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Summary

The complement system has become a therapeutic target due to its involvement in a
number of inflammatory conditions. Soluble recombinant forms of the membrane-
associated regulators (CReg) have been created as therapeutics. However, these
reagents are limited by their short half-lives in vivo and their tendency to
systemically inhibit complement. To extend their circulating half-lives Fc fusion
proteins have been generated while targeting reagents to sites of inflammation or
inhibiting specific parts of complement, such as the terminal pathway, has been used
to overcome systemic complement inhibition. Many of the reagents generated to
date are based upon human proteins and are therefore immunogenic in rats,
preventing their testing in rat models of chronic disease. To enable the testing of
anti-complement therapeutics in rat models of chronic disease, various CReg-Fc
containing a rat Fc and different portions of rat Crry were generated in this study.
Functional analysis of the generated reagents was carried out to identify two different
Crry-Fc. One would retain full activity while the other would address the issues of
systemic complement inhibition by having negligible activity in the circulation, due
to steric hindrance imparted on the Crry by the Fc, but could be cleaved at
inflammatory sites to unleash an active regulator. A Crry-Fc that retained full
activity was identified and tested in vivo. This reagent had a long circulating half-
life, low immunogenicity and markedly reduced disease severity in a rat model of
myasthenia gravis. Attempts to generate a Crry-Fc that had negligible activity in the
circulation but could be cleaved at inflammatory sites to unleash anti-complement
activity were unsuccessful. The generation of the active Crry-Fc reagent paves the

way to testing anti-complement therapeutics in rat models of chronic disease.
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Chapter 1: Introduction.

1.1 The Complement System
The complement (C) system, discovered as a heat-labile component of blood plasma,

that “complemented” the action of antibodies, consists of more than 30 proteins in
plasma or on cell surfaces. The proteins are part of the innate immune system, which
acts as an early defence against infectious organisms. The C system is a cascade
mechanism that brings about cell death or damage, opsonisation of pathogens,
induction of inflammatory responses and clearance of immune complexes. It
involves three activation pathways, known as the classical, alternative and lectin
pathways, these all lead into a common terminal pathway. The classical activation
pathway (CP) is initiated by the binding of the first C component, C1q, to aggregated
IgG or IgM on a pathogen’s surface. The alternative pathway (AP) proceeds in the
absence of a specific antibody and is initiated by the target surface itself, this
pathway can also act as an amplification loop for both the classical and lectin
pathway. The lectin pathway (LP) is triggered by mannan-binding lectin or ficolins
binding to sugar residues that are abundant in bacterial cell walls. The terminal
pathway results in the formation of the membrane attack complex (MAC), a lytic
pore that brings about osmotic lysis of the cell. The C system is summarised in

figure 1.1 and the pathways are described in more detail below.
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1.1.1 The classical activation pathway

The binding of Clq to IgM or aggregated IgG activates the CP on target surfaces.
Clq forms part of C1, a large hetero-oligomeric complex consisting of one molecule
of Clq, two molecules of Cls and two molecules of Clr non-covalently associated in
a calcium dependent manner. C1q consists of 18 polypeptide chains (6A, 6B and 6C
chains) wound together to form a collagen-like tail with six large globular heads
(Reid and Porter 1976). Clq binds via these heads to the Fc portion of activating
antibody. When multiple heads of C1q bind a conformational change occurs within
Clq causes a conformational change in the two attached Clr molecules. This
conformational change within the C1r molecules enables them to cleave each other at
a single site close to the N-terminus. The auto-activated Clr then cleaves Cls at a
single site close to the N-terminus activating this serine protease. Cls enzymically

cleaves C4 the next component (Gaboriaud, Thielens et al. 2004).

C4 is a large plasma protein containing 3 disulphide-bonded chains; a, B and y
(Schreiber and Muller-Eberhard 1974). 1t is cleaved by Cls at a single site near to
the N-terminus of the a-chain resulting in the generation of a smaller fragment C4a
(9kDa) and a larger fragment C4b (190kDa). Cleavage of C4 to C4b results in a
conformational change revealing an internal thioester in C4b, this thioester can
rapidly react with amine or hydroxyl groups present on activating surfaces. In this
way C4b becomes covalently bound to the surface (Law and Dodds 1997).
However, the binding of C4b to target surfaces is inefficient; typically only 10% of
the C4b generated binds to the target surface. The exposed thioester may be
hydrolysed by H,O, preventing the binding of C4b to the target surface serving as a

way of restricting C activation to the vicinity of the activating C1 complex.

In the presence of magnesium, membrane bound C4b acts as a receptor for the next
component C2. C2 is cleaved by Cls resulting in release of an N-terminal fragment
C2b. (Nagasawa and Stroud 1977). The larger fragment, C2a remains attached to
C4b forming the C3 convertase, C4b2a. The C2a within this enzyme cleaves C3 the
next C component. C3 consists of two disulphide-bonded chains, a and B, and is
cleaved in the a-chain releasing C3a (9kDa), a pro-inflammatory peptide (Lambris
1988). An internal thioester is exposed in C3b, the remaining fragment, which binds
through the thioester to the C3 convertase to form a C5 cleaving enzyme, C4b2a3b.
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The C3b may also bind to the adjacent membrane (Law and Dodds 1997). The
coating of membranes with C3b is called opsonisation and mediates interactions with

phagocytic cells (see section 1.2.1)

CS5 is the first component of the terminal pathway and is a two-chain plasma protein
that binds non-covalently to the C5 convertase. CS is cleaved by C2a at a single site
in the a-chain, releasing a small pro-inflammatory fragment CS5a (11kDa). The
larger fragment C5b (181kDa) contains a labile hydrophobic surface binding site and
a binding site for C6 (Loos 1985) (figure 1.1).

1.1.2 The alternative pathway

The AP is antibody independent and is initiated by the binding of C3b to an
activating surface. This C3b may arise from the cleavage of C3 through classical or
lectin pathway activation and in this way the AP serves as an amplification loop for
these pathways. Alternatively, the C3b may arise due to a process called ‘tickover’.
In ‘tickover’ the internal thioester of C3 undergoes spontaneous hydrolysis at a slow
rate, about 1% of the total C3 in plasma per hour. A conformationally altered C3
arises called C3(H,0), a C3b-like molecule. This C3b-like molecule can bind factor
B (fB; 93kDa) in solution enabling a constitutively active serum protease, factor D
(fD; 26kDa), to cleave fB (Volanakis and Narayana 1996). Factor B is cleaved at a
single site resulting in release of a smaller fragment Ba (30kDa) and the generation
of a larger fragment Bb (63kDa). The cleavage into Bb activates a serine protease
domain within the molecule which forms a fluid phase C3 convertase, C3(H,O)Bb.
This enzyme can bind and cleave C3 resulting in deposition of C3b on adjacent
surfaces and AP activation. The generated C3b binds fB in a magnesium dependent
manner rendering it susceptible to cleavage by fD as before and results in the
generation of C3bBb, the AP C3 convertase. This convertase is stabilised and its
lifetime extended by the binding of properdin, the only known positive regulator of C
(Hourcade 2006). The resultant C3b from this convertase may become surface
bound acting to recruit more fB, amplifying the C3 convertase formation, or it may
bind to the C3 convertase to form a C5 convertase, C3bBbC3b. C3bBbC3b can bind
C5 allowing the cleavage of C5 by Bb and thereby marking the beginning of the
terminal pathway (Xu, Narayana et al. 2001) (figure 1.1).
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1.1.3 The lectin pathway

The LP is activated when mannan-binding lectin (MBL) or ficolins bind to sugar
residues in bacterial cell walls. MBL is a serum C-type lectin structurally similar to
Clq, consisting of multiple copies of a single subunit composed of three identical
polypeptide chains. The polypeptide chains form a helical collagen-like domain and
C-terminal carbohydrate recognition domains (CRD). Through the CRD, MBL
binds carbohydrates in the presence of calcium while it is associated with MBL-
associated serine proteases (MASPs) through the collagen like domain. Ficolins
consist of a collagen like domain, through which they are also associated with
MASPs, and a fibrinogen like domain through which they bind to carbohydrates
(Endo, Takahashi et al. 2006). There are three MASPs which are associated with
MBL and ficolins: MASP-1, MASP-2 and MASP-3. MASP-3 is an alternatively
spliced form of MASP-1 while MASP-2 has an alternatively spliced form, sMAP
which lacks the serine protease domain and is believed to compete with MASPs for
binding to MBL and ficolins. The binding of MASPs to MBL or ficolin activates
MASPs by promoting their auto-activation through cleavage at a single site,
analogous to the activation of C1lr and C1s when bound to C1q. While three MASPs
exist, MASP-2 is sufficient for LP activation. The function of MASP-1 and 3 remain
unclear. MASP-2 cleaves C4 and C2, as Cls does in the CP, generating the C3
convertase (Hajela, Kojima et al. 2002; Sorensen, Thiel et al. 2005). The pathway
then follows the same cascade as the CP (figure 1.1).

1.1.4 The terminal pathway

All three activation pathways lead into the membrane attack or terminal pathway.
Whilst still attached to the C5 convertase, C5b binds C6, a single chain protein,
resulting in a conformational change in C6 that exposes a C7 binding site. Once C7
attaches to the complex a further conformational change occurs resulting in the
detachment of C5b67 from the convertase. The fluid phase C5b-7 complex contains
a transient, high-affinity lipid binding site that is susceptible to inactivation by
hydrolysis or interaction with other plasma proteins, C5b-7 that does encounter the
membrane physically associates with it. The next component C8 consists of 3 chains
(o, p and y). C8 binds to the C5b-7 complex through its B-chain. The C5b-8
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complex can cause slow lysis of erythrocytes as the a-chain of C8 mserts through the
membrane causing them to become leaky (Schreck, Parker et al. 2000). The final
component, C9, binds to the a-chain of C8 and unfolds, inserts into the membrane
and increases leakiness. The unfolding of C9 enables polymerisation of further C9
molecules which also insert into the membrane forming a pore-like structure called
the membrane attack complex (MAC) (Podack and Tschopp 1984). The MAC
increases permeability leading to osmotic lysis of simple cells such as erythrocytes or
in bacteria it disrupts the outer membrane increasing permeability and inducing lethal

changes in the inner membrane.

1.2 The physiological roles of C
C not only mediates the killing of invading pathogens either directly through the

formation of the MAC or indirectly through enhancement of phagocytosis, but is also
involved in the solubilisation of immune complexes, the induction of humoral and

cellular immune systems, the clearance of apoptotic cells and the activation of certain

cell types.

1.2.1 Bacterial killing

C can kill pathogens through the formation of the MAC on the cell surface
(discussed 1.14) or through the induction of phagocytosis. Pathogens or cellular
debris opsonised with C3b or its breakdown products, iC3b and C3dg, are recognised
by phagocytic cells via complement receptors expressed on these cells (Taylor 1983).
C3a and C5a, released during C activation, enhance phagocytosis by stimulating the
migration of neutrophils, eosinophils, basophils and monocytes which express
receptors for these fragments (Hugli 1981). These anaphylatoxins can also activate
cells increasing vascular permeability, causing smooth muscle contraction and

histamine release from mast cells and basophilic leukocytes.

1.2.2 Immune complex clearance

Immune complexes, antigen-antibody complexes, become more insoluble as they

grow resulting in precipitation and inflammation. C plays several roles in clearing
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immune complexes. Firstly, the complex itself can activate: C resulting in
opsonisation of the complex preventing further growth by masking antigenic sites.
Opsonisation of large immune complexes with C3b can break apart the complex
resulting in it disaggregating. Secondly, C3b and C4b on the immune complex can
bind CR1 (CD35), a complement receptor expressed on erythrocytes. Binding to
erythrocytes via CR1 results in the removal of the complex from the circulation as
the complexes are carried to the liver and spleen where they are internalised and
degraded (Schifferli 1996).

1.2.3 Humoral immune response

The discovery that a transient reduction in C3 led to impairment in antibody response
suggested that C was involved in adaptive immunity (Pepys, Mirjah et al. 1976).
Opsonisation of antigen containing complexes with C3b enhances B cell immunity.
The complement receptor CR2 (CD21) binds C3b opsonised antigens and forms a
receptor complex with CD19 and CD81, the B cell receptor. Co-engagement of
CD21-CD19-CD81 lowers the threshold for B cell activation (Dempsey, Allison et
al. 1996). The expression of CR1 and CR2 on follicular dendritic cells (FDCs)
serves to retain C3-coated antigen within the lymphoid compartment where antigen
is presented to B and T lymphocytes (Carroll 2004). '

1.2.4 Apoptosis

C influences apoptosis in diverse ways. Firstly, C can protect cells from undergoing
apoptosis. CS5a inhibits spontaneous apoptosis in neutrophils while the MAC can
inhibit apoptosis of cells in the central nervous system by up-regulating anti-
apoptotic genes and down-regulating pro-apoptotic genes (Lee, Whyte et al. 1993;
Rus, Niculescu et al. 2001). Secondly, C plays a role in the clearance of apoptotic
cells. Clq binds apoptotic cells and via specific receptors on phagocytes including
CD91 and calreticulin it initiates phagocytosis (Ogden, deCathelineau et al. 2001).
The opsonisation of apoptotic bodies with fragments of C4 and C3 also aids the

recognition and clearance via interaction of the C fragments with C receptors on

phagocytes. s
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1.2.5 Cell activation

C activation at a cell surface does not always result in cell death. Cells are protected
by the expression of regulators (discussed section 1.3), inactivation of C components
by hydrolysis, proteolysis or phosphorylation at the cell surface, or due to the active
removal of MAC by a cell. MAC can be removed from cell membranes via shedding
on membrane vesicles or internalisation and degradation (Hansch, Betz et al. 1984).
The deposition of MAC on a cell membrane that does not result in cell death is
referred to as sub-lytic attack. Sub-lytic attack activates phagocytes resulting in
release of inflammatory mediators such as prostaglandins, thromboxanes,
leukotrienes and reactive oxygen species. On aortic smooth muscle cells and
Schwann cells sub-lytic attack stimulates cell proliferation (Niculescu, Badea et al.
1999; Dashiell, Rus et al. 2000).

1.3 Complement Regulation
To prevent inappropriate C attack on self-cells an array of C regulators (CReg) exist.

A group of over 10 proteins regulate either in the fluid-phase or on the membrane of
host cells. These regulators inhibit the activation pathways and the terminal pathway
of C. The CRegs found in humans are summarised in table 1.1 and a schematic of

their sites of action is shown in figure 1.2.
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Regulator | Location | Ligand Function

Cl-inh Plasma Cl1 Dissociates the activated C1 complex and acts
as a chaperone for C1 in plasma preventing
spontaneous fluid phase activation.

C4bp Plasma C4b Accelerates the decay of the CP convertases
and acts as a cofactor for the factor I mediated
cleavage of C4b.

Factor H | Plasma C3b Accelerates decay of AP convertases and acts
as cofactor for factor I mediated cleavages of
C3b.

Factor I Plasma C4b, C3b | In conjunction with a cofactor cleaves C3b
and C4b inactivating them.

CR1 Membrane | C4b, C3b, | Possesses decay accelerating activity and

(CD35) iC3b cofactor activity.

DAF Membrane | C4b, C3b | Accelerates decay of the convertases.

(CD55)

MCP Membrane | C4b, C3b | Acts as a cofactor for factor I mediated

(CD46) cleavages of C4b and C3b.

S-Protein | Plasma C5b-7 Binds C5b-7 in the fluid phase preventing
binding to a membrane.

Clusterin | Plasma C5b-7 Binds C5b-7 in the fluid phase masking the
membrane-binding site.

CD59 Membrane | C5b-8 Binds to C5b-8 complex preventing multiple
C9 from binding and forming the MAC

Rat regulators

Rat DAF | Membrane | C4b, C3b | Accelerates decay of the convertases.

Rat MCP | Membrane | C3b, C4b | Can act as a cofactor for factor I but

(testis expression pattern suggests it has more of a
[ specific) role in reproduction.

Rat Crry | Membrane | C3b, C4b | Acts as a decay accelerator of the convertases
and as a cofactor for factor 1.

Rat CD59 | Membrane | C5b-8 Binds to C5b-8 complex preventing multiple
C9 from binding and forming the MAC

Table 1.1 Complement regulatory proteins.

A summary of the CReg found in humans as well as the membrane-associated

regulators found in rats.
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1.3.1.2 C4b binding protein

C4bp regulates the CP and LP by accelerating the decay of the preformed C3
convertase (figure 1.4A), preventing the association of C4b with the convertase
subunits or by acting as a cofactor for the fl mediated cleavage of C4b (Gigli, Fujita
et al. 1979). As a cofactor for fI (see below), C4bp binds C4b inducing a
conformational change that renders C4b susceptible to cleavage and inactivation by
fl. C4b is cleaved into iC4b and further into C4c and C4d (Seya, Nakamura et al.
1995) (figure 1.4B). C4bp has an oligomeric structure with isoforms containing
different compositions of a and B chains. The most common isoform contains seven
a-chains, each containing 8 SCRs, and one f-chain, containing 3 SCRs. The chains
are covalently linked at the C-terminus by disulphide bonded cysteine residues
(Chung and Reid 1985) (figure 1.5A).

1.3.1.3 Factor H

Factor H, a single chain glycoprotein, consists of twenty SCRs and regulates the AP
(figure 1.5B) (Ripoche, Day et al. 1988). It prevents the amplification of the AP by
binding to C3b preventing association with fB, by accelerating the natural decay of
the C3 and CS5 convertases or by acting as a cofactor for the fI mediated cleavage of
C3b. As a cofactor for fI, fH promotes the cleavage of C3b resulting in the
formation of inactive C3b (iC3b) and the release of C3f (Harrison and Lachmann
1980).

1.3.1.4 C1 inhibitor.

Cl-inh, a member of the serine protease inhibitor family (serpin), inactivates several
different proteases. It inactivates Clr, C1s and MASPs in the C system in addition to
Factor XII and kallikrein in the contact system, Factor XI and thrombin in the
coagulation system and tissue plasminogen activator and plasmin in the fibrinolytic
system. An exposed reactive loop within Cl-inh acts as a pseudo-substrate for the
protease. Cleavage of this loop by a protease results in a conformational change
trapping the protease in a complex with Clinh (Bos, Hack et al. 2002). In addition to
acting as a substrate for Clr, Cls and MASPs resulting in their inactivation, C1-inh
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acts as a chaperone for C1 in plasma preventing spontaneous activation (Tenner and
Frank 1986).

1.3.1.5 Factor I

Factor I is a two-chain serine protease that, in the presence of a cofactor (C4bp, fH,
MCP or CR1), cleaves C3b or C4b within their a’-chains thereby inactivating them
(figure 1.4B) (Tsiftsoglou, Willis et al. 2005). C3b is cleaved into iC3b and C3f
(Harrison and Lachmann 1980). In the presence of CR1, C3 can be degraded further
into C3c and C3dg (Ross, Lambris et al. 1982). The cleavage of C4b proceeds via
iC4b, which is rapidly cleaved to give C4c and C4d (Shiraishi and Stroud 1975;
Nagasawa, Ichihara et al. 1980)

1.3.1.6 Complement receptor 1

CR1, a transmembrane protein, regulates both the CP and AP. Four allelic variants
of CR1 exist; the most common consists of 30 SCRs and has a molecular weight of
190kDa. Based on a degree of internal homology, all except the two C-terminal
SCRs are arranged into larger units of 7 SCRs called Long Homologous Repeats
(LHRs). CR1 serves to clear immune complexes from the circulation (discussed
1.2.2) and also regulates C by accelerating the decay of the C3 and C5 convertases in
addition to acting as a cofactor for the fl-mediated cleavages of both C3b and C4b.
CR1 is the only cofactor in humans to act as a cofactor for the third fl-mediated
cleavage of C3b into C3dg (Krych-Goldberg and Atkinson 2001).

1.3.1.7 Decay Accelerating Factor (DAF)

DAF, a 70-80kDa glycoprotein, accelerates the natural decay of the C3 and C5
convertases of both the CP and AP. DAF consists of four SCRS, a region rich in
serine, proline and threonine (STP) residues and a GPI-anchor (figure 1.6). SCRs 2
and 3 regulate the CP while SCRs 2-4 are necessary to regulate the AP (Coyne, Hall
et al. 1992). A hydrophobic patch between SCRs 2 and 3 appears to be necessary for
function (Lukacik, Roversi et al. 2004). DAF interacts with the individual
components of the convertase (i.e. C3b and Bb or C2a) with a much lower affinity
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than for the whole convertase enabling DAF to selectively bind and decay the active
convertase (Harris, Abbott et al. 2005).

1.3.1.8 Membrane Cofactor Protein (MCP)

MCP is an abundantly expressed cofactor for the fl-mediated cleavage of C3b into
iC3b and C4b into C4c and C4d (Seya, Turner et al. 1986; Seya and Atkinson 1989).
MCP is capable of regulating all the activation pathways of C but evidence suggests
it has a major role in regulating the AP of C and can only act on C3b that is not part
of a convertase (Barilla-LaBarca, Liszewski et al. 2002). MCP consists of 4 N-
terminal SCR domains, a heavily glycosylated STP region, a small segment of 12
amino acids of unknown function followed by a transmembrane region and a
cytoplasmic domain (figure 1.6) (Lublin, Liszewski et al. 1988). Alternative splicing
gives rise to 3 different STP regions, A, B and C, as well as different cytoplasmic
tails including cyt-1 (16 amino acids) and cyt-2 (23 amino acids) (Post, Liszewski et
al. 1991). C4b binding and cofactor activity has been located to SCRs 2-4 although
SCR 1 is required for optimal activity while C3b cofactor activity resides in SCRs 2-
4 with SCRS 3 and 4 binding C3b (Adams, Brown et al. 1991).
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1.3.2 Regulation of the terminal pathway.

Regulation of the terminal pathway is carried out by S-Protein and Clusterin, fluid
phase regulators, and CD59, a membrane associated regulator. Regulation of the
terminal pathway is particularly important to prevent against ‘bystander lysis’, when
C5b-7 complexes formed in response to a target surface attach to a neighbouring

‘innocent’ host cell causing lysis of the host cell.

1.3.2.1 S-Protein.

S-Protein, also known as vitronectin, is a 75kDa glycoprotein that binds C5b-7 in the
fluid phase, masking the membrane binding site and preventing association with the
membrane (Podack and Muller-Eberhard 1979; Podack, Preissner et al. 1984). The
complex retains its capacity to bind C8 and C9 forming sC5b-9, soluble MAC which
is known as the terminal complement complex (TCC). To a lesser extent S-Protein
can inhibit the incorporation of C9 into membrane bound C5b-8 complexes (Milis,

Morris et al. 1993)

1.3.2.2 Clusterin

Clusterin, a highly conserved glycoprotein, was believed to regulate C as it was
present in sC5b-9 complexes (Murphy, Kirszbaum et al. 1988). Its role as CReg has
been controversial with some studies demonstrating binding to C5b-7, preventing the
binding of the complex to membranes, while other studies showed that addition of
Clusterin to C5b6, C7, C8 and C9 enhanced lysis or that physiological concentrations
of Clusterin did not regulate C (Choi, Mazda et al. 1989; Jenne and Tschopp 1989;
Hochgrebe, Humphreys et al. 1999). The emerging picture is that Clusterin acts as
an extracellular chaperone, serving as a hydrophobic ‘sink’ to remove toxic or
damaged molecules away from cells (Wilson and Easterbrook-Smith 2000). In this
way Clusterin binds terminal C complexes through their hydrophobic regions

clearing them from the circulation rather than directly regulating C.
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1.3.2.3 CDS9

CD59, a widely expressed GPI anchored membrane glycoprotein, has a variety of
names including membrane inhibitor of reactive lysis, HRF-20, protectin and MAC
inhibitory factor. It inhibits MAC formation by binding to the a-chain of C8 within
the C5b8 complex allowing only a single copy of C9 to bind, preventing the
unfolding, polymerisation and insertion of C9 into the membrane (figure 1.7) (Meri,
Morgan et al. 1990; Rollins and Sims 1990). CD59 contains 5 intrachain disulphide
bonds that maintain the disc shaped structure of the molecule (Sugita, Nakano et al.
1993; Fletcher, Harrison et al. 1994). Molecular engineering was used to locate the
active site, which was found to be on the upper face of the disc around a hydrophobic
groove formed between two anti-parallel B-sheets (Bodian, Davis et al. 1997).
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1.3.3 Rat complement membrane regulators.

In recent years much of the work on CReg has focussed on identifying analogues of
the human CReg in other species, of particular interest to the work in this thesis are

the rat CReg.

1.3.3.1 Rat DAF

Rat DAF is capable of accelerating the decay of the C3 and C5 convertases. Rat
DAF consists of 4 N-terminal SCRs and an STP region (Hinchliffe, Spiller et al.
1998). However, two membrane forms of rat DAF exist due to alternative splicing
of a single gene giving rise to either a GPI-anchored or a transmembrane protein
(Miwa, Okada et al. 2000). GPI-anchored DAF is widely expressed particularly on
circulating cells, with the exception of T cells, and on endothelia whilst
transmembrane DAF is testis specific (Miwa, Okada et al. 2000; Hanna, Spiller et al.
2002).

1.3.3.2 Rat MCP

Rat MCP consists of 4 N-terminal SCRs, an STP region, a transmembrane region and
a cytoplasmic domain although alternative splicing within the STP region and
cytoplasmic domain can give rise to several isoforms. Although expression is
restricted to the inner acrosomal membrane of sperm, rat MCP does retain the ability
to act as a cofactor for fI (Mead, Hinchcliffe et al. 1999; Mizuno, Harris et al. 2004).
Its location on sperm suggests more of a role in reproduction. A study by Inoue et al.
suggested MCP had a suppressive role in reproduction as MCP deficient mice had

accelerated acrosome reactions and enhanced fertility (Inoue, Ikawa et al. 2003).

1.3.3.3 Rat Crry

Rat Crry is a widely expressed CReg unique to rodents, Crry was first discovered in
mice and then two groups identified rat Crry (Wong and Fearon 1985; Quigg,
Galishoff et al. 1993; Takizawa, Okada et al. 1994). Crry inhibits C activation of
both the CP and AP, although in vivo data suggests it has a more dominant role in
regulating the AP (Molina, Miwa et al. 2002). Crry possesses both fI cofactor
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activity and decay accelerating activity, suggesting it was a functional homologue of
both DAF and MCP in rodents (Kim, Kinoshita et al. 1995). However, the sequence
more closely resembles human CR1 and so Crry is considered a CR1 homologue
(Molina, Wong et al. 1992).

Crry consists of SCRs, a transmembrane domain and a cytoplasmic tail. Two forms
have been identified in the rat, one containing 6 SCRS and the other 7 (Quigg, Lo et
al. 1995). Although the exact functional site of Crry has not been identified, it is
believed that function lies within SCRs 1-4 as they are homologous to SCRs 1-4
within mouse and human CR1 where CReg activity resides (Kalli and Fearon 1994;
Molina, Kinoshita et al. 1994). SCR 5 of Crry is homologous to SCR 30 of human
CR1 while the remaining SCRs, 6 and 7, are homologous to SCR 6 in human CR1.
Crry appears to be the dominant CReg in rodents as Crry deficiency is embyronically
lethal due to uncontrolled C activation and it has been demonstrated that Crry is
necessary for the protection of both T cells and erythrocytes in vivo (Xu, Mao et al.
2000; Hanna, Spiller et al. 2002; Miwa, Zhou et al. 2002). The blocking of Crry by
monoclonal antibodies in vivo caused increased vascular permeability,

leucocytopenia and thrombocytopenia (Matsuo, Ichida et al. 1994).

1.3.3.4 Rat CD59

Rat CD59 resembles human CD59 in terms of molecular weight, membrane
anchorage and stage of C inhibition (Hughes, Meri et al. 1993). It is broadly
expressed, although it is not expressed on T lymphocytes and platelets, and shows
44% homology with human CDS59 at the amino acid level (Funabashi, Okada et al.
1994; Hanna, Spiller et al. 2002). All 10 of the cysteine residues are conserved as

well as several other stretches.
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1.4 The role of complement in pathology
Under normal conditions CReg provide sufficient protection of self-cells from C

attack. However, C can be activated to an excessive degree or in an inappropriate
site and as a result has been implicated in the pathology of a number of inflammatory
diseases or states. These diseases include immune complex and autoimmune
diseases such as systemic lupus erythematosus and autoimmune arthritis, ischaemia-
reperfusion (I/R) injuries, sepsis, multiple trauma and neurodegenerative disorders
such as Alzheimer’s disease, multiple sclerosis and Guillian-Barré syndrome.
Diseases involving C and evidence for the role C activation in these diseases are
given in table 1.2. In autoimmune diseases C can be activated by antibodies that
recognise self-antigens leading to C deposition and destruction of host cells and
tissue (Semple and Freedman 2005). In I/R injuries it is believed that C is activated
by membrane phospholipids and mitochondrial proteins that become exposed due to
the ischaemia, following reperfusion these serve as neoantigens to activate C
(Austen, Kobzik et al. 2003; Chan, Ibrahim et al. 2003). In therapeutic interventions,
exposure of blood to a foreign surface whether that be in dialysis or transplantation,

can activate C via the AP.

C mediates injury either directly by the MAC or indirectly by the generation of the
anaphylatoxins C3a and C5a. The MAC causes tissue damage by lysing unprotected
cells as well as having pro-inflammatory activity, inducing cell activation resulting in
production of inflammatory chemokines and expression of P- and E-selectins and
intercellular adhesion molecules (Kilgore, Shen et al. 1995; Kilgore, Schmid et al.
1997; Tedesco, Pausa et al. 1997). The peptides, C3a and C5a, induce damage
through their effects upon neutrophils, eosinophils and mast cells (Wetsel 1995).
C5a acts as a potent chemoattractant in addition it induces the production of a wide
range of inflammatory mediators. C3a acts as a chemoattractant for eosinophils and

mast cells and activates these cells to produce inflammatory mediators.
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Disease Evidence References

Rheumatoid arthritis | C activation products in synovial fluid and on synovial Brodeur, Ruddy et al. 1991; Kemp, Spragg et
membrane. al. 1992; Wang, Rollins et al. 1995;
Systemic C inhibition or C deficiency suppresses disease in Goodfellow, Williams et al. 2000; Kaplan
various animal models. 2002
Treatment of patients with an anti-C$ antibody lessened disease
severity.

Glomerulonephritis | Abundant deposits of C activation products in glomeruli. Davis and Cavallo 1976; Adler, Baker et al.
C activation products found in urine of patients with glomerular | 1984; Couser, Johnson et al. 1995; Nangaku,
disease Pippin et al. 1999; Morita, Ikeguchi et al.

C inhibition or deficiency suppresses disease in models. 2000

Multiple sclerosis C activation products in cerebrospinal fluid and around areas of | Morgan, Campbell et al. 1984; Compston,
demyelination in the CNS. Morgan et al. 1989; Piddlesden, Storch et al.
C inhibition suppresses disease in animal models. 1994; Davoust, Nataf et al. 1999

Alzheimer’s disease | C deposition in and around plaques in the CNS. Rogers, Cooper et al. 1992; Jiang, Burdick et
Up-regulation of C components in diseased brain. al. 1994; Shen, Li et al. 1997; Terai, Walker et
Deposited plaques capable of activating C. al. 1997; Yasojima, Schwab et al. 1999

Myocardial Abundant C deposits in and around infarcts. Pinckard, Olson et al. 1975; Pinckard,

infarction Reperfusion associated with C activation in ischaemic area. O'Rourke et al. 1980; Shandelya, Kuppusamy
C inhibition at time of reperfusion in models reduces infarct et al. 1993; Mathey, Schofer et al. 1994;
size. Vakeva, Agah et al. 1998
Reduced serum C levels after myocardial infarction.

Stroke Abundant C deposits in and around affected area. Davis and Brey 1992; Huang, Kim et al.

C deficient animals have reduced infarct size. 1999; Imm, Feldhoff et al. 2002; Figueroa,
C inhibition at time of reperfusion shown to reduce damage. Gordon et al. 2005

Guillian-Barré C deposition found at nerve and activation products found in Sanders, Koski et al. 1986; Hartung,

syndrome spinal fluid. Schwenke et al. 1987; Jung, Toyka et al.

C depletion and anti-C therapy reduces disease severity.

1995; Vriesendorp, Flynn et al. 1995; Putzu,
Figarella-Branger et al. 2000

Table 2.1 continued overleaf
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Disease Evidence References
Adult respiratory C activation products found in lungs and plasma. Robbins, Russ et al. 1987; Zilow, Joka et al.
distress syndrome Anti-C therapy therapeutically effective in condition. 1992; Zimmerman, Dellinger et al. 2000
(ARDS)
Systemic lupus C involved in tissue damage with C activation products found in | Belmont, Hopkins et al. 1986; Helm and
erythematosus lesions and in plasma. Peters 1993; Wang, Hu et al. 1996; Stone,
C inhibition in animal models decreases proteinuria in Williams et al. 2000; Rupert, Moulds et al.
associated renal disease. 2002
C also protective as C1q and C4 deficiency predisposes to
disease development, early stages of C necessary for clearance
of apoptotic bodies and immune complexes.
Myasthenia gravis C activation products on post-synaptic membrane. Sahashi, Engel et al. 1978; Sahashi, Engel et
C consumption in vivo al. 1980; Engel and Arahata 1987; Christadoss
C deficiency or inhibition reduces disease severity in animal 1988; Piddlesden, Jiang et al. 1996; Romi,
models. Kristoffersen et al. 2005
Cardiopulmonary C activation products in plasma. Amadori, Candi et al. 1983; Cheung, Parker et
bypass and Coating circuits found to reduce C activation. al. 1994; Rinder, Rinder et al. 1995; Tamim,
haemodialysis Inhibition of C in vivo inhibits reaction to extracorpeal circuits. | Demircin et al. 1999

Hyperacute rejection

C activation products found in transplanted tissue.
C deficiency and anti-C therapy prolongs graft survival.

Forbes, Pinto-Blonde et al. 1978; Forbes and
Guttmann 1982; Pruitt and Bollinger 1991;
Brauer, Baldwin et al. 1995; Abe, Sawada et
al. 2003

Table 1.2 Complement in pathology.

A summary of some of the diseases associated with C activation along with evidence for the role of C in these disease states.

43



1.5 Anti-complement therapeutics
Although C is not always the primary cause of many of the diseases listed in table

1.2 it has been associated with, it does contribute to the resultant pro-inflammatory
cycle and tissue damage and has therefore become a therapeutic target. Numerous
agents have been tested as potential anti-complement therapeutics; these include

polyanionic reagents, peptides, antibodies and recombinant proteins.

1.5.1 Cobra venom factor
Cobra venom factor (CVF) was the first anti-C therapeutic to be tested in models.

CVF binds fB forming a stabilised AP C3 convertase (CVFBb). Compared to
C3bBb the complex has an extended half-life, 7 hours compared to 1.5 minutes, and
is resistant to fluid phase regulation (Vogel, Bredehorst et al. 1996). CVFBb
continuously activates the AP thereby consuming C3 and obliterating C activity in
experimental animals for between 24 and 72 hours. The use of this reagent has
however been limited as it is strongly antigenic resulting in the generation of
neutralising antibodies. CVF has been a useful proof of principle demonstrating that
anti-C therapy is relevant to many pathologies. Recently, human C3 was used to
generate chimeric derivatives of CVF that stabilised the C3 convertase whilst
reducing the immunogenicity of CVF paving the way to use a CVF-like molecule
therapeutically (Kolln, Spillner et al. 2004).

1.5.2 Polyanionic agents
A number of polyanionic molecules including heparin, dextran sulphate, polyvinyl

sulphate, polylysine and suramin have been shown to inhibit C in vitro (Asghar
1984). Heparin has been shown to inhibit C at various points including inactivating
Cl1, blocking assembly of the C3 convertase and interfering with MAC assembly
(Baker, Lint et al. 1975; Hughes-Jones and Gardner 1978; Weiler 1983). In vivo,
heparin is widely used as an anti-coagulant in patients with shock syndromes and to
coat extracorpeal circuits in dialysis and cardiopulmonary bypass where it serves to
prevent coagulation and C activation (Ovrum, Mollnes et al. 1995; Heyer, Lee et al.

2002). Its role as an anti-C therapeutic in vivo has not been extensively addressed.
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1.5.3 Small molecule inhibitors
A number of natural and synthetic molecules have been shown to inhibit C in vitro as

well as in vivo. For a summary of these molecules see table 1.3. Whilst the small
molecule inhibitors are cost-effective, have good tissue penetration and can be
developed for oral use, they often have non-specific effects affecting more than just
the C system. They are also limited by their short in vivo half-lives resulting in their
rapid clearance from the body making them unsuitable for long term anti-C therapy

in chronic inflammatory conditions.

Molecule Synthetic/ | Action and uses References
natural

K76COOH Natural, a | Inhibits C at the C5 stage. Konno and
fungal Effective in vivo in animal Tsurufuji 1983;
metabolite | models. Iida, Izumino et

al. 1987; Yamada,
Kudoh et al. 1997

FUT-175 Synthetic | Broad-spectrum serine protease, | Issekutz, Roland
organic acts as an inhibitor for Cls, fD et al. 1990; Inagi,
molecule | and the C3/C5 convertases. Miyata et al.

Effective in various animal 1991; Fujita,
models where it proved to be Inoue et al. 1993
anti-inflammatory. Effective in

glomerulonephritis patients.

BCX-1470 Synthetic | Inhibits fD, Cls as well as Szalai, Digerness
organic thrombin, factor Xa and trypsin. | et al. 2000
molecule | Inhibited development of reverse

passive Arthus reaction induced
oedema in rats.

Compstatin Synthetic | Binds C3 and prevents cleavage. | Sahu, Kay et al.
cyclic Effective in an ex vivo model of | 1996; Nilsson,
peptide kidney xenotransplantation, Larsson et al.

inhibited C activation on 1998; Fiane,
extracorporeal circuits and Mollnes et al.
abrogated C activation induced 1999; Soulika,
by heparin-protamine complexes | Khan et al. 2000
in Baboons.

F-OpdChaWR | Synthetic | C5aR antagonist. Effective in Paczkowski,
cyclic vivo including inhibiting C5a- Finch et al. 1999;
peptide meditated neutropenia in rats. Short, Wong et al.

1999

Table 1.3 Small molecule inhibitors of C.

A summary of the small molecules used to inhibit C with their site of action, uses and

some key references.
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1.5.4 Regulation of C by therapeutic antibodies

Several antibodies have been developed against C5 that inhibit C by preventing the
cleavage of C5 (Wurzner, Schulze et al. 1991). Anti-C5 monoclonal antibodies have
been tested in mouse models of immune complex nephritis and collagen-induced
arthritis, and a rat model of myocardial I/R injury (Wang, Rollins et al. 1995; Wang,
Hu et al. 1996, Vakeva, Agah et al. 1998). In all these models anti-C5 antibodies
proved therapeutically effective. To enable testing of these reagents in humans, a
humanised antibody was created and a single-chain Fv fragment (scFv) derived from
the antibody (Thomas, Rollins et al. 1996). The scFv antibody significantly reduced
C activation and therefore myocardial damage in patients on cardiopulmonary bypass
(Fitch, Rollins et al. 1999). This reagent, termed Pexelizumab™, is now in advanced
stages of development for acute conditions such as cardiopulmonary bypass,
myocardial infarction and stroke, and chronic situations including rheumatoid
arthritis, nephritis, dermatomyositis and pemphigus (Kaplan 2002; Whiss 2002).
Phase II trials of Pexelizumab in acute myocardial infarction have been disappointing
as it did not reduce infarct size or adverse clinical outcomes despite blocking C
activity in vivo (Mahaffey, Granger et al. 2003). However, the observation that it
reduced mortality in myocardial infarction patients and patients undergoing
cardiopulmonary bypass means that it warrants further investigation as a viable anti-
C therapeutic (Granger, Mahaffey et al. 2003; Shernan, Fitch et al. 2004).

1.5.5 Soluble complement regulators

Many of the fluid phase regulators are at such a high concentration in plasma that
large quantities would have to be used to see any therapeutic affect. However, C1-
inh purified from plasma has been used therapeutically in hereditary angioedema
(HAE), which results from a Cl-inh deficiency (Donaldson and Evans 1963). By
inhibiting the activity of C1 and other proteolytic cascades, C1-inh resolved the
oedema. Experimental models have also demonstrated the therapeutic benefit of C1-
inh in the treatment of septic shock, acute pancreatitis, myocardial infarction and
liver /R injury (Buerke, Murohara et al. 1995; Niederau, Brinsa et al. 1995;
Horstick, Heimann et al. 1997; Heijnen, Straatsburg et al. 2006). In murine cerebral
I/R injury, Cl-inh reduced ischaemic volume and neurological deficits by down-

regulating the expression of adhesion molecules and pro-inflammatory cytokines
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whilst up-regulating protective cytokines (De Simoni, Storini et al. 2003; Storini,
Rossi et al. 2005). Recently, recombinant C1-inh has been produced and reached
phase I clinical trials in HAE (van Doorn, Burggraaf et al. 2005).

1.5.6 Recombinant membrane regulators

1.5.6.1 Recombinant soluble CR1

The first and best-characterised soluble recombinant form of a membrane-associated
regulator is soluble CR1 (sCR1). sCR1 is comprised of the extracellular domains of
CR1 (30 SCRs) and inhibits the formation of the C3 and C5 convertases by acting as
a decay accelerator and a cofactor for the factor I mediated cleavages of C3b and
C4b (figure 1.8A). sCR1 has been shown to be protective against tissue injury in
several animal models of acute and chronic inflammatory conditions including
myasthenia gravis, multiple sclerosis, rheumatoid arthritis, glomerulonephritis and
I/R injuries (Weisman, Bartow et al. 1990; Piddlesden, Storch et al. 1994; Couser,
Johnson et al. 1995; Goodfellow, Williams et al. 1997; Eror, Stojadinovic et al. 1999;
Goodfellow, Williams et al. 2000). sCR1 has been tested in human with ARDS and
in patients on cardiopulmonary bypass where the agent was well tolerated and
effectively inhibited C activation (Zimmerman, Dellinger et al. 2000; Rioux 2001).
This reagent is still undergoing development, particularly for males on
cardiopulmonary bypass as it provided more clinically effective in males than

females.

Various modifications have been carried out in order to improve the therapeutic
efficacy of sCR1 and its in vivo half-life. Removal of LHR-A (the N-terminal 7
SCRs) created a regulator specific for the AP of C (figure 1.8B). This reagent has
been used to dissect the relative contributions of the CP and AP in I/R injuries and
has the therapeutic advantage of still allowing C activation via the CP and immune
complex handling (Murohara, Guo et al. 1995; Scesney, Makrides et al. 1996). sCR1
has also been expressed containing an albumin-binding domain from streptococcal
protein G at the C-terminus. By enabling the attachment of the protein to albumin in
the circulation this approach resulted in an increased in vivo half-life of sCR1 whilst
not inhibiting function (Makrides, Nygren et al. 1996). Addition of Siayl Lewis X
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(sLeX) tetrasaccharide groups to sCR1 created a bifunctional molecule that localised
to sites of inflammation by binding P-, E- and L-selectins where it not only acted as a
CReg but also inhibited selectin-dependent leukocyte adhesion (Mulligan, Warner et
al. 1999; Rittershaus, Thomas et al. 1999). Perhaps the most promising sCR1
modification is APT070, a membrane targeted form of sCR1 containing only the 3
N-terminal SCRs (figure 1.8C). This molecule has been targeted to membranes by
the addition of a lipid targeting peptide at the C-terminus that contains positively
charged amino acids that bind the phospholipid membrane and a terminal myristoyl
group that inserts into the membrane bilayer (Smith and Smith 2001). APTO070
showed an enhanced C inhibitory activity compared to a non-membrane targeted
form of the protein and is effective in inhibiting disease in models of arthritis and
renal transplantation (Linton, Williams et al. 2000). Current studies are being carried
out to assess the role of APT070 in rheumatoid arthritis and renal transplantation
(Smith 2002). This lipid targeting strategy has been applied to other CReg including
rat Crry where it increased C inhibitory activity of the molecule and rat CD59 where
it created a reagent that suppressed disease in a model of theumatoid arthritis (Fraser,
Harris et al. 2002; Fraser, Harris et al. 2003).

1.5.6.2 Recombinant forms of other membrane regulators

CR1 is not the only membrane regulator to be expressed as a recombinant form and
tested for therapeutic efficacy. Soluble forms of both DAF and MCP have been
expressed and shown to inhibit C activation in vitro as well as in in vivo models
(Moran, Beasley et al. 1992; Christiansen, Milland et al. 1996). However, the
effectiveness of SDAF and sMCP is less than sCR1 presumably because sCR1
contains both decay accelerating activity and fI cofactor activity. Studies using
sDAF and sMCP show that they are much more effective together than alone and
therefore a hybrid molecule containing 4 SCRs of MCP and 4 SCRs of DAF called
C-activation blocker-2 (CAB-2) was generated (Christiansen, Milland et al. 1996;
Higgins, Ko et al. 1997). This molecule was therapeutically effective in a model of
the Arthus reaction and Forssman shock in vivo and reduced myocardial injury in an
ex vivo model of I/R injury (Kroshus, Salerno et al. 2000). More recently CAB-2
was shown to prolong graft survival in pig to primate cardiac xenografts (Salerno,
Kulick et al. 2002).
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1.5.6.3 Regulator hybrid molecules

Although soluble recombinant forms of the membrane CReg are effective in vivo
their therapeutic use is limited by their short circulating half-lives. Therefore to
extend their in vivo half-life and increase their therapeutic efficacy a number of
CReg hybrid molecules have been generated. To target CReg to a specific site,
antibody CReg hybrids have been created where the Fab antibody arms target the
CReg to a specific site (figure 1.9A). Hybrid molecules containing either CD59 or
DAF attached to anti-dansyl antibody fragments at the C-terminus efficiently target
to dansylated cells and protect against C lysis (Zhang, Yu et al. 1999; Zhang, Lu et
al. 2001). In vivo this strategy has been used to target rat Crry and rat CD59 to
kidney tubular epithelia where these reagents reduced tubulointestinal injury (He,
Imai et al. 2005). CReg have also been targeted to sites of C activation by generating
CReg-CR2 fusion proteins. CR2 binds C3 activation fragments including iC3b and
C3dg, which are present at sites of C activation. This approach has been used to
target DAF to sites of C activation in a mouse model of lupus nephritis although no
effect on clinical severity was assessed in this study (Song, He et al. 2003). The
targeting of Crry to sites of C activation in an intestinal I/R injury model using CR2
significantly reduced C-mediated injury as well as reduced susceptibility to infection

due to systemic C inhibition (Atkinson, Song et al. 2005).

A second type of CReg-antibody hybrid molecule utilises the Fc of an antibody to
confer a long circulating half-life upon attached molecules (Pugsley 2001). The
CReg domains replace the Fab arms of an antibody with the Fc attaching to the C-
terminus of the CReg (figure 1.9B). This approach was used to create a mouse Crry
fusion protein containing the Fc of mouse IgG1 (Quigg, Kozono et al. 1998). This
reagent had an increased in vivo half-life and was therapeutically effective in
glomerulonephritis, intestinal I/R injury and traumatic brain injury (Quigg, Kozono
et al. 1998; Rehrig, Fleming et al. 2001; Leinhase, Schmidt et al. 2006). Both DAF
and CD59-Fc fusion proteins have been generated containing a human Fc (Harris,
Williams et al. 2002). These reagents were effective in vitro at inhibiting C and the
DAF-Fc was shown to inhibit disease in a rat model of antigen-induced arthritis.

Such reagents are still undergoing development.
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1.5.6.4 ‘Prodrug’ regulators

DAF-Fc and CD59-Fc reagents were shown to have a reduction in function
compared to sDAF and sCD59 respectively (Harris, Williams et al. 2002). The
function was improved by insertion of ‘spacing’ domains between the CReg and the
Fc and full function was totally restored when the Fc domains were removed with
papain. Hence, the CReg function was reduced by steric restraint imparted by the Fc.
This observation resulted in the design of a CReg ‘prodrug’. In the proof-of-concept
molecule the minimal functional domains of human DAF (3 N-terminal SCRs) were
fused to the rigid Fc of human IgG2a in order to maximise the steric hindrance of the
CReg (Harris, Hughes et al. 2003). A short enzyme site was inserted between the
CReg and the Fc; the enzyme site was specific for either aggrecanase or matrix
metalloproteinases (MMPs). These enzymes are at high levels in arthritic joints and
cleave aggrecan, a major component of cartilage that is destroyed during arthritis
(Little, Hughes et al. 2002). The resultant DAF-Fc ‘prodrug’ had negligible C
regulatory activity but was cleaved by purified enzymes or enzymes present in
synovial fluid to release an active CReg. Thus a reagent with little or no systemic
activity was designed that could unleash powerful anti-C activity at target sites
(figure 1.9C). This reagent has not been tested therapeutically in vivo.
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1.6 Aims of this thesis

The overall aim of this work was to design and develop better inhibitors of C for use

in rats. To date many different anti-C therapeutics have been designed and tested in
various models of disease. These reagents all have their own advantages and
disadvantages with the disadvantages including systemic C inhibition leaving
individuals prone to bacterial infections and immune complex disease, short half-
lives resulting in continued administration and immunogenicity in animal models
preventing the testing of the reagents in models of chronic disease over long time
periods. The specific aims of this study where therefore:
1. To generate a totally rat CReg-Fc fusion protein using rat Crry and rat Fc
domains to reduce the immunogenicity of such reagents in rats.
2. To carry out functional analysis of rat Crry to locate the functional domains
and enable the generation of a rat Crry ‘prodrug’.
3. To test both the active Crry-Fc and ‘prodrug’ in rat models of disease.
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Chapter 2: Materials and methods.

Unless otherwise stated all chemicals were from Sigma Chemical Company or Fisher

Scientific UK Ltd.

2.1 Molecular Biology
The cloning of recombinant rat Crry and the Fc of rat IgG2a into expression vectors.

All RNA manipulations were carried out using Diethylpyrocarbonate (DepC) treated
autoclaved tips and vials. All DNA manipulations were carried out using autoclaved
tips, vials and solutions. All polymerase chain reactions (PCRs) were carried out
using a Dyad DNA engine (MJ Research Ltd).

2.1.1 Buffers and Broths

Buffer Contents

1x TAE: 40mM Tris, 40mM acetic acid, ImM EDTA pH 7.2

Agarose gel loading 20% glycerol (v/v) in 10x TAE with bromophenol blue.

buffer:

Lauria-Bertani (LB) 1% tryptone (w/v), 1% NaCl (w/v), 0.5% (w/v) yeast

broth: extract in water

LB Amp broth: 100ug/ml ampillicin in LB broth cooled to 50°C

LB Amp plates: As LB amp broth except the broth contained 1.5% agar

SOC: 2% tryptone (w/v), 0.5% yeast extract (w/v), 0.05%
NaCl (w/v) and 2.5mM KCl at pH 7. After autoclaving
10mM MgCl; and 20mM glucose was added and the
solution sterile filtered using a 0.22uM filter

2.1.2 RNA isolation

Rat oligodendroglioma cells (33B; ECACC) were harvested from a T80 tissue
culture flask, resuspended in 1ml UltraSpec™ RNA (Biotecx) and transferred to a
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DepC treated vial. Following incubation on ice for 5 minutes, 0.3ml chloroform was
added. Following vortexing to mix, the vial was incubated on ice for 5 minutes.
Following centrifugation at 12,000g for 15 minutes to separate the DNA and protein
phase from the RNA phase, the aqueous phase (RNA) was transferred to a fresh tube
and an equal volume of isopropanol was added to precipitate the RNA. The tube was
incubated on ice for 10 minutes and then centrifuged at 12,000g for 10 minutes. The
supernatant was removed and the pellet was washed twice in 70% (v/v) ethanol
diluted using DepC treated water. The washes involved vortexing the pellet to
resuspend and centrifugation at 7500g for 5 minutes. The pellet was briefly dried on
a heated block and dissolved in 100pl DepC treated water. The concentration of the
RNA was established using its absorbance at 260nm.

2.1.3 Reverse transcriptase-PCR (RT-PCR)
cDNA was prepared from the RNA isolated from the 33B cells.

The reaction consisted of:

1.5ug RNA, :

2ul pdN6 primers (Invitrogen Liﬁ; Technologies),

1.5u1 25mM dNTPs (Bioline), "\

6ul 5x 1st strand buffer (Invitrogen Life Technologies),
1.5ul RNAsin (Promega)

3ul DTT (Invitrogen Life Technologies).

DepC treated dH,O to take the reaction volume to 30pul.

After incubation at 65°C for 10 minutes followed by 10 minutes on ice, 1.5ul
Superscript I RNase H Reverse Transcriptase (Invitrogen Life Technologies) was
added. The reaction mix was incubated at 25°C for 10 minutes to allow the primers
to anneal, 42°C for 2.5 hours to extend the DNA and 99°C for 2 minutes to denature
the enzyme. The cDNA was stored at -20°C.

2.14PCR

A number of different PCRs were carried out to clone the different proteins for this

project. PCRs were carried out using either Taq (Bioline) or Vent proofreading
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(New England Biolabs) polymerase. For the cloning of DNA encoding SSCRs of rat
Crry a two step PCR reaction was used, this DNA was then used as a template to
clone the DNA for the other Crry proteins. Details of which method was used to
clone each construct as well as the source of DNA used is given in table 2.1. The
primers used for amplification, screening and sequencing of DNA were obtained
from Invitrogen Life Technologies. The primers were reconstituted using dH,O to
achieve a concentration of 100pmol/pl and then diluted to 10pmol/ul. Table 2.2

describes the primers used in each PCR.
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Product/ Primers PCR reaction c¢DNA source

Purpose

Fc of rat IgG2a IgG.1 and IgG.2 | Vent PCR Fc within a pDR2AEF1a
plasmid that had been
previously made in the
lab.

5SCR (for Fe Crryl, Crry2, Two stage PCR | Rat oligodendroglioma

fusion protein) CrryA and CrryB | to eliminate a cells.

BamH]1 site

4SCR (for Fc Crryl and Vent PCR Plasmid containing

fusion protein) 4SCRFc cDNA encoding 5SSCRs
of Crry

3SCR (for Fc Crryl and Vent PCR Plasmid containing

fusion protein) 3SCRFc c¢DNA encoding 5SCRs
of Crry

4SCR (non-Fc Crryl and SCR4 | Vent PCR Plasmid containing

fusion protein) cDNA encoding 5SCRs
of Crry

3SCR (non-Fc Crryl and SCR3 | Vent PCR Plasmid containing

fusion protein) cDNA encoding 5SSCRs
of Crry

Bacterial colony | EFl1a5°, EF1a3’ | Taq PCR Bacterial lysate used as

screening

and IgG3’

templates for PCR.

Table 2.1 The primers, PCR reaction and sources of cDNA used to clone the

recombinant rat Crry proteins and the Fc of rat IgG2a.
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2.1.4.1 Taq PCR
Where Taq polymerase (Bioline) was used as the enzyme each PCR contained the

following reagents:

100ng template DNA,

10pmol of forward primer,

10pmol of reverse primer,

2.5ul 10x NH4 buffer (Bioline; 160mM (NH4),SO4, 670mM Tris-HCI, 0.1% (v/v)
Tween-20), 1ul 50mM MgCl, (Bioline),

S5ul 1mM dNTPs (Bioline),

dH,O to take the reaction volume to 24.5ul.

The reaction was heated at 94°C for 3 minutes to denature the DNA and then 0.5ul
Taq polymerase (Bioline, 5U/ul) was added.

Each PCR consisted of the 30 cycles of:

Denaturation: 95°C for 30 seconds.

Annealing: 58°C for 30 seconds (annealing temperature is dependant upon
the specific primer used).

Extension: 72°C for 2 minutes

Followed by a final extension at 72°C for 15 minutes

2.1.4.2 Vent PCR

In the reactions where Vent polymerase (New England Biolabs) was used the
reaction consisted of:

100ng template DNA,

15pmol of forward primer,

15pmol of reverse primer,

2.5pl 10x ThermoPol reaction buffer (New England Biolabs; 100mM KCI, 100mM
(NH4)2S04, 200mM Tris-HCI pH 8.8, 20mM MgSOy, 0.1% (v/v) Triton X-100),
7.5ul 1mM dNTPs (Bioline),

dH,O to take the reaction volume to 24.5pul.

The reaction was heated to 94°C for 3 minutes prior to the addition of 0.5ul Vent
DNA polymerase (New England Biolabs, 2U/pul) to denature the DNA.
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Each PCR consisted of the same steps as the Taq polymerase reaction detailed above
(section 2.1.4.1).

2.1.4.3 Two step PCR
To clone the DNA encoding the 5SCRs of rat Crry a two step PCR reaction was

carried out to remove an internal BamH]1 restriction site that would interfere later
with the cloning procedure. The cloning strategy is demonstrated in figure 2.1. In
step 1 the DNA was amplified in two sections following method 2.1.4.1. For section
1 primers Crryl and CrryA (table 2.2) were used to amplify a 723 base pair fragment
of DNA. Primer CrryA contained an A —G base mutation at residue 248 conserving
the amino acid coded as a glycine but removing the BamH]1 site. Primer Crryl
incorporated an Xbal restriction site at the 5° end. For section 2 primers Crry2 and
CrryB (table 2.2) were used to amplify a 363 base pair fragment of Crry. The CrryB
primer was complementary to CrryA and also included the mutation at residue 248.

Primer Crry2 incorporated a BamH]1 restriction site.

In step 2, the two DNA sections from step 1 were allowed to anneal through their
complementary sequence and were used as a template to amplify DNA encoding the
entire 5SCRs of Crry. In this reaction 200ng of each of the products from step 1
were mixed together along with 5pl 10x ThermoPol reaction buffer (New England
Biolabs), 15u]l 1mM dNTPs (Bioline) and dH,O to bring the reaction volume to
43.5ul. The reaction was heated to 94°C for 4 minutes and 0.5ul Vent DNA
polymerase (New England Biolabs) was added.

Five cycles of the following steps were then carried out to enable the fragments to
come together and the full length DNA be created:

Denaturation: 94°C for 30 seconds
Annealing: 58°C for 60 seconds
Extension: 72°C for 3 minutes

3ul of the Crryl primer and Crry2 primer (both at 10pmol/ul) were then added whilst
the reaction was held at 94°C. This enabled the cDNA encoding the 5SCRs of Crry

to be amplified using 30 cycles of the following scheme:
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Denaturation: 94°C for 20 seconds
Annealing: 58°C for 45 seconds

Extension: 72°C for 2 minutes

2.1.5 Agarose gel electrophoresis

DNA fragments and PCR products were visualised by agarose gel electrophoresis.
1% (w/v) agarose (Invitrogen Life Technologies) in 1x TAE buffer was melted in a
microwave and allowed to cool before the addition of 100ng/ml ethidium bromide
(final concentration). The agarose was poured into a gel casting tray (Thermo
Electron Corporation), an appropriate size comb was inserted and the agarose was
allowed to set. The comb was removed and the gel immersed in 1x TAE in an
electrophoresis tank (Thermo electron corporation). DNA samples containing 10%
(v/v) agarose gel loading dye were loaded along with DNA standard size markers.
Gels were run at 60V for 1-2 hours depending on the resolution required. The DNA
within the gel was visualised using a UV transilluminator (Bio-Rad, Chemi-Doc), the
images were captured on a digital camera using the Bio-Rad Gel Documentation
system. To quantify DNA using an agarose gel, the gels were prepared as above

except that Smart Ladder DNA markers (Eurogentec) were loaded.
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2.1.6 Purification of PCR products
PCR products were purified using a Qiagen QIAquick® PCR purification kit or

where plasmid DNA was used as the template from agarose gels using a Geneclean®
III kit (Q-Biogene). The manufacturer’s protocol was used for the PCR purification
kit. In brief, the DNA was bound to a silica membrane, washed and then eluted
using 50ul water. The concentration was determined by the absorbance at 260nm.
To purify the PCR products from an agarose gel, the product was loaded into a 3%
(w/v) Nusieve agarose gel (FMC Bioproducts) made up with 1x TAE containing
100ng/ml ethidium bromide. Following electrophoresis the gel was placed on a UV
transilluminator and the bands of interest were excised. The DNA was purified from
the gel using the manufacturer’s protocol in which the agarose was dissolved in
sodium iodide, the DNA bound to a silica matrix, washed and eluted into 10ul of

distilled water. The concentration was determined as above.

2.1.7 Restriction digests

The PCR products and plasmid were digested using the relevant restriction enzymes.
All enzymes were from G E Healthcare (previously Amersham Biosciences). In
each digest 5yl of the relevant enzyme was used with 7ul of the corresponding
buffer, Sug DNA (PCR product or plasmid) and the reaction volume was taken to
70ul with distilled water. For BamH1 Buffer K was used, for EcoRV Buffer H and
for Xbal Buffer M along with 7ul 0.1% (w/v) BSA. BamHI1 digests were incubated
at 30°C while EcoRV and Xbal digests were incubated at 37°C. All digests were
incubated for 2 hours. Following each digest the DNA was purified using a
QIAquick® PCR purification kit and eluted using 60l distilled water. To quantify
the DNA yield, the products were loaded onto an agarose gel and run against Smart

Ladder markers as described previously.
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2.1.8 Ligation

The digested PCR products were ligated into the pPDR2AEF1a plasmid or the pDR2-
Fc plasmid using T4 DNA ligase (Promega). The ligation reaction was incubated at
16°C overnight and consisted of

100ng plasmid and a 3-fold molar excess of insert calculated by:

3 x (100 x size (kb) of insert)/ size (kb) of vector

along with 1pl 10x ligase buffer (Promega, 300mM Tris-HCl pH 7.8, 100mM
MgCl,, 100mM DTT and 10mM ATP), 1ul T4 DNA ligase and dH,O to take the
reaction volume to 10ul.

Ligations were stored at —20°C until required. The ligated DNA was transformed

into bacteria directly from the ligation mix.

2.1.9 Transformation

Chemically competent DH5a (Invitrogen Life Technologies) were transformed with
the ligated DNA by heat shock. Ligated DNA (2ul) was added to 50ul of chemically
competent DH5a on ice and mixed. The bacteria were left on ice for 20 minutes and
then incubated at 42°C for 45 seconds. Following this they were incubated on ice for
a further 2 minutes and 950ul SOC medium was added. The bacteria were allowed
to recover by incubating at 37°C for 1.5 hours. The bacteria (either 100 or 200pl)
were then aliquoted onto LB amp plates and incubated overnight at 37°C.

2.1.10 Bacterial colony screening

Bacterial colonies were screened by PCR to detect successful ligation of DNA into
the plasmid. The primers used in the screening are described in table 2.2. Primers
EF1a5’ and EF1a3’ bound to the plasmid either side of the inserted DNA and were
used to screen the pPDR2AEF1a plasmid for ligation of DNA encoding the Fc or the 3
or 4 SCRs of rat Crry for the non-fusion proteins. Primers EF1a5’ and IgG3’ were
used to screen the pDR2-Fc plasmid for the insertion of DNA encoding the 5, 4 or
3SCRs of rat Crry. Single colonies were picked with a sterile pipette tip and placed
in 20ul of dH,O in a 0.5ml tube. After gentle pipetting to mix, 1l of the mix was

spotted onto an LB amp plate. The remaining 19ul was boiled for 10 minutes on a
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heating block to lyse the bacteria. The tubes were then incubated on ice for 5
minutes and the lysed bacteria pelleted by centrifugation at 12,000 g for 5 minutes.
2pl of the bacterial lysate was used as the template in a Taq PCR reaction as
described in section 2.1.4.1. Following PCR, 10ul of each reaction was analysed by
agarose gel electrophoresis and clones that contained inserts of the correct size were

identified.

2.1.11 Plasmid isolation

Following the PCR screen, a positive colony was picked from the LB amp plate
using a sterile loop. The colony was transferred to 10ml LB amp broth and
incubated overnight at 37°C with shaking. The bacteria were pelleted by
centrifugation at 1300 g for 10 minutes and the supernatant discarded. The DNA
was isolated from the bacteria using the QIAprep® Spin Miniprep kit (Qiagen)
according to the manufacturer’s protocol using a microcentrifuge. In brief, the
bacteria were lysed and the DNA bound to a silica matrix, following a wash, the

DNA was eluted with 70ul dH,O and stored at —20°C.

2.1.12 DNA sequencing

The cDNA constructs generated were sequenced using the Big Dye™ Terminator
Cycle Sequencing Kit (Perkin Elmer). The sequencing reaction contained:

300ng of template DNA,

2.5pmol of either the forward or reverse primer,

1ul Big Dye Premix containing Ampli Taq DNA polymerase,

Sul Better Buffer (Web scientific) and

dH,0 to make the reaction volume up to 15ul.

The primers that were used for screening the bacterial colonies were also used in the
sequencing reaction. For instance EFla5’ and EFla3’ were used to screen for
insertion of DNA encoding the Fc so in the 5° sequencing reaction, EF1a5” was used

while EF1a3’ was used in the 3’ sequencing reaction.

66



Reactions consisted of 25 cycles of the following steps:

Denaturation: 96°C for 30 seconds,
Annealing: 50°C for 15 seconds
Extension: 60°C for 4 minutes.

Following the reaction, Spl dH,O was added to the reaction tube and the DNA was
precipitated by addition of 2ul 3M Sodium acetate pH 5.2 to the reaction tube along
with 50pl ethanol. After mixing and incubation on ice for 20 minutes, the DNA was
pelleted by centrifugation at 12,000 g for 25 minutes. The pellet was washed with
200l 70% (v/v) ethanol. Sequencing was carried out in house (Central
Biotechnology Services) using an ABI model 377 DNA sequencer (Perkin Elmer).

2.1.13 Expression vectors

The expression vector used within this project, pPDR2AEF1a, was a gift from Dr L
Anegon (INSERM, U437, Nantes, France) (Charreau, Cassard et al. 1994). This
vector is a eukaryotic expression vector that contains a multiple cloning site next to
the Elongation Factor 1 alpha (EFla) promoter, which drives very high levels of
expression in eukaryotic cells (Mizushima and Nagata 1990). This vector also
includes an ampillicin and a hygromycin resistance gene allowing for selection in
both bacteria and eukaryotic cells. When the DNA encoding the Fc of rat IgG2a was

ligated into this vector it was referred to as pDR2-Fc.

2.2 Eukaryotic expression and cell maintenance

The transfection of CHO cells with the expression plasmids and the maintenance of
CHO and hybridoma lines.

All tissue culture was carried out under sterile conditions in a flow cabinet using
sterile flasks, tubes and other equipment. All tissue culture reagents and equipment
were obtained from Invitrogen Life Technologies unless otherwise stated. All flasks

were incubated in a humid atmosphere at 37°C, 5% CO; unless otherwise stated.
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2.2.1 Tissue culture cells and media

Cells Suppliers/ source

Chinese Hamster
Ovary (CHO) cells: Obtained from ECACC.

Hybridomas: TLD1C11 hybridoma cell line provided by Dr W. F.
Hickey (Dartmouth College. Hanover, NH, USA).

RPMI-1640 was used as cell culture medium and was supplemented with 50U/ml
penicillin/streptomycin, 1pg/ml amphotericin B, 2mM L-glutamine and 1mM
sodium pyruvate. Depending upon the cell type being cultured different amounts of
foetal bovine serum (FBS) were added. Transfected CHO cells were cultured in the
presence of Hygromycin B. Details of the FBS content and Hygromycin B content

of the cell culture media is given below:
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Media Use FBS and Hygromycin B
content
Untransfected CHO Culture of 5% (v/v) FBS
media untransfected CHO
Selection media Selection of 5% (v/v) FBS, 400pg/ml
transfected CHO cells | Hygromycin B.
Transfected cell media | Culture of transfected | 5% (v/v) FBS, 100ug/ml
CHO Hygromycin B.
Bulk CHO media Culture of CL 0% (v/v) FBS, 100pg/ml
AD1000 flasks, Hygromycin B.
section 2.2.4.2
Hybridoma media Culture of hybridoma | 10% (v/v) FBS.
lines
Bulk hybridoma media | Culture of CL1000 No supplements
flasks, section 2.2.5.2
High density hybridoma | Culture of CL1000 15% (v/v) Ultra low bovine
media flasks, section 2.2.5.2 | immunoglobulin FBS
Freezing media Freeze cells 10% (v/v) DMSO in foetal
bovine serum

2.2.2 Transfection of CHO
CHO cells were transfected using LipofectAMINE™ PLUS reagent in T25 tissue

culture flasks. Transfection was carried out according to manufacturer’s instructions;
2ug plasmid DNA was pre-complexed with PLUS reagent in serum free media (opti-
MEM® with GlutaMAX™) at room temperature for 15 minutes. The pre-complex
was combined with the LipofectAMINE™ reagent diluted in opti-MEM® and
incubated for a further 15 minutes at room temperature. The cells were washed twice
in opti-MEM® and the transfection mix was applied to the cells. The cells were
incubated with the transfection mix in to 2ml of opti-MEM® for 5 hours at 37°C, the
mix was then replaced with untransfected CHO medium. The cells were placed in
A flask of mock-

transfected cells (had undergone transfection conditions without plasmid DNA) were

selection medium 24 hours later to select for transfected cells.
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also placed under selection. When these non-transfected cells had all died, as
determined by microscopy, the CHO cells were maintained in transfected cell
medium. The supernatant from the transfected cells was retained for Western blot

analysis to detect for expression of the protein.

2.2.3 Cloning of CHO cells

In order to isolate high expressing transfected CHO cells, the cells were cloned out
by limiting dilution in 96-well plates. Cells were harvested from a tissue culture
flask and resuspended to 1000 cells/ml medium. 100ul of medium was placed in the
wells of a 96 well plate. To the first column 100ul of cells was added, the cells were
diluted in an 8-step 1:2 serial dilution across the plate to achieve dilution of
approximately 1 cell per well. After two weeks in culture, the supernatant from the
wells containing approximately 1 cell per well was screened by ELISA (section
2.4.9). Cells from the well where the supernatant had the highest level of protein

were taken on and expanded.

2.2.4 Maintenance of CHO cells

Prior to transfection, an aliquot of CHO cells was taken from frozen stocks, rapidly
thawed and resuspended in pre-warmed (37°C) untransfected CHO medium. The
cells were centrifuged at 300g for 5 minutes, resuspended in 10mls of untransfected
CHO media and transferred to a tissue culture flask. To sub-clone adherent cells, the
cells were washed twice with sterile saline and lifted from the flask using 1ml
Trypsin-EDTA. Once the cells had detached from the flask they were diluted in
fresh medium and transferred to the desired number of flasks. To freeze down CHO
cells, a T80 flask was trypsinised as before, centrifuged at 300g for 5 minutes and
resuspended into 1ml freezing medium. The cells were placed in a Cyrovial
(Greiner) and frozen in a Cyro 1° Freezing Container (Nalgene) to -80°C. The
container ensured that the temperature would decrease by 1° per minute and in
conjunction with the DMSO within the freezing medium prevented the formation of
ice crystals within the cells. After 24 hours at -80°C, the cells were transferred to
liquid N, for long term storage. After transfection a number of different cell culture

methods were used to maintain the CHO cells.
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2.2.4.1 T80 flasks

Transfected CHO cells were maintained in T80 flasks (Nunc) using transfected cell
medium. The cells were sub-cloned and replenished regularly in order to maintain
cell viability. The supernatant harvested from the cells was kept in sterile bottles for

purification of the Crry proteins.

2.2.4.2 CELLine flasks
Transfected cells were also maintained in CL AD1000 flasks (Integra Biosciences).

These are cell culture flasks which consist of two compartments separated by a
10kDa semi-permeable membrane (figure 2.2A). In one compartment, containing a
polyethylene teraphthalate (PET) matrix, the cells were maintained in transfected cell
medium whilst the other compartment contained bulk CHO medium (described
section 2.2.1). The cells, cellular products and proteins within the bovine serum
necessary for cellular growth were retained in the cell compartment by the membrane
while nutrients and metabolic waste products diffused through the membrane. To
inoculate the flasks, the membrane was wetted by placing 25ml bulk media in the
medium compartment while the cell compartment was inoculated with 2.5x107 cells
in 15ml transfected cell medium. A further 975ml of bulk CHO medium was added
to the medium compartment. Following inoculation the media in both compartments
was changed on day 10 and then every seven days. The medium harvested from the
cell compartment was centrifuged at 900g for 5 minutes and the supernatant retained
for purification of the Crry proteins. The media from the medium compartment was

discarded.

2.2.4.3 Fermenter

The CHO cells were also maintained in a BioStat B Plus fermenter (B Braun
Biotech). This consisted of a stirred glass vessel in which the cells were incubated
and a control unit which adjusted temperature, pH, pO2 levels and stirring speed
within the glass vessel (figure 2.2B). Cytodex 1 beads (GE healthcare) were swollen

in PBS as per manufacturer’s instruction; 2g of beads were used per litre of culture.
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The beads were washed in PBS and autoclaved. The beads were washed in
transfected cell medium and the relevant number of cells (1.5 - 2 x 10® cells/litre of
culture) were added. The cells were incubated with the beads to allow their
attachment to the beads. There were two ways in which the cells were attached to
the beads. In method one, the beads were autoclaved within the culture vessel, the
transfected cell medium was added and the vessel stabilised at the culture conditions.
The cells were inoculated into the culture vessel and the culture stirred for 5 minutes
every hour for the first 3 hours after which full stirring was commenced. In method
two, the beads were prepared and autoclaved in a separate siliconised 500ml glass
bottle. The beads were washed into 200ml transfected cell medium within this bottle
and the cells added. The cells were incubated with the beads in the bottle overnight
at 37°C in 5% CO,. The beads with the cells attached were then added to the culture
vessel containing 800ml transfected cell medium and the fermentation commenced.
With both methods the pH and pO; meters had previously been calibrated and the
vessel autoclaved. The fermenter was stirred between 50-60RPM at 37°C, pH 7.4.
The pH was maintained using CO; or 0.1M sodium carbonate (autoclaved), sterile

filtered air was pumped into the system.

To assess cell number and viability a 10ml sample was removed from the culture
vessel, centrifuged at 300g for 5 minutes, the supernatant was discarded and the
bead/cell pellet was washed twice with sterile saline. The cells were trypsinised
from the beads using Trypsin-EDTA and separated from the beads using a 100um
cell sieve (Nuncon). The cells were pelleted by centrifugation at 300g for 5 minutes
and resuspended in 1ml transfected cell medium. The total number of cells were
counted using a haemocytometer. To establish viability, cells were mixed 1:1 with
Trypan blue and the live cells (not stained) were counted. When cell viability or
number dropped either the fermentation was stopped or a medium change was
carried out. To change the medium the stirrer was switched off to allow the cells to
settle, the system pumps were then used to remove expired medium and add fresh

medium.
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Figure 2.2 Diagrams of the CL AD1000 flask and fermenter system.

A.

The CL AD1000 flask. Cells are placed into the cell compartment containing
the PET matrix through the cell port. Nutrients pass into the cell
compartment whilst waste products pass out into the bulk medium
compartment through the semi-permeable membrane, the cut off of the
membrane retains cellular products within the cell compartment. Gas enters
the cell compartment through the gas permeable membrane while the
medium was gassed via the lid.

The fermenter culture vessel. The vessel is surrounded by a water jacket and
contains a stirrer, a temperature probe, a pH probe and a pO, probe. Gas
enters the culture in fine bubbles through the sparger. The lid of the vessel
contains inlets and outlets which can be attached to the system pumps to

change media and add acids or bases to maintain pH.
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2.2.5 Maintenance of hybridoma lines

Cyrovials were removed from liquid nitrogen storage and thawed as CHO cells
(section 2.2.4) except the cells were washed into hybridoma medium and when
bought up from storage they were incubated in T25 flasks which had been pre-seeded
with mouse peritoneal macrophages. To obtain high expressing cells, the hybridoma
cells were cloned out into 96 well plates pre-seeded with macrophages. The cloning
was identical to section 2.2.3 other than hybridoma medium was used. Expression

level was assessed using an ELISA (section 2.4.9).

2.2.5.1 T80 flasks

Hybridoma cells were maintained in T80 tissue culture flasks (Nunc) using
hybridoma medium. As hybridoma cells are only weakly adherent they did not
require trypsinisation for sub-cloning but were lifted by gentle knocking of the flask.
The cells were then split between the required number of flasks. The cells were sub-
cloned and the medium replenished regularly to keep cells healthy and to ensure
secretion of antibody. The media harvested from the cells were kept in sterile bottles

for purification of the antibody.

2.2.4.2 CELLine flasks

Hybridoma cells were maintained in CL1000 flasks (Integra Biosciences). These are
similar to CL AD1000 flasks used to culture CHO cells except that they do not
contain a PET matrix in the cell compartment. The membrane was wetted by placing
25ml bulk hybridoma medium in the medium compartment. The cell compartment
of the flask was inoculated with 2.5x107 cells in 15ml high density hybridoma
medium and a further 975ml of bulk hybridoma medium was added to the medium
compartment. The media of both compartments was changed on day 10 following
inoculation and then every seven days. When harvesting from the cell compartment,
cells were reseeded by mixing 3ml of the harvest with 12ml fresh high density
hybridoma medium before re-inoculation. The remaining harvest from the cell

compartment was centrifuged at 900g for 5 minutes and the supernatant was retained
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for antibody purification. The bulk media from the medium compartment was
discarded. The cell number was established by diluting the cell harvest 1 in 100 in
fresh medium and then counting the cells using a haemocytometer. The viability was
established by diluting the cell harvest in the same manner and then mixing the cells

1:1 with Trypan blue. The live cells (not stained) were counted.

2.2.5.3 Tecnomouse

A Tecnomouse (Integra Biosciences) hollow fibre culture system was used to culture
hybridoma cells. The tecnomouse comprises a culture cassette consisting of a
cultivation chamber for the cells and hollow fibres through which medium is
pumped. The membrane of the hollow fibres allows nutrients to diffuse into the
cultivation chamber and metabolic waste products to diffuse out of the chamber into
the hollow fibres (figure 2.3). Cellular protein products are retained within the
cultivation chamber. A cassette was prepared by attaching it to the control unit and
washing the extracellular (EC) space with 1500ml non-supplemented RPMI-1640
overnight using the system pump. The intracellular space (IC) was flushed with
50ml high density hybridoma medium. Hybridoma cells (6x108) were harvested
from tissue culture flasks, washed and resuspended in 10ml high density hybridoma
medium. The IC space was inoculated with these cells and 2000ml bulk hybridoma
medium was circulated in the EC space using the system pump. The cells were
incubated at 37°C using a thermohood for the Tecnomouse and in 5% CO, to
maintain pH. The media was replaced in both compartments every seven days. In
the harvest, 3ml from the IC compartment was added to 12ml fresh high density
hybridoma medium and replaced in the IC space to maintain cell numbers. The
remaining IC harvest was centrifuged at 900g for 5 minutes and the supernatant
retained for antibody purification. The medium from the EC space was discarded.
The cell number and viability was established using the same method as for the

CELLine flask (section 2.2.5.2).
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2.3 Protein purification
Purification of recombinant Crry proteins and antibodies from tissue culture

supernatant.

2.3.1 Buffers

Buffer Contents

Phosphate buffered saline 8.2mM Na,HPOy,, 1.5mM KH,PO,, 137mM NaCl,

(PBS): pH 7.4.

CNBr-activated Sepharose

Coupling buffer: 0.1M NaHCO3, 0.5M NaCl, pH 8.3

Borate buffered saline (BBS): 100mM Boric acid, 25mM Sodium Borate, 75SmM
NaCl, pH 8.3

Tris buffered saline (TBS): 10mM Tris, 150mM NacCl, 0.01% (w/v) azide, pH
7.4

Malonate buffer: 50mM Malonic acid, 37.5mM NaOH, 4mM
Betaine monohydrate pH 5.4

2.3.2 Clarification of supernatant prior to purification

Prior to any purification technique cell culture supernatant was clarified by

centrifugation at 6000 g for 15 minutes at 4°C

2.3.3 Protein A and G chromatography

Both protein A and G are bacterial proteins which have been utilised in the
purification of many antibody isotypes from a variety of species. Here, both protein
A and G chromatography were compared as methods to purify the Crry-Fc proteins
and these methods were also used to purify TLD1C11. For both columns a pre-
column was used to remove any proteins which would non-specifically bind to the
Sepharose matrix. The pre-column consisting of Sepharose CL4B (GE healthcare)
was packed under gravity and washed with PBS to remove the ethanol preservative.
The pre-column was then connected in-line before the protein A or G column. Prior

to elution of bound protein from the column, the pre-column was taken out of line.
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Table 2.3 reports the binding buffer, wash buffer and elution buffer used in the
protein A and G chromatography of Crry-Fc and TLD1C11.

Method Binding buffer Wash buffer Elution
buffer
Crry-Fc purification by 1.5M Same as binding 0.1IM
protein A chromatography | glycine/NaOH, 3M buffer glycine/HCl
NaCl pH 9. pH 2.5
Crry-Fc purification by None PBS 0.1IM
protein G chromatography glycine/HCl
pH2.5
TLD1C11 monoclonal 1M glycine/NaOH, | Binding buffer | 0.1M citrate
antibody purification by | 0.15M NaCl pH 8.6 followed by pH 3
protein A chromatography 0.1M citrate pH
6.
TLD1C11 monoclonal None PBS 0.1M
antibody purification by glycine/HCl
protein G chromatography pH 2.5

Table 2.3 Protein A and G chromatography methods along with the binding

buffer, wash buffer and elution buffer used.

2.3.3.1 Crry-Fec purification

For protein A purification of SSCR-Fc, cell culture supernatant was mixed 1: 1 with
the binding buffer (table 2.3). The supernatant was passed over a 10ml protein A
column (ProSep A, Millipore). The columns were then washed, the pre-column
disconnected and bound protein was eluted. The protein was eluted in 3ml fractions
neutralised with 300pl 1M Tris/HCl pH 9. Fractions were assessed for protein

content by their absorbance at 280nm in a spectrophotometer.

For protein G purification, SSCR-Fc containing supernatant was not mixed with a

binding buffer but was passed over a 10ml protein G column (ProSep G, Millipore).
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The column was washed and bound protein was eluted, neutralised and screened as

above.

2.3.3.2 TLD1C11 purification

The method used to purify the TLD1C11 monoclonal antibody from hybridoma
supernatant varied depending upon which culture method was used. Supernatant
generated using the Tecnomouse or CELLine flask contained ultra low bovine
immunoglobulin FBS. In this case no bovine antibodies which would co-purify on
protein G were present in the supernatant so protein G chromatography was used.
The supernatant was run over the pre-column and protein G column connected in
series. The columns were washed and bound protein was eluted as above. When
supernatant generated from conventional T80 flasks was used, the TLD1C11 was
purified using protein A chromatography to limit bovine antibody contamination.
The supernatant was mixed 1:1 with binding buffer (table 2.3). The supernatant was
passed over the pre-column and protein A connected in series. The columns were
washed with the binding buffer, the pre-column disconnected and the protein A
column washed with 0.1M citrate pH 6 to reduce bovine immunoglobulin

contamination. Bound antibody was eluted as described previously.

2.3.4 Generation of affinity columns

Antibody affinity columns of TLD1C11, 512 and anti-rat Ig were generated using
CNBr-activated Sepharose 4B (GE Healthcare). A TLDI1CI11 affinity column was
also generated using the Affi-Gel® Hz matrix (Bio-Rad).

2.3.4.1 CNBr-activated Sepharose

The antibody to be bound to the matrix was dialysed into coupling buffer overnight
at 4°C. The CNBr-activated Sepharose was swollen in ImM HCI, 1g (dry weight) of
Sepharose was used per 3mg of protein to be coupled. The Sepharose was washed
with ImM HCI, 200ml/g of Sepharose. The Sepharose was equilibrated in coupling
buffer then added to the antibody in a covered vessel. The Sepharose and antibody

were placed on a roller for two hours at room temperature. The supernatant was then
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removed from the Sepharose and the remaining active sites were blocked by
incubating the Sepharose in 0.1M Tris/HCI1 pH 8 for two hours at room temperature.
The Sepharose was packed into a column (2.5cm diameter) under gravity and washed
with 3 cycles of 5 gel volumes of 0.1M sodium acetate, 0.5M NaCl pH 4 followed by
0.1M Tris/HCIl, 0.5m NaCl pH 8. The column was then equilibrated in PBS 0.01%
(w/v) azide and stored at 4°C.

2.3.4.2 Affi-gel Hz matrix

Antibody affinity columns were also made using an Affi-Gel ® Hz immunoaffinity
kit (Bio-Rad). The antibody to be coupled to the matrix was dialysed into the
supplied coupling buffer. To oxidise the carbohydrate groups on the antibody, 1ml
of sodium periodate (20mg) was added per 10ml of antibody (1mg/ml) and incubated
on a roller at room temperature for 1 hour, the incubation was carried out in the dark.
Glycerol (200mM) was added and the reaction mixed for 10 minutes. The antibody
was dialysed into the provided coupling buffer to remove the sodium periodate.
Affi-gel Hz matrix (Sml) was equilibrated in coupling buffer to remove the alcohol
preservative and the matrix was incubated with the antibody for 24 hours at room
temperature. The matrix was then packed into a column under gravity and washed
with PBS. The column was stored at 4°C in PBS 0.01% (w/v) azide

2.3.5 Use of affinity columns
To purify all Crry proteins from cell culture supernatant, clarified cell culture

supernatant was passed over a pre-column connected in line with the relevant affinity
column as described previously. The columns were then washed with PBS and
bound protein was eluted from the affinity column using 0.1M glycine/HCI pH 2.5.
Fractions (3ml) were neutralised with 300ul 1M Tris/HCI pH 9 and assessed for

protein content as described previously.

To automate the affinity purification of the Crry proteins the TLD1C11 (anti-Crry)
affinity column was packed into a XK-16 column (G E Healthcare) under gravity.
The column was run using an AKTA Prime system (G E Healthcare). Each run

consisted of a 2 column volume (40ml) equilibration with TBS, a supernatant load, a
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3 column volume wash with TBS and a 3 column volume elution with 0.1M glycine/
HCI pH 2.5. The elution was collected in 2 ml fractions neutralised with 200ul 1M
Tris/ HCI pH 9. All buffers were filtered through a 0.22um filter prior to use and the
supernatant was filtered through a 0.45um filter.

2.3.6 Ammonium sulphate cuts

Ammonium sulphate was used to precipitate SSCR-Fc from cell culture supernatant.
Solid ammonium sulphate was added to cell culture supernatant which was stirred at
4°C. To achieve a cut of 40% saturation, 24g per 100ml supernatant was added. To
increase the cut to 45% saturation a further 3g was added, another 3g was added to
increase the cut to 50% saturation. Following each cut, the supernatant was stirred at
4°C for 2 hours to allow complete protein precipitation. The precipitate was then
harvested by centrifugation at 12,000g for 15 minutes. Following the protein
harvest, the supernatant was subjected to the increasing cuts while the pellet was

dissolved in PBS.

2.3.7 Anion and cation exchange chromatography

Ion exchange methods separate proteins based upon their differences in charge, anion
exchange columns bind negatively charged proteins while cation exchange columns
bind positively charged proteins. Proteins were separated using an increasing salt
gradient. For the purification of SSCR-Fc pre-packed Mono Q and Mono S columns
(G E Healthcare) were used as the anion and cation exchange columns respectively.
For the purification of rat C3 a Source Q column (GE Healthcare) was used as an
anion exchange column. The columns were connected to an AKTA Purifier Liquid
Chromatography System (GE Healthcare) with an automated Frac 901 fraction

collector and UV absorbance meter.

2.3.7.1 Anion exchange of SSCR-Fc¢

Following a cut of 50% saturation on SSCR-Fc¢ cell culture supernatant, the pellet
was resuspended in SmM sodium phosphate pH 8 and loaded onto a Mono Q

column. The proteins were separated 0-150mM NaCl gradient over 25 column
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volumes followed by 150-500mM over a further 20 column volumes.

2.3.7.2 Cation exchange of SSCR-Fc

An ammonium sulphate cut of 50% saturation was carried out on 5SCR-Fc cell
culture supernatant and the pellet resuspended in malonate buffer. The resuspended
pellet was loaded onto a Mono S column and the proteins were separated using an
increasing salt gradient. The gradient was 0-250mM NaCl over 30 column followed
by 250mM- 500mM NaCl over a further 10 column volumes.

2.3.7.3 Rat C3

Fresh rat serum (100ml) was mixed with 900ml 4% (w/v) PEG 6000, SmM EDTA in
PBS and incubated at 4°C for 30 minutes. The pellet was harvested by centrifugation
at 10,000g for 30 minutes. The supernatant was retained and mixed with 385ml 30%
(w/v) PEG 6000, 5SmM EDTA in PBS. After incubation at 4°C for 30 minutes, the
pellet was harvested at 10,000g for 30 minutes. The supernatant was discarded and
the pellet resuspended in SmM KPO,4, SmM EDTA, 5SmM benzamidine, pH 7.8. The
pellet was loaded onto a Source Q column and the proteins were separated by a 0-
0.5M NaCl gradient over 20 column volumes. The C3 containing peak was
identified by dot blot and dialysed into SOmM NaPO, pH 6. The C3 peak was loaded
onto a Mono S column. The proteins were separated by a 0-1M NaCl gradient over
20 column volumes. C3 was identified by dot blot and dialysed into 10mM HEPES,
150mM NaCl pH 7.4 for storage at -80°C and further studies. In order to generate
C3b-like C3b (C3Mma), the rat C3 was methylamine inactivated. For this the C3 was
dialysed against Borate Buffered Saline (BBS) while methylamine was diluted to
0.2M in BBS. The C3 was incubated 1:1 with the 0.2M methylamine (0.1M final)
for 2 hours at 37°C. The C3pua was dialysed against PBS to remove the methylamine
and stored at -80°C.

2.3.8 Cibacron Blue
Affi-gel® blue affinity gel (Bio-Rad) was used as a source of Cibacron Blue F3GA

dye which binds albumin. A 3ml column was poured under gravity and equilibrated
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in 20mM sodium phosphate pH 7.1. The protein sample was applied to the column
and the column was washed with 20mM sodium phosphate, pH 7.1. The column was
then washed in the 20mM sodium phosphate, 1.4M NaCl, pH 7.1 to elute bound

albumin. For all the washes 2ml fractions were collected.

2.3.9 Gel filtration

Gel filtration separates proteins based upon size. Gel filtration columns consist of
beads which contain pores; small proteins are able to enter these pores and are
retained by the column. While large proteins are unable to enter the pores so pass
through the column more quickly. For gel filtration of the proteins described here, a
Superdex 200 (GE Healthcare) was used on the AKTA Purifier. Generally, protein
was loaded with a maximum volume of 2.5% of the column volume (CV) i.e. 0.5ml
loaded onto a 20ml column, and proteins were separated with a 1.5 column volume

isocratic elution.

2.3.10 Dialysis and concentration of the proteins

Following purification of the protein of interest, fractions containing the protein were
combined and dialysed into PBS unless otherwise stated. For the dialysis of all
proteins, the dialysis tubing (Medicell International Ltd) used had a molecular weight
cut off of 12-14 kDa. Following dialysis the proteins were concentrated to between
0.5-1mg/ml using an appropriate size Amicon ultrafiltration cell (Millipore). Table

2.4 shows the membrane cut off used to concentrate each protein.
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Protein Molecular weight cut off (kDa)
5SCR-Fc 100

4SCR-Fc 100

3SCR-Fc 100

4SCR 10

3SCR 10

TLDIC11 100

C3 100

Table 2.4 Proteins purified and the molecular weight cut off of the membrane

used for concentration.
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2.4 Protein analysis

Determination of protein concentration and purity using SDS PAGE and ELISA

analysis.

2.4.1 Buffers

Buffer Contents

Sodium Dodecyl Sulphate

(SDS) stacking gel buffer: 0.5M Tris, 0.4% (w/v) SDS, pH 6.8.
SDS resolving gel buffer: 1.5M Tris, 0.4% (w/v) SDS, pH 8.8.

Non-reducing loading buffer:

0.1IM Tris, 10% (v/v) glycerol, 2% (w/v) SDS,
0.01% bromophenol blue, pH 6.8.

Reducing loading buffer:

5% (v/v) B-mercaptoethanol in non-reducing buffer.

Running buffer:

25mM Tris, 191mM glycine, 1% (w/v) SDS

Coomassie stain:

0.2% (w/v) Coomassie blue R250 in 45% (v/v)
methanol, 10% (v/v) acetic acid in dH;O.

Destain: 20% (v/v) methanol, 8% (v/v) acetic acid in dH;O.
Gel drying buffer: 4% (v/v) glycerol, 20% (v/v) methanol in dH,O.
Transfer buffer: 25mM Tris, 191mM glycine, 20% (v/v) methanol.
ELISA coating buffer: 0.2M Na,COs, pH 9.6.

ELISA developing solution:

2.4.2 Protein concentration

4 OPD tablets (Dako) dissolved in 12ml dH,O plus
5ul of 30% (v/v) HyO,.

The concentration of purified proteins was obtained by measuring their absorbance a

280nm in a spectrophotometer (Jenway). The concentration was calculated using the

following equation:

C = A /e where C is concentration (mg/ml), A is absorbance and ¢ is the extinction

coefficient when the pathlength is 1cm.

Table 2.5 shows the extinction coefficients used for each protein.
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Protein Extinction coefficient
TLD1C11 1.4
5SCR-Fc 1.3
4SCR-Fc 1.2
3SCR-Fc 1.3
4SCR 1.2
3SCR 1.3
C3 1.0

Table 2.5 The extinction coefficients of the proteins purified in this thesis.
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2.4.3 Antibodies

The antibodies used within this project for Western blot, dot blot and ELISA analysis

are detailed below in table 2.6.
Name Antigen Isotype Species | Source
recognised
TLD1C11 Rat Crry IgGl Mouse Prof. W. Hickie,
(Dartmouth, USA)
512 Rat Crry IgG1 Mouse Prof. H. Okada,
(Nagoya, Japan)
Anti-ratlg | Ratlg Polyclonal Sheep Binding Site
Anti-rat Crry | Rat Crry Polyclonal Rabbit In house
Anti-rat Ig Rat Ig Polyclonal Donkey | Jackson
HRPO Laboratories
Anti-mouse Ig | Mouse Ig Polyclonal Goat Jackson
HRPO Laboratories
Anti-rabbit Ig | Rabbit Ig Polyclonal Donkey | Jackson
HRPO Laboratories
Anti-human Human C3c, Polyclonal Sheep Binding Site
C3c also cross
reacts with rat
C3c
Anti-sheep Ig | Sheep Ig Polyclonal Donkey | Binding Site
HRPO
Anti-bovine Ig | Bovine Ig Polyclonal Donkey | Jackson
HRPO Laboratories
Anti-rat IgG1 | Rat IgG1 IgGl Mouse Southern Biotech
HRPO
Anti-rat I[gG2a | Rat IgG2a IgGl Mouse Southern Biotech
HRPO
Anti-rat IgG2b | Rat IgG2b IgG2b Mouse Southern Biotech
HRPO
Anti-rat [gG2c | Rat IgG2c IgG2a Mouse Southern Biotech
HRPO
Anti-rat IgM Rat IgM IgG1 Mouse Southern Biotech
HRPO

Table 2.6 A summary of the antibodies used within this project.

2.4.4 SDS PAGE analysis

Electrophoretic separation of proteins was carried out using the Hoefer mighty small
gel apparatus. Gels were poured with an acrylamide concentration according to the
size of the proteins to be resolved, low molecular weight proteins were resolved on

higher percentage gels while high molecular weight proteins were resolved on lower
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percentage gels. Typically gels were poured with a 5% acrylamide stacking gel and
a 7.5-12.5% acrylamide resolving gel. Table 2.7 gives the gel recipes.

Percentage gel — 5% 1.5% 10% 11% 12.5%
(stacking) | (resolving)

Stacking gel Buffer (ml) 24 - - - -

Resolving gel Buffer (ml) - 7.5 7.5 7.5 7.5

40% Acrylamide (ml) 1.3 5.6 7.5 8.4 9

10% Ammonium 100 300 300 300 300

Persulphate (ul)

dH,O0 (ml) 6.1 16.4 14.5 13.6 13.0

TEMED (ul) 10 30 30 30 30

Table 2.7 Gel recipes for stacking and resolving SDS PAGE mini-gels, recipe

makes 4 mini-gels.

In general, the protein or protein mixture of interest was mixed with either 15ul of
non-reducing or reducing loading buffer and boiled for 5 minutes. The samples were
loaded into the wells of the SDS PAGE gel within a running tank (Hoefer)
containing running buffer. The gels were subjected to electrophoresis at 200V for

between 45-60 minutes. Time depended upon the percentage gel being used.

2.4.5 Silver staining
In order to detect between 100ng-2pug of protein, SDS PAGE gels were silver stained
(Morrissey 1981). Gels were:

* rinsed in dH,O

soaked for 30 minutes in 50% (v/v) methanol, 10% (v/v) acetic acid

» soaked in 5% (v/v) methanol, 7% (v/v) acetic acid for 30 minutes
* rinsed with dH,O

» soaked in 5% (v/v) glutaraldehyde for 30 minutes

» washed in dH,O overnight

= soaked in DTT (5pg/ml in dH,O) for 30 minutes

* rinsed with dH,O

= stained with 0.1% (w/v) AgNO; in dH,O for 30 minutes
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