaque sizes
compared with the control animals however the lesions did not advance beyond the fatty
streak stage suggesting that a complete C system is essential for maturation of the plaques
(Buono et al.,, 2002, Persson et al., 2004). LdIR-/- crossed with factor B -/- mice showed no
significant difference in plague size suggesting that the AP is not involved in atherogenesis
(Persson et al., 2004).

Evidence from experimental animal models suggest that the terminal pathway has a
pro-atherogenic role. Initial studies involving C6 deficient hypercholesterolemic rabbits
showed that these rabbits contained significantly fewer lesion compared with C6 competent
counterparts (Geertinger and Sorensen, 1977, Schmiedt et al., 1998). Similarly ApoE-/- C6-
/- mice also showed significantly reduced plaque area and disease severity compared with
control counter parts (Lewis et al., 2010). In agreement with the pro-atherogenic role of
MAC, several studies have also found that CD59 -/- ApoE-/- mice have earlier death rate and
larger plaque area with increased complexity (Lewis et al., 2010, Wu et al., 2009, An et al.,
2009). Interestingly a study by Patel and co-workers found C5-/- mice cross bred with ApoE-
/- mice displayed no significant change in plaque size at the aortic root, however these
studies were performed on mice fed a high fat diet for 22 weeks where disease is more likely
to be in advanced stages (Patel et al., 2001).

1.4.5 Complement involvement in myocardial infarction

Following plaque rupture, thrombus formation can lead to occlusion of the artery and thereby
causing ischaemic reperfusion (I/R) injury (Entman et al., 1991). The first phase of I/R injury,
ischaemic phase, is mediated by anoxic injury caused by decreased mitochondrial ATP
generation. The second phase, reperfusion phase, is an inflammatory process which further
contributes to tissue injury beyond that generated already in the ischaemic phase (Szeplaki
et al., 2009). It is believed that C activation induces cell damage and apoptosis and further
amplifies the inflammatory response by up-regulation of adhesion molecules, activation and
chemotaxis of polymorphonuclear cells (PMN), secretion of cytokines and reactive oxygen
species via the generation of the anaphylatoxins and MAC (Szeplaki et al., 2009).

The C system was first implicated as an important mediator in the inflammatory
reperfusion phase of I/R injury in 1971 by Hill and Ward who shown that C activation
products were vital for the recruitment of neutrophils into MI of rats (Hill and Ward, 1971).
The importance of C activation has since been demonstrated by several studies that have
shown that knock down or silencing of C3 is protective against I/R injury (Zhou et al., 2000,
Zheng et al., 2006).
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Several studies involving the inhibition of C5 cleavage or blockade of C5a using
antibodies have been shown to attenuate I/R injury suggesting that generation of the
anaphylatoxin C5a and initiation of the terminal pathway are important mediates of C induced
injury (Vakeva et al., 1998, Wada et al., 2001, Zhang and Carroll, 2007). Initial trails
involving the humanised monoclonal anti-C5 antibody fragment, pexelizumab, which blocks
the cleavage of C5 to C5a and C5b (Thomas et al., 1996), suggested that blocking systemic
C5 improved survival rates of a patients with coronary bypass grafting but had no effect on
survival rates or Ml end points (Granger et al., 2003, Verrier et al., 2004, Shernan et al.,
2004). Larger phase 3 clinical trails found no significant difference in the end-point of
patients with coronary artery bypass receiving pexelizumab compared with placebo, although
a reduction in Ml and death was observed 30 days postoperative (Verrier et al., 2004, Smith
et al.,, 2006, Testa et al., 2008). However, clinical trials found that pexelizumab had no
significant effect on infarct size or clinical outcome in patients with Ml (Mahaffey et al., 2003,
Armstrong and Granger, 2007, Armstrong et al., 2007). It has been suggested that the
difference between these findings is that pexelizumab given prior to surgery may reduce the
generalised inflammation process, as observed by reduction in IL-6 and CRP following
pexelizumab (Theroux et al., 2005). Whereas following Ml local inflammation and injury has
become irreversible and C activation is already established, therefore invalidating the
beneficial effects of administration of pexelizumab (Testa et al., 2008). Furthermore, Testa
and co-workers suggest that following M| penetration of pexelizumab into the affected tissue
may be limited due to the microvascular obstruction (Testa et al., 2008). A study by
Amsterdam and co-workers involving pre-treatment with monoclonal anti-C5a antibody prior
to I/R injury of the descending coronary artery found that the antibody inhibited the neutrophil
cytotoxic activity towards C5a but had no effect on MAC formation and neutrophil
accumulation and therefore did not reduce infarct size in pigs (Amsterdam et al., 1995).
Studies involving C5aR antagonists, such as PMX-53, have shown promising results by
reducing I/R injury in rat intestine (Arumugam et al., 2002), kidney (Arumugam et al., 2003),
liver (Arumugam et al., 2004b), limb (Woodruff et al., 2004) and mouse intestine (Fleming et
al., 2003) following a period of ischemia (reviewed (Monk et al., 2007)).

1.4.6 Therapeutic strategies to lower serum lipid levels

As shown in table 1.5, atherosclerosis is a highly complex disease where both
environmental and genetic factors play an important role in its susceptibility and progression.
However, one of the primary risk factors associated with the disease is serum cholesterol
levels.

Cholesterol is an important component of all biological membranes and is a precursor

of bile acid and steroid hormones. Cholesterol can be absorbed from the Gl tract or it can be
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synthesised by the liver but it circulates through the blood stream bound to lipoproteins (table
1.6). Several epidemiological studies have shown that elevated levels of circulating LDL-
cholesterol is a major risk factor for coronary heart disease and has direct relationship with
onset of the disease, whereas circulating HDL-cholesterol is inversely proportional (Stamler
et al.,, 1986, LRC-CPPT, 1984). The main strategy employed to reduce serum LDL-
cholesterol is statin therapy, which has been shown to reduce both coronary heart disease
incidence and mortality by 30 % (NCEP, 2002). Section 1.5 will discuss in more detail how
statins lower serum LDL-cholesterol levels.

Another risk factor for atherosclerosis is elevated serum triglycerides, which is
commonly associated with other non-lipid and lipid risk factors (NCEP, 2002). Similar to
cholesterol, triglycerides can be absorbed from the Gl tract or they can be synthesised by the
liver and are circulated in the blood bound to lipoproteins VLDL and chylomicrons (table 1.6).
Fibrates are commonly given to reduce plasma triglyceride concentration by 30-50% (Barter
and Rye, 2006). Fibrates can also increase levels of circulating HDL-cholesterol and
occasionally they have been shown to reduce LDL-cholesterol levels (Barter and Rye, 2006).
They exert their effects by activating PPAR«a receptor which is a major transcription factor for
the regulation of intracellular and extracellular fatty acid metabolism. PPARa can stimulate
lipoprotein lipase which increases the hydrolysis of triglycerides in VLDL or chylomicrons,
liberating fatty acids that can be stored as fat or metabolised. PPAR«a can also stimulate the
B-oxidation and degradation of fatty acids (Paumelle and Staels, 2008).

Other lipid lowering therapeutic strategies include bile acid sequestrates, which when
taken by mouth sequester bile acids in the intestine and therefore decrease absorption of
cholesterol in the Gl tract and nicotinic acid, which can reduce hepatic synthesis of
triglycerides (NCEP, 2002).

Table 1.6 Major classes of lipoproteins which cholesterol circulate blood stream.

Class Apo lipoprotein

Low density lipoprotein (LDL) Apo B

Accounts for 60-70% total serum cholesterol

High density lipoprotein (HDL) Apo A- | and -l

Accounts for 20-30% total serum cholesterol

Very low density lipoprotein (VLDL) (triglyceride Apo B-100, Apo C-I, -l and -lll and

rich) Apo E

Accounts for 10-15% total serum cholesterol

Chylomicrons (triglyceride rich) Apo 248, Apo C-l, -ll and -lll and
Apo
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1.5 Statins

Statins are the most common drugs given to reduce circulating LDL-cholesterol levels as
they have a good safety record and few drug-drug interactions (NCEP, 2002). Statins can
lower serum cholesterol levels by two separate mechanisms. Firstly they inhibit HMG-CoA
reductase, the rate-limiting step in cholesterol biosynthesis, and secondly they promote
clearance of plasma LDL-cholesterol via LDL-receptor mediated endocytosis (NCEP, 2002).

1.5.1 Mevalonate pathway

The mevalonate pathway yields an important precursor, mevalonate, which is essential for
generation of isoprenoid intermediates (figure 1.8). As well as being a precursor for
cholesterol biosynthesis, these isoprenoid intermediates are also incorporated into other end
products such as dolichol, required for glycoprotein synthesis, isopentyl adenine, present in
some transfer RNAs, haem A and ubiquinone, which partake in electron transport,
isoprenylated proteins, such as small GTPase mainly involved in intracellular signalling
pathways; and steroid hormones (Goldstein and Brown, 1990). Thus correct regulation of
the mevalonate pathway is crucial so that all cells can precisely synthesise enough
mevalonate without the accumulation of potentially toxic metabolites such as cholesterol.

Regulation of the mevalonate pathway is complicated by the fact that cholesterol
present in plasma, LDL-cholesterol, can enter the cell by LDL receptor (LDLR) mediated
endocytosis (figure 1.8). It is therefore essential that each cell can carefully balance these
external and internal sources of sterols well maintaining synthesis of enough mevalonate.
Regulation can be achieved by negative sterol feedback loops which can down regulate
HMG-CoA synthase and HMG-CoA reductase, as well as LDLR expression (figure 1.8)
(Goldstein and Brown, 1990).
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human studies without the hepatocellular toxicity (Alberts, 1988, Alberts et al., 1980). Since
then many other statins have emerged, both naturally occurring and chemically synthesised,
and are now commercially available with ranging K; values 0.1 to 2.3 nM.

All statins have a HMG-CoA like moiety which may be present in an inactive form.
These pro-drugs need to undergo enzymatic hydrolysis in vivo to their active hydroxy-acid
counterparts (Corsini et al., 1995). When active, statins are competitive inhibitors for HMG-
CoA reductase and by occupying the HMG binding pocket and part of the binding surface for
CoA they inhibit access of the HMG-CoA substrate to the enzyme (Istvan and Deisenhofer,
2001). The inhibitory concentration, K;, of the statins in the nanomolar range is believed to
be achieved by strong favourable van der Waals interactions between the bulky hydrophobic
ring structures of the statins and the complementary surface of the HMG-CoA reductase
(Istvan and Deisenhofer, 2001). Each of the different type of statins has slightly different
interactions with the HMG-CoA reductase which may explain the ranging K; values. It has
also been suggested that the differences in the different statin potencies may be a result of
different lipophilicity, with lipophilic statins (such as simvastatin and fluvastatin) being more
likely to enter vascular cells by passive diffusion than hydrophobic statins (such as
pravastatin and rosuvastatin) which primarily target the liver (Zhou and Liao, 2010). Further
still, each statin differs slightly in their pharmacokinetics; for instance simvastatin has a
bioavailability of 5%, Tmax Of 1.3-2.4hrs and T,, of 2-3 hrs, whereas, atorvastatin has a
bioavailability of 12%, Tax of 2-3hrs and T,,, of 15-30 hrs (reviewed in (Bellosta et al., 2004).

As well as statins, other inhibitors of cholesterol biosynthesis include zaragozic acids.
Zaragozic acids, also known as squalestatins, were discovered by two independent groups
of scientists as potent squalene synthesis inhibitors (Dawson et al., 1992, Baxter et al., 1992,
Bergstrom et al.,, 1993). These fungal metabolites are believed to inhibit squalene synthase
by effectively mimicking the binding of the pS-PP intermediate of sterol synthesis to the
enzyme (Bergstrom et al., 1995). Despite being potent inhibitors of squalene synthase, their
poor bioavailability after oral administration has meant that these metabolites are not used
therapeutically to lower cholesterol but instead are often used experimentally (Amin et al.,
1997).

1.5.3 Increased clearance of serum cholesterol by statins

Another mechanism by which statins lower circulating LDL-cholesterol levels is that they can
increase expression of LDLRs and therefore increase receptor mediated endocytosis of
cholesterol mainly by the liver. This is achieved by the negative feedback loop shown in
figure 1.8, where a decrease in intracellular cholesterol levels leads to the proteolytic
activation of the transcription factor sterol response element binding protein-2 (SREBP-2)

and subsequently to an up regulation of the LDLR gene (Brown and Goldstein, 1980).
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1.5.4 Pleiotropic effects of statins

Evidence from several large clinical trials, including CARE, LIPID and HPS, suggested that
the cardiovascular benefits of statin therapy did not correlate fully with the magnitude of
cholesterol lowering (Sacks et al., 1996, HPS, 2002, LIPID, 1998). Furthermore, statins were
also found to reduce the risk of other disease processes, such as transplant-associated
artheropathy, that are not associated with elevated lipid levels (Kobashigawa et al., 1995,
Wenke et al., 1997). It is now well accepted that as well as reducing serum cholesterol
levels, statins can have pleiotropic effects which are independent of cholesterol lowering
(Jain and Ridker, 2005). These pleiotropic effects have been the main focus of statin
research over the recent decades and are believed to improve coronary heart disease
morbidity and mortality by several mechanisms including; improving endothelial function,
inhibiting inflammation, reducing oxidative stress, improving plaque stability, and inhibiting
pro-thrombotic outcome (table 1.7). It is believed that the majority of these pleiotropic effects
are mediated by inhibition of isoprenoid intermediates, farnesylpyrophosphate (FPP) and
geranylgeranylpyrophosphate (GGPP) which serve as lipid attachments for the post-
translational modification, isoprenylation, of a variety of proteins (Zhou and Liao, 2010).
However, statins have also been shown to inhibit leukocyte function antigen-1, a member of
the B2 integrin family which is involved in lymphocyte recirculation and leukocyte
extravasation to sites of inflammation (Weitz-Schmidt et al., 2001). Statins were shown to
bind to a novel allosteric site within the LFA-1, which was completely independent of
inhibition of the mevalonate pathway (Weitz-Schmidt et al., 2001).

As discussed in section 1.4.4 the C system has been implicated in atherosclerosis at
all stages from initiation to destabilisation of the plaque, yet relatively few studies have
investigated the effects of statins on C. Mason and co-workers found that incubation of
human umbilical cord and aortic EC with atorvastatin and simvastatin, significantly increased
DAF expression, which suggests that one of the anti-inflammatory properties of statins is to
protect the endothelium from C activation by increasing expression of C regulators on EC
surface (Mason et al., 2002). Another study has since shown that DAF expression on
monocytes and lymphocytes is significantly lower in patients with hyperlipidemia (Liu et al.,
2005). The expression of CD59 has also been shown to be increased on monocytes,
lymphocytes and granulocytes in patients receiving atorvastatin therapy (Liu et al., 2005). It
has also been proposed that one of the anti-inflammatory properties for the treatment of
rheumatoid arthritis with statin therapy is to increase CD59 expression in vascular
endothelium under hypoxic conditions (Kinderlerer et al., 2006).

Statins have previously been shown to have no significant effect on in vitro C
activation by Lappegard and co-workers (2004). In this study they incubated normal human
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serum with atorvastatin and pravastatin in the absence or presence of aggregated human

IgG (for CP activation) or cobra venom factor (for AP activation) and then measured the

amount of complement activation products were generated (Lappegard et al., 2004).

Although this study showed that statins did not directly alter C activation in vitro it did not

investigate what indirect effects statins may have in vivo (Lappegard et al., 2004).

As previously described in section 1.4.4, one of the main pro-atherogenic roles of the

C system is formation of the C5b-9 complex. A study by Viedt and co-workers found that

incubation of VSMC with statins significantly reduced the pro-inflammatory effects of the
C5b-9 complex (Viedt et al., 2003). They showed that incubation of VSMC with cerivastatin
reduced C5b-9 activation of ERK and transcription factors AP-1 and NFxB, which in turn

inhibited IL-6 secretion and cell proliferation (Viedt et al., 2003).

Table 1.7 Pleiotropic mechanisms of statins

Pleiotropic effect

Proposed mechanisms

Improved endothelium
function

¢ Increased bioavailability of NO via up regulation of eNOS
expression (Tsao et al., 1994, Laufs et al., 1998, Laufs and
Liao, 1998).

Reduced inflammatory
and immunological
response

¢ Reduced transmigration of leukocytes by down regulation of
adhesion molecules (ICAM-1, P-, E- and L-selectin) on both
EC and leukocytes (Niwa et al., 1996).

¢ Reduced secretion of chemokines IL-8 and MCP-1 and
expression CCR2 receptor which reduces leukocyte
migration (Kothe et al., 2000, Romano et al., 2000, Veillard et
al., 2006).

¢ Reduced expression of inflammatory cytokines IL1b, IL-6
and TNFa (Pahan et al., 1997).

¢ Reduced co-stimulatory molecules, IFNy induced MCH Il
and CD40 activation and thereby regulating Th1/Th2
commitment (Sadeghi et al., 2001, Townsend et al., 2004,
Jasinska et al., 2007, Youssef et al., 2002).

Reduced oxidative stress

¢ Increased expression antioxidant genes and therefore
protects against oxidative injury (Makabe et al., 2010).

¢ Reduced reactive oxygen species generation (Rikitake et
al., 2001).

Improved plaque stability

e Reduced MMP expression and secretion (Aikawa et al.,
2001, Fukumoto et al., 2001, Sundararaj et al., 2008,
Fujimoto et al., 2008).

Reduce pro-thrombotic
outcome

¢ Increased expression of tissue-type plasminogen activator
expression (Essig et al., 1998).

e Decreased expression of plasminogen activator inhibitor-1
expression (Essig et al., 1998).

To date no published data has investigated what effect, if any, statins may have on

the anaphylatoxins and their biological receptors. Due to their potent pro-inflammatory

nature, reducing the biological functions of the anaphylatoxins by decreasing expression
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and/or reducing functioning of their receptors could have valuable implications in many
inflammatory disease states, especially as the strategies to reduce I/R with anti-C5 and other
inhibitors are not very successful so far.

1.6 Hypothesis and aims

The potent pro-inflammatory anaphylatoxin C5a exerts its biological actions via the C5aR, a
GPCR. Cholesterol, a major risk factor in cardiovascular disease, is a crucial component of
biological membranes. Furthermore cholesterol has previously been shown to regulate
expression and function of several GPCRs. Statin therapy is the most widely used
therapeutic strategy to lower serum cholesterol levels. Evidence suggests that statins also
exert beneficial anti-inflammatory effects, thus further improving cardiovascular disease
outcome. The principal aim of this thesis was to determine if the C5aR expression and
function can be modulated by cholesterol. It is hypothesised that statins can exert anti-
inflammatory effects by down regulation of expression and/or function of the receptor for the
potent pro-inflammatory anaphylatoxin C5a, C5aR.

The aims of this study are:

¢ Investigate how C5aR expression is regulated.

Determine if statins effect C5aR expression, either basal levels or induced expression

Determine the subcellular plasma membrane localisation of the C5aR

Investigate whether statins affect the functioning of the C5aR

Establish a model system in which the above can be measured
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Chapter 2

General Methods

2.1 Chemicals and reagents

2.1.1 General chemicals and reagents

Human recombinant tumour necrosis factor-a (TNFa) was from PeproTech (TNFSF2).
N6,2'-O-Dibutyryladensine  3',5’-cyclic = monophosphate  sodium salt (Bt,cAMP),
Lipopolysacharide (LPS) Escherichia coli (E. coli) 0111.B4, Phorbol 12-myristate 13-acetate
(PMA) and propidium iodide (Pl) were from Sigma. O-phenylene-diamine (OPD) ELISA
developing system (S2045) was from Dako (Cambridgeshire, UK). Bovine serum albumin
(BSA) was from Fluka (05473). Ultrapure agarose was from Invitrogen. 96-well ELISA
microtitre plates were from ICN Pharmaceuticals (7717305) (Basingstoke, UK). BSA (2
mg/ml) standards (23209) were purchased from Pierce (Leicestershire, UK). Human
recombinant C5a was from Calbiochem (Nottingham, UK). Fura-2-AM was purchased from
Anaspec, Cambridge Bioscience, Cambridge, UK. All other standard laboratory chemicals
and reagents were obtained from Sigma (Poole, UK).

2.1.2 Mammalian cell culture reagents

All cell culture RPMI media, penicillin/streptomycin/glutamine, sodium pyruvate, foetal calf
serum (FCS) and tissue culture flasks were obtained from Invitrogen (Paisley, UK) unless
otherwise stated. Ficoll-Paque™ (17-1440-02) was from GE Healthcare (Buckinghamshire,
UK).

2.1.3 Commercial antibodies

Monoclonal mouse anti-C5aR (S5/1), anti-GAPDH (SC-47724) and polyclonal rabbit anti-
C5aR (H-100) were from SantaCruz. Primary antibodies anti-a tubulin (DM1A) was from
Calbiochem, and anti-intracellular glycophorin C domain (BRGL100) and anti-CD59 (Bric229)
were from International Blood Group Reference Laboratory (IBGRL, Bristol, UK).

The following secondary antibodies were used: peroxidase-conjugated rabbit anti-
mouse IgG (RAM-HRPO) and goat anti-rabbit IgG (RAM-HRPO) from Stratech (Suffolk, UK).
FITC-conjugated goat anti-mouse IgG (GAM-FITC) was from Dako. Goat anti-mouse IgG
conjugate with Alexa-647 was from Invitrogen.
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2.1.4 Protein biochemistry reagents

All blue precision plus protein standards were from BioRad (161-0373). 30% acrylamide
(37.5:1) was from Severn Biotech Ltd (20-2100-10). Supersignal chemiluminescence
substrate (ECL) was from Pierce (34080). Hybond nitrocellulose (RPN3032D) was
purchased from GE Healthcare Lifesciences.

2.1.5 Molecular biology reagents

Taq polymerase, Q reagent and deoxynucleoside triphosphates (AINTPs) were from Qiagen.
1 Kbp DNA ladder molecular weight markers (10787-018) were from GIBCO and 100 bp
markers were from Roche (1721933). Primers were ordered from MWG-Biotech AG.

2.2 Buffers

2.2.1 General buffers

e Phosphate buffered saline (PBS): 145 mM NaCl, 3 mM Na,HPO, and 2.5 mM Na,HPQO, in
dH.O0, pH 7.4
e FACS buffer: 1 % BSA, 0.01 % NaN; in PBS, pH 7.4
e Krebs/Hepes buffer: 1.2 M NaCl, 2.5 M Hepes, 0.48 M KCI, 0.12 M KH,PO,, 0.12 M
MgS0,.7H,0, 0.13 M CaCl,.2H,0, pH 7.4
e Balanced Saline Solution (BSS): 137 mM NaCl, 2.7 mM KCI, 81 mM Na,HPOQO,, 1.5 mM
KH,PO,, pH 7.3

2.2.2 Protein biochemistry buffers

Stacking acrylamide gel buffer: 0.5 M Tris-HCI, 0.4 % (w/v) SDS, pH 6.8.
e Separating acrylamide gel buffer: 1.5 M Tris-HCI, 0.4 % (w/v) SDS, pH 8.8.

Running buffer: 190 mM glycine, 24.8 mM Tris, 0.5 %(w/v)

Protein sample buffer (non-reducing): 0.1 M Tris, 10 % (w/v) glycerol, 2 % (w/v) SDS, 0.05
% (w/v) bromophenol blue, pH 6.8.
e Transfer buffer: 26 mM Tris, 192 mM glycine, 20 % (v/v) methanol
e Blocking buffer (for western blotting): 5 % (w/v) fat-free milk (marvel) in PBS/Tween20 (0.1
%).

2.2.3 Molecular biology buffers

e TAE (50 x): 2 M Tris, 2 M acetic acid, 50 mM EDTA, pH 8.5.
e DNA/RNA sample buffer: 50 mM EDTA pH 8.0, 50 % (v/v) glycerol, 0.25 % (w/v)

bromophenol blue.
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2.3 Methods

2.3.1 General cell culture

U937 were obtained from European Collection of Cell Cultures (U937¢c) and from Dr Peter
Monk Sheffield University, UK (U937py). U937 cells previously transfected with human
C5aR (U937csar) (Kew et al., 1997) were obtained from Dr Eric Prossnitz State University
of New York at Stony Brook, USA.

All cell cultures were maintained at 37°C in humidified CO, (5%) buffered incubators
(Hera cell 150, Heraeus). All U937 cell lines were maintained in complete RPMI 1640
(Invitrogen, 31870-025) media containing 10 % FCS, 100 U/ml penicillin, 100 pg/mil
streptomycin, 290 ng/ml L-glutamine and 1 mM sodium pyruvate. Depending on cell type,
cells were routinely split every 2-3 days as follows: U937 cells were split approximately 1 in
10, U937pm cells were split approximately 1 in 4 and U937¢s.r Were split approximately 1 in
8.

2.3.2 Isolation of peripheral blood mononuclear cells

Non-clinical buffy coats were obtained from Welsh Blood Service (Cardiff, UK).
Approximately 40 ml of buffy coat was mixed with approximately 150 ml of RPMI. 12 ml of
buffy coat was then gently overlaid on 8 ml of RT Ficoll-Paque™ (17-1440-02). The samples
were centrifuged for 20 min at 750 g and stopped without breaking. The serum was
discarded and the peripheral blood mononuclear cells (PBMC) interface was collected. Two
samples were pooled into a new universal tube and resuspended in a total volume of 20 ml
RMPI. Samples were centrifuged for 12 min at 370 g with break. The supernatant (s/n) was
discarded; cell pellets were gently resuspended in small volume of RPMI and then two
samples were pooled and resuspended in a total volume of 20 ml RPMI. The samples were
centrifuged again for 10 min at 120 g. The s/n was discarded; cell pellets were gently
resuspended in small volume of RPMI and then two samples were pooled and resuspended
in a total volume of 20 ml RPMI. The samples were centrifuged for 8 min at 90 g. The s/n
was discarded and the cell pellets were resuspended in a total volume of 9 ml of 10 %
DMSO, 20 % FCS and 70 % RPMI. 1 ml aliquots (1 x 10® cells) were added to cryovials
(Nunc), which were then placed in a Cryol freezing container filled with isopropanol.
Following 24 hr in the -80 °C freezer (New Brunswick Scientific), the vials were transferred to
liquid N, storage containers (Taylor-Wharton). Cells were revived from liquid N, as described
below in section 2.3.4. For flow cytometry experiments cells were resuspended at 1 x 10°
cell/ml and for ELISA cells were resuspended at 1.5 x 10* cell/ml in RPMI supplemented with
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15 % FCS, 100 U/mi penicillin, 100 pug/ml streptomycin, 290 ug/ml L-glutamine and 1 mM
sodium pyruvate.

2.3.3 Isolation of human neutrophils

20 ml of whole blood was collected form healthy volunteers into 200 pul heparin (1000 U/ml,
CP Pharmaceuticals UK). The heparinised blood was then mixed with 5 ml 6 % dextran T70
(Pharmacia, 17-0280-07) in BSS and incubated at RT for 40 min without agitation. The
upper plasma phase was removed using pasture pipette and centrifuged at 750 g for 1
minute. Supernatant was removed and cell pellet was gently resuspended. The remaining
erythrocytes were lysed with 5 ml of sterile H,O for 30 s and neutralised with 20 ml BSS.
The cells were centrifuged again for 1 minute at 750 g. The s/n was discarded and the cell
pellet was gently resuspended in 5 ml Krebs/Hepes. The cell suspension was layered over
5ml Ficoll-Paque™ and centrifuged for 25 min at 400g. The upper layers were discarded
and cell pellet containing the neutrophils was washed and resuspended in either
Krebs/Hepes, PBS or RPMI depending on what experiment they were later used for.

2.3.4 Cryopreservation of cells

Cells growing in log phase were washed twice in sterile 0.9% NaCl. The cells pellets were
then resuspended in 1ml filtered sterilised freezing medium (10% (v/iv) DMSO, 90% (v/v)
FCS) and were then added to cryovials (Nunc). The cryovials were then placed in a Cryol
freezing container filled with isopropanol, which provides a constant cooling rate of 1 °C per
minute when placed in the -80 °C freezer (New Brunswick Scientific). After 24 hrs in the vials
were transferred to liquid N, storage containers (Taylor-Wharton) for long term storage.

Cells were revived from liquid N, storage by placing the cryovials in a 37 °C water
bath until completely thawed. The cells were washed twice in pre-warmed cell culture
medium to remove the DMSO, and cultured as normal.

2.3.5 Stimulation of cells in culture

Incubation of cells with reagents was carried out by seeding the cells at a low density
(typically 1-2.5 x 10° cell/ml) in fresh culture medium containing the required reagents, and
culturing at 37 °C with 5 % CO, for the required amount of time. When adding a volume of
reagent, such as simvastatin, to cells in culture, controls were carried out to ensure uniform
incubation volumes by adding the same volume of control buffer or vehicle reagent to all

other wells/ flasks.
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2.3.6 Flow cytometry

Cells were harvested from culture and washed twice in PBS by centrifugation (1200 rpm for 3
min). The cell number was calculated by resuspended the cell pellet in 3-5 ml of PBS, then
10 ul cell solution was removed and added to a Bright-line cell counting chamber (Sigma)
and counted. The cells were centrifuged again for 3 min at 1200 rpm and resuspended at
5x10° cell/ml in FACS buffer. 50 pl of cells was incubated with 50 pl of the primary antibody
(1-10 pg/ml) in a round bottomed 96-well microtitre plate. Following incubation for 30 min on
ice, the cells were washed twice with 200 ul FACS buffer/well. The cells were incubated for
a further 30 min on ice with 50 ul of the fluorescently labelled secondary antibody (typically
diluted 1 in 100 with FACS buffer). The cells were washed twice with FACS buffer (200
pl/well) and resuspended in 200 pl 1% paraformaldehyde (diluted in FACS buffer from 4 %
stock). Background fluorescence was determined using cells stained with secondary
antibody alone, or incubated with an isotype control primary antibody. Cell fluorescence was
analysed using a FACSCalibur flow cytometer (BecktonDickinson) within 5 days of fixing.
Dead cells were excluded from analysis by their characteristic forward and side scatter. Data
was analysed using FlowJo Software. For individual experiments, data is expressed as
mean fluorescence intensity (MFI), +/- SEM. For repeat analysis data is expressed as either
percentage or relative change compared with the mean control values unless otherwise
stated.

2.3.7 SDS-polyacrylamide gel electrophoresis

Acrylamide gels were prepared for SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
from stock solutions according to the method of Laemmli (Laemmli, 1970) (see table 2.3.1).
The percentage of gel used to separate proteins was dependent on the size of the protein.
Gels (1.5 mm thickness for western blotting or 0.75 mm for zymography) were cast using the
Hoefer Mighty Small Casters according to manufacturer’s instructions. Immediately after
pouring the separating gel, the gel was overlaid with 1 ml ethanol to remove any bubbles.
Once the gel had polymerised, the ethanol was poured off and the stacking gel poured, using
10 or 15 well combs to create the wells. Once the stacking gel had polymerised the gel was
assembled into the Hoefer Mighty Small Gel Electrophoresis apparatus and the running
buffer was added to both the upper and lower chambers. When the tank was full the comb
was removed and 15 pul-30 pl of sample, mixed 1:1 with sample buffer was added to each
well using a Hamilton Microliter syringe (Hamilton, Switzerland). Electrophoresis was carried
out at a constant current of 40 mAmp per gel, with continual cooling from passing cold water
through the electrophoresis unit, until the pre-stained markers (Bio-Rad) had reached the

desired resolution.
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Table 2.3.1 SDS-PAGE components

Gel component/ Separating gel Separating gel Stacking gel
15 ml (12.5%) (7.5%) (4%)
Stacking buffer - - 1.2 mi
Separating buffer 3.75 mi 3.75 mi -

30% acrylamide 6.05 mi 5.025 mi 0.675 ml
dH.,0 150 pl 6.06 ml 3.025 mi
10% wiv ammonium | 150 pl 150 pl 50 pl
persulphate

TEMED 15 pl 15 pl 5 pl

2.3.7.1 Detection of proteins by western blotting

i) Transfer of proteins to nitrocellulose membrane

Following the separation of the sample by SDS-PAGE (as described above), the proteins
were then transferred onto nitrocellulose membrane (Hybond, GE Health Care) for western
blotting. Gels were first equilibrated for 10 min in transfer buffer. Then a ‘sandwich’ was
created of; 1 thin sponge, 2 pieces of filter paper, nitrocellulose membrane, acrylamide gel, 2
pieces of filter paper and 2 thin sponges, all of which had been pre-soaked in transfer buffer.
Once the sandwich had been assembled it was placed into the Hoefer Transfer Unit
apparatus, according to the manufacturers instructions, with the membrane placed between
the gel and the positive electrode. The proteins were transferred onto the nitrocellulose
membrane by electrophoresis in transfer buffer for 1 hr at 100 V with constant cooling by
water passing across the base of the apparatus.

ii) Immuno-labelling of protein on nitrocellulose membrane

To prevent non-specific binding of the antibody, the membrane was blocked either over night
(o/n) at 4 °C or 1 hr at RT in 25 ml blocking buffer (5 % fat-free milk in PBS/Tween 0.1 %)
with constant rolling using Denley Spiramix 10 (Jencons). To enhance the signal for the
C5aR both the primary and secondary antibodies were diluted with SignalBoost
Immunoreaction kit (Calbiochem) according to manufacturers instructions mixed 1:1 with
blocking buffer. The nitrocellulose membrane was then incubated with primary antibody
(diluted 1 in 200) at RT for 1 hr. The membrane was washed with 3 x 25 ml PBS/Tween (0.1
%) for 15 min and incubated for another 1 hr at RT with appropriate HRPO-conjugated
secondary antibody (diluted 1 in 2000). Membranes were washed 3 x 15 min with
PBS/Tween (0.1 %), followed by 2 x 15 min with PBS.

iiij) Detection of immuno-labelled proteins
Detection of the immuno-labelled proteins was carried using enhanced chemiluminescence
(ECL) system (Pierce, 34080). The ECL system generates light via the oxidation of luminol
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in the presence of H,O, by the horse-radish peroxidase conjugated to the secondary
antibody. A stable peroxidase solution was mixed with an equal volume of luminol containing
buffer, 1 ml of this solution was evenly laid over the nitrocellulose membrane and was
incubated for approximately 1 minute. Excess solution was removed as the membrane was
placed between two transparent plastic sheets. This was placed in a photographic cassette
and exposed to X-ray film for various time periods, ranging from 5s — o/n, depending on the
intensity of the chemiluminescence signal.

2.3.8 Ca?" signalling

Intracellular Ca®* release was measured using the technique previously described (Davies et
al., 1991). Cells were harvested, washed and resuspended at 1 x 107 cel/ml in RPMI. The
cells were incubated in the absence or presence of 1 uM Fura-2-AM for 30 min at RT. The
cells were washed twice with PBS and then resuspended at 1 x10° cell/ml in Krebs/Hepes.
Ca®" measurements were performed in a flat bottom 96 well plate using FLUOstar OPTIMA
plate reader (BMG Labtech, UK) pre-warmed at 37°C. 100 ul of cells were mixed with 100 pl
Krebs/Hepes buffer. Following an equilibration period of approximately 5 min, fluorescence
intensity measurements (2 mm orbital scanning) were taken at emission wavelength 510 nm
every 5 s following stimulation with excitation wavelength 340 nm, for Ca®" saturated form,
and 380 nm, for Ca®* free chelator. The ratiometric measuring between Ca®* bound and
unbound forms of the dye significantly reduces the effects of uneven loading, leakage of dye
and photobleaching. Measurements were paused while the cells were being stimulated with
5 nM C5a. Following the addition of C5a (10 pl, final concentration 5 nM) the fluorescent
intensity measurements were continued immediately. Once the Ca® levels appeared to
return to basal levels with cells were lysed with 10 ul Triton-X100, final concentration 0.5 %,
to obtained maximum Ca?* binding to the dye (Rma). Once the fluorescence intensity had
plateaued, Ca* ions were chelated by the addition of 40 pl EGTA, final concentration 0.36 M,
to give Rmin. Both the Rnax and the R, are crucial for the calibration and estimation of the
intracellular Ca** release.

To estimate intracellular calcium release following stimulation of the cells with C5a,
the dissociation constant (Kd) needs to be calculated by using equation 1. Once the Kd had
been determined this allowed the estimation of the intracellular Ca** at every 5 s
measurement using equation 2. Both equations are from (Al-Mohanna and Hallett, 1988).

Equation 1 Kd = Resting [Ca®] (RmarR)
(R-Rmin)
Resting [Ca**]= 100 nM
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and A, (380 nm) are the fluorescence detection wavelength.
Rmax = Maximum fluorescence intensity ratio FA./FA, following lysis with
Tx100

Rmin = Fluorescence intensity ratio FA./FA, following chelating ions with
EGTA

Equation 2 [Ca®"] = Kd (Rynknown — Remin)
(Rmax" Runknown)

Kd

Runknown

Dissociation constant

Base line fluorescence intensity ratio FA,/FA; in which A, (340 nm)

and A, (380 nm) are the fluorescence detection wavelength.

Rmax = Maximum fluorescence intensity ratio FA./FA, following lysis with
Tx100

Rmin = Fluorescence intensity ratio FA/FA, following chelating ions with

EGTA

2.3.9 Propidium iodide exclusion assay

To discriminate between live and dead cells, cells were stained with propidium iodide (Pl). Pl
is a dye that intercalates with DNA and RNA, however is excluded from viable cells due to
their non-porous membrane. Once the cells loose their membrane integrity, due to cell
death, Pl enters the cell and binds to DNA or RNA, thus increasing their fluorescence
intensity.

Once the cells had been harvested they were washed twice with PBS. The cells
were counted and resuspended at 5 x 10° cell/ml in FACS buffer. 50 pl of cells was then
mixed with 50 ul FACS buffer containing 5 ug/ml PI, in a 96 well microtitre plate, and
incubated on ice for 30 min. The cells were washed twice with 200 ul of FACS buffer and
immediately analysed by flow cytometry. Percentage cell death was calculated by gating the
PI positive cells and calculating their percentage from the whole population counted.

2.3.10 Bradford assay

Bradford assay was performed to quantify cellular lysate protein concentrations. A BSA
standard curve (25-2.5 ng/ml) was made by diluting 1 mg/ml BSA standard (Pierce) with the
same sample buffer as cellular lysate, a 0 ug/ml which consisted of sample buffer alone was
also included in the standard curve. The samples to be analysed were diluted (typically 1/20
to begin with and then performing doubling dilutions) in the sample buffer to achieve a
sample concentration that lied within the standard curve. In triplicate, 100 pl of the samples
and BSA standard curve was added to a flat bottom 96-well microtitre plate and 100 pl of RT
coomassie protein reagent (BioRad; 1856209). The plate was then incubated at RT for 10
min with gentle shaking. The optical density was measured at 595 nm and sample
concentrations were calculated from the standard curve, taking into account dilution factors.
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2.3.11 Analysis of DNA by agarose gel electrophoresis

The molecular weight, quality and quantity of DNA fragments was analysed by agarose gel
electrophoresis. To make the agarose gel, 0.8-2% (w/v) ultra-pure agarose (Invitrogen) was
added to TAE (1x) and heated for 1 minute in a microwave until completely dissolved. The
clear solution was allowed to cool to 50 °C after which ethidium bromide was added (0.2
pg/ml final concentration), the solution was mixed, poured into a gel tray and allowed to set
at RT. Once the gel was set, it was placed into an electrophoresis tank containing TAE (1x)
according to the manufacturers instructions (Mini Sub Cell GT, BioRad). DNA samples (5-10
pl) were mixed with an equal volume of DNA sample buffer and carefully loaded into the
wells of the agarose gel. Either 10 Kbp or 1 Kbp DNA molecular size markers were also
loaded onto the agarose gel in order to estimate the size of the DNA fragment analysed.
Electrophoresis was carried out at a constant voltage (100V) until the dye front had migrated
approximately 2/3 through the gel. The gel was visualised on a UV transilluminator lamp and
photographed using gel documentation system (BioRad) and Quantity One software
(BioRad) for image acquisition.

2.3.12 Statistics

Data was expressed as mean t standard error of the mean as determined by n samples (n =
3 unless otherwise stated) for each condition and analysed using GraphPad Prism software.
Statistical analysis was carried out by One-way ANOVA, followed by either Tukey’s
multicomparison test which compares all pairs of data or Dunnett’s test which compares all
sets of data with a set control, or Two-way ANOVA followed by Bonferroni post test using
confidence intervals of 95 %. Differences were considered significant at values of p<0.05.
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Chapter 3

Regulation of basal levels of C5aR expression

3.1 Introduction

It was first decided to investigate how basal C5aR expression is regulated in the mammalian
monocytic U937 cell line. To achieve this both the transcriptional control mechanisms, as
well as, mRNA stability of the C5aR transcripts, will be investigated using EGFP reporter

constructs.

3.1.1 Methods of regulating gene expression

There are several steps utilised in eukaryotes to control expression of a gene from
transcription to the production of an active protein, figure 3.1.1. Transcription, the first
regulation step, allows DNA dependent synthesis of nascent RNA. The nascent RNA is then
processed by the addition of the 5'cap, splicing out of introns and 3’cleavage and
polyadenylation (Proudfoot et al., 2002). Before the mRNA can be translated into protein, it
is first transported into the cytoplasm via the nuclear pore complex. This nuclear-cytoplasm
compartmentalisation of both mRNA and proteins required for regulating gene expression is
an important regulation mechanism (Reed and Hurt, 2002). Once in the cytoplasm, the
mRNA transcripts are either translated into protein, via the ribosome, or targeted for
degradation. Following protein synthesis the activity of the protein can further be regulated
by post-translational modifications, such as phosphorylation, glycosylation and
isoprenylation. Although figure 3.1.1 depicts the stages involved in gene regulation as
individual steps, it is known that the protein factors responsible for each step (from
transcription to translation) are functionally and sometimes physically connected (Orphanides
and Reinberg, 2002). There are no general rules as to the exact mechanism in which a gene
may be regulated, as different genes are regulated at different stages. Here the regulation of
gene transcription and mRNA stability will be discussed in more detail and their role in
regulating the expression of the C5aR will be examined.
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expression. They found that treatment of the RBL cells, which had been transiently
transfected with the reporter construct, when incubated with PMA, doubled the CAT reporter
activity. Whereas treatment of the neuroblastoma SK-N-SH cell line with PMA had no effect
on the CAT reporter activity. They speculated that an AP-1 site could be responsible for the
increased transcriptional activity in the RBL cells, whereas this activity is suppressed in the
SK-N-SH cell line (Gerard et al., 1993).

Another group has focused on transcriptional regulation of the mouse C5aR (Hunt et
al., 2005, Martin et al., 2007). By using 5' deletions of the mouse C5aR luciferase reporter
construct (from -2240bp to +38bp), Hunt and co-workers found that the mouse C5aR
promoter region (-2278bp to -232bp) contained a cell type specific suppressor element which
prevents the B16 melanoma cell line from expressing C5aR mRNA detected by RT-PCR,
whereas, this luciferase reporter promoter construct was active in both the mouse
macrophage (RAW 264.7) and endothelial (bEnd.3 and mHEVc) cell lines (Hunt et al., 2005).
Furthermore, they found that the majority of the region cloned (-2278bp to -232bp) was
dispensable for expression in the RAW 264.7, b.End3 and mHEVc cell lines. Hunt and
colleagues also found that deletion of fragments between -232bp to -132bp and -132bp to -
90bp, resulted in approximately 40% and 80% reduction in promoter activity respectively, in
the RAW 264.7, b.End3 and mHEVc cell lines. They identified the transcriptional regulatory
site most critical for the promoter activity within the -132bp to -90bp is a putative CCAAT site,
which specifically binds nuclear factor-Y (NF-Y), but not c-Fos or Ets1/2, as determined by
supershift assay (Hunt et al.,, 2005). Interestingly the CCAAT site was shown to be
completely conserved between the human and the mouse sequence, however, its role in
regulating human C5aR transcription was not investigated (see appendix 9.3 for human and
mouse C5aR promoter aligned) (Hunt et al., 2005). This study also investigated the role of
other putative sites, including NFxB (-241bp), Octamer (-366bp), AP-4 (-273bp), GATA (-
298bp) and CP-2 (-155bp), by site directed mutagenesis these results are summarised in
table 3.1.1.

As well as investigating regulation of basal C5aR expression in mouse cell lines, Hunt
and co-workers also showed that 10ng/ml LPS increased C5aR expression three fold in the
RAW 264.7 cell line. To further investigate whether any of the putative sites mutated by site
directed mutagenesis, they incubated the RAW 264.7 cells, which had been transiently
transfected with the mutant reporter constructs, with 10ng/ml LPS for 18 hrs and then
monitored CAT activity. They found that LPS increased luciferase activity in NF«xB, Oct1,
AP-4 and GATA mutants, but not CCAAT and CP-2 mutants, suggesting that the putative
CCAAT and CP-2 sites are important for LPS induced expression of the mouse C5aR in the
RAW 264.7 cell lines (Hunt et al., 2005).
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Table 3.1.1 Summary of site directed mutagenesis resuits of putative transcription factor site in
mouse C5aR promoter region published by (Hunt et al., 2005).

Site of RAW 264.7 b.End3 mHEVc LPS stimulated
mutation in RAW 264.7
CCAAT (-96bp) | Reduced Reduced Reduced Abolished LPS
reporter activity | reporter activity | reporter activity | induced activity
CP-2 (-155bp) Reduced No effect Reduced Abolished LPS
reporter activity reporter activity | induced activity
NFxB (-241bp) | No effect No effect No effect LPS increased
CAT activity
AP-4 (-273bp) No effect No effect Reduced LPS increased
reporter activity | CAT activity
GATA (-298bp) | No effect Increased No effect LPS increased
reporter activity CAT activity
Oct1 (366bp) No effect No effect No effect LPS increased
CAT activity

The same group has further investigated differences in C5aR transcriptional
regulation mechanisms between mouse microglia and astrocytes (Martin et al., 2007). They
found that similar to the RAW 264.7 cell line, expression of the C5aR in mouse microglial
(BV-2) and astrocyte (Ast2.1) cell line has a strong dependency on a CCAAT motif which
was shown to bind NF-Y, but not c-Fos or ETS1/2, by supershift assay (Martin et al., 2007).
Whereas they suggest that primary astrocytes are less reliant on the CCAAT motif as only
weak activity was observed in the shift assay compared with the astrocyte cell line.
Furthermore, they found that transfection of the mouse C5aR promoter reporter constructs
into both the astrocyte cell line and the primary astrocytes revealed slightly different
dependencies on different regions of the promoter, with deletion from -332bp to -232bp in the
cell line resulting in a reduction of luciferase activity compared with an increase in activity
observed in the primary astrocytes (Martin et al., 2007). These findings led them to conclude
that regulation of the C5aR promoter in primary astrocytes is very different from the
previously described mechanism for macrophages or endothelial cells (Martin, 2007, Hunt et
al., 2005, Martin et al., 2007).

Several studies have investigated the role of SNPs within the C5 and the C5aR gene,
and their association with pro-inflammatory disease states such as asthma (Hasegawa et al.,
2004, Barnes et al., 2004, Marceau et al., 1999). A study by Hasegawa and colleagues
found 5 SNPs within the C5 gene and they identified a combination of these SNPs within
C5a which were protective against childhood and adult asthma (Hasegawa et al., 2004).
However, only Barnes and co-workers have investigated the role of SNPs within the
promoter region of the human C5aR gene (Barnes et al., 2004). This group found a novel
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