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SUMMARY  

Objectives; In the last decade there has been an explosion of interest in inhibiting 

complement for therapy of disease; the principle target has been complement component 

C5, activation of which generates the pro-inflammatory and cytotoxic products C5a and the 

membrane attack complex. The anti-C5 monoclonal antibody Eculizumab is a blockbuster 

drug, currently only approved for two ultra-rare diseases. There is abundant evidence that 

complement, and specifically the membrane attack complex, is involved in more common 

diseases for example in age related macular degeneration, myasthenia gravis and 

neurological disorders like neuromyelitis optica spectrum disorder and multiple sclerosis. 

Hence, there is an urgent need to develop better, cheaper drugs targeting membrane attack 

complex. Here I describe novel monoclonal antibodies targeting membrane attack complex 

downstream of C5 that are efficient inhibitors of its formation in humans and rodents. 

Methods; A large panel of anti-membrane attack complex monoclonals was generated from 

spleens of terminal pathway deficient mice hyperimmunised with human or rat C5b6 and/or 

C5b67. Antibody clones were screened using immunochemical and novel functional 

(haemolytic) assays to identify those with binding and blocking activities. Biophysical 

methods, including surface plasmon resonance were used to characterise monoclonal 

antibodies of interest, and selected antibodies were tested in rodents to characterise 

pharmacokinetics and therapeutic capacity in complement-mediated disease models.  

Results; Several function inhibitory anti-membrane attack complex antibodies were 

identified and characterised in terms of binding to membrane attack complex intermediates 

and cross-species lytic inhibitory capacity in comparison to current therapeutic anti-C5 

monoclonal antibody. Blocking antibody selected include three against C5, two against C6 

and five against C7; these efficiently inhibited lysis by human, rat, or mouse serum in vitro 

and were further characterised for binding specificity and affinity by enzyme linked 

immunosorbent assay, western blot and surface plasmone resonance, confirming strong 

and stable binding. One antibody has so far been tested in vivo; administration of this 

antibody intraperitoneally in rats efficiently inhibited serum lytic activity and blocked the 

disease and protected muscle endplates from destruction in a rat model of myasthenia 

gravis.  

Conclusions; I report novel blocking antibodies that target membrane attack complex 

formation at different stages of the pathway to efficiently inhibit complement terminal 

pathway across species (human, rat and mouse). Rodents treated with selected antibody 

were protected in a complement-driven disease model. These antibodies offer an 

alternative to C5 targeting for membrane attack complex-driven pathologies in animal 

models and man and add new data on membrane attack complex assembly and function. 
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CHAPTER 1; Introduction 

1.1 The complement system 

Complement was discovered in the 19th century when Hans Buchner showed that immune 

serum contained a heat-labile "factor" or "principle" capable of killing bacteria. In 1896 Jules 

Bordet demonstrated that the “principle” had two components: one that was heat stable and 

present only in immune serum and another that loses killing capacity after heating the serum 

but could be replaced using fresh non-immune serum (Sim et al 2016). In the late 1890s 

Paul Ehrlich introduced the term "complement" for the heat-sensitive component in serum 

because it “complemented” the capacity of the “immune body” (or antibody) present in 

immune serum to kill bacteria. In the 1940s and 1950s, the haemolysis assay utilising sheep 

erythrocytes was used by Mayer and colleagues to unravel the reaction sequence. In the 

middle part of the 20th century, the various complement proteins were identified and 

assembled into the complement pathways by Nilsson, Muller-Eberhard and co-workers 

(Nesargikar et al 2012). The ancient origin and evolutionary conservation of complement 

shows its importance in immune processes in the body.  

Complement compromises a network of proteins circulating in plasma and on cells, 

interacting together to provide defence against infection and efficient debris removal 

coordinated by the activation products generated when the system is triggered. Because of 

Its complexity and destructive character, complement is tightly regulated by an array of fluid-

phase and membrane regulators (Morgan et al 2003; Harris 2018; Ricklin et al 2018). 

The homeostatic role of complement is to be alert and ready to respond promptly to 

pathogen or other invader. When this homeostatic balance is interrupted, uncontrolled 

activation occurs that can result in self-cell/tissue damage. As a consequence, complement 

contributes to pathology in many diseases where inflammation is a driver. Examples of 

these include paroxysmal nocturnal haemoglobinuria (PNH) and atypical haemolytic uremic 

syndrome (aHUS). These two rare complement driven-diseases are caused by complement 

gene mutations or polymorphisms, but in many more common diseases, such as 

myasthenia gravis (MG), Alzheimer’s disease (AD) or age-related macular degeneration 

(AMD), complement dysregulation exacerbates/perpetuates pathology (Morgan and Harris 

2015; 2017; 2018; Hakoyban et al 2016; Hu et al 2016, Carpanini et al 2019). In aHUS and 

PNH the membrane attack complex (MAC) causes cell damage and drives inflammation. 

Blocking MAC assembly with the anti-C5 monoclonal antibody (mAb) Eculizumab prevents 

these effects and transforms patient outcomes, but it is one of the most expensive drugs in 

the world with the cost of the treatment ~$600k per patient per year (Morgan and Harris 

2015). The price of the therapy and the imperative to use anti-complement drugs in more 

common diseases provokes an urgent need for development of more affordable and 
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effective therapeutics to inhibit MAC. (Morgan and Harris 2015; 2018, Harris 2018; 

Carpanini et al 2019; Zelek et al 2019). 

 

Three complement activation pathways; classical (CP), lectin (LP) and alternative pathway 

(AP), converge on a common terminal pathway (TP). The CP and LP are composed of the 

same components except for the factor responsible for the initial activation (Morgan 2003). 

The CP is triggered by C1 binding to antigen-antibody complexes resulting in activation of 

the C1r/C1s enzymes in the C1 complex. The LP is dependent on recognition of specific 

carbohydrate moieties such as mannan located on the surface of the microorganism; 

recognition in the LP is mediated by mannose-binding lectin (MBL) or ficolins instead of the 

C1 complex. The binding of MBL to mannose residues on the pathogen surface activates 

the MBL-associated serine proteases, MASP-1, and MASP-2 (Morgan and Harris. 2015; 

Heja et al 2012). Ficolins are homologous to MBL and function via MASPs in a similar way, 

but recognise other surface carbohydrates (Endo et al 2012, Garred et al 2016).  

The AP, better thought of as the common amplification loop (AL), is activated whenever 

C3b is generated in the activation pathways and is perhaps also continuously activated at 

a low level as a result of spontaneous C3 hydrolysis, termed “tickover”.  

All three activation pathways lead to the formation of homologous variants of a C3-cleaving 

protease, the C3 convertase (C4b2a for classical and lectin; C3bBb for alternative); this 

cleaves C3 to form C3a and C3b. C3b association with the C3 convertase generates the 

C5 convertase (C4b2a3b in classical and lectin; C3bBbC3b in alternative) that cleaves C5 

to form C5a and C5b, the latter initiating the formation of the TP that culminates in formation 

of MAC or the soluble terminal complement complex (TCC) (Morgan and Harris 2015; Harris 

2018; Ricklin et at 2018) (Fig. 1.1). 

 

1.1.1 The classical pathway (CP) 

The CP of complement was the first to be discovered when investigating the lytic properties 

of serum; complement dependent lysis of erythrocytes was dependent on erythrocyte 

sensitisation with antibody. The CP is activated by binding of the C1 complex to the Fc 

region of IgG or IgM antibody: the CP can also be directly activated by many pathogens, 

including gram negative bacteria and some viruses, and by damaged cells (Loss 1982; 

Cooper et al 1976; Ebenbichler et al 1991). The CP protects against infection but also 

recognises and clears immune complexes and apoptotic cells (Fishelson et al 2001) and 

plays a major role in organ rejection in transplantation (Dalmasso 1992).  All activators of 

the CP bind multiple heads of the C1q domain, inducing conformational changes that 

activate the catalytic subunits in the enzyme tetramer C1s-C1r-C1r-C1s.  
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Figure 1.1 Cascade of complement activation pathways; classical, lectin and alternative, 

leading to MAC generation. The enzymatic cleavages are represented by dotted red arrows 

and show the responsible enzymes alongside. Negative regulators are highlighted in red, 

positive regulators in green. Complement effectors (opsonic fragment, anaphylatoxins and 

membrane attack) are shown in boxes.  

 

The tetramer interacts in a Ca2+-dependent manner with each of the six triple helical 

collagen-like stems projecting from each globular head of C1q (Gregory et al 2003). The 

autolytic activation of proenzyme C1r leads to conversion of proenzyme C1s. Activated C1s 

cleaves specifically first C4 into C4a and C4b and then C2 into C2a and C2b, but only when 

C2 is in complex with C4b (Polley et al. 1967; 1968), to generate the CP C3 convertase 

C4b2a (Nagasawa et al 1977, Sharp et al 2017). When C4 is cleaved, an internal thioester 

is exposed covalently linking C4b to amino or hydroxyl groups present on pathogen 

surfaces, thus localising the convertase to the surface (Dodds et al 1996). This surface 

binding mechanism also applies to the C3b opsonin (Sim et al 1981). 

C1 function is strictly regulated by C1 inhibitor (C1INH), a serine protease inhibitor that 

inhibits by forming stoichiometric complexes with active C1r and C1s, removing them from 

the C1 complex (He et al 1998; Ziccardi 1986). 
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1.1.2 The lectin pathway (LP) 

The LP is the “newest” complement activation pathway, discovered in the 1980s (Ikeda et 

al 1987) following isolation of mannose-binding lectin (MBL) (Presanis et al 2003). MBL 

activates complement when bound to cell surfaces (Ikeda et al 1987). In CP, C1q is the only 

recognition protein, whereas LP includes several families of recognition proteins: ficolins 

(Ficolin-1, 2 or 3) and collectins (collectin-10 or 11) in addition to MBL (Holmskov et al 2003; 

Garred et al 2016). MBL is a trimer of polypeptide chains that each comprise four domains; 

1. N-terminal cysteine-rich region (21- amino acid (aa) long) responsible for oligomerization 

by formation of the disulfide bonds; 2. Collagen-like domain (59-aa) consisting of 20 tandem 

repeats of Glycine-Xaa-Yaa that account for the stalk of the molecule; 3. Neck region (30-

aa) that assembles into triple alpha-helical hydrophobic coiled-coil structures, which is 

crucial for initiating the oligomerization; 4. C-terminal carbohydrate recognition domain 

(CRD, 188-aa) (Garred et al 2016; Dong et al, 2007). The MBL polypeptide chain is ~25.5 

kDa (Larsen et al 2004; Teillet et al 2005); in serum it exists predominantly as trimers and 

tetramers; higher (pentamers, hexamers) and lower (monomers, dimers) forms are less 

common (Mogues et al 1996; Garred et al 2003). MBL, collectins and ficolins all use the 

same serine proteases (MASPs) to activate the complement system (Mogues et al 1996; 

Matshshita et al 2000; Ma et al 2013). MASP-1 activates MASP-2 (Kerr et al 2008; Heja et 

al 2012; Degn et al 2013) similar to the C1r/s interaction in CP. The LP is also regulated by 

C1INH (Takahashi et al 2010). Recent studies showed that MASP-1 activates MASP-3, 

which cleaves pro-factor D, essential in AP activation (Oroszlan et al 2016). 

 

1.1.3 The amplification loop (AL) of the AP 

The AP was first propounded in the 1950s by Louis Pillemer following his discovery of 

properdin the now well-known positive regulator of the AP (Nesargikar et al 2012; Pillmer 

et al 1954). The AP is better defined as an amplification loop (AL) as it provides stable and 

continuous amplification of complement activation initiated by any of the activation 

pathways; I will use the terms interchangeably. C3b generated in the activation pathways 

(or hydrolysed C3 in some circumstances), either covalently bound to a surface or in the 

fluid phase, binds factor B (FB, a structural homolog of C2) in the presence of Mg2+ (Forneris 

et al 2010), causing conformational change that allows cleavage at a single site by the 

plasma serine protease factor D (FD) into Bb and Ba (Milder et al 2007). FD is locked in an 

inactive resting state that becomes unlocked upon interaction with C3b (Jing et al 1998). 

The Ba fragment is released and the enzymatically active Bb fragment remains attached to 

C3b forming the AP convertase C3bBb. Bb in the C3bBb complex cleaves C3 to generate 

more C3b that can bind FB and feed the AL (Jongerius et al 2009). C3bBb convertase is 

stabilised by binding of properdin which protects C3b from degradation by the regulatory 
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proteins factor I (FI) and factor H (FH) and inhibits dissociation of C3b and Bb hence 

prolonging the half-life of the C3 convertase (Alcorlo et al 2013; Fearon 1975; Hourcade 

2006). Uncontrolled activation of the AL, seen in individuals deficient in FH or FI, leads to 

total consumption of C3.  

 

1.1.4 The terminal pathway (TP)/ membrane attack complex (MAC) 

The final enzymatic step in the complement cascade involves cleavage of C5, a close 

homolog of C3 and C4 that lacks an internal thioester so cannot covalently bind surfaces. 

C5 is cleaved by the CP/LP and AP C5 convertases (C4b2aC3b and C3bBbC3b). The extra 

C3b molecule captures C5 which allows C5 to be cleaved into C5a and C5b by C2a or Bb 

enzymes in the complex. The small biologically active fragment C5a anaphylatoxin is 

released and the larger cleavage product C5b remains associated with the enzyme 

complex; generation of C5b is the first step in the TP. C5b sequentially binds the plasma 

proteins C6 and C7, generating C5b67 complex that undergoes conformational change 

enabling its release from the convertase and exposing a hydrophobic membrane binding 

site. The C5b67 complex through its hydrophobic surface tightly binds membrane and 

sequentially recruits C8 and C9 to create the MAC. The complete transmembrane pore 

contains one molecule each of C5b, C6, C7 and C8 and 18 copies of C9 that are recruited 

sequentially and rapidly polymerise to form the lytic pore through which metabolites and 

small proteins leak out of the cell and water into the cell due to osmotic pressure leading 

eventually to lytic cell death (Morgan and Harris 2015; Ricklin et al 2018; Morgan et al 2016; 

Menny et al 2018; Heesterbeek et al 2019) (Fig.1.2). 

 

1.2 Complement regulation 

The potentially self-destructive nature of complement requires rigid control. Complement 

regulation is important to direct actions against invaders but also to protect self-cells. 

Dysregulation of complement is a component of many diseases, including autoimmune 

conditions. Many of the complement cascade intermediate products are short-lived, for 

instance the thioester groups in nascent C4b and C3b are inactivated by hydrolysis instantly 

upon exposure, limiting their capacity to bind surfaces. The enzyme complexes of the 

activation pathways decay very fast after formation; the active C5b67 complex exists for 

only a fraction of a second on plasma before being bound by the chaperone inhibitors 

clusterin and S-protein (Preissner et al 1985; Morgan et al 2017; Parsons et al 2019). Apart 

from this endogenous control, natural regulators are present at each step of the pathway, 

dictating efficient control of auto-activation and self-amplification of the system (Table 1.1). 
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Figure 1.2 Schematic of MAC formation showing sequential complement TP component 

binding to form the lytic pore.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1.1 Complement pathway regulators and their corresponding regulated components.  
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1.2.1 Regulation of classical and lectin pathway activation 

The activated C1 (C1qr2s2) complexes are regulated by C1INH, a plasma serpin inhibitor, 

by strong, irreversible binding to the activated C1s and C1r sub-units of C1 which results in 

their dissociation from C1q thereby inactivating C1 (Patston et al 1991; Garcia et al 2016). 

MBL-MASP complexes are inhibited in the same manner by stripping off the MASPs. 

C1INH (MW = 110 kDa) plays major roles in the regulation of the initial stages of 

complement activation, but it is also the major regulator of the kinin-kallikrein system 

responsible for autacoid production. Hereditary angioedema (HAE) is a disease caused by 

C1INH deficiency; patients suffer soft tissue swelling, including mucosal swelling that may 

lead to life threatening conditions (Gower et al 2011). In these patients even a minor trauma 

or stress can trigger complement and kinin system activation in the tissue resulting in an 

inflammatory attack. Treatment with plasma derived or recombinant C1INH (Ruconest, 

Berinert, Cinryze) restores full control over the systems.  

 

1.2.2 Regulation of amplification loop (AL) 

The AL C3 and C5 convertases are controlled by regulators circulating in plasma; FH, C4b 

binding protein (C4BP) and FI, and on membranes; CD46, CD55, complement receptor 1 

(CR1, CD35) (Zipfel and Skerka 2009). 

Both C3 convertases; C4b2a and C3bBb, are unstable and undergo rapid spontaneous 

decay. FI is a key regulator that, in the presence of cofactors (FH, MCP, CR1, C4BP), 

cleaves C3b and C4b to their inactive forms (iC3b and iC4b) (Lambris et al 1996; Nishida 

et al 2006). FI cleaves C3b into iC3b and C3f; the C3f fragment is released into the 

circulation while iC3b remains bound to the membrane but cannot recruit FB to form 

convertase (Alcorio et al 2011). CR1 is the only co-factor mediating further FI cleavage of 

iC3b into C3c, which is released into the circulation, and C3dg, which remains anchored to 

the membrane (Furtado et al 2008). C3dg is a ligand for complement receptor 2 (CR2) that 

takes part in regulation of B cell activation (Dempsey et al 1996; Lyubchenko et al 2005; 

Kremlitzka et al 2016). The cofactors; CR1, MCP and C4BP also support FI cleavage of 

C4b into inactive forms, iC4b and C4d, which inhibits further formation of C4b2a complexes 

(Masaki et al 1992). 

FH is plasma glycoprotein (~300µg/ml, MW = 155 kDa) that binds negatively charged 

carbohydrates. (Meri and Pangburn 1990; 1990). FH displays both decay-accelerating and 

cofactor activities for the AP C3 convertase (Wu et al. 2009). FH has several functional 

sites; the N-terminal four short consensus repeats (SCRs) disturb formation and stability of 

the convertases, the C-terminal two SCRs are responsible for binding surfaces and self/ 

non-self-discrimination. Mutations in FH C-terminus have been linked to aHUS. (Warwicker 

et al 1998; Buddles et al 2000; Richards et al 2001; Perez-Caballero et al 2001; Caprioli et 
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al 2001; Hyvärinen et al 2016; Goicoechea de Jorge et al 2018). Three sites in FH play 

roles in recognition of polyanions and another three are known to interact with various 

regions of C3b. Binding at one site modulates interactions at other sites and it has been 

postulated that each of the 20 SCR modules of FH, by its distinct flexibility and structure, 

contributes to biological function (Meri and Pangburn 1990). Transmission electron 

microscopy (TEM) indicated that FH is a monomeric protein that adopts an extended bead 

on a string conformation (Sim and DiScipio 1982; Hannan et al 2016). SCR 20 is a key 

player in surface recognition, the site of many aHUS-associated mutations (Caprioli et al 

2001; Perkins and Goodship 2002; Aslam and Perkins 2001). Deficiencies in FH are very 

rare and, cause loss of control of the AL and complete consumption of C3; as a 

consequence, patients suffer severe, recurrent bacterial infections (Grumach and Kirschfink 

2014). A number of disease-associated single nucleotide polymorphisms (SNP) in FH are 

reported, including 1277 T>C that encodes a single amino acid change, Y402H, and is a 

strong genetic risk factor for AMD. The polymorphism has no direct impact on the interaction 

of FH with C3bBb, but may affect its interaction with C reactive protein (CRP), sulphated 

glycosaminoglycans (GAGs) and other cell surface proteins, impacting FH binding to 

surfaces (Hageman et al 2005). Autoantibodies to FH are found in some patients with aHUS 

and also sometimes in rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE) 

(Foltyn-Zadura et al 2012; Jiang et al 2016).  

CD46 (membrane cofactor protein, MCP) and CD55 (decay accelerating factor, DAF) 

interact together to prevent opsonisation and self-cells damage by controlling the C3/C5 

convertase enzymes (Morgan and Meri 1994; Morgan and Harris 1999; Brodbeck et al 

2000). CD55 accelerates the natural decay of the enzyme complex to release C3b or C4b. 

CD46 binds to the surface of these proteins and acts as a cofactor for its irreversible 

proteolytic inactivation by FI, preventing further convertase formation. Both CD46 and CD55 

are assembled from similar functional domains; SCRs found in many complement 

regulatory proteins and responsible for binding to C3b and C4b (Reid and Day 1989).  

CD46 is a type one transmembrane glycoprotein made up of 4 SCR modules, a linker 

region, transmembrane region and cytoplasmic tail, expressed by most nucleated cells 

(Liszewski et al 1996; Wang et al 2017). CD46 plays an important role in innate and adaptive 

responses; its ubiquity has made it an attractive target for many invaders, including measles 

virus (Dorig et al 1993; Naniche et al 1993; Sajjadi et al 2019), human herpesvirus (Santoro 

et al 1999; Charvet et al 2018), cytomegalovirus (Stein et al 2019), group B adenoviruses 

(Gaggar et al 2003; Segerman et al 2003; Cho et al 2016) and Neisseria, the latter with 

evidence that CD46 may play a role in enabling the organism to breach the blood brain 

barrier (BBB) in meningitis. (Jonsson et al 2003; Kim et al 2019). Similarly, to FH, SNP in 
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MCP (notably that encoding the amino acid change S206P) are associated with aHUS 

(Richards et al 2003).  

CD55 is formed of four SCR modules with specific biological functions a heavily 

glycosylated linker and a GPI anchor (Nicholson-Weller and Wang 1994; Medof et al 1984; 

Kinoshita et al 2018). Domain deletion and mutagenesis studies (Kuttner-Kondo et al 2001; 

Brodbeck et al 1996; Williams et al 2003) demonstrated that SCRs 2 and 3 modulate CP 

convertase whereas SCRs 2, 3 and 4 are required to regulate the AL. CD55 is expressed 

at high copy number on the surface of most cells exposed to complement (Medof et al 1984; 

Nicholson-Weller et al 1985; Kinoshita et al 1985; Flückiger et al 2018), preventing 

amplification of complement on these cells. Because of its broad expression, many 

pathogens take advantage of cell surface CD55 to progress invasion by cellular attachment 

(Hamann et al 1996; 1998; Lea 2002, Ward et al 1998; Lindahl et al 2000), including 

enteroviruses (Bergelson et al 1994; 1995) and Escherichia coli (Le Bouguenec et al 2001; 

Nowicki et al 1993; 2013).  

 

1.2.3 Regulation of anaphylatoxins: C3a and C5a 

Carboxypeptidase N (CPN) is a zinc metalloprotease that cleaves C-terminal arginine (Arg) 

and Lysine (Lys) residues of plasma peptides including kinins and complement 

anaphylatoxins C3a, C5a (Matthews et al 2004). C5a/C3a cleavage by CPN generates the 

less effective desArg-C5a/desArg-C3a (Campbell et al 2001; Zarbock et al 1988). The 

interactions of C5a and C3a with their respective receptors (C5a receptor (C5aR; CD88); 

C3a receptor (C3aR)) respectively, are mediated by their C-terminus residues Arg74 and 

Lys68 (Lambris and Holers 2000) (Mollison et al 1989; Kawai et al 1992) and loss of these 

terminal residues severely reduces binding. Indeed, the C-terminal tail of C5a has been 

used to design small molecule antagonists for C5aR binding. (Ember et al 1992; Kawai et 

al 1991; Konteatis et al 1994). C5a is one of the most pro-inflammatory products of the 

complement cascade; therefore, it is a good target for development of anti-inflammatory 

drugs. Both C5a and C3a induce leukocyte chemotaxis, trigger release of leukocyte 

granule-associated enzymes and vasoactive mediators, increase vascular permeability and 

cell adhesion, induce smooth muscle contraction and stimulate the release of specific 

cytokines by myeloid, endothelial and epithelial cells and astrocytes (Lambris and Holers 

2000). Both C5a and C3a are implicated in Inflammasome activation. C3a is needed for 

LPS-triggered NLRP3 Inflammasome activation in human macrophages and dendritic cells 

(Asgari et al 2013), while C5a takes part in inflammasome activation by cholesterol crystals 

(implicated in atherosclerosis) (Samstad et al 2014). This study demonstrated that 

cholesterol crystal induced inflammation in atherosclerosis requires complement activation 

and may be regulated with anti-complement agents. 
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Over recent years it was shown that roles of C5a and C3a extend beyond inflammatory 

responses (Mastellos and Lambris 2002).  Both anaphylatoxins are key players in 

developmental and morphogenetic processes, including haematopoiesis, reproduction, 

liver regeneration, apoptosis, and central nervous system (CNS) development (Girardi et al 

2003; van Beck et al 2001; Farkas et al 1998; Reca et al.2003; Strey et al 2003). A number 

of pathological conditions are associated with excessive production of C5a and/or C3a, 

including adult respiratory distress syndrome, asthma, septic shock, RA, inflammatory 

bowel disease, psoriasis, pemphigoid, and AD (Hammerschmidt et al 1980; Humbles et al 

2000; Czermak et al 1999; Moxley and Ruddy et al 1985; Woodruff et al 2002; Ahrenstedt 

et al 1990; Mukherjee et al 2000; Mrowietz et al 2001; Chen et al 2001, Camparini et al 

2019; Zheng et al 2019).  

 

1.2.4 Regulation of terminal pathway/ MAC 

The terminal pathway (TP) comprises five components; C5b, C6, C7, C8 and C9 that 

individually behave as hydrophilic plasma proteins but when combined in the context of cell 

membranes form the amphiphilic MAC complex. Release of the C5b67 complex from the 

convertase provides the first point of regulation of MAC assembly. First, the complex 

spontaneously decays within a fraction of second due to the unstable nature of its 

membrane binding site (Preissner et al 1985; Morgan et al 2017); second, the complex is 

inhibited by plasma proteins that bind C5b67 and prevent its association with membrane 

(S-protein, Clusterin) (Tsuruta et al 1990). Together, these events reduce the efficiency of 

C5b67 deposition on the cell surface and hence MAC formation; C8 association with C5b67 

complex in the fluid phase also prevents assembly of MAC on the membrane (Nemerow et 

al 1979). The fluid-phase C5b67 complex, while bound to S-protein and/or clusterin, can 

still interact with C8 and C9 to form sC5b-9, also known as TCC (Ware and Kolb 1981; 

Ware et al 1981; Preisner et al 1989). Conformational changes in C9 occur exposing neo-

epitopes identical to those exposed in MAC, however the structure does not physically 

resemble the MAC. TCC is a good biomarker of complement activation and has therefore 

found application in many in vitro studies on inflammatory diseases (Falk et al 1983; Mollnes 

et al 1984; Prohászka et al 2016; Morgan et al. 2019).  

If the trimolecular C5b67 complex attaches to the lipid bilayer of the cell, it binds strongly 

and recruitment of C8 further aids stability by promoting insertion of the complex into the 

membrane, C9 binding and its rapid polymerisation. As many as 18 molecules of C9 can 

bind in each complex, although only one or two are sufficient to create a functional pore 

(Podack et al 1984). Recruitment and insertion of C9 promotes major structural 

rearrangements in the complex that disrupt the membrane and create space for the next 

copies of C9 sequentially recruited. Polymerisation of C9 generates the large pore visible 
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in electron microscopy of lysed cells (Podack et al 1982; Morgan et al 2017). Recent 

advances in cryo-electron microscopy (cryo-EM) have defined MAC structure precisely, 

demonstrating an asymmetric pore of “split-washer” appearance (Fig. 1.4): the function of 

the “split-washer” in MAC remains debatable (Parsons et al 2019; Bubeck et al 2018; 

Morgan et al 2017).  

 

 

Figure 1.3 MAC visualisation using past and current techniques. A – C: early negatively 

stained pictures of MAC and its in vitro analogue poly-C9 captured with electron 

microscopy. A. MAC complexes assembled on rabbit erythrocytes, B. MAC formed on 

liposomes. C. Poly-C9; top and side view. D – F. Recent images of MAC by more advanced 

technologies. D. Cryo-EM image of detergent-solubilised MAC complexes (scale bar 50nm). 

E. Top and side views of 2D structure of detergent-solubilised MAC (Morgan et al 2017). 

 

A recent study of MAC assembly on bacterial model membranes demonstrated that the 

initial insertion of C9 together with its binding to C5b-8 is the choke point in pore formation. 

Interestingly, this rate-limiting step coincides with CD59 binding to prevent MAC assembly 

(Parson et al 2019; Bubeck et al 2018; Hamilton et al 1990; Farkas et al 2002; Lehto and 

Meri 1993). Cryo-EM demonstrated that the β-barrel pore of the MAC is formed when helical 

bundles in the MAC-Perforin (MACPF) domains of the component proteins transform into 

transmembrane amphipathic β-hairpins (TMH-1 and TMH-2) that unravel and insert into the 

membrane (Menny et al 2019; Dudkina et al 2016; Rosado et al 2007; Shatursky et al 1999) 

(Fig. 1.4). This results in release of TMH2 and conformational changes in HTH (helix turn 

helix) region that expose the elongated face of the inserted C9, allowing the next C9 

molecule to bind and unfold to grow the pore. A C9 mutant with TMH1 immobilised by a 

I 



28 
 

disulphide lock was able to bind C5b-8 but unfolding and hence MAC assembly was 

prohibited, suggesting a possible therapeutic potential of the mutant (Spicer et al 2018). 

 

 

 

Figure 1.4 Cryo-EM structure of MAC.  A. Three views of the MAC, individual proteins 

highlighted in different colours; C5b (magenta), C6 (light blue), C7 (green), C8α (red), C8β 

(dark blue), C8γ (yellow), C9 (orange). The contiguous MAC β-barrel and detergent belt are 

in grey. B. Top and side views of the structure with dimensions indicated. Adapted from 

Serena et al 2016.  

 

The recent cryo-EM and flickr spectroscopy studies on MAC formation on lipid bilayers show 

that MAC is a flexible pore. The membrane rupture mechanism involves C6 and C7 binding 

to the outer leaflet that reduces the energy of membrane bending. This allows C8 and C9 

to insert into the bilayer, increasing membrane rigidity. C5b6 here acts as a platform 

directing the β-barrel formation supported by C9 glycan scaffold. This mechanism shows 

precisely how MAC destroys pathogens and facilitates cell activation but also gives an 

insight how cells recover from MAC attack (Menny et al 2018). 

 

Assembly of MAC on the membrane is regulated by CD59, a small 

glycosylphosphatidylinositol (GPI) anchored protein that patrols the cell surface to block 

forming complexes. CD59 binds the forming complex and prevents the completion of the 

A. 

B. 
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MAC pore (Lehto et al 1997; Rooney et al 1993; Morgan et al 2016). CD59 was first 

described in late 1980s as a broadly expressed 18 – 20 kDa membrane protein extracted 

from erythrocytes that inhibited MAC mediated lysis of the targeted cells (Holguin et al 1989; 

Okada et al 1989; Sugita et al 1988). Nowadays the structure of CD59 (MW = 18 – 25 kDa, 

depending on the tissue/ cell source), including the glycosyl phosphatidylinositol (GPI) 

anchor is well defined. (Ratnoff et al 2008). The glycosylation of CD59 comprises a single 

large, complex N-linked carbohydrate group at Asn18 which accounts for between 4 and 6 

kDa of the molecular mass, and variable amounts of O-glycosylation (Wheeler et al 2002; 

Ninomyia et al 1992). Removal of the N-glycosylation site by mutation of Asn18 in a 

recombinant soluble form of CD59 increased 7-fold complement inhibitory activity (Suzuki 

et al 1996) (Fig. 1.5). 

 

 

Figure 1.5 Structure of native anchored CD59. Above the membrane is the protein core 

and O, N – glycans. The GPI anchor (G) is inserted into the membrane, A, B. The two 

orthogonal views of the model drawn in space-filling format. C, D. Top views (Rudd et al 

1997). 

 

  

A. B. C. D. 
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Figure 1.6 Inhibition mechanism of MAC formation by CD59. A. MAC assembly in the 

absence of CD59: C9 unfolds and binds to C5b-8 complex allowing deep insert of the 
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complex into the membrane, recruitment of additional C9 molecules and rapid C9 

polymerisation to form MAC resulting in membrane disruption. B. CD59, moving in the plane 

membrane, encounters and binds C5b-8 complex, the first C9 molecule binds the complex, 

but the C9 unfolding and insertion into the membrane is inhibited by the steric hindrance of 

the bound CD59. As a consequence, C9 polymerisation does not occur, MAC is not formed, 

and membrane is not damaged.  

 

Structural studies to determine the MAC inhibition site demonstrated that CD59 does not 

interact with any of the individual MAC proteins or intermediates upstream of C5b-8  

complex but shows strong affinity for the C5b-8 complex, restricting incorporation and 

polymerisation of C9. (Rollins and Sims 1990; Meri et al 1990).  CD59 binds to the C8α 

chain and the carboxy-terminal b domain of C9 (Lehto et al 1997). Further studies showed 

that introduction of CD59 after the first insertion of C9 into the C5b-8 complex stops the 

subsequent recruitment of C9 molecules (Fig. 1.6). 

The demonstration that CD59 was absent from the affected erythrocytes in PNH, a 

consequence of defective GPI anchor formation, provided an explanation for the lytic 

susceptibility of these cells (Parker et al 2008; Holguin et al 1989; Yamashina et al 1990). 

The GPI anchor facilitates CD59 mobility in the membrane, but also may be involved in 

signalling; cross-linking of CD59 on human neutrophils caused increased intracellular Ca2+ 

concentration and oxidase activation (Morgan et al 1993). Other suggested functions of 

CD59 include stimulation of cytokine release and cell proliferation in T cells (Korty et al 

1991; Okada et al 1989), neutrophil activation (Morgan et al 1993), cell adhesion and 

activation through CD2 (Deckert et al 1992; Hahn et al 1992). Some tumour cells 

overexpress CD59 which may promote tumour cell growth and survival (Fishelson et al 

2003; Fonsatti et al 2000). CD59 can be shed from the cell membrane and released into 

the circulation in a soluble form (sCD59) that can be detected in various body fluids including 

urine, milk, serum, plasma and cerebrospinal fluid (Hakulinen and Meri 1995; Vakeva et al 

2000; Meri et al 1996; Zelek et al 2019). Elevated levels of sCD59 have been found in acute 

myocardial infarction, diabetes and lung allograft dysfunction (Hakulinen and Meri 1995; 

Vakeva et al 2000; Budding et al 2016) and has been suggested as a disease biomarker.  

In vitro assays showed that sCD59 is an efficient inhibitor of MAC formation (Sugita and 

Masuho 1994); indeed, in a wet AMD model, local administration of sCD59 reduced 

choroidal neovascularisation (Bora et al 2007).  

 

1.2.5 Role of sub-lytic MAC in immune responses 

The main purpose of MAC is lytic killing of pathogens. The assembly of the pore on 

homologous nucleated cells does not always cause lysis; sub-lytic MAC has a number of 
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effects beginning with Ca2+ influx through the pore that in turn triggers Ca2+ store release 

that dramatically increases intracellular Ca2+ from low nM to µM levels within seconds 

(Morgan 1989). The generated Ca2+ binds multiple proteins within the cell, for example 

calmodulin which activates downstream calmodulin-dependent kinases to modulate many 

processes in the cells. Ca2+ is likely the primary mediator of sub-lytic MAC effects in 

nucleated cells; however, MAC may regulate cyclic AMP (cAMP) generation by direct 

interaction with the Giα-subunit of G-protein-coupled receptors, although the precise 

mechanism is unknown. MAC downstream signalling pathways have been identified for 

different cell types, tissues, and complement sources, with PI3kinase, AKt/FOX01, and 

ERK1 pathways emerging from multiple studies (Qiu et al 2012; Ren et al 2008; Fosbrink 

et al 2006). MAC-mediated activation of cyclic dependent kinases 2 and 4 (CDKs) resulted 

in cell activation and proliferation (Tegla et al 2011), while activation of apoptotic pathways 

via phosphorylation of Bad (BCP-2 associated death receptor) and caspase activation has 

been described (Cudrici et al 2006; Fishelson et al 2001; Lusthaus et al 2018).  

 

Inflammatory effects of sub-lytic MAC on various cell types have been reported. Studies on 

neutrophils, macrophages and T-cells have reported that sub-lytic MAC induced secretion 

of inflammatory cytokines (Chauhan and Moore 2011). Retinal epithelial cells challenged 

with non-lytic MAC released IL-6, MCP-1, and VEGF (Lueck et al 2011). MAC-induced 

platelet activation released microparticles and triggered surface modifications to enhance 

stickiness. (Martel et al 2011). Sub-lytic MAC triggered assembly and activation of NLRP3 

inflammasome in lung epithelial cells resulting in a dramatic increase of IL-1β secretion 

(Triantafilou et al 2013). Inflammasome activation was also seen on murine dendritic cells 

with resultant synthesis of IL-1β and IL-18 (Laudusi et al 2013). Taken together, these 

findings suggest that drugs targeting IL-1β could be effective in MAC-driven pathologies. 

 

1.2.6 Complement receptors 

Complement activation and its effects require receptors on target cells. In the CP, multiple 

C1q receptors are defined, binding to the globular head (gC1qR) or collagenous tail 

(cC1qR) regions of C1q (Peerschke et al 1994; Hosszu et al 2010; McGreal and Gasque 

2002; Zhang et al 2018). Their role is yet to be clearly defined, although they likely have an 

opsonic effect in debris removal (McGreal and Gasque 2002). Several receptors for C3 

activation products play key role in processing of opsonised molecules and pathogens. 

Complement receptor 1 (CR1, CD35) associates with C3b and C4b. CR2 (CD21) interacts 

with C3b breakdown products iC3b and C3d. CR3 (CD11b, CD18) and CR4 (CD11c, CD18) 

bind iC3b and are involved in removal of the opsonized particles. C3a binds two receptors; 

C3aR and C5L2, both are present on myeloid cells. It has also been postulated that C5L2 
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is a decoy receptor for C5a rather than having a functional role (Sacks et al 2010; Cain and 

Monk 2002; Okinada et al 2003). Table 1.2 summarises the membrane bound complement 

receptors.  

 

 

 

 

 

 

 

 

 

 

 

 

Table 1.2 Summary of membrane bound complement receptors and their interacting 

complement protein.  

 

1.3 Complement roles in health and disease 

 

1.3.1 Antibacterial activities of complement 

The main role of complement in human health is to protect from bacterial infections, this 

can be facilitated in three ways. First, opsonisation of bacteria with C3b/ iC3b that are bound 

by phagocyte receptors. Second, the anaphylatoxins C3a and C5a attract phagocytes to 

the infection site and cause cell activation. Third, direct lytic killing of gram-negative bacteria 

(Neisseria; N. meningitidis, N. gonorrhoeae) by MAC.  As a consequence, complement 

deficiencies predispose to infections with multiple bacterial species as described in section 

1.3.5. 

 

1.3.2 Immune complex clearance 

Immune complexes (ICs) are formed by antibody binding to a specific antigen. Because of 

antibody divalency, aggregates form and ICs grow. Deposition of large aggregations of ICs 

in tissue blood vessels causes pathology. The complement system efficiently controls ICs 

via opsonisation. Decoration of ICs with C3b/ iC3b restricts antibody access to the antigen 

and thus inhibits further growth and promotes their engulfment. C3b on ICs binds to CR1 

(cofactor of FI) expressed on erythrocytes, thus removing free ICs from the plasma. 

Cleavage of CR1-bound C3b to iC3b by FI releases the IC that can then re-bind through a 
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different C3b on the ICs to repeat the cycle. This dynamic binding permits the efficient 

uptake of ICs by fixed tissue macrophages that express CR3 which binds iC3b on the IC, 

triggering phagocytic elimination (Lindorfer et al 2001).    

 

1.3.3 Priming adaptive immunity 

Complement is also implicated in humoral immune responses, triggering B cell activation 

and maturation into antibody-secreting plasma cells. C3d on the opsonised target antigen 

binds to CR2 (CD21) on the B cell which reduces the threshold for B cell activation and 

increases the final signal (Fearon 1998; Fearon et al 2000). CR2 also plays roles in uptake 

of opsonised ICs from lymphatics and transport to follicular dendritic cells (FDCs) and B 

cells in the lymphoid follicles. Complement has also been implicated in T cell regulation, 

notably with involvement of CD46 and C3 activation products emerging in adaptive 

immunity (Carroll and Isenman 2012; Kemper et al 2005; Heeger and Kemper 2012). 

 

1.3.4 Involvement in lipid metabolism 

Rather little is known about complement roles in lipid metabolism. FD (the key enzyme of 

the AL) is identical to Adipsin, a serine protease discovered independently, implicated in 

lipid metabolism and produced only in adipose tissue; further, acylation stimulating protein 

(ASP) a product of adipsin activities responsible for augmentation of glucose transport, was 

shown to be identical to C3adesArg (Cianflone et al 1989; Sniderman and Cianflone 1994). 

The adipsin-ASP pathway appears to play an important role in lipid handling in adipose 

tissue. Studies on adipocytes have shown that they are the main source of FD (adipsin), 

but also produce the key AL proteins C3 and FB. Local AL activation generates ASP 

(C3desArg) that then interacts with C5L2R to drive triglyceride synthesis in adipocytes 

(McLaren and Cianflone 2008). 

 

1.3.5 Lessons from Complement deficiencies  

Deficiencies of each of the complement proteins, regulators and receptors deficiencies have 

been reported, some of which can lead to life-threatening conditions; these provide natural 

experiments that highlight the homeostatic roles of complement (Morgan and Walport, 

1991; Grumach and Kirschfink 2014; van den Broek et al 2019). Complement deficiencies 

are caused by mutations restricting synthesis or function of the protein. The most obvious 

consequences of complement deficiencies are increased susceptibility to infection and IC 

diseases. In CP deficiencies, IC-mediated pathologies predominate; frequency and severity 

is highest in individuals deficient in any component of the C1 complex who usually present 

with SLE-like symptoms in childhood (van Schaarenburg et al 2016). C4 deficiency is also 

strongly associated with SLE-like disease while the least severe deficiency in CP is of C2; 
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often without any disease manifestation. MBL deficiency is very common in Caucasians 

(5% of population) and in general harmless with no symptoms (Heitzender et al 2012). C3, 

the most abundant complement protein in plasma, generates most of the important 

activation products. Patients with C3 deficiency suffer frequent and serious bacterial 

infections often resulting in death in infancy. Deficiencies of AL components FD and FB are 

rare with increased risk of bacterial infections. Individuals deficient in any of the TP 

components (C5 – C9) are prone to Gram-negative bacterial infections, notably with 

Neisseria. Patients with C5 deficiency cannot make either MAC or C5a which increases 

significantly their risk of infections compared with other TP deficiencies (Skattum et al 2011). 

In the Japanese population C9 deficiency is very common (1 in 1000 of the population) 

(Grumach and Kirschfink 2014). Although the majority of the complement component 

deficiencies can be treated with immunisation and prophylactic use of antibiotics, early 

diagnosis is crucial.  

 

Dysregulation of complement can also be a result of deficiencies in complement regulators. 

C1INH is the major regulator of CP ad LP and the kinin system responsible for production 

of the inflammatory mediator bradykinin. Individuals deficient in C1INH present with soft 

tissue swelling, a disease known as hereditary angioedema (HAE) (Cicardi and Zamichelli 

2010). The recurrent episodes of severe tissue swelling are localized or wide spread 

affecting mainly the limbs, face, intestinal tract, and airway. Patients with HAE are usually 

heterozygous deficient for C1INH. Small insults such as stress or minor injury trigger low 

complement and kinin system activation that in healthy individual is regulated by C1INH, 

but in HAE C1INH is rapidly consumed, hence control of the systems is lost resulting in a 

burst of tissue inflammation and swelling (Zeerleder and Levi 2016).   C1INH deficiency is 

one of the most common complement deficiencies with a frequency of 1:10000 in 

Caucasians (Lumry et al 2013).  

 

FI and FH deficiencies are very rare and lead to dysregulation of AL with complete 

consumption of C3. These deficiencies have the same outcome as C3 deficiency; severe 

and frequent bacterial infections (Roumenina et al 2011).  

Complement regulators (CD55 and CD59) attach to membrane via GPI anchor and defects 

in synthesis of GPI anchor result in loss of the regulator expression which clinically 

manifests in PNH characterised by haemolytic crises, anaemia and thrombosis.  PNH 

erythrocytes are extremely sensitive to lysis due to the lack of the membrane regulators, 

unlike most cells, erythrocytes do not express CD46 (Roumenina et al 2011; Hall et al 2002; 

Morgan and Harris 1999). 
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Complement receptors are widely distributed on cells and tissue playing a role in mediating 

biological responses; however, apart from CD11b deficiency in Leukocyte Adhesion 

Syndrome (Mazzone et al 1995) no other deficiencies are associated with disease.  

 

1.3.6 Complement mutations and polymorphisms 

Each individual has a unique, inherited set of common polymorphisms in genes encoding 

complement proteins and regulators that impact the balance between complement 

activation and regulation and defines the “Complotype” (Harris et al 2012). The inheritance 

of more active variants of AL components C3 and FB, or less active variants of AL regulators 

FH, FI, MCP dictates AL activity and impacts inflammatory state and disease risk. Mutations 

and polymorphisms can also cause dysregulation of complement by reducing or enhancing 

expression levels of complement proteins. These changes in function or levels of 

complement proteins may impact risk of disease. As an example, aHUS is a disease caused 

by polymorphism and mutations in complement genes, most commonly FH, where changes 

in the C-terminus impact capacity of FH to bind membranes to protect from complement 

mediated damage (Le Quintrec et al 2010). aHUS can also be caused by mutations in C3 

or FB genes which accelerate C3 convertase generation leading to AL dysregulation, and 

common polymorphisms in FH and CD46 increase risk of aHUS development. Common 

polymorphisms in FH also play important roles in AMD; notably, the FH Y402H 

polymorphism which enhances disease risk up to 6-fold (Donoso et al 2006; Thakkinstian 

et al 2006). Polymorphisms in C3, FB, FI and factor H related proteins (FHRs) have all been 

associated with complement dysregulation contributing to inflammation (Heurich et al 2011).  

 

1.4 Complement in specific diseases  

As described above, complement is essential for elimination of immune complexes and 

recognition and killing of bacteria through opsonisation and promotion of phagocytosis. 

However, dysregulated complement activation leads to disease. Complement involvement 

in disease may be either as the primary trigger of the pathology or as a contributor to the 

downstream inflammation and tissue damage. The list of inflammatory and autoimmune 

diseases in which complement is implicated is very long (Ricklin et al 2018; Zelek et al 2019) 

(Fig. 1.7). The role of complement in conditions such as RA and SLE has been known for 

decades (Schur and Austen 1968). Recently it was demonstrated that complement is 

involved in eye diseases such as AMD and glaucoma, and in multiple CNS diseases 

including AD, NMO, multiple sclerosis (MS), Parkinson’s disease (PD), and Huntington’s 

disease (HD) (Morgan et al 2019). Here I will focus on these new findings, but also briefly 

summarise evidence of complement involvement in renal, vascular and other diseases.  

 



37 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7 Complement implication in various diseases; In red complement-driven 

diseases; PNH, aHUS, C3G, AMD, NMO, MG, GBS. In black other diseases in which 

complement is implicated. Cartoons are from presentermedia.com. (Zelek et al 2019). 

 

1.4.1 Complement in renal diseases  

The kidney is highly susceptible to complement mediated damage. In recent years it has 

been recognised that C3 glomerulopathy (C3G) and aHUS are predominantly driven by 

complement AL dysregulation (Lambris et al 2018; Thurman 2015). aHUS is characterised 

by thrombocytopenia, microangiopathic haemolytic anaemia and acute kidney injury (Sethi 

and Farvenza 2014) and caused by mutations and polymorphisms in genes encoding 

complement proteins, mainly FH, but also FI, MCP, that increase risk of complement 

dysregulation. Over-activation of the AL at the cell membrane leads to downstream 

activation, kidney endothelial cell dysfunction, swelling and damage (Kavanagh and 

Goodship 2010; Rodriguez de Cordoba et al 2014). The pathology is driven by the two most 

pro-inflammatory products of the complement cascade C5a and MAC, although genetic 

variants in the coagulation system may also be contributory (Kavanagh and Goodship 

2011). Early treatment with Eculizumab prevents progression to end-stage renal failure 

(Wong et al 2013). Eculizumab blocks cleavage of C5 and it is unclear whether its effects 
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are a consequence of blocking MAC and/or C5a; therefore, drug targeting only MAC 

(downstream of C5) or only C5a would help to define this.  

 

C3G is another ultra-rare renal disease caused by AL dysregulation (Pickering et al 2013; 

Latropoulos et al 2018). In contrast to aHUS, complement dysregulation is systemic rather 

than local (Martinez-Barricarte et al 2010). C3 activation products deposit at the renal 

glomerular basement membrane (GBM).  As in aHUS, polymorphisms and mutations in 

genes encoding complement activating and regulating proteins are strongly associated with 

the diseases. Autoantibodies termed nephritic factors (NeF) specifically contribute to the 

disease in many cases (Latropoulos et al 2018; Servais et al 2012); these associate mainly 

with neoepitopes on C3 or C5 convertases but binding to FH, FB and C3b has also been 

reported (Paixao-Cavalcante et al 2012; Skerka et al 2009). Precisely how NeF cause C3 

activation (locally or in the fluid phase) is unclear. Patients with C3G are treated with 

immunosuppressants or plasma exchange, but these do not prevent end-stage renal failure. 

To date, Eculizumab administration has shown contradictory results in different small 

studies, suggesting a need for larger studies and perhaps a personalised approach to 

treatment (Zuber et al 2012).  

 

In IgA Nephropathy (IgAN) ICs containing abnormally glycosylated IgA antibody deposit in 

the kidney and activate complement (Daha and van Kooten et al 2016). MBL levels are 

increased in glomeruli and C4d deposition is a marker of the disease (Espinosa et al 2014). 

A MASP2 inhibitory mAb (OMS721, Omeros, in clinical phase 3) shows promising results 

in IgAN. Individuals deficient in FH related proteins 1 and 3 (FHR1, 3) were protected from 

the disease (Gharavi et al 2011), implicating the AL in the disease. FHRs interfere with FH-

mediated AL regulation (Goicoechea et al 2013; Rodriguez de Cordoba et al 2014). 

Similarly, in SLE, ICs deposit in the kidney and activate complement, leading to renal cell 

damage and thrombotic microangiopathy (TMA) (Yu et al 2017). The mechanism by which 

complement causes pathology in the disease is unclear, but the over activation of 

complement leads to consumption of C3 and C4 which drives inflammation and tissue 

damage. Immunoglobulin, C1q and C3 deposits are found in GBM and mesangium with 

proliferative glomerulonephritis and/or membranous nephropathy-type appearance 

(Bomback et al 2016). 

 

Complement plays a crucial role in renal transplant rejection. Ischemia/reperfusion (I/R) 

injury and delayed graft function in the donor kidney places the graft at high risk of acute 

kidney injury (AKI). Complement is implicated in ischaemic graft rejection with C3 fragment 

deposition in the tubular basement membrane and increasing evidence of AL and TP 
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involvement in the pathology (Thurman et al 2005, McCullough et al 2013). Risk of organ 

rejection post-transplant is also dependent on donor specific antibodies (DSA). At the 

extreme, HLA/ABO-incompatible transplants are at very high risk of antibody-

mediated allograft rejection (AMR) with hyperactivation of complement and rapid tissue 

necrosis (Stegall et al 2012). The perfect donor–recipient match eliminates the risk; 

however anti-complement drugs may permit non-perfect combinations and improve the 

supply of donor organs by allowing the organ to accommodate and survive despite the 

mismatch (Fiane et al 1999).  

 

1.4.2 Complement in eye diseases  

AMD is the most common cause of blindness in the developed world, affecting ~1.5% of 

the population over 40 years old in the US, and 15% of white women (of European-descent) 

aged over 80 (Friedman et al 2004); It is also the best know eye disease in which 

complement is implicated. Complement is present and regulated in the healthy eye (Bora 

et al 1993; Sohn et al 2000). In AMD, aggregates of proteins and lipids (drusen) decorated 

with complement proteins (Mullins et al 2000) accumulate within the Bruch’s membrane 

causing separation of retinal pigment epithelium (RPE) from the choroid (Mohlin et al 2017), 

thus interfering with retinal function. A common polymorphism in FH, Y402H, is strongly 

associated with increased risk of AMD (Nan et al 2011).  In dry AMD (geographic atrophy 

(GA)), the RPE is severely damaged and scarred. In wet AMD, choroidal blood vessels 

proliferate and leak causing retinal oedema, dysfunction and scarring. There is a long list of 

anti-complement agents in development for AMD treatment (Harris 2018), yet none is yet 

approved by FDA. Dry AMD is managed with the anti-VEGF (vascular endothelial growth 

factor) mAb ranibizumab but a significant proportion of patients do not respond (Ferrara et 

al 2006). 

 

Uveitis, inflammation of the uveal tract of the eye can cause permanent blindness. 

Complement-driven inflammation is implemented in the disease. Inhibition of C5 with 

monoclonal antibody (BB5.1) in a mouse model reduced inflammation (Copland et al 2010). 

Anti-properdin (CLG561) and anti-C5 (LFG36, Novartis) mAbs are in clinical trials for 

treatment of this and other eye diseases (Volz and Pauly et al 2015; Kassa et al 2019).  

 

1.4.3 Complement in vascular diseases 

Complement mediated damage may not be tissue specific but instead target the vasculature 

or blood components throughout the body.  

ANCA (anti-neutrophil cytoplasmic antibody)-associated vasculitis (AAV) is driven by AL 

dysregulation and C5a generation.  C5a-induced neutrophil activation cause degranulation 
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and increased endothelial adhesiveness; in turn, granule-derived myeloperoxidase (MPO) 

and MPO autoantibodies activate complement generating more C5a that binds C5aR1 on 

neutrophils, completing the destructive inflammation cycle (Noone et al 2018; Jennette et 

al 2013).  Agents targeting C5a-mediated damage in AAV are in development with 

Avacopan (small molecule C5aR1 antagonist by Chemocentryx) showing promising results 

and progressing to phase 3 clinical trials (Chen et al 2017; Jayne et al 2017).  

 

PNH presents with haemolytic anaemia, thrombosis, smooth muscle dystonias, and, in late 

stages of the disease, bone marrow failure. The disease is caused by rare somatic 

mutations in the gene encoding PIGA (phosphatidylinositol N-

acetylglucosaminyltransferase subunit A) in hematopoietic stem cells; this prevents 

biosynthesis of GPI anchors responsible for protein-membrane interaction (Takeda et al 

1993; Hill et al 2017). The complement regulators CD55 and CD59 are GPI anchored 

proteins; loss of these regulators on blood cells in PNH enhances susceptibility to 

complement-mediated membrane damage and intravascular haemolysis (Hill et al 2017). 

Eculizumab (the first complement inhibitory drug approved by FDA) prevents this damage 

by blocking activation of C5 and hence MAC formation; however, Eculizumab does not stop 

opsonisation and accumulation on erythrocytes of C3 opsonic fragments (C3b, iC3b, C3dg) 

may drive extravascular haemolysis of erythrocytes (Ristano et al 2009; Liz et al 2015). 

Breakthrough haemolysis can occur as a result of insufficient inhibition of C5; small amounts 

of free C5 lead to MAC formation on the primed erythrocytes and potentially catastrophic 

lysis (Harder et al 2017). This highlights the importance of considering inhibitors of MAC 

downstream of C5 as will be discussed later.  

 

Autoimmune haemolytic anaemia (AIHA) is mediated by CP activation by anti-erythrocyte 

autoantibodies leading to haemolysis. There are two major types of AIHA, termed warm 

and cold depending on the temperature at which the auto-antibodies bind erythrocytes. 

AIHA is currently tackled by immunosuppressants that reduce autoantibody production. 

Antibody against CD20 (rituximab) is effective in 70 – 80% of cases (Barcellini 2015). Anti-

complement approaches are under consideration. 

 

1.4.4 Complement in neurological disorders 

GWAS, epidemiological studies, pathological analyses and biomarker measurements in 

plasma and cerebrospinal fluid (CSF) show that complement is implicated in many CNS 

disorders (Morgan et al 2019).  
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Complement-mediated damage to the neuromuscular junction (NMJ) is a key mechanism 

of pathology in myasthenia gravis (MG). In MG, autoantibodies destroy the acetylcholine 

receptors (AChR) at the NMJ, preventing the muscle from contracting (Zelek et al 2019; 

Chamberlain-Banou et al 2006). C3 opsonic fragments and MAC are detected at motor 

endplates both in patients and in animals with experimental autoimmune MG (EAMG) 

(Kausner et al 2019). The most severe form of the human disease includes paralysis of the 

face and throat muscles and is termed generalised MG (gMG). Complement involvement in 

MG has been known for nearly half century (Sahashi et al 1978), and recently this was 

brought back into the spotlight by FDA approval for the use of Eculizumab for therapy of 

gMG (Morgan et al 2019). Following the success of Eculizumab, C5 remains a favourite 

target in the complement drug development field. Zilucoplan (an anti-C5 peptide developed 

by RaPharma) is in Phase 2 clinical trials for gMG.  

 

Dementia encompasses a wide range of disorders including AD, PD, dementia with lewy 

bodies and vascular dementia. AD affects ~50 million people worldwide and it is the 

commonest cause of dementia (60 – 80%). AD is a complex and progressive 

neurodegenerative disease; symptoms develop gradually from mild forgetfulness to severe 

mental impairment over the course of years. There is emerging evidence that complement 

is implicated in AD. GWAS studies associated genes encoding clusterin and CR1 with risk 

of AD (Lambert et al 2009; 2013; Karch and Goate 2013). Levels of complement proteins 

and activation products in plasma and CSF effectively differentiate AD from controls and 

predict risk of progression (Hakoyban et al 2016; Morgan et al 2017; Hu et a. 2016). Post-

mortem analyses of AD brain provide solid evidence of CP activation with C1q, C3 and C4 

deposits detected around and in amyloid plaques (Veerhuis et al 1995; Rogers et al 1992; 

Ishii and Hega 1984). TP proteins co-localised with amyloid beta (Aβ) in neurofibrillary 

tangles and neuropil threads (Rogers et al 1992). In vitro studies show that Aβ plaques 

activate the CP (Rogers et al 1992; Bradt et al 1998). In mouse models, administration of 

C5aR1 antagonist (PMX205) significantly reduced Aβ and tau deposits, downregulated glia 

and improves cognition (Fonseca et al 2009), while a C1q-blocking mAb (ANX-M1/ANX005, 

Annexon Biosciences) injected into the brain reduced synapse loss and complement 

mediated damage (Hong et al 2016). Although the evidence suggests that complement 

drives pathology in AD, inhibition of complement may have adverse consequences by 

reducing clearance of plaques (Wyss-Coray et al 2002). The AD animal models can cause 

confusion because they mimic rare inherited early-onset AD rather than common late-onset 

disease and usually display only one type of pathology. Another factor that needs to be 

considered when studying roles of complement in brain diseases is age, because it is clear 

from human and mouse studies that brain expression of complement proteins changes 
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significantly with age (Zhou et al 2008; Stephan et al 2013). Investigation of complement in 

brain remains challenging.  

 

PD is a neurological disorder presenting with tremor, stiff and inflexible muscles with 

cognitive decline as a later feature. The pathological hallmark is the presence of aggregates 

of lewy bodies (LBs) that contain more than 70 different types of molecules, among which 

α-synuclein is predominant (Wakabayashi et al 2007). The pathology is associated with α-

synuclein splice variants that can activate complement (Klegeris and McGeer 2007). 

Immunocytochemical studies showed iC3b and C9 deposited in LBs (Loeffler et al 2006). 

The C3/FH ratio in CSF differentiated disease group from the controls while C3/Aβ42 and 

FH/Aβ42 ratios showed positive correlation with PD severity (Wang et al 2011). Modelling 

PD in rodents is challenging, none of the available models mimic disease precisely (Antony 

et al 2011). A recent study using a toxin-induced model implicated CR3 in pathology; CR3 

knockout mice were protected from neuronal loss and motor dysfunction (Hou et al 2018).  

 

Huntington's disease (HD) is a dominantly inherited disorder that causes 

neurodegeneration with onset usually in adult life. HD symptoms include movement 

dysfunction, cognitive and psychiatric disability.  The cause of the disorder is expansion of 

CAG repeat in the first exon of the Huntingtin (HHT) gene that translates into a 

polyglutamine tract at the N-terminus of the protein. This causes defects in protein folding; 

aggregates of HHT protein accumulate in striatum and cortex, causing neuronal death 

(Mangiarini et al 1996; Graveland et al 1985). Complement proteins C1q, C3 and C4, iC3b 

and TCC were co-localised with neurons, astrocytes and myelin sheaths in the HD caudate 

and striatum (Singhrao et al 1999; Hodges et al 2006). Expression of multiple complement 

proteins was upregulated in HD striatum and levels of clusterin, C7 and C9 were increased 

in HD plasma and correlated with disease severity (Dalrymple et al 2007). As for PD, 

contradictory results are found depending on the animal model used; however, intrathecal 

delivery of a C5aR antagonist (PMX53 or PMX205) in a rat HD model showed promising 

results with reduced weight loss, restored motor abilities and reduced lesion number and 

volume (Woodruff et al 2006).  

 

Multiple sclerosis (MS) is a chronic, autoimmune, degenerative disease of the CNS. The 

symptoms include problems with movement, balance and vision. Current therapies seek to 

suppress the production of autoantibodies, although the nature and precise targets of the 

autoantibodies in MS are unclear. Complement has been implicated in MS as demonstrated 

by biomarkers studies in plasma and CSF (Hakoyban et al 2017; Zelek et al 2016; Tatomir 

et al 2017; Aeinehband et al 2015). In MS plasma, increased C4a levels correlate with the 
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disease activity (Ingram et al 2010).  Complement deposits are present in the CNS in MS 

and NMO; immunostaining of disrupted myelin in MS lesions showed deposits of C3, C3d, 

FB, C1q, C3b, iC3b, C4d and TCC (Barnett et al 2009; Ingram et al 2014). Deposition of C3 

on microglial clusters in chronic MS has been reported (Michailidou et al 2017). My recent 

study on demyelinating disease showed that CD59 is synthesised locally in choroid plexus 

(Zelek et al 2019). Animal models confirm complement pathology in MS and NMO 

(Rosenling et al 2012; Wren et al 1989; Gharibi et al 2019; Yao et al 2016); however, no 

studies on anti-complement drugs have yet been conducted. Neuromyelitis Optica 

Spectrum Disorder (NMO) is an autoimmune demyelinating disease with overlapping 

symptoms with MS, but the demyelination affects predominantly the optic nerves and spinal 

cord and the autoantibodies in most cases are directed against the water channel aquaporin 

4 (AQP4-Ab) and are highly specific for NMO (Papadopoulos et al 2014; Hinson et al 2007; 

Lennon et al 2004; 2005; Mader et al 2011). Evidence for complement involvement comes 

from measurement of complement plasma and CSF biomarkers; these not only aid 

diagnosis but also differentiate MS and NMO with over 80% accuracy (Ingram et al 2009; 

2010; Compston et al 1986). Complement therapy has been successful for NMO; treatment 

with Eculizumab (in phase 3 clinical trials) significantly reduced relapses compared to 

placebo group (3% versus 43%) (Pittock et al 2019; Kuroda and Fujihara 2019). Eculizumab 

has been recently approved for NMO treatement (https://news.alexion.com/press-

release/product-news/alexion-receives-fda-approval-soliris-eculizumab-treatment-adults-

neuromy). Early studies showed safety of C1INH in add-on therapy in NMO patients 

presenting with acute transverse myelitis and optic neuritis (Levy and Mealy 2014).  

 

Guillain-Barré syndrome (GBS) is an autoimmune disease in which autoantibodies to 

gangliosides such as GM1 disrupt nodal voltage-gated sodium (Nav) channel clusters in 

peripheral motor nerve fibres leading to acute limb weakness (Suzuki et al 2007). GBS 

symptoms progress rapidly, causing disability within a few days, ~10% of patients die of 

pneumonia, cardiac or thromboembolic complications. GBS spontaneously stabilises within 

2 – 3 weeks with a complete recovery in a variable proportion of patients within 6 months 

(GBS Group 1985). Histology on human post-mortem GBS brain showed C3d and TCC 

deposition on Schwann cells (Hafer-Macko et al 1996; Griffin et al 1996). CSF levels of C3a 

and of C5a were significantly elevated in GBS patients compared to controls (Hartung et al 

1987); MBL2 genotype and serum MBL concentrations were associated with the 

development and severity of GBS (van Doorn et al 2006). Recent studies showed that 

administration of Eculizumab alongside the standard IVIg treatment in GBS patients is safe; 

however, effectiveness of the treatment is yet to be confirmed (Yamaguchi et al 2018; 

Misawa et al 2018; Davidson et al 2017). In an animal model of GBS, treatment with 

https://news.alexion.com/press-release/product-news/alexion-receives-fda-approval-soliris-eculizumab-treatment-adults-neuromy
https://news.alexion.com/press-release/product-news/alexion-receives-fda-approval-soliris-eculizumab-treatment-adults-neuromy
https://news.alexion.com/press-release/product-news/alexion-receives-fda-approval-soliris-eculizumab-treatment-adults-neuromy
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monoclonal anti-C1q antibody reduced axonal injury and improved respiratory function 

(McGonigal et al 2016). 

1.6 Evolution of complement drugs. 

The role of complement inhibition as a therapy for disease has been explored for many 

years; cobra venom factor (CVF) was the first anti-complement agent used over 50 years 

ago in man and experimental animals, but was not pursued mainly because of the high 

immunogenicity (Linton and Morgan 1999; Morgan and Harris 2015). Other limitations were 

restricted accessibility and generation of C5a in high concentrations during the initial 

treatment that led to accumulation of neutrophils in lungs and other organs (Till et al 1982). 

Attempts were made to overcome the immunogenicity issue by generation of recombinant 

humanised CVF (rhCVF), successfully used in a few pre-clinical models, including AMD and 

ischemia reperfusion injury (Vogel et al 2014). rhCVF showed low immunogenicity and 

could be produced in large quantities; however, concerns over the complete depletion of 

complement and toxicity remained.  

Plasma-derived C1INH was first used in therapy of HAE in the mid-1980s and continues to 

be used as emergency (and more recently prophylactic) therapy for this single condition 

(Carugati et al 2001). Its use in other conditions has been restricted to a handful of small 

studies, none of which have progressed to the clinic.  

The first recombinant complement inhibitor was a soluble recombinant form of CR1 (sCR1; 

TP10), first described in 1990 (Weisman et al 1990). Although this molecule provided a 

wealth of data from animal studies, its translation to humans was disappointing with failure 

in early trials coupled with the cost and complexity of the molecule contributing to its slow 

progress.  

Many more years passed by until Eculizumab became the first complement inhibitory drug 

approved by FDA, initially for treatment of PNH in 2007 (Mastellos et al 2018; Mandala el 

al 2013; Brodsky et al 2008) and two years later for aHUS (Wong and Kavanagh 2013; 

Wong 2018). Eculizumab was, for many years, restricted to these two ultra-rare 

complement driven diseases, but in many more common diseases complement 

dysregulation exacerbates/perpetuates pathology. The recent approval of Eculizumab for 

gMG and NMO treatment shows the potential for anti-complement therapy to benefit in more 

common diseases. Ravulizumab is the new improved version of Eculizumab with half-life 

prolongation technology for treatment of PNH and aHUS (McKeage. 2019). Despite the long 

history of anti-complement therapeutics and many drugs being in development, C1INH 

(marketed as Berinert, Cinryze, Ruconest and used for HAE) and the anti-C5 mAb 

(Eculizumab/ Ravulizumab) remain the only two agents approved by FDA. The lack of 

availability of other drugs and niche markets for those that are available dictates the high 

cost of the anti-complement therapies (Fig. 1.8). 
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The toolbox of current therapeutics in development contains various agents; biologics, small 

molecules including peptides, and RNA constructs. Antagonist of C5a receptor (Avacopan) 

is now reaching the late stages of clinical development, in phase 3 studies for ANCA 

vasculitis. Animals with spinal cord injury (SCI) treated with Avacopan showed rapid, short-

term improvement in functional recovery (Brennan et al 2015). Of course, the effect of a 

particular drug will be dependent on the impact of the complement cascade in that disease 

and the pathways targeted. Drugs that target the activation pathways and/or TP will reduce 

generation of active products and thus have profound anti-inflammatory effects; the 

negative consequences – increased risk of infection or immune complex disease – will also 

depend on the target. Choice of route of administration is also increasing, currently including 

IV, topical, SC and recently, oral application. Improvements of the existing gold standard 

drug Eculizumab through the introduction of recycling technology yielded Ravulizumab, 

effective at half the dose of the parent drug and recently approved for PNH treatment 

(Connell 2019). Fig. 1.9 summarises the current anti-complement drug landscape. 

…………………………………
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Figure 1.8 Timeline of complement drug development illustrating the accelerating pace of 

anti-complement drug entry into phase 2. Drugs which have been approved by the FDA are 

indicated above the timeline. Approved drugs that have entered phase 2 for a new indication 

are shown below the line in green. Other drugs are coloured according to their modality. 

The dates are indicative of the year that recruitment started (as defined by the clinical trial 

registry). Trials which have terminated are not indicated if the drug remains in development 

for other indications. The timeline indicates first entry of that drug into a phase 2 clinical 

study, unless otherwise indicated in above Fig. 1.8 in Notes. 

 

Figure 1.9 Anti-complement drugs currently in clinical development. The rings indicate the 

different phases of clinical development, with ‘approved’ in the centre. Only drugs currently 

in clinical development are shown and the most advanced stage of development for any 

indication is shown; trials posted but not yet recruiting are included. Colouring and shape 

indicate modality and route of administration; this is only indicated for phase 1 and beyond. 

(Zelek et al 2019). 

………
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1.6 Aims of the thesis; MAC inhibition beyond C5: targeting TP proteins and 

complexes 

• To deliver a panel of novel monoclonal antibodies (mAbs) that inhibit TP proteins 

and generation of MAC intermediates as potential therapeutics that offer a new 

approach to inhibiting complement without preventing the potential benefits of the 

C5a/C5aR axis. 

 

• To test the candidate mAbs ex vivo to confirm their TP protein binding and 

blocking activities and in vivo to explore pharmacokinetics, half-life and therapeutic 

impact, the latter in an acute animal model of a complement-driven human disease 

(experimental autoimmune myasthenia gravis (EAMG)). 

 

Research Impact: 

Novel approaches to terminal pathway inhibition will identify new drug candidates(s) and 

facilitate the evolution of anti-complement therapies from ultra-rare to common diseases 

with resultant impact on human health. The mAb have the potential to be safer, more 

effective, easier to administer, and cheaper than current anti–complement drugs. 
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CHAPTER 2; MATERIALS AND METHODS 

2.1 Materials 

All chemicals, except where stated, were obtained from either Fisher Scientific UK 

(Loughborough, Leicestershire, UK) or Sigma Aldrich (Gillingham, Dorset, UK) and were of 

analytical grade 

2.2 Commercial and in house labelled antibodies  

The labelled mAb were used for ELISA, WB or Flow Cytometry. The commercial labelled 

mAb are summarised in below Table 2.1. 

Antibody Conjugate Use 
Catalogue 

number 

Donkey anti-Mouse IgG (H+L) 

(minimal cross reaction to Bovine, 

Chicken, Goat, Guinea Pig, Syrian 

Hamster, Horse, Human, Rabbit, 

Rat and Sheep). 

Horseradish 

Peroxidase 

(HRP) 

ELISA/ Western 

blot 
715-035-151 

Rabbit anti-Goat IgG (H+L) 

(minimal cross reaction to Human) 
HRP 

ELISA/ Western 

blot 
305-035-045 

Goat anti- Rabbit IgG (H+L) 

(minimal cross reaction to Bovine, 

Chicken, Goat, Guinea Pig, Syrian 

Hamster, Horse, Human, Mouse, 

Rat and Sheep). 

HRP 
ELISA/ Western 

blot 
711-035-152 

F(ab')₂ Fragment Donkey Anti-

Mouse IgG (H+L) (minimal cross 

reaction to Bovine, Chicken, Goat, 

Guinea Pig, Syrian Hamster, 

Horse, Human, Rabbit, Rat and 

Sheep). 

Fluorescein 

(FITC) 

Flow cytometry 

(FACS) 
715-096-150 

Table 2.1 Secondary antibodies used (Jackson ImmunoResearch Laboratories, Ely, UK). 

2.2.1 In house HRP antibody labelling using EZ-Link Plus Activated Peroxidase kit 

Lyophilized EZ-Link Plus Activated Peroxidase (1mg; Thermofisher, Pierce, #31489) was 

reconstituted in 1ml of the antibody at 1mg/ml diluted in PBS incubated for two hours at 

room temperature (RT), 10 µl of cyanoborohydride added, incubated for 20 minutes at RT, 
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20µl of quench buffer added, incubated for 20 minutes at RT. The labelled antibody was 

stored in 50µl aliquots at -20°C. 

 

2.2.2 In house Biotin antibody labelling using EZ-Link Sulfo-NHS-LC-Biotin kit 

Antibody (2mg in 1ml) was dialysed overnight into PBS (as described in section 2.3). EZ-

Link Sulfo-NHS-LC-Biotin, No-Weigh™ Format (Thermofisher, Pierce, # 21327) 1mg (1vial) 

was reconstituted in 180µl of ddH2O; 30µl of the prepared Biotin reagent was added 

immediately to the dialysed antibody and incubated for 2 hours at RT with mixing in the 

dark. Excess biotin was removed by extensive dialysis against PBS at 4°C in dark, and 

labelled antibody stored in 50ul aliquots at 4°C in the dark.  

  

2.3 Dialysis of proteins to exchange buffers 

Dialysis tubing (Medicell International Ltd., London, UK) with a 12-14 kDa (used for proteins 

bigger than 30kDa) or 3 kDa (for proteins below 30 kDa) molecular weight cut off was 

soaked in dialysis buffer for ~5 minutes. The tubing was then tied securely at one end and 

about half-filled with the protein-containing solution to be dialysed. Air was expelled from 

the tubing prior to sealing by tying the other end. The tubing was placed in a large beaker 

filled with dialysis buffer (1000-fold the sample volume) and stirred overnight at 4°C.  

 

2.4 Concentrating proteins 

Proteins were concentrated using Vivaspin sample concentrators (GE Healthcare, 

Amersham Place, Little Chalfont, UK) of appropriate cut-off size (either 30 kDa or 100 kDa). 

The concentrators were washed with 200µl of deionised water prior to use. The protein-

containing solution was placed in the tubes and concentrated via centrifugation (2000rpm, 

4°C). This forced the fluid through the filter membrane while proteins of molecular mass 

greater than the cut-off were retained and concentrated. After use the concentrators were 

washed in deionised water and stored at 4°C. Concentrators were reused for the same 

proteins only. 

 

2.5 Determination of protein concentration by absorbance at 280nm (A280) on 

NanoDrop 

The approximate concentration of purified protein samples was determined by measuring 

the absorbance of the solution at 280 nm (A280) using NanoDrop (Labtech International 

Model; ND1000). A blank reading was taken as a reference using 2µl of the buffer that the 

protein was stored in; 2µl of the stock was then used to take the absorbance measurement. 
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The protein concentration of the sample was calculated according to Beer-Lambert’s Law: 

Protein Concentration (mg/ml) = A280/ protein extinction coefficient. 

 

2.6 BCA Protein Assay 

For accurate measurement of protein concentration, the BCA assay was used. The BCA 

working reagent was made up by mixing 50 parts Reagent MA, 48 parts Reagent MB 

together with 2 parts Reagent MC and used on the day. A dilution series of BSA standard 

(1 – 2000µg/ml) and samples was prepared in PBS. Standard, blank (diluent only) or test 

sample (25µl) was added into wells of a 96-well maxisorp plate and 25µl of BCA working 

reagent added into each well. The plate was sealed and incubated for 30 minutes at 37°C. 

The absorbance of the wells was measured at 570nm on a Tecan plate reader (Labtech 

International, Model; Infinite F50). A standard curve was plotted and the concentrations of 

the test samples calculated using GraphPad Prism 5.  

 

2.7 Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

SDS–polyacrylamide gel electrophoresis (SDS-PAGE) was used to characterise proteins 

of interest. The Invitrogen Mini Tank Gel running apparatus was used. The buffers, 

acrylamide stacking (upper) and resolving (lower) gel were prepared according to the 

formulas in Table 2.2. Proteins (~2µg) were prepared for loading by diluting 1:5 in either 

non-reducing (NR) or reducing (R) loading buffer and incubation at 100°C for 5 minutes. 

Complex protein mixtures such as serum were run at 1: 100 dilution. Molecular weight 

markers (PageRuler Plus; 26619, Thermofisher) were loaded onto each gel for accurate 

determination of protein size. The gels were run at 100V for 45 minutes, until the dye-front 

had reached the bottom of the gel. Electrophoresed proteins were then either visualised by 

staining the gel with Quick Coomassie Blue stain (Generon, # GEN-QC-STAIN-1L) or 

subjected to Western Blot (WB). 

 

2.8 Coomassie blue staining and drying of electrophoresed gels  

The detection limit of this technique was ~2µg of protein in a band on an SDS gel. Following 

gel electrophoresis, the gels were immediately immersed in Quick Coomassie Blue stain 

for 10 minutes on a rocker-table at RT, stain was removed, gels rinsed with deionised water 

for ~10 minutes until the protein bands were clearly visible and the background reduced. 

Following the transfer of proteins from gels to nitrocellulose (section 2.11), these gels were 

also stained and de-stained, to confirm the transfer had been successful. 
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Buffer Composition  

NR loading buffer 
0.1 M Tris, 10% w/v glycerol, 2% w/v SDS, bromophenol blue, pH 

6.8. 

R loading buffer NR loading buffer + 0.625% w/v 3-mercaptoethanol. 

Stacking buffer (SB) 0.5 M Tris, 0.4% SDS, pH 6.8 

5% Stacking gel  
0.6ml SB, 0.3ml 40% Acrylamide/Bis, 1.6ml ddH2O, 0.025ml 10% 

Ammonium persulphate, 0.0025ml TEMED 

Resolving buffer (RB) 1.5 M Tris, 0.4% SDS, pH 8.8 

7.5% Resolving gel  
1.875ml RB, 1.4ml 40% Acrylamide/Bis, 4.1ml ddH2O, 0.075ml 

10% Ammonium persulphate, 0.0075ml TEMED 

Running buffer 
50 mM MES, 50 mM Tris Base, 0.1% w/v SDS, 1 mM EDTA, pH 

7.3. 

Gel drying buffer 4% w/v glycerol, 20% v/v methanol 

Sample dilution buffer 

(PBS) 
8.2mM Na2HP04, 1.5mM KH2P04, 137mM NaCl, pH 7.4. 

Table 2.2 SDS-PAGE buffers 

 

For a permanent record, the stained gels were equilibrated for 1 minute in gel drying buffer 

and sandwiched between two sheets of acetate gel drying film (Promega, #PR-V7131) pre-

soaked in gel drying buffer and stretched within a gel drying frame overnight at RT. 

 

2.9 Western Blotting (WB) 

Western blot analysis was used to identify specific proteins from complex mixtures and to 

characterise monoclonal antibodies (mAbs). WB buffers were prepared as described in 

Table 2.3. Following SDS-PAGE, the gel was immediately equilibrated in transfer buffer for 

5 minutes, placed on a sheet of nitrocellulose and further sandwiched between two sheets 

of filter paper, all of which had been pre-soaked in transfer buffer. The blotting apparatus 

was assembled according to the manufacturer’s instructions with the gel to the anode side 

and the nitrocellulose to the cathode. The proteins were then transferred onto the 

nitrocellulose at 100V for 45 minutes at room temperature, in a tank filled with cooled 

transfer buffer. After this, the nitrocellulose blots were blocked for 1 hour in blocking buffer 

at RT with constant mixing. The blots were rinsed with wash buffer and incubated with 

antibody raised against the antigen of interest (primary antibody), typically diluted to 1 µg/ml 

(monoclonal) or 5 µg/ml (polyclonal) in blocking buffer on a roller and incubated for 1 hour 

at room temperature or overnight at 4°C with constant mixing. The blots were washed in 

wash buffer five times for five minutes each at RT with constant mixing. HRP-conjugated 
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secondary antibody diluted 1/1000 -1/10,000 (depending on the agent) in blocking buffer 

was incubated with the blots for 1 hour at room temperature with constant mixing. The blots 

were washed five times as described above. Bands were detected with ECL and visualised 

by autoradiography. 

 

Buffer Composition 

Transfer buffer 25mM Tris, 191mM Glycine, 20% v/v Methanol in deionised water. 

Blocking buffer 

5% Bovine Serum Albumin (BSA), 0.05% Tween 20, Phosphate 

Buffered Saline (PBS; 8.2mM Na2HP04, 1.5mM KH2P04, 137mM 

NaCl, pH 7.4) 

Wash buffer PBS, 0.05% Tween 20 

Table 2.3 WB buffers. 

 

2.10 Dot Blotting (DB) 

DB was used to identify terminal pathway proteins in gel filtration (GF) fractions containing 

MAC complexes. The same buffers were used as for WB. Fractions (5µl) were spotted onto 

nitrocellulose membrane, allowed to dry 15 minutes at 37°C, blocked with blocking buffer 

for 30 minutes, washed 3 times for 5 minutes with wash buffer, incubated with primary 

antibody diluted in blocking buffer (Goat anti-C5 or anti-C7, CompTech) for 30 minutes at 

37°C, washed 3 times, incubated with secondary antibody rabbit anti-goat-HRP 1 in 5000 

dilution in blocking buffer for another 30 minutes at 37°C. After a further 5 washes, blots 

were developed with ECL and visualised by autoradiography. 

 

2.11 Enzyme linked immunosorbent assay (ELISA) 

Various ELISAs, developed in house, were used during this work. Maxisorp 96 well plates 

(Fisher Scientific, product code; 442404) were used unless stated otherwise. In direct 

ELISA, protein was diluted to final concentration of 0.5 - 5 µg/ml in coating buffer (Table 

2.4). All incubations, apart from sample, were for 30 minutes; sample was incubated for 1 

hour. All incubations were at 37°C. One wash in PBS/tween (300µl/well) used after blocking, 

and two washes after all other incubations using an automated plate washer (Model; 

Wellwash Versa, 5165010, ThermoScientific). All protein dilutions were made in dilution 

buffer (50µl per well).  
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Buffer Composition 

Coating buffer 0.1 M NaHC03/Na2C03, pH 9.6. 

Wash buffer (WB) PBS, 0.05% Tween 20 

Blocking buffer WB containing 2% w/v BSA 

Dilution buffer WB containing 1% w/v BSA 

Developing solution 
1 orthophenylenediamine (OPD) tablet (Sigma Aldrich) in 20ml 

supplied buffer in the kit. 

Stop solution  10% H2SO4 in deionised water.  

Table 2.4 ELISA buffers.  

2.11.1 Screening for anti-complement mAb by direct ELISA 

Sera from immunised mice or supernatants from individual fusion wells were screened by 

an ELISA adapted for the purpose. Maxisorp 96 well plates were coated with 0.5µg/ml 

protein (50µl per well) in ELISA coating buffer, incubated 1h at 37°C or overnight at 4°C. 

Coating solution was removed and plates blocked with blocking buffer (100µl per well; 30 

minutes at 37°C). The blocking agent was removed, plates washed once and 50µl of test 

sample (tissue culture supernatant) was added to each well, incubated for 1h at 37°C. 

Plates were washed twice, peroxidase conjugated anti-mouse IgG (H & L chains, Jackson 

ImmunoResearch, product code; 715-035-151) diluted 1 in 1000 in ELISA dilution buffer 

was placed in each wells (50µl per well), incubated 30 minutes at 37°C. The plate was 

washed twice and the assay developed with ELISA developing solution (50µl per well). 

Colour development was stopped with stop solution (50µl per well) when the positive control 

had developed sufficiently so that it was highly positive and the negative control had not 

developed, usually within 5 minutes. The absorbance of each well was measured at 492 

nm. Cells from wells with the greatest colour development were taken forward. 

 

2.11.2 Detection of proteins by sandwich ELISA 

To determine whether different mAb bind the same epitope sandwich ELISA was used. 

Maxisorp 96 well plates were coated with 2 -5µg/ml mAb (50µl per well) in ELISA coating 

buffer, incubated 1h at 37°C or overnight at 4°C. Coating solution was removed, plates 

blocked with blocking buffer (100µl per well; 30 minutes at 37°C). The blocking agent was 

removed, plates washed once and 50µl of serial dilutions of protein standard or sample 

were added to wells, incubated for 1h at 37°C. Plates were washed three times, and 2-

5µg/ml detection mAb added (50µl per well), incubated 1h at 37°C, washed twice, then 

secondary peroxidase conjugated anti-mouse IgG (H & L chains, Jackson 

ImmunoResearch, product code; 715-035-151) or anti-Goat or Rabbit IgG (Jackson 
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ImmunoResearch, product code; 305-035-045 or 711-035-152 respectively) added as 

appropriate at 1:1000 in ELISA dilution buffer (50µl per well), incubated 30 minutes at 37°C. 

The plate was washed twice and the assay developed with ELISA developing solution (50µl 

per well). When detection mAb directly labelled with HRP were used no secondary antibody 

was required. Colour development was stopped with stop solution (50µl per well) when the 

positive control had developed sufficiently so that it was highly positive and the negative 

control had not developed, usually within 5 minutes. The absorbance of each well was 

measured at 492 nm. Cells from wells with the greatest colour development were taken 

forward. 

 

2.12 Serum preparation 

Blood was collected into glass containers, allowed to coagulate for 1 hour at RT and then 

placed for 1 hour on ice prior to centrifugation at 3000 rpm for 30 minutes at 4°C; 

supernatant (serum) was collected, 0.2µm filtered and (if not immediately used for 

purification) stored in aliquots at -80°C. 

 

 2.13 Plasma preparation 

Blood was collected into EDTA pre-coated tubes, spun at 3000 rpm for 30 minutes at 4°C, 

supernatant (plasma) collected and 0.2µm filtered. If not directly used for purification, 

plasma was aliquoted and stored at -80°C. 

 

2.14 Animals 

All animals used were adults and obtained from breeding colonies in the Biomedical 

Services Unit (JBIOS), at Cardiff University. To generate mAb against proteins (C6, C7) 

and complexes (C5b6, C5b67) wild type (WT), C6-deficient or C7-deficient mice were used. 

The C7-deficient mouse colony was established during this project (section 5.3.1); WT mice 

were used to generate the first anti-C7 mAb. Deficient or WT mice were also used a source 

of macrophages for these fusions. 

 

2.14.1 Preparation of mouse peritoneal macrophages 

Mice were sacrificed using a Schedule 1 method and washed with 70% ethanol. Cold RPMI 

medium (10ml) was injected into the peritoneal cavity using a 21-gauge needle, vigorously 

flushed several times to dissociate peritoneal macrophages, then the medium, containing 

resident macrophages, was slowly withdrawn. The macrophages were pelleted by 

centrifugation at 1500 rpm, for 5 minutes, re-suspended in the appropriate culture medium 

for addition to hybridoma cultures. Typically, the peritoneal washout of one mouse would 

yield enough macrophages for 50 ml feeder medium – enough for ten 96-well plates.  
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2.15 Tissue culture 

All tissue culture reagents, except where stated, were from Gibco, Invitrogen Corporation 

(Paisley, UK). Tissue culture was performed under sterile conditions using sterile tissue 

culture plates and flasks (Nunc). Cells were maintained in 5% CO2 95% O2 in a humidified 

chamber at 37°C. Medium was pre-warmed to 37°C prior to administering to cells, except 

where stated. 

 

2.15.1 Tissue culture cells and media 

RPMI-1640 supplemented with 3A (1% penicillin, 1% streptomycin, 2mM L-glutamine, 1mM 

sodium pyruvate) and 0.001% β-mercaptoethanol (BME) was used as cell culture medium. 

Depending upon the cell type being cultured different amounts of heat-inactivated foetal 

bovine serum (FBS) were added. Details of the FBS content and other additions to the cell 

culture medium are in Table 2.5. 

 

 2.15.2 General maintenance of cell lines 

The general maintenance included feeding and splitting cells to allow them to expand. 

Media used are stated in the above table. The newly selected hybridoma cells were cultured 

in 96-well plates and then sequentially expanded into 24 well plates, T25 and T75 flasks.  

Integra flasks (Integra Biosciences, Generon, CeLLine 1000 DC-90005) were used to 

produce large quantities of the antibody.  
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Media Composition Use 

Basic medium RPMI 1640 Medium 
Mouse macrophages / spleen 

harvest.  

F15 medium 

Basic medium supplemented 

with 15% w/v FBS plus additives 

(3A, BME) 

Myeloma-SP2, hybridoma cell 

line culturing, thawing cells. 

HAT-F15 medium 

F15 medium supplemented with 

0.1 mM hypoxanthine, 0.4 µM 

aminopterin and 16 µM 

thymidine. 

Fusion to remove unfused 

myeloma cells. 

HT-F15 medium 

F-15 medium supplemented with 

0.1 mM hypoxanthine and 16 µM 

thymidine. 

As above. 

Low IgG (F10; High 

density hybridoma 

medium)  

Basic medium supplemented 

with 10% Ultra-low bovine 

immunoglobulin FBS, 3A, BME, 

Hybridoma cell line culturing 

(scale up) 

Bulk Hybridoma 

medium 

RPMI 1640 Medium, 

supplemented with 3A, BME 

Hybridoma cell line culturing 

(scale up in Integra flasks). 

Freezing medium 10% w/v DMSO (Sigma) in FBS Freezing cells. 

Table 2.5 Tissue culture media. 

 

2.15.3 Seeding and maintenance of Integra flasks 

Integra flasks were used for large scale production of antibody. These bioreactors utilize 

innovative membrane technology to separate the cell cultivation area from the medium 

chamber. Cells and cellular-secreted products with a MWCO of >10 kDa are retained within 

the inner chamber while the upper semi-permeable membrane allows continuous nutrient 

diffusion and waste elimination. The lower membrane provides direct oxygenation and 

ensures optimum gas exchange. These flasks are capable of yielding antibody 

concentrations of up to 1-2 mg/ml in harvested medium and can be harvested (~25ml) at 

one-week intervals once established. To set up the culture, 1000ml bulk hybridoma medium 

was placed in the upper chamber (green cap) to equilibrate the membrane. Then the cell 

compartment (white cap, lower chamber) was inoculated with at least 1.5 x 106 viable cells 

in 15ml warm high density F10-low IgG medium avoiding introduction of air bubbles. The 

flask neck and cell compartment were wiped with 100% ethanol, sealed and  
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                                             Upper chamber                        Lower chamber 

 

Figure 2.1 Structure diagram of Integra flask adapted from; http://www.argos-

tech.com/celline-bioreactors.html. 

 

 

incubated at 37°C, 5% CO2 for fourteen days.  The medium from both compartments was 

changed on day ten following inoculation (25ml harvest) and then every seven days. When 

harvesting from the cell compartment, cells were reseeded by mixing 5ml of the harvested 

cells with 25ml fresh high density hybridoma medium before re-inoculation. The collected 

25ml harvest from the cell compartment was centrifuged at 3000 rpm for 10 minutes at 4°C, 

0.2µm filtered, spiked with 0.01% w/v NaN3 and kept sterile at 4°C ready for antibody 

purification. The bulk hybridoma medium was discarded and replaced with fresh. 

 

2.15.4 Freezing hybridoma cells 

Cells were detached from the flask surface by agitation. The suspended cells were pelleted 

by centrifugation at 1500 rpm for 5 minutes and supernatant discarded. The pellet from one 

80 cm2 flask was resuspended in 1 ml freezing medium and placed in seven cryovials 

(Greiner, # CLS430488). The cells were then slowly frozen in a freezing container 

(Nalgene), which is designed to decrease in temperature by 1°C per minute when placed 

in a -80°C freezer. After approximately 24 hours at -80oC, the frozen cells were transferred 

to liquid nitrogen for long-term storage. 

 

 

http://www.argos-tech.com/celline-bioreactors.html
http://www.argos-tech.com/celline-bioreactors.html
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2.15.5 Thawing hybridoma cells 

Cells were thawed rapidly by transferring to a 37°C water bath. The thawed cells were 

immediately resuspended in F15 medium and centrifuged at 1500 rpm for 5 minutes. 

Pelleted cells were resuspended in 5 ml F15 media and plated out in T25 flasks. If 

necessary, freshly harvested mouse peritoneal macrophages were added to the culture 

medium to act as feeder cells. To obtain high expressing cells, the hybridoma cells were 

cloned out into 96 well plates pre-seeded with macrophages. The cloning was performed 

as stated below.  

 

2.15.6 Cloning of hybridoma cell line 

In order to isolate high expressing hybridomas, cells were cloned out by limiting dilution in 

96-well plates. Cells were harvested from original wells or flasks and resuspended to 1000 

cells/ml in medium. Cell suspension (5µl; app 5 cells) was added to medium-containing 

wells in the top row of a 96 well plate. The cells were then diluted down the plate into medium 

containing wells at a 1:5 serial dilution in order to ensure an average of less than 1 cell per 

well in lower rows. After approximately two weeks in culture, the wells were visually 

examined for the presence of clones and supernatant from the wells was screened by 

ELISA and haemolysis assay. Cells from the lower row wells where the supernatant had 

the highest signal in the ELISA and/or showed inhibition of classical pathway haemolysis 

were taken on and expanded. 

 

2.16 Monoclonal antibody production 

The immunisation protocol was as follows: the primary immunisation, administered by 

subcutaneous (SC) injection, comprised 20 – 50µg of the protein of interest in filtered PBS, 

emulsified with an equal volume of complete Freund’s adjuvant (CFA) in a total volume of 

~0.25ml per mouse. Four weeks after the first immunisation, the animals were boosted SC 

with 20 – 50µg antigen in PBS emulsified with incomplete Freund’s adjuvant (IFA) (volume 

as above). In some cases, this boost was repeated after 7 days. Seven days after the last 

boost, mice were tail-bled, serum prepared (as described in section 2.15.2) and tested for 

the presence and titre of the specific antibodies by ELISA (according to protocol in section 

2.11.1). The mouse with the highest antibody titre was boosted by intraperitoneal (IP) 

injection with approximately 50µg antigen, diluted in PBS, 48 hours prior to sacrifice. 

 

 

2.16.1 Generation of hybridoma cell lines  

Once the animal with highest antibody titre against the target protein had been identified, 

the next step was to select and immortalise those plasma cells secreting specific mAbs. The 
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animal was Schedule 1 sacrificed, the spleen harvested aseptically, taken to a tissue culture 

hood and repeatedly perfused with cold (4°C) RPMI 1640 medium using a 10ml syringe and 

a 19-gauge needle to release spleen cells. The released cells were washed in RPMI 1640 

medium at 4°C. Myeloma cells (SP2) growing in log phase were harvested and washed 

once in cold RPMI 1640 media. Spleen cells were mixed with the myeloma cells at a ratio 

of 2:1, washed once in RPMI 1640 medium at 37°C and pelleted. The supernatant was 

completely removed, leaving a dry pellet, which was loosened by gentle agitation. Fusion 

was induced by the gradual addition of 1 ml PEG-1500 (37oC) dropwise to the cells over 1 

minute with gentle agitation. The fused cells were left to rest for 30 seconds and then 50 ml 

pre-warmed (37°C) RPMI 1640 was slowly added. The cells were washed by centrifugation 

and re-suspended in 50ml pre-warmed to 37°C HAT-F15 medium and aliquoted 50µl/well 

into ten 96-well plates, each well containing 50µl mouse peritoneal macrophages in the 

same medium to act as feeder cells. The HAT-F15 medium is used to select for hybrid cells 

as the unfused spleen cells die spontaneously and the SP2 cells cannot survive in HAT. 

The selection happens via functional complementation of two different (parental) metabolic 

defects to ensure survival of the hybrid cells. HAT (hypoxanthine, aminopterin, thymidine) 

prevents growth of cells unless ‘rescued’ by fusion with spleen cells which are source of 

HGPRT (hypoxanthine-guanine phosphoribosyltransferase), missing in the SP2 cell line 

(Harlow and Lane 1988). Approximately 10-14 days post-fusion, visible clones were present 

in the majority of wells and were ready for screening for the presence of specific antibodies 

by ELISA (as described in section 2.11.1). Positive wells were re-cloned by limiting dilution 

into HT-F15 medium in order to obtain mAb-secreting cell lines (HT is HAT medium without 

aminopterin) (Harlow and Lane 1988). The process of screening and re-cloning was 

repeated twice to obtain clonal mAb secreting hybridoma cells. After the 3rd re-cloning, 

clones that were strongly positive in ELISA were expanded into 24 well plates. At this stage 

cells were frozen down as stock and the rest were expanded further into T25, and then T75 

tissue culture flasks and maintained in F15 medium. Gradually, the amount of FBS was 

reduced and finally cells were cultured in Low-IgG-F10. Once a week, the medium was 

collected and replaced with fresh medium. The collected medium was centrifuged at 3000 

rpm for 15 minutes at 4°C to remove cell debris, NaN3 (0.01% (w/v)) added and the 

supernatant stored at 4°C until the antibody was purified. 

 

2.17 Haemolysis assays 

Various haemolytic assays for assessment of CP or AP activity were used to identify 

functional blocking activity of developed mAbs on complement cell lysis. RL assay was used 

to identify the inhibitory mechanism of the mAb. 
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Animal blood used in the assays was harvested in house or purchased from TCS 

Biosciences (TCS Biosciences Ltd., Claydon, Buckinghamshire, UK). All sera used were 

freshly prepared in house.  

For all haemolysis assays % Lysis was calculated by measuring released haemoglobin 

spectrophotometrically and calculated as follow; % lysis = [(A405 sample – A405 background 

lysis control) / (A405 maximum lysis control – A405 background lysis control)] x 100%. A 

measurement of the serum complement haemolytic activity was obtained by plotting the 

calculated % lysis against serum dilution and the dilution of serum at which ~80% 

haemolysis occurred was determined using GraphPad Prism 5 software.  

Relevant controls were included in each assay; the maximum lysis control wells contained 

100µl 0.1% Tween 20 in deionised water and 50µl erythrocytes (E). The background lysis 

control wells contained 100µl HBS and 50µl E. 

 

2.17.1 Antibody-sensitisation of sheep erythrocytes 

To prepare a 2% stock solution of antibody-sensitised sheep E (ShEA), 1ml of sheep blood 

in Alsever’s solution was diluted in 20ml HBS (Zelek et al 2018) and washed three times 

with HBS by centrifugation at 2000 rpm for 5 minutes at 4°C. Packed E (400µl) were 

resuspended in 10 ml pre-warmed HBS and 10ml of pre-warmed HBS containing 

Amboceptor (rabbit anti-sheep E antibody, Simens, Criunn, # ORLC25) diluted 1 in 2000 

was added to the sheep E suspension, mixed and incubated for 30 minutes at 37°C in a 

shaking water bath. The resultant ShEA were washed three times in HBS and resuspended 

in a final volume of 20 ml HBS and stored at 4°C for up to one week. 

 

2.17.2 Titration of serum 

Doubling dilutions of serum were made in 50µl HBS (final volume) in a round-bottomed 96 

microtitre plate, to which a further 50µl each of HBS and 50µl of 2% E of an appropriate 

species, with or without antibody sensitisation were added. The plate was incubated at 37°C 

for 30 minutes before being centrifuged at 2000 rpm for 5 minutes at 4°C to pellet the cells. 

Supernatant from each well (100µl) was transferred to a flat-bottom 96 well microtitre plate 

and the release of haemoglobin into the supernatant was measured spectrophotometrically 

at A405nm.  

 

2.17.3 High-throughput CP haemolysis assay for mAb clones screening 

NHS titration was carried out first (as described above) to determine the dilution of serum 

that induced ~80% haemolysis (usually ~2.5%). To determine the appropriate dilution of 

clone supernatant for the assay, fresh F15 medium was titrated in the assay. The maximum 

non-inhibitory dilution of medium dictated the dilution of clone supernatant used for 



63 
 

screening. Culture supernatants from individual wells at appropriate dilutions in HBS were 

added into a U-welled microtitre plate (50 µl/well), NHS dilutions (50 µl/well) and 2% ShEA 

(50µl) added. Plates were incubated for 30 minutes at 37°C, centrifuged at 2000rpm for 3 

minutes at 4°C, the supernatant from each well (100µl) transferred to a flat-bottom 96 

microtitre plate and the release of haemoglobin into the supernatant measured at A405nm.  

 

2.17.4 Testing mAb for complement inhibition by CP haemolysis assay 

A serial dilution series of each test mAb (usually 100–0 µg/ml) was prepared in HBS and 

aliquoted in triplicate into a 96-well round-bottomed plate (50 µl /well), then serum dilutions 

(50 µl /well) added, selected in preliminary experiments to give near-complete haemolysis 

in the CP assay in the absence of test mAb (section 2.17.2). Dose was dependent on 

species, typically 2.5% for NHS, rat and guinea pig serum, 25% for rabbit and male mouse 

serum (the latter using the double-sensitized cells as described below). ShEA (2%; 50 µl 

/well) were added, plates incubated at 37°for 30 min, centrifuged at 2000rpm, 4°C for 3 

minutes and haemoglobin in the supernatant measured by absorbance at A405nm.  

 

2.17.5 Testing mAb for human complement inhibition by AP haemolysis assay 

To prepare a 2% stock suspension of rabbit E (RabE), 1ml of rabbit blood in Alsever’s was 

diluted to 20ml in AP buffer (APB; HBS containing 5 mM EGTA and 3 mM MgCl2) and 

washed three times by centrifugation at 2000 rpm for 5 minutes at 4°C. Packed E (400µl) 

were removed and re-suspended in a final volume of 20 ml APB and stored at 4°C for up to 

one week. Serial dilutions of mAb (usually 100 – 0 µg/ml) were made into APB (50µl/ well) 

in a 96-well round bottom plate, NHS (50µl/ well, concentration determined as described in 

section 2.17.2) was added followed by 50µl of 2% RabE. The plate was incubated at 37°C 

for 30 minutes. Maximum lysis and background lysis controls were included as above. The 

plate was centrifuged at 2000 rpm for 3 minutes at 4°C, the supernatant from each well 

(100µl) transferred to a flat-bottom 96 microtitre plate and the release of haemoglobin into 

the supernatant measured at A405nm. % lysis was calculated as above. 

 

2.17.6 Determination of mechanism of mAb complement inhibition by reactive 

lysis 

To prepare a 2% stock solution of guinea pig E (GpE), 0.25ml of guinea pig blood in 

Alsever’s was diluted in 5ml HBS and washed three times with HBS by centrifugation at 

2000 rpm for 5 minutes at 4°C. Packed E (100µl) were removed and re-suspended in a final 

volume of 5 ml HBS and stored at 4°C for up to one week. GpE in HBS were incubated 

sequentially with purified in house C5b6, C7, C8 and C9 (section 3.2.1), each 10 minutes 

at 37°C, at doses titrated to give ~75-90% haemolysis in the absence of inhibitor. The 
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concentrations (per well) of the purified components used were as follow; C5b6; 45ng/ml, 

C7; 184ng/ml, C8; 168ng/ml, C9; 383ng/ml. Molarities in nM; C5b6, 0.16; C7, 1.99; C8, 

1.11; C9, 5.39 (Ratios: 1: 13: 10: 34). Serial dilutions (in triplicate) of the mAb were made 

into HBS and added to the wells at different stages of MAC formation to determine the 

inhibition. Test and control mAb were added either prior to addition of C5b6, prior to addition 

of C7, or prior to addition of C8/C9 and incubated for 30 minutes at 37°C. Plates were 

centrifuged at 2000rpm for 3 minutes at 4°C, supernatants removed to a flat-welled 

microtitre plate, absorbances measured spectrophometrically (A405nm) and % lysis 

calculated as above. 

 

2.17.7 Testing mAb for mouse complement inhibition by CP haemolysis assay 

For measurement of mouse serum haemolytic activity, ShEA (prepared as described in 

section 2.17.1) were additionally sensitized with mouse anti-rabbit IgG (Invitrogen, Carlbad, 

CA; #3123) to generate efficient activation of mouse complement. The antibody was added 

at a final concentration of 25µg/ml to ShEA at 2% in HBS, cells were incubated for 30 

minutes at 37°C in shaking water bath and then washed 3 times in HBS. A serial dilution 

series of each test mAb (usually 100–0 µg/ml) was prepared in HBS and aliquoted in 

triplicate into a 96-well round-bottomed plate (50 µl /well), then normal male mouse serum 

(NMS) dilution (50 µl /well, dilution selected as above; section 2.17.2) and 2% double-

sensitised ShEA added (50 µl /well). Plates were incubated at 37°C for 30 min, centrifuged 

at 2000rpm for 3 minutes at 4°C, haemoglobin in the supernatant measured by absorbance 

at A405nm and % lysis calculated as above.  

 

2.17.8 High-throughput CP haemolysis assay for testing individual mouse terminal 

pathway component lytic activity 

This method was developed because of the difficulties of obtaining enough serum from 

mouse test bleeds for analysis; the method obviates the need for large amounts of mouse 

serum for testing the impact of blocking mAb. NHS depleted of the specific protein (the 

target for the test mAb) is the source of the rest of the complement proteins; the target 

protein is reconstituted from added mouse serum.  NHS depleted of specific terminal 

pathway proteins (10%) was added in triplicate into a 96-well round-bottomed plate (50 µl 

/well), followed by 50µl/well of 2.5% mouse serum with or without various doses of the 

blocking mAb, and finally 2% ShEA. Plates were incubated at 37°C for 30 minutes, 

centrifuged at 2000rpm for 3 minutes at 4°C, and haemoglobin in the supernatant was 

measured by absorbance at A405nm. % lysis was calculated as above. 
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2.17.9 Reconstitution of deficient/ depleted sera with functional protein 

The assay was used to identify fractions containing functionally active terminal pathway 

proteins (C5, C6, C7, C8 or C9) during purification or to determine the minimum 

concentration of the protein required for complement mediated haemolysis.  To test the lytic 

activity the purified protein was added back to the relevant depleted serum at physiological 

levels. Doubling dilutions (50 µl; 10 – 0%) of the restored functionally active serum, depleted 

serum or normal serum were prepared in HBS in a round bottom microwell plate (50µl/ well), 

50 µl 2% ShEA and 50 µl HBS were added, incubated for 30 minutes at 37°C. Plates were 

centrifuged, supernatants removed to a flat-welled microtitre plate and absorbance 

measured spectrophometrically (A405nm). % lysis was calculated. 

To identify functional protein containing column fractions, 5 µl test sample was mixed with 

50 µl depleted serum diluted to 10% in HBS followed by 50 µl 2% ShEA and 50 µl HBS in 

96 microtitre U-shape wells plate. The plate was incubated for 30 minutes at 37°C, 

centrifuged, supernatants removed to a flat-welled microtitre plate and absorbances 

measured at A405nm.  

To determine the minimum amount of protein required for complement mediated 

haemolysis, serial dilutions of the protein (usually 10 – 0 µg/ml; 50 µl/well in triplicate in 

round-bottomed 96 well plates) were made, the relevant depleted serum added (10%; 50 

µl/well), followed by 50 µl of ShEA. The plate was incubated for 30 minutes at 37°C, 

centrifuged, supernatants removed to a flat-welled microtitre plate and absorbance 

measured at A405nm. 

This chapter describes general methods and materials used in this project. In chapter 3 I 

will describe specific methods to obtain key reagents. 
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CHAPTER 3; GENERATION AND CHARACTERISATION OF THE KEY REAGENTS 

3.1 Introduction 

To understand precisely the mechanisms and function of complement, purified proteins are 

needed. All terminal pathway proteins are present in human plasma at ~50 – 100µg/ml.  

In order to meet aims of the thesis several key reagents (human or animal) were required, 

these included terminal pathway components C5, C6, C7, C8 and C9, and complexes C5b6, 

C5b67, C5b-8 and sC5b-9 purified to homogeneity. This chapter describes the purification 

techniques developed for generation of these reagents. 

All proteins were purified using immunoaffinity methods; immunoaffinity chromatography is 

one of the most powerful procedures to separate proteins based on the specific and 

reversible interaction between target protein and a specific antibody against that protein 

coupled to a chromatographic matrix. It is the only isolation technique that enables single-

step purification of proteins from complex mixtures; the target protein binds the immobilised 

antibody while the unbound proteins and other contaminants are washed away. The 

reversible binding allows removal of the target protein usually by altering the pH or ionic 

strength of the buffer to disrupt the antibody-antigen binding (Burgess and Deutscher 2009). 

One-step isolation of the target protein from a complex mixture (serum or plasma here) is a 

great advantage over classical purification methods that are time-consuming, difficult and 

inefficient.  

After the immunoaffinity purification, a “polishing” step can be applied to remove aggregates 

or residual contaminants using gel filtration (GF) or ion exchange chromatography (IEC). 

Among the chromatographic methods GF is unique in that fractionation is based solely on 

size of the protein, this is an advantage for fragile proteins that can become damaged by 

binding to a chromatographic support matrix, but also means that proteins of similar size 

will not be well separated. In this event IEC can be used instead where proteins are 

separated based on charge difference. The target protein is applied in a buffer selected to 

ensure that its charge is appropriate to bind the oppositely charged chromatographic 

medium and the protein is eluted either by increasing the salt concentration or changing the 

pH; the protein is concentrated during binding and collected in a purified, concentrated form.  

C5, a critical reagent for this work, presented unique difficulties; the first C5 purification 

method, published over fifty years ago, required multiple precipitation and chromatography 

steps, taking many days and generating poorly active protein in low yield (Nilsson and 

Mueller-Eberhard 1965). Over time the method improved with reduced time to produce C5, 

however it still involved harsh procedures yielding poorly active C5 (Tack et al 1979; All et 
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al 1982; DiScipio and Sweeney 1994). The main issue was denaturation of C5 by 

precipitation and pH shifts, and binding of denatured C5 to C6, resulting in low yields of 

active C5 (Dessauer and Rother 1983; Chakravartis et al 1988). Later immunoaffinity 

methods using monoclonal antibodies presented much better C5 recovery (~50%) (Giles et 

al 2015); however, elution of the protein at extremes of pH compromised the C5 activity 

despite rapid pH neutralisation on elution. In this chapter I will describe a novel 

immunoaffinity purification method to obtain fully functional C5 in a single step with a 

purification yield of 98% by using a unique pH-switch antibody mAb, RO7112689 (C5i mAb, 

SKY59, Crovalimab, RG6107) immobilised on Sepharose. This mAb strongly binds C5 at 

pH7.4 but loses binding affinity below pH6 (Fukuzawa et al 2017).  

The overall aim of this chapter is to describe reliable purification methods to obtain high 

quantities of homogenous terminal pathway proteins and complexes. This work has been 

provoked by limited or no commercial availability of good quality complements proteins (for 

instance C5b67 and C5b-8 are not commercially available), and high costs and variable 

quality of the reagents that can be sourced commercially.  

 

3.2 Specific methods 

3.2.1 Affinity purification of complement terminal pathway proteins 

Human proteins were purified from normal human serum (NHS) or plasma extracted from 

blood kindly donated by co-workers. Animal proteins were obtained from in house prepared 

or commercially sourced sera. Serum or plasma was processed as described in section 

2.12 and 2.13. 

Because of complement protein sensitivity to temperature, all terminal pathway proteins 

and complexes were purified at 4°C. 

 

3.2.1.1 Purification system 

Proteins were purified using the HPLC AKTA Purification System; GE Healthcare, Model; 

29018291-AD AKTA system PMvr, S/N; 1396885 or AKTA Pure 01, #WIN-QET7M352MJ, 

S/N; 2351541 used interchangeably. 

 

3.2.1.2 Affinity columns preparation  

HiTrap NHS activated Sepharose High Performance columns (1 or 5 ml) were used for 

coupling of ligands (mAb) containing primary amines according to the manufacturer’s 

protocol (Table 3.1; GE Healthcare, HiTrap NHS-Activated HP, #17-0716-01, #17-0717-
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01). Briefly, ligand (mAb; ~5mg for 1ml column and ~25mg for 5ml column) was 

concentrated to 5-10mg/ml using Vivaspin concentrators with 100kDa cut off membrane, 

then dialysed overnight at 4°C into coupling buffer (0.2M NaHCO3, 0.5M NaCl, pH 8.3). Six 

column volumes (CV) of ice-cold 1mM HCl was injected over the NHS HiTrap column to 

wash out the isopropanol used to preserve active esters during storage. The concentrated 

mAb in coupling buffer was injected immediately into the column and incubated at ambient 

temperature for one hour. After coupling, residual free antibody was eluted and collected to 

measure unbound protein to enable coupling efficiency to be calculated (usually >95%). 

The column was washed with coupling buffer (3 CV) then with elution buffer Residual active 

esters were deactivated by washing the column with three cycles of six CV of buffer A (0.5M 

ethanolamine, 0.5M NaCl, pH 8.3) followed by six CV of buffer B (0.1M sodium acetate, 

0.5M NaCl, pH 4). After the first cycle, the column was incubated in buffer A for 30 minutes 

at room temperature and then the wash continued. The mAb column was stored in PBS, 

0.01% NaN3 at 4°C. Before use the column was equilibrated with elution buffer followed by 

run buffer to ensure any unbound protein is removed.  

 

Purified protein Immobilised protein  Source 

Human C5 RO7112689  Roche 

Human C6 22D1, 8E1  In house 

Human C7 F10  In house 

Human C8  D5, E2  In house 

Human C9 B7, 26  In house 

Rat C5 OmCI, 4G2  In house 

Rat C7 H05-40  GSK 

Mouse C5 RO7112689, OmCI Roche, In house 

Mouse C7 73D1  In house 

Table 3.1 Antibodies/Proteins used for terminal pathway component purification. 

 

3.2.1.3 Purification protocol 

Serum or plasma was passed over the column which was then washed with 20 CV of run 

buffer (Table 3.2), and the bound protein eluted with 5ml elution buffer, collecting 1ml 

fractions into tubes containing 100µl neutralisation buffer. Flow rate was 1 – 2 ml/minute. 

The column was re-equilibrated immediately by flushing with 5 CV storage buffer and stored 

at 4°C. Peak fractions were assessed for protein content by their absorbance at 280nm 

(NanoDrop as described). The protein concentration of the peak fractions were calculated 

using Beer-Lambert’s Law: Protein Concentration (mg/ml) = A280/ protein extinction 



69 
 

coefficient (EA; C5 and C5b6 = 1.03, C6 = 1.08, C7 = 1.04, C8 = 1.49, C9 = 0.988). The 

peak fractions were pooled and dialysed overnight at 4°C into run buffer without NaN3 and 

concentrated further if necessary with Vivaspin concentrators to a final concentration of 

>1mg/ml, confirmed by BCA assay. C5, C6, C7 and C9 were stored frozen in aliquots at -

80°C, while C8 and the terminal complexes were spiked with 20% glycerol and stored in 

aliquots at -20oC to enhance protein stability.  

 

Buffer Composition 

Run buffer 
0.01M HEPES, 0.5M NaCl, 135nM CaCl2, 1mM MgCl2, 

0.001% w/v NaN3, pH 7.4 

Elution buffer 0.1M Glycine-HCl, pH 2.5 

Neutralisation Buffer 0.1M HEPES, 0.5M NaCl, pH9 

Column storage buffer  PBS, 0.001% w/v NaN3 

Table 3.2 Affinity purification buffers. 

 

3.2.2 Purification of fully active, endotoxin free C5 protein using RO7112689 

A novel C5 purification method has been developed to generate intact fully functional C5 

in sterile conditions. All precautions described below were implemented to produce large 

quantities of endotoxin free human C5 protein that meets the quality standards for 

commercialisation. A collaborative agreement has been arranged to supply the protein for 

Hycult Biotech. 

 

3.2.2.1 RO7112689 column preparation 

An NHS HiTrap 5ml NHS-Activated HP affinity column was prepared according to the 

manufacturer’s protocol (section 3.2.1.2) and 50mgs of the pH-switch anti-C5 mAb 

RO7112689 immobilised on the matrix. Before the purification the column was cleaned with 

3 CV of wash buffer containing 1M NaCl to remove the storage buffer and any potential 

contaminants. 

 

3.2.2.2 Glassware/ buffers preparation  

All glassware used were washed x 5 with 0.5M NaOH followed by sterile water (Gibco, # 

PMC0438) in a tissue culture (TC) hood and then autoclaved. All buffers were prepared and 

sterile filtered in a TC hood; freshly opened bottles of all reagents were used and weighed 

out in the TC hood.  
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3.2.2.3 HPLC AKTA purifier sterilisation 

The AKTA was cleaned immediately before use by flushing through 50ml of 0.5M NaOH, 

followed by 1l sterile water and 100ml of sterile run buffer (Table 3.3).  

  

Buffer Composition 

Run Buffer 
0.01M HEPES, 0.5M NaCl, 135nM CaCl2, 1mM MgCl2, 

0.001% w/v NaN3, pH 7.4 

Column wash 

buffer 

0.01M HEPES, 1M NaCl, 135nM CaCl2, 1mM MgCl2, 0.001% 

w/v NaN3, pH 7.4 

Elution buffer 0.1M acetate buffer, 0.15M NaCl, pH5.5 

Neutralisation 

buffer; 
0.1M HEPES, 0.5M NaCl, pH9 

Storage buffer PBS, 0.001% w/v NaN3 

Table 3.3 Purification buffers used for human C5 isolation on RO7112689 

 

3.2.2.4 Purification protocol  

Human C5 was purified by passage of 350ml NHS over the 5ml RO7112689 column at 1 – 

2 ml/minute on the AKTA purification system, the column washed with 20 CV of run buffer, 

and the human C5 eluted with 5ml elution buffer pH 5.5, collecting 1ml fractions into 100µl 

neutralisation buffer. Flow rate was. The column was re-equilibrated immediately by flushing 

with 5 CV storage buffer and stored at 4°C.  

 

3.2.2.5 Purified endotoxin free human C5 processing 

The eluted C5 was immediately pooled (in TC hood) and dialysed (ThermoFisher Scientific, 

Slide-A-Lyzer™ Dialysis Cassette, #66030) overnight at 4°C against sterile PBS (Gibco, # 

10010031). The protein concentration was measured by absorbance at 280nm and 

confirmed by BCA assay. From ~350ml NHS, 28mgs of pure C5 was obtained (98% yield); 

this was aliquoted into sterile Falcon tubes (in TC hood) and stored at -80°C.  

The protein was tested for endotoxin presence using LAL Chromogenic Endpoint Assay 

supplied by Hycult Biotech (#HIT302). C5 function was tested in haemolytic assay, 

specificity in ELISA and purity by SDS-PAGE. 

 

 

3.2.3 Purification of Cobra Venom Factor (CVF) 

CVF was purified using a modification of a published method (Morgan 2000). Freeze-dried 

whole cobra venom (1g) from the cobra Naja naja kaouthia (Thailand cobra) (Sigma, # V-
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9125) was dissolved in low salt buffer (5mM PBS containing 10mM EDTA; PBS-EDTA) to 

prevent CVF degradation by Ca2+-dependent venom proteases. The sample was buffer 

exchanged using Vivaspin concentrators and applied onto Poros 50 HQ column (Mono Q, 

IEC) equilibrated in low salt buffer. CVF was eluted with a 600ml linear NaCl gradient 

elution from 0 to 0.5M NaCl at 1 – 5 ml/ minute. The column was re-equilibrated 

immediately by flushing with 5 CV ddH20 and 20% Ethanol and stored at 4°C. Fractions 

were assessed for protein content by absorbance at 280nm (NanoDrop), tested for 

function in haemolytic assay and subjected to SDS-PAGE. The identified CVF-containing 

fractions were pooled, dialysed overnight at 4°C into HBS, 0.5M NaCl pH7.4, concentrated 

to ~1mg/ml and stored in aliquots at -80°C. 

 

3.2.4 Purification of MAC intermediates 

 

3.2.4.1 C5b6 generation 

C5b6 was generated in two ways: 1. using purified terminal and alternative pathway 

components and CVF (DiScipio et al 1983); 2. using C7 depleted serum (protocol adapted 

from Morgan, 2000). 

 

3.2.4.1.1 C5b6 generation using purified components 

In this protocol, C5b6 was generated from purified C5 (using RO11277689, section 3.2.2) 

and C6 (clone 23D1 used, section 3.2.1) by incubating these proteins with a fluid phase 

convertase generated from CVF and commercial FB and FD (CompTech). CVF 

convertase (CVFBb) was generated by incubating CVF (100 µg/ml), FB (10 µg/ml) and 

FD (1 µg/ml) in a total volume of 1.32 ml in CFD containing 3mM MgCl2 for 45 minutes at 

37˚C in a shaking water bath. C5 and C6 (1mg of each) was added to the newly generated 

CVFBb and incubated overnight at 37˚C in a shaking water bath to allow cleavage of C5 

and subsequent C5b-C6 binding. The overnight reaction mixture yielded white precipitate, 

demonstrated in previous publications to be C5b6 aggregates (DiScipio 1992), that went 

back into solution after gentle mixing; the protein was dialysed into HBS and subjected to 

ion exchange chromatography on a POROS™ HQ column (ThermFisher Scientific, # 

1255911) equilibrated into HBS. C5b6 was eluted using a salt gradient (HBS 0.1 M – 1 M 

NaCl pH7.4). Fractions were assessed for protein content, peak pooled, dialysed 

overnight at 4°C into HBS, 0.5M NaCl pH7.4, concentrated to >1mg/ml with Vivaspin 

concentrators, and stored in HBS containing 0.5M NaCl and 20% glycerol in aliquots at -

20°C.  
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3.2.4.1.2 C5b6 purification using C789 depleted serum 

Serum, prepared as described above, was depleted of C7, C8 and C9 (C789D) using 

appropriate mAb columns (F10 for C7, E2 for C8, B7 for C9). Depletion was confirmed by 

CP haemolytic assay. To activate both CP and AP in the depleted serum, Zymosan A 

(7mg/ml, Cayman Chemical, #CAS 58856-93-2) and in-house heat-aggregated human IgG 

(1mg/ml) were added and incubated at 37°C in a shaking water bath for 32 hours. 

Particulates were removed by centrifugation (2500rpm for 15 minutes at 4°C) followed by 

0.2 µm filtration. The activated C789D serum was then applied to the RO11277689 anti-

human C5 affinity column and C5b6 was purified as described for C5 in section 3.2.2. C5b6 

containing fractions were dialysed immediately into HBS containing 0.5M NaCl, assayed for 

haemolytic activity and checked for purity by SDS-PAGE. Pure, functional C5b6 fractions 

were pooled and concentrated to >1mg/ml, confirmed by Nanodrop and BCA assay (EA 

C5b6 = 1.03).  The obtained C5b6 was applied to a 24ml SD200 GF column (GE Healthcare, 

equilibrated in HBS/0.5 M NaCl) to remove aggregates; the functional, pure C5b6 fractions 

(confirmed by haemolytic assay and SDS-PAGE) were pooled, concentrated and stored in 

HBS/0.5M NaCl containing 20% glycerol in aliquots at -20°C.  

 

3.2.4.2 Purification of C5b67 and C5b78 intermediates 

C5b6 generated using either of the above protocols was used to produce the MAC 

intermediates; C5b67, C5b678. To do this, C5b6 was incubated sequentially for 2h at RT 

with in house purified terminal pathway proteins (C7, or C7 and C8 respectively) in molar 

ratio 1:1.  Excess protein was separated from the complex by gel filtration on a Superdex-

200 (SD200) gel filtration column (GE Healthcare) pre-equilibrated in HBS/0.5M NaCl at a 

flow rate of 0.2 ml/minute. Peak fractions were collected, purity confirmed by SDS-PAGE 

and dot blotting and stored in HBS/0.5M NaCl containing 20% glycerol in aliquots at -20°C. 

 

3.2.5 Generation of sC5b-9 

Complement in NHS was activated via both classical and alternative pathways by 

incubation with Zymosan A (7mg/ml) and aggregated human IgG (1mg/ml) for 32 hours at 

37°C in a shaking water bath. The reaction was stopped by centrifugation at 2500rpm for 

15 minutes at 4°C, the supernatant (activated serum) collected and 0.2 µm filtered.  

 

3.2.5.1 Purification of sC5b-9 using PEG Precipitation and Immunoaffinity 

chromatography 

The activated NHS was subjected to a precipitation step to enrich the yield of sC5b-9 and 

reduce the volume to be applied on the affinity column. PEG4000 was added from a 40% 

w/v stock solution (in run buffer) to a final concentration of 5%, incubated for 20 minutes at 
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ambient temperature while mixing, then centrifuged at 2500rpm for 20 minutes at 4°C and 

the supernatant decanted. The pellet containing sC5b-9 was dissolved in a minimum 

volume of run buffer and applied onto a 1ml HiTrap mAb E2 anti-C8 affinity column. The 

immunoaffinity purification was carried out as described in section 3.2.5 except that Tris 

buffered saline (TBS) was used as run buffer. 

sC5b-9 containing fractions from immunoaffinity purification were pooled, concentrated and 

applied to a SD200 gel filtration column equilibrated and run in HBS containing 0.5M NaCl, 

pH 7.4; fractions containing sC5b-9 were collected, pooled, and purity determined by SDS-

PAGE, WB and ELISA. The protein was stored in HBS/0.5M NaCl, containing 20% glycerol 

in aliquots at -20°C. 

 

3.2.6 Protein polishing 

 

3.2.6.1 Gel Filtration 

Affinity purified proteins were subject to GF on a SD200 column (GE Healthcare, Superdex 

200, 10/300 GL, # 17-5175-01).  Proteins were concentrated to > 5mg/ml using Visaspin 

concentrators and concentrated protein (200µl or 1ml depending on the superloop used) 

loaded via the injection loop; 60ml run buffer was passed over the column at 0.3 ml/minute, 

1ml fractions collected, assessed for protein content by A280 (NanoDrop) and applied to 

SDS-PAGE. Peak fractions were pooled and stored at -80°C (for most proteins) or -20°C in 

run buffer containing 20% glycerol for C8 and complexes.  

 

3.2.6.2 Ion exchange chromatography (IEC) 

IEC was used as a polishing step for some of the immunoaffinity purified proteins. A Mono 

Q column (Poros 50 HQ; ThermoFisher Scientific, # 1-2552-46) was equilibrated with 3 CV 

of low salt buffer (HBS/10mM NaCl), sample injected via the superloop and eluted with a 

linear NaCl gradient elution from 0 to 1M NaCl at 1 – 5 ml/ minute. Peak fractions were 

assessed for protein content as above, tested for functionality in haemolytic assay and 

subject to SDS-PAGE and/or ELISA. The identified fractions were pooled, concentrated and 

stored as above.  

 

3.2.7 Purification of monoclonal antibodies 

Monoclonal antibodies were purified either using protein G chromatography on the AKTA 

or by ammonium sulphate precipitation. Prior to purification, cell culture supernatant (cells 

cultured in Low IgG-F10) was clarified by centrifugation at 2500 rpm for 15 minutes at 4°C 

and filtered through a 0.2µm filter.   
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3.2.7.1 Purification of monoclonal antibodies using Protein G columns 

IgG isotype mAbs were purified using 5ml HiTrap Protein G sepharose columns (GE 

Healthcare, #GE17-0405-01). Protein G is an IgG-binding protein from Staphylococcus 

aureus that captures most IgG subclasses from ascites fluid, cell culture supernatants, 

serum and other sources of IgG protein.  

The column was washed, equilibrated with run buffer, then IgG-containing supernatant was 

applied at 1-2 ml/min, the column washed with 50ml run buffer, and bound antibody eluted 

with 5ml elution buffer, collecting 1ml fractions into 100µl neutralisation buffer. Peak 

fractions were identified, pooled and dialysed overnight at 4°C into HBS. Antibody 

concentration was measured and the purified IgG was stored frozen in aliquots at >1mg/ml.  

 

3.2.7.2 Purification of monoclonal antibodies by ammonium sulphate precipitation 

Ammonium sulphate precipitation was used for crude purification of mouse monoclonal 

antibodies. Stock 100% saturated Ammonium sulphate solution was prepared by dissolving 

541.8g of ammonium sulphate into 1l of deionised water at 25°C. Ammonium sulphate stock 

was added to antibody-containing tissue culture supernatant at 45% final saturation (e.g. 

450ml of 100% saturated ammonium sulphate added to 550ml of the tissue culture 

supernatant), stirred continuously for 30 minutes at 25°C and centrifuged at 2500 rpm for 

25 minutes at 25°C. The supernatant was discarded and the pellet (containing antibody) 

was re-dissolved in HBS and dialysed. 

For IgM isotype antibodies the ammonium sulphate precipitation was carried out as above 

and the re-solubilised pellet subjected to a euglobulin precipitation by dialysing against 

10mM Tris pH 8.0 overnight at 4°C. The dialysate was equilibrated to room temperature, 

removed from the tubing and centrifuged at 2500rpm for 25 minutes at 25°C. Supernatant 

was discarded and the pellet (mAb) was dissolved in HBS. mAb concentration was 

determined as described above (EA; IgM = 1.8). 
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3.5 Results  

 

3.5.1 Characterisation of the purified terminal pathway proteins 

Purified human and animal terminal pathway proteins were analysed by SDS-PAGE and/ 

or WB under non-reducing and reducing conditions. Haemolytic assays were used to 

assess activity and ELISA for detection. All tested proteins were active in haemolytic 

assays, and were detected in direct ELISA and by WB (Fig. 3.1 A – D). Example purification 

chromatograms are in Fig. 3.1 A – D. The affinity purification yields are summarised in Table 

3.4.                                                            

 

Protein Column used Calculated yield 

Human C5 5ml RO7112689 97% 

Rat C5 1ml 4G2 73% 

Rat C5 5ml OmCI 95% 

Human C6 5ml 22D1 87% 

Human C6 5ml 8E1 68% 

Human C7 5ml F10 91% 

Rat C7 1ml H05-40 84% 

Mouse C7 1ml 73D1 72% 

Human C8 5ml D5 63% 

Human C8 5ml E2 73% 

Human C9 5ml B7 87% 

Human C9 1ml 26 74% 

 

Table 3.4 Summary of the average purification yields (from at least two purifications) for 

human and animal proteins. Yields were calculated as described in methods. 
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C.  
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Figure 3.1 Example chromatograms of purification using affinity column, gel filtration 

and ion exchange chromatography. A. NHS was passed over RO7112689 column and 

C5 eluted. B. Affinity purified human C9 was loaded onto SD200 GF column to remove 

aggregates. C. Protein standards (Bio-rad, #151-1901) applied onto SD200 column to 

calibrate. D. Affinity purified human C7 was polished using IEC on Poros50 HQ column.  
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Figure 3.2 Protein characterisation using SDS-PAGE, WB, haemolysis assay and 

ELISA. A. SDS-PAGE of affinity purified human, rat and mouse proteins (2µg) resolved on 

7.5% or 4 – 20% gels under non-reducing (NR) and reducing (R) conditions, then stained 

with coomassie blue. Anticipated molecular weights (kDa) of proteins: C5 = 190, C5α = 115, 

C5β = 75; C6 = 105, C7 = 95; C8; 151, C8α = 64, C8β = 64, C8γ = 22 kDa. M; molecular 

weight marker (PageRuler, #26620). B. WB analysis of purified proteins (1µg) resolved on 

4-20% PAGE gels under NR and R conditions. Blots were probed with mAb RO7112689 

for human C5 detection, mAb 4G2 for rat C5, mAb 8E1 for human C6, mAb F10 and G11 

for C7, mAb K1 and D5 for C8 and mAb 2G6, 3C9 and 4G2 for C9. Results are 

representative of multiple analyses. M; protein molecular weight marker, 2°; secondary 

antibody. C. CP (CH50) haemolytic assays to confirm activity of purified proteins; individual 

proteins were added-back to respective depleted sera at physiological levels, 10 – 0% 

serum dilutions prepared. All purified proteins showed efficient restoration of lytic activity 

after added-back to the depleted sera. NHS, normal human serum, NRS, normal rat serum; 

C5D, C6D, C7D, C8D, C8D, depleted sera. D. In direct ELISA, plates were coated with 

protein at 0.5 µg/ml and detected with relevant mAb; 4G2 for human and rat C5 detection, 

BB5.1 for mouse C5, 8E1 for human C6, 73D1 for mouse C6, F10 for human C7, D5 for 

human C8 and B7 for human C9. All mAb bound the protein of interest. The error bars are 

standard errors of triplicates. 

 

3.3.2 Purification of fully active, endotoxin free human C5 protein using 

RO7112689 

Human and mouse C5 were purified as described in section 3.2 using RO7112689 columns.  

 

3.3.2.1 C5 purified in a single step by immunoaffinity on RO7112689 is homogenous, 

active and endotoxin-free 

In direct comparison with commercial C5 (CompTech), RO7112689-purified human C5 

demonstrated similar banding patterns on SDS PAGE under reducing and non-reducing 

conditions; a single 190 kDa band non-reduced and two bands, 115 kDa (C5α chain) and 
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75 kDa (C5β chain), under reducing conditions (Fig. 3.3 A, B, C). No other bands were 

detected in the C5 preparation, confirming the high purity of the protein. Seven separate 

purifications across 14 months were performed using the same column, producing high 

quality C5 at high yield each time (Table 3.5). Mouse C5 purified using RO7112689 was 

also highly homogenous (Fig. 3.3 D). Before the purification, C5 concentration in pooled 

NHS was measured by ELISA as 81.3 µg/ml, and yield was ~98% (e.g. for purification 6: 

350 ml serum, calculated available 28.45mg; purified 27.7mg). The C5 protein was free of 

endotoxin as confirmed by LAL Chromogenic Endpoint Assay (Fig. 3.3 G). Mouse C5 was 

also purified to homogeneity on RO7112689 (Fig 3.3 E, F). 

 

Purification No. Column Serum applied (ml) Calculated 

yield 

Month/year 

Human 

1 5ml 20 - 04/2017 

2 5ml 30 96% 05/2017 

3 5ml 70 97% 05/2017 

4 5ml 180 97% 05/2017 

5 5ml 50 98% 09/2017 

6 5ml 350 98% 11/2017 

7 5ml 332 98% 05/2018 

Mouse 

1 1ml 2 92% 02/2018 

2 1ml 2 93% 03/2018 

 

Table 3.5 Purifications performed to date for human and mouse C5 on the RO7112689 

columns. The same 5ml column was used for all seven human C5 purifications. Yield was 

calculated as described in methods for each purification (except for the first purification). 
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Figure 3.3 Characterisation of purified C5. A. SDS-PAGE of C5 fractions (purification 6) 

resolved on 7.5% PAGE gel under non-reduced (NR) conditions, stained with Coomassie 

Blue.  Fractions identified as “Premium” (A8 – A18) contained the most concentrated C5 

without contaminant; fractions pre- and post- premium contained lower concentrations of 

C5 without contaminant (A7, A19 – A21) and were retained separately while fractions A1 – 

A6 were discarded. B. Premium fractions (prep #6) were pooled and subjected to SDS-

PAGE with commercially sourced C5 (CompTech) as a comparator, and stained with 

Coomassie Blue. NR; 190kDa corresponding to intact C5, R; 115 kDa; C5α chain and 75 

kDa; C5β chain. RO; RO7112689. C. As above but with prep #7 performed on the same 

column 6 months after prep #6 to demonstrate stability of the RO7112689 column and 

reproducibility of the procedure for purification of human C5. D. SDS-PAGE of human and 

mouse C5 purified on RO7112689, conditions as described above. E. WB to compare 

staining of human and mouse C5. Goat anti-human C5 detected the intact C5 in NR 

conditions and both chains in R conditions in both species, whereas RO7112689 detected 

intact C5 in NR conditions and only the C5β chain in R conditions for both species. M, 

molecular marker; Comm., commercial CompTech protein; RO, RO7112689. F. The protein 

was tested for endotoxin presence using LAL Chromogenic Endpoint Assay (Hycult Biotech, 

#HIT302); no endotoxin was detected. 

 

3.3.2.2 Haemolytic assays demonstrate high activity of RO7112689-purified C5 

Human C5 was completely removed from 350ml of pooled NHS in a single pass over the 

RO7112689 column (Fig 3.4 A). Add-back of C5 to C5-depleted serum (C5D) at 

physiological levels fully restored serum lytic activity, confirming that the C5 depletion was 

specific and that the purified C5 was fully active (Fig 3.4 B). The C5D reconstituted with 

RO7112689-purified C5 had a calculated CH50 of 63.4 Units, whereas C5D reconstituted 

with the same amount of commercial C5 had a CH50 of 40.2 Units. Titration of C5 into a 

constant dilution of C5D confirmed that commercially sourced C5 was significantly less 

efficient at restoring haemolytic activity; the dose of C5 restoring to 50% haemolysis in 10% 

C5D was 221.5 ng/ml for RO7112689 -purified C5 and 714.7 ng/ml for commercial C5 (Fig. 

3.4 C).  As little as 2ng/ml RO7112689-purified C5 conferred detectable haemolytic activity 

to 10% C5D (Fig 3.4 D).  
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Figure 3.4 Haemolysis assays with human C5 RO7112689-purified  

A. Haemolysis assay on run-through 4ml fractions collected from pooled NHS passed over 

the RO7112689 column; less than 10% lysis seen in each fraction demonstrating complete 

depletion of human C5. NHS diluted 1:10 was used as the positive control and showed 

100% lysis.  B. Repletion with C5; -RO7112689-purified C5 or commercial (CompTech) C5 

was added back to neat C5-depleted serum (C5D) at 75 µg/ml; both C5 proteins fully 

Add-back C5

-2 -1 0 1 2
0

10

20

30

40

50

60

70

80

90

100

110

C5(RO)     63.4

C5(Comm)  40.2

NHS            76.6

CH50 (HU)

Log10 serum dose (%)

L
y
s
is

 (
%

)

Titrated back C5

-2 -1 0 1 2
0

10

20

30

40

50

60

70

80

90

100

110

C5(SKY)     221.5ng/ml

C5(Comm)  714.7ng/ml

Dose required to 50% lysis

Log10 C5 dose (µg/ml)

L
y
s
is

 (
%

)

C5 Lytic dose

-4 -2 0 2
0

10

20

30

40

50

60

70

80

90

100

110

Log10 C5 dose (µg/ml)

L
y
s
is

 (
%

)

RO. 



85 
 

restored haemolytic activity but commercial C5 restored serum was less lytic; calculated 

CH50 values were: RO7112689 C5, 63.4 Units; commercial C5, 40.2 Units.  C. RO712689-

purified C5 or CompTech C5 were titrated back into 10% C5D to measure the dose that 

restored haemolysis to 50%. The 50% lytic dose of RO7112689-purified C5 was 221.5 

ng/ml, whereas that for commercial C5 was 714.7 ng/ml. D. Titration to identify the lowest 

lytic dose of C5 purified on RO7112689 when added back to C5D; C5 at 2 ng/ml conferred 

measurable lytic capacity in 10% C5D. RO; RO7112689.  The error bars are standard errors 

of triplicates. 

 

3.3.3 Purification of CVF 

CVF was purified as described in section 3.2.3 using GF followed by Mono Q 

chromatography. The purified CVF (Figure 3.7) was used for generation of CVFBb 

convertase, essential for C5b6 production.  

 

3.3.4 Purification of MAC intermediates 

C5b6 was purified as described in section 3.2.4.1 according to the two different protocols 

using serum previously depleted of C7, C8 and C9 (C789D) resulted in a better yield (Table 

3.6).  

 

Protein Method used Calculated yield 

C5b6 
Generated from purified components (DiScipio 
protocol) 

25% 

C5b6 
Generated from activated C789D serum (Morgan 
protocol) 

33% 

C5b67 Incubation of C5b6 + C7 (1:1 molar ratio) 74% 

sC5b-9 Generated from activated NHS 35% 

 

Table 3.6 Summary of the average purification yields of TP complexes (from at least two 

purifications). Yields were calculated as described in methods.  
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Figure 3.5 Purification and Characterisation of CVF. A. HPLC AKTA chromatogram from 

CVF purification using mono Q Poros 50 column; CVF, identified in haemolytic assay 

(AH50), eluted in peak 3 (B). GPE (2% in APB) were incubated with 10% NHS and aliquots 

of column fractions. C5 cleavage by CVFBb convertase resulted in lysis of GPE. Red bar 

(T20; 0.1% Tween 20), Blue bar, peak 3 containing CVF. The error bars are standard errors 

of triplicates. C. SDS-PAGE of purified CVF resolved in 7.5% PAGE gel nNR and R, stained 

with Coomassie Blue, NR; 146kDa band corresponding to intact CVF, R; bands at 68kDa 

(CVFα chain), 48kDa (CVFβ chain) and 30kDa (CVFγ chain). M, molecular weight markers. 

 

3.3.4.1 Generation of C5b6 from purified components 

C5b6 was purified as described in section 3.2.4.1.1 The GF fractions were analysed by 

SDS-PAGE and haemolytic assay (Fig. 3.6 C). GF separated C5b6 from aggregates (Fig. 

3.6 A); C5b6-containing fractions showed high efficiency in reactive lysis of GPE (Fig. 3.6 

B).  
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 SD200 20ml001 C5b6 prep 120717 2001:10_UV  SD200 20ml001 C5b6 prep 120717 2001:10_Cond  SD200 20ml001 C5b6 prep 120717 2001:10_Flow
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Figure 3.6 Characterisation of C5b6 generated using purified components A. SD200 

chromatogram of C5b6 purification; peak 1 contained C5b6 aggregates; peak 2 active 

C5b6; peak 3 likely contained C5a. B. Reactive lysis assay; fractions were incubated with 

2% GPE in CFD, and then C7, C8 and C9 were added. Fractions C10 – C15 showed strong 

haemolytic activity. Positive control was 0.1% Tween 20 (red bar; T20).  The error bars are 

standard errors of triplicates. C. SDS-PAGE of purified C5b6; 20µl neat fraction resolved in 

4 – 20% PAGE gel under NR conditions, stained with Coomassie Blue., NR; the ~205 kDa 

band corresponds to C5b and the ~105k Da band corresponds to C6. Comm. C5b6; 

Commercial C5b6 (CompTech) showed two bands at these same molecular weights but 

had poor haemolytic activity compared to the in-house generated C5b6. This was a result 

of subsequent protein degradation, being defrosted in a few days delayed transit.  
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SDS-PAGE identified gel bands corresponding to C5b and C6 under NR conditions (Fig. 

3.8 C).  The calculated purification yield based on input proteins was 25%. 

 

3.3.4.2 Generation of C5b6 from C789 Depleted serum 

C5b6 was purified from activated C7/C8/C9 depleted serum (C789D) by immunoaffinity and 

GF columns (section 3.2.4.1.2). The first large peak from the GF (SD200) eluted fractions 

comprised C5b6 (Fig. 3.7 A-C). The pooled, purified C5b6 showed high efficiency of GPE 

lysis; total lysis was observed with 125ng/ml C5b6 (Fig. 3.7 D). By dot-blot C5b and C6 

were detected in the first peak fractions only (Fig. 3.7 E). Bands corresponding to C5b (~205 

kDa) and C6 (105kDa) were observed in SDS-PAGE (Fig. 3.7 F). The calculated purification 

yield was ~33% based on the estimated amounts of C5 and C6 in the C789D. 

 

3.3.4.3 Generation of C5b67 

C5b67 was generated by incubating C5b6 with C7 in 1:1 molar ratio for 2 hours at ambient 

temperature. The complex was purified by gel filtration showing some aggregates (Fig. 3.8 

A). C5 and C7 were detected in the same GF fractions dot-blotted onto nitrocellulose 

membrane (Fig. 3.8 B). In NR conditions, bands at 95 kDa (C7), 105 kDa (C6) and 205 kDa 

(C5b) were present (Fig. 3.8 C). The calculated purification yield based on protein input was 

74%. To test whether this complex was haemolytically active, reactive lysis with human 

purified components was performed, when GPE were incubated with C5b67 and C8 and 

C9 were added lysis was observed, albeit not to the same level as obtained with standard 

reactive lysis using C5b6 and other components. (Fig. 3.8 D). 

 

3.3.5 Generation of sC5b-9 

Human sC5b-9 was generated by serum activation with zymosan and aggregated IgG as 

described in section 3.4.3. The complex was affinity purified using E2 anti-C8 mAb (Fig. 3.9 

A) followed by gel filtration (Fig 3.9 B). sC5b-9 is composed of ~13 polypeptides chains with 

a combined size of ~1,030 kDa. Variability in molecular weight is a result of different 

numbers of C9 or S protein/clusterin molecules per complex (usually between 1 – 3 for 

each). SDS-PAGE of the purified complex showed that it contained each terminal pathway 

component (Fig. 3.9 C), confirmed by WB and ELISA (Fig. 3.9 D, E). The calculated 

purification yield was 35% based on C5 turnover. 
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Figure 3.7 Characterisation of C5b6 generated from C789D serum. A. Chromatogram 

of C5b6 affinity purification using anti-C5 mAb (1ml RO7112689 column).  After dialysis to 

HBS, the eluted peak fractions were concentrated and further purified using SD200 column 

C; peak 1 contained C5b6 as demonstrated by haemolytic assay as above (B). Activity was 

confirmed by titration of C5b6; complete lysis was obtained with 125ng/ml C5b6. (D). The 

error bars are standard errors of triplicates. E. The protein was dot-blotted onto 

nitrocellulose (5µl) and detected using polyclonal anti-C5 and anti-C6 mAb; both C5 and C6 

were detected in the peak. F. SDS-PAGE of C5b6 resolved in 4 – 20% PAGE gel under NR 

and R conditions, stained with Coomassie Blue. In NR conditions bands at 205 kDa (C5b) 

and 105 kDa (C6) were present. 

 

A.                                                                                       B. 

 

 

 

 

 

 

 

 

 

 

 

C.                                                                                         D. 

 

 

SD200_C5b67 purification 

Aggregates (C5b6/ C5b67) 

1 

2 

3 

        Reactive lysis
          C5b67 mediated haemolysis

L
y
s
is

 (
%

)

C
5b

6+
C
7+

C
8,

C
9

C
5b

67
+C

8,
C
9

C
5b

6

C
5b

67 C
7

C
8,

C
9

H
B
S

T20

0

10

20

30

40

50

60

70

80

90

100

110

C5b67 
Aggregates (C5b67) 



91 
 

Figure 3.8 Characterisation of C5b67 using purified components; A. GF chromatogram 

of C5b67; the first set of peaks all contained C5b67 haemolytic activity, likely representing 

aggregates and non-aggregated C5b67; unbound C7 eluted in the final peak. B. Peak 

fractions were pooled, dot blotted onto nitrocellulose and detected using polyclonal anti-C5 

and anti-C7; C5 and C7 were detected in the same fractions. C. SDS-PAGE (7.5%) of C5b6 

and C5b67 under NR and R conditions, stained with Coomassie Blue. NR; bands were 

present at 95 kDa (C7), 105 kDa (C6) and 205 kDa (C5b). D. Reactive lysis utilising human; 

GpE were incubated with C5b67, washed and developed with C8/C9. Controls included 

individual proteins (no lysis), C5b6 at the same dose plus C7, C8 and C9 (full lysis). T20; 

0.1% Tween 20. All experiments were repeated three times with comparable results. The 

error bars are standard errors of triplicates. 
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Figure 3.9 Characterisation of sC5b-9 using purified components. Chromatograms of 

sC5b-9 affinity purification (A) and GF (B); the sharp peak 1 from GF contained SC5b-9. 

Pooled peak 1 fractions were resolved (2µg) in 7.5% SDS-PAGE gel under NR and R 

conditions, stained with Coomassie Blue (C) or subject to WB (D). sC5b-9 was probed with 

the antibodies; Goat anti-C5, 22D1 anti-C6, Goat anti-C7, E2 anti-C8 and B7 anti-C9. NR: 

C5b, 205 kDa; C6, 105 kDa; C7, 95 kDa, C8αγ; 70 kDa; C9, 65 kDa. R: C6, 110 kDa, C7/ 

C5α’, 100 kDa; C9, 70kDa; C8α/β, 65 kDa; C8γ, 22 kDa; Clusterin (Clu.) and S-protein, 75 

kDa.  In WB, C6 (22D1) and C9 (B7) were not detectable in R conditions. The blots were 

TCC Sandwich ELISA
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cut into strips to detect the individual protein and re-aligned. E. Sandwich ELISA; the sC5b-

9 complex was captured using Goat anti-C9 antibody and detected with in house 

monoclonal antibodies; 10B6 anti-C5, 22D1 anti-C6, F10 anti-C7, E2 anti-C8 and B7 anti-

C9. All experiments were repeated three times with comparable results. The error bars are 

standard errors of triplicates. 

 

3.3.6 Purification of mAb 

IgG1 and IgG2a/2b isotype mAb (determined with Isostrip, Roche, # 11493027001) were 

purified using protein G chromatography on an AKTA HPLC purifier. Integra supernatant 

was filtered prior to purification. An example chromatogram of the purification is shown 

below (Fig. 3.10 A).  For most of the IgG mAb, single-step purification yielded pure IgG with 

no contaminants (Fig. 3.10 B). IgM mAb was purified using ammonium sulphate 

precipitation as described in section 3.2.6.2. The concentration of the purified antibodies 

was measured using NanoDrop and confirmed by BCA assay (yield was ~1mg mAb per ml 

of Integra supernatant). Protein was concentrated prior to storage frozen in aliquots at 

>1mg/ml. 
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Figure 3.10 A. Example chromatogram and SDS-PAGE of mAb purification on Protein 

G (10B6 anti-C5). Supernatant was passed over the column and bound IgG eluted as a 

single peak. B. SDS-PAGE gel of purified IgG; mAb anti-C9 (clone B7 and 26) were 

resolved on 7.5% gels under NR and R conditions, then stained with coomassie blue. The 

150 kDa band corresponds to intact IgG; in R lanes the 55 kDa band corresponds to mAb 

heavy chain and 25 kDa to mAb light chain. M; molecular weight marker (PageRuler, 

#26620). 

 

3.4 Discussion 

In this chapter I have described production of human and rodent complement proteins, 

complexes and other reagents essential for the aims of this project. In the current anti-

complement landscape C5 is the favourite target for therapeutic intervention; nearly half of 

drugs in development target C5 (Harris 2018; Zelek et al 2019). The novel C5 purification 

method I developed using RO7112689 antibody offers many advantages over conventional 

techniques.  C5 purified using this method is highly pure and functionally intact. The great 

advantage of this method is that is efficient, fast and produces a high yield of fully active 

C5. C5 was depleted completely from 350ml serum with a single pass over the RO7112689 

column (Fig. 3.3, 3.4). By taking advantage of the pH dependence of mAb RO7112689 I 

eliminated the need for exposure to extremes of pH (shifting form neutral pH to pH 2.5 was 

damaging for the protein). RO7112689, in Phase 2 clinical trials, has been developed to 

recycle in vivo by shedding its cargo in acidic pH (~5.5) in endosome (Fukuzawa et al 2017). 

This recycling mechanism enhances the mAb therapeutic potential by reducing dose (Igawa 

et al 2010; 2014). The successful purification of C5 using this mAb is a proof of concept 

solution for isolation of pH sensitive proteins. A pH dependent antibody can be developed 

relatively simply through engineering of CDRs or, as in the case of RO7112689, selected 

by screening for pH sensitivity during the cloning steps.  

The functional assays and intermediates developed during this project are powerful tools 

for exploring interactions in MAC formation; having high-quality, reliable and reproducible 

protein complexes was fundamental for this work. C5b6 was purified either using purified 

components or from activated C789 depleted serum; the latter gave higher yield of 

functional C5b6. C5b6 produced using both methods showed high lytic activity, contained 

both C5 and C6 as demonstrated by dot-blot and ELISA (Fig. 3.7). Purified C5b6 was used 

to generate the C5b67 complex by addition of C7 (Fig. 3.8), for functional testing of the mAb 

(chapter 5); C5b67 made in this way retained the capacity to trigger reactive lysis making it 

also useful for functional assays of mAb activities. The sC5b-9 complex was also generated, 

purified and characterised for investigation of mechanisms in terminal pathway fluid phase 
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interactions. All the terminal pathway proteins were detected in the complex by WB and 

ELISA and SDS-PAGE (Fig. 3.9).  

All mAb were purified with a high yield using standard methods. The hybridoma cell growth 

was optimised for maximum mAb production by growing in Integra bioreactors (section 

2.17.3), producing between 1 – 2mg of mAb per ml of the hybridoma tissue culture 

supernatant. Addition of the reducing agent β-ME increased cell growth by ~50%, thereby 

increasing significantly production of the mAb.  

The next two chapters will discuss the generation of the function-blocking mAb against 

terminal pathway proteins and complexes that are the principle outcomes of the project.  
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CHAPTER 4; DEVELOPMENT AND CHARACTERISATION OF NOVEL ANTI-C5 

MONOCLONAL ANTIBODIES CAPABLE OF INHIBITING COMPLEMENT IN MULTIPLE 

SPECIES 

 

4.1 Introduction 

Over the last decade there has been an explosion in complement drug development. 

Eculizumab, an anti-C5 monoclonal antibody, was a landmark in this work, approved by the 

US Food and Drug Administration (FDA) in 2007 for use in PNH (Rother et al 2007; Hilmen 

et al 2006; Brodsky et al 2008), four years later for aHUS (Wong et al 2013) and recently 

for generalised myasthenia gravis (gMG) (news.alexionpharma.com/press-

release/product-news/fda-approves-soliris-eculizumab-treatment-patients-generalized-

myasthenia) and NMO (https://news.alexion.com/press-release/product-news/alexion-

receives-fda-approval-soliris-eculizumab-treatment-adults-neuromy). Eculizumab rapidly 

became the standard treatment for the two ultra-rare complement driven diseases PNH, 

aHUS. A host of new agents are in development, targeting the cascade at different stages; 

however, nearly half of them target C5 (Harris 2018; Morgan and Harris 2015; Zelek et al 

2019). C5 occupies a central position in the complement cascade; the C5 convertase 

cleaves C5 into C5a and C5b, the former a powerful driver of inflammation, the latter 

essential for MAC assembly. Inhibition of C5 is thus an attractive therapeutic target and the 

focus of several drugs in development (Morgan 1999; Morgan and Harris 2015; Ricklin et 

al 2018, Ricklin and Lambris 2019). Eculizumab prevents cleavage of C5 by the C5 

convertase, blocking generation of the two most inflammatory products of the complement 

cascade; C5a anaphylatoxin and MAC. The risk of blocking C5 is relatively low; the sole 

iatrogenic impact of treatment with Eculizumab is an increased risk of Neisserial infections, 

resolved by vaccination prior to treatment and prophylactic use of antibiotics. 

Despite abundant interest in complement drugs, only three are currently FDA approved; 

Eculizumab and a recently approved variant engineered for extended half-life, Ravalizumab 

(ALXN1210; https://ascopost.com/News/59600), and serum-derived and recombinant C1-

Inhibitor marketed as Cinryze or Berinert and used in a single, rare indication, hereditary 

angioedema (Harris 2018; Zelek et al 2019). As noted above, Eculizumab has changed 

outlook in patients with PNH and aHUS, is now in the clinic for gMG, NMO and in clinical 

trials for many other diseases. Although effective in these rare diseases, the cost of 

treatment and high dosage are huge disadvantages for extending use to more common 

diseases; annual cost of Eculizumab treatment of a PNH patient is £340,000 in the UK, and 

the antibody must be administered bi-weekly by intravenous infusion (900mg/dose) 

(Morgan and Harris 2015). There are several agents in development that target C5, for 

https://news.alexion.com/press-release/product-news/alexion-receives-fda-approval-soliris-eculizumab-treatment-adults-neuromy
https://news.alexion.com/press-release/product-news/alexion-receives-fda-approval-soliris-eculizumab-treatment-adults-neuromy
https://ascopost.com/News/59600
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example, SKY59 (RO7112689; RG6107; Crovalimab) an anti-C5 mAb, now in phase 2 

clinical trials for PNH, that incorporates a pH dependent recycling technology to increase 

half-life and decrease dose required for efficient C5 inhibition (Fukuzawa et al 2017). The 

modified form of Eculizumab, Ravulizumab, uses a similar pH switch technology to increase 

recycling efficiency and drug half-life (Lee et al 2018; Sheridan et al 2018). (Zelek et al 

2018). Commercial RO7112689 and Eculizumab were used in this study for comparison 

with the novel in-house mAb. 

In this chapter I describe the development and characterisation of novel mAb that inhibit 

human C5 activity. The mAb were further tested to determine whether any of these mAb 

recognised and functionally inhibited C5 from other species as this would make them 

powerful tools for proof-of-concept animal studies. One of these mAb was shown to 

efficiently inhibit complement in vivo in rats and to prevent disease in a rat EAMG model. 

The binding affinities of mAb for C5, measured using Surface Plasmon Resonance (SPR) 

analysis of selected mAb, demonstrated strong and stable binding to both human and rat 

C5, making these antibodies strong candidates for tool therapeutics.  

 

4.2 Specific methods 

All chemicals, except where otherwise stated, were obtained from either Fisher Scientific 

UK (Loughborough, UK) or Sigma Aldrich (Gillingham, UK), and were of analytical grade. 

All tissue culture reagents and plastics were from Invitrogen Life Technologies (Paisley, 

UK). Sheep and guinea pig erythrocytes in Alsever’s solution were from TCS Biosciences 

(Claydon, UK). Eculizumab was kindly donated by Prof David Kavanagh (Newcastle 

University, UK), and RO7112689 by Roche Diagnostics (Basel, Switzerland). 

Human and animal sera were prepared as described in chapter 2. 

 

4.2.1 Generation of anti-C5 mAb 

Mouse mAbs to C5 were generated by immunization of C6-deficient mice (bred in-house) 

with C5b6 using standard schedules (Kohler and Milstein 1975).  C5b6 was used as 

immunogen to increase the likelihood of obtaining function-blocking mAbs. The C6 deficient 

mice were derived from a spontaneously arising C6 deficient mouse (Orren et al 1986), 

back-crossed 8 generations onto C57Bl/6. C5b6 was prepared in house as described in 

chapter 3. Immunised mice were screened for antibody responses by ELISA, mice with the 

highest titre response selected and re-boosted prior to sacrifice and harvesting of spleens. 

Plasma cells were harvested, fused with SP2 myeloma and aliquoted to 96-well plates. 

Positive hybridomas were selected by direct ELISA on immobilised C5b6 and by haemolysis 
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assay for blocking activity as described below. C5b6-positive complement inhibitory mAb-

secreting clones were sub-cloned by limiting dilution to monoclonality.  

4.2.2 Haemolytic Assays 

The inhibitory activity of mAbs in human and animal sera was investigated by CP 

haemolysis assay using ShEA or AP assays utilising rabbit erythrocytes (RabE) as 

described in 2.17.5. Hybridoma supernatants were screened for blocking mAbs using the 

same assay but with neat tissue culture supernatant in place of the purified mAb. C5a 

generation in CP haemolysis assay supernatants was measured using an ELISA kit (Hycult 

Biotech, # HK349-02). 

 

4.2.3 Characterisation of mAb by ELISA 

Direct and sandwich ELISA were used to test whether the new mAbs bound C5, C6 or 

C5b6. Sandwich ELISA were used to confirm C5 binders in order to eliminate issues around 

denaturation and demonstrate whether the test mAbs bound the same or separate epitopes 

to control mAbs RO7112689 or Eculizumab used as capture. Standard curves were 

generated using in-house C5, C5b6 and C6 purified as previously described (Zelek et al 

2018; 2018).  

In the direct ELISA, Maxisorp (Nunc, Loughborough, UK) 96-well plates were coated with 

C5, C5b6 or C6 (0.5µg/ml in bicarbonate buffer pH 9.6) prior to incubation with purified mAb 

or tissue culture supernatant. In the sandwich ELISA, Maxisorp plates were coated with 

RO7112689 or Eculizumab then incubated sequentially with purified proteins C5, C5b6 or 

C6, in-house mAb anti-C5, HRP-labelled anti-mouse IgG and OPD developer as described 

in chapter 2 (2.2.1). Assays detection limits, working ranges and assay performance were 

determined as described (Ingram et al 2012). 

 

4.2.4 Characterisation of mAb by WB 

C5, C5b6 and C6 (in house; 1µg in 25µl PBS in SDS PAGE running buffer) were placed in 

separate wells in 4-20% SDS-PAGE gels (Biorad, #4561093), resolved under R and NR 

conditions, electrophoretically transferred to nitrocellulose, then probed with individual test 

or control mAbs or polyclonal (goat) anti-human C5 (CompTech; A220; 2µg/ml) followed by 

respective HRP labelled secondary antibodies as described in chapter 2. After washing, the 

blots were developed with ECL and visualised by autoradiography. 

 

4.2.5 Testing impact of mAb on atypical cleavage of C5 by neutrophil elastase 
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C5 was incubated with test mAb at 5x molar excess (C5: mAb; 736.84: 3684.2 nM) in HBS 

for 15 minutes at RT. Neutrophil elastase (NE, Athens Research, Athens, Georgia; # 16-

14-051200) was added at 420nM final concentration, incubated 30 minutes at 37°C in a 

shaking water bath, and the reaction stopped by addition of 61nM protease cocktail 

inhibitors (CI, Sigma Aldrich, #P8340). C5 cleavage was determined by measuring 

generation of C5a, detected by WB and by ELISA (Hycult Biotech, # HK349-02). For WB, 

samples were diluted 1 in 2 in HBS, separated and transferred as above. Blots were probed 

with anti-C5a mAb (Hycult Biotech, #HM2079), detected using donkey anti-mouse IgG-HRP 

(Jackson ImmunoResearch, 715-035-150). Positive controls included intact C5 (in house), 

C5a (CompTech, Texas, USA), NE and CI diluted in HBS.  

 

4.2.6 SPR analysis to determine mAb binding affinity to human rat or mouse C5 

The mAb to C5 protein interactions were measured in real time using Surface Plasmon 

Resonance (SPR) (Douzi, 2017). The SPR assays were run on a Biacore™ T200 or S200 

System at a flow rate of 30μl/minute with 0.01M HEPES pH 7.4, 0.15M NaCl, 3mM EDTA, 

0.005% w/v Surfactant P20 (EP-HBS) as the running buffer. The anti-human C5 mAb 

binding analyses were carried out on a Biacore S200, while anti-rat/ mouse C5 mAb binding 

was tested using a Biacore T200 instrument (GE Healthcare, Amersham, UK). Mouse 

Antibody Capture kit (GE Healthcare, # BR-1008-38) was used to immobilise the mAb on a 

CM5 sensor chip (GE Healthcare, #29-1496-03) as recommended by the manufacturer. 

Briefly; the chip surface was activated with a 400 second injection of 11.5mg/ml N-

Hydroxysuccinimide (NHS) and 75mg/ml 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride (EDC) mixed 1:1 at a flow rate of 30μl/minute. Polyclonal anti-Mouse Fc 

antibody was diluted to 7µg/ml in 10mM sodium acetate pH4.5 and injected for 180 seconds 

over each flow cell at a flow rate of 30μl/ minute (target RU for human C5 = 500 and for rat 

C5 = 400). Residual active groups on flow cells (1-2) were deactivated with a 400 second 

injection of 1M ethanolamine hydrochloride-NaOH pH8.5 at a flow rate of 30μl/ minute. The 

flow cell surface was then washed with a 60 second injection of 50mM NaOH. Flow cell 2 

was used to capture the test mAb (with target RU between 40 – 60) and flow cell 1 was 

used as the reference surface. The SPR assay protocol was as follow; test mAb were flowed 

to saturate the surface, then C5 protein diluted in EP-HBS buffer (usually 0 – 68nM) flowed 

over the immobilised mAb. For kinetic analysis the flow rate was maintained at 30 µl/minute, 

and data were collected at 25°C. Data from a reference cell were subtracted to control for 

bulk refractive index changes. The Rmax was kept low and the flow rate high to eliminate 

mass transfer. All reagents used were of high purity, polished by size exclusion 
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chromatography immediately before use to ensure removal of any aggregates. Data were 

evaluated using the software appropriate to the instrument (Biacore Evaluation Software). 

BB5.1 anti-Mouse C5 mAb was tested using Biacore T200 instrument and data analysed 

as described above, except that the mAb was directly immobilised onto the CM5 sensor-

chip at RU approximately 200. 

 

4.2.7 Passive Transfer Experimental Autoimmune Myasthenia Gravis (EAMG) in rats 

To test in vivo effects and therapeutic efficacy of test mAb, Wistar Han IGS rats (100 – 

150g) were obtained from Charles River Laboratories (Edinburgh, UK) and allowed to 

acclimatize for one week prior to disease induction by intraperitoneal administration of anti-

Acetylcholine receptor (AChR) mAb35 at 1 mg/kg in PBS as described previously 

(Chamberlain–Banoub et al 2006). MAb35 binds the main immunogenic region of AChR, 

activating complement and damaging the neuromuscular junction endplates, causing 

severe muscle weakness. Animals were assessed hourly post-disease initiation as 

described previously (Chamberlain–Banoub et al 2006; Morgan et al 2006). mAb35-injected 

rats were split into two groups: Group one (n = 4) was treated with test mAb at 40 mg/kg 

dose (selected dose determined in a pilot study), subcutaneously (SC) at time zero, with a 

second SC dosage of 13 mg/ kg at 24 hours. The second group (n = 3) received an irrelevant 

isotype control antibody at the same times, routes and doses.  All animals were euthanised 

at 40 hours post-induction, blood taken for serum assays, and soleus muscles harvested 

and frozen in OCT mounting medium for sectioning as 10µm as described previously 

(Chamberlain–Banoub et al 2006; Morgan et al 2006).  

 

4.2.8 Immunostaining of rat soleus muscles for end-plate damage and complement 

deposition 

Soleus sections were fixed in ice cold acetone for 15 min at -80°C and then blocked for 30 

minutes in 10% horse serum 2% BSA. After washing in PBS, sections were stained 

overnight at 4°C with primary antibodies, C3/30 anti-C3b/iC3b mAb (in house) at 10µg/ml, 

and rabbit anti-rat C9/MAC polyclonal IgG (in house) at 50µg/ml, both in the block buffer. 

Anti-C3b/iC3b sections were washed and incubated for 15 min at RT with amplifier antibody 

goat anti-mouse (Vector Labs, Peterborough, UK, VectaFluor DyLight 488, # DK-2488). 

After washing, secondary antibody, horse anti-goat IgG–Alexa Fluor 488 (DyLight 488, # 

DK-2488) for C3b/ iC3b or goat anti-rabbit-FITC (Oxford Biomedical Research, #45002) for 

anti-C9/MAC were added as appropriate, together with alpha-bungarotoxin-TRITC (BtX) 

(labels AChR; Boitum, # 00012) at 0.5% and Hoechst stain 1:10 000 (ThermoFisher, # 

62249), then incubated 40 minutes at RT in dark. Sections were washed in PBS and 

mounted in VectorShield Vibrance (Vector labs, #H-1700-2) before analysis using an 
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Apotome fluorescent microscope (Zeiss Apotome Axio Observer microscope). Slides were 

prepared from each test and control group animal to obtain at least ten fields captured from 

comparable regions of muscle in each sample at the same exposure and magnification (x 

40). The number of BuTx-reactive endplates in each section was measured using density 

slicing in an image analysis system (ImageJ). Appropriate controls; secondary antibody 

only, primary only and no staining visualised. For co-localisation of complement activation 

products, sections were additionally imaged on a Zeiss confocal microscope (Zeiss LSM800 

confocal laser scanning microscope). 

 

4.2.9 Generation of Fab antibody fragments 

Fab fragments were generated from intact mAb to determine binding sites on C5 using 

cryoelectron microscopy (Cryo-EM) and to investigate tissue penetrance. The mAbs, stored 

in HBS buffer, were buffer exchanged using zebra spin desalting columns (7KMWCO, 

Pierce, # 89889) to freshly prepared digestion buffer (1mM EDTA, 50mM sodium 

phosphate, 0.2mM Cysteine-HCl-H20, pH7). Immobilised papain (Pierce, #20341) was used 

for IgG2b isotype mAb digestion and ficin (Pierce, #44881) to digest IgG1 isotype antibody. 

Immobilised papain or ficin (1ml of the suspension) was washed by centrifugation three 

times in the digestion buffer and resuspended in 2ml of the buffer exchanged antibody 

(10mg of each), incubated for 2 hours at 37°C followed by 24 hours incubation at RT, gently 

mixing during the incubation. The resin was washed three times by centrifugation with 5ml 

PBS, the wash fractions containing the digested antibody combined and applied to a Protein 

A column (GE Healthcare, #17-0402-01). The run through containing Fab fragments was 

collected, and the bound Fc and residual intact mAb was eluted using 0.1M glycine pH2.5. 

The Fab fragments were analysed on SDS-PAGE, dialysed against HBS buffer and stored 

at -20°C.  

 

4.3 Results 

4.3.1 Generation of anti-C5 mAb 

C6 deficient mice were immunised with C5b6 protein, those with the highest titre of anti-

C5b6 antibodies in ELISA selected (Fig. 4.1 A, B), sacrificed, spleens harvested and used 

in the fusion. Clone supernatants were screened using direct ELISA for specificity as 

described in 2.11.1 (Figure 4.1 C) and high throughput classical pathway haemolysis assay 

for function blocking as stated in section 2.19.3 (Fig. 4.1 D) to assess the clones for 

complement inhibition. The selected clones were expanded and re-screened to confirm the 

C5 specificity and inhibition (Fig. 4.1 E, F). In total, 9 fusions were performed, ~9.000 

hybridoma clones were generated and screened, 139 antibodies were selected from ELISA, 
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12 of these confirmed to be inhibitory and three of these, 4G2, 7D4 and 10B6, chosen for 

full characterisation based on the mAb IgG isotype, species cross – reactivity and specificity 

to either C5α or C5β chain. 4G2 and 10B6 clones were obtained from different original 

clones from fusion 4, 7D4 was from fusion 7 (Fig 4.1 C, D). The inhibitory clones were also 

positive in ELISA and were expanded in Integra flasks as described in chapter 2. 

A.                         

                                          

                                             

 

 

 

       C.              

     

Plate 7  Haemolysis assay (CH50); Fusion 7 clones screening       

A 0.6976 0.6558 0.6527 0.6797 0.7045 0.7069 0.674 0.6638 0.6436 0.6112 0.547 0.577 

B 0.6646 0.6578 0.6336 0.6402 0.6638 0.6441 0.6656 0.6332 0.6563 0.5926 0.613 0.6469 

C 0.6836 0.4919 0.5108 0.5232 0.6967 0.4611 0.6428 0.5152 0.609 0.5953 0.592 0.6622 

D 0.6788 0.675 0.6505 0.1692 0.6921 0.3634 0.666 0.7345 0.6906 0.6763 0.66 0.6486 

E 0.7222 0.7003 0.6263 0.703 0.5281 0.7002 0.624 0.7123 0.7035 0.6993 0.449 0.6212 

F 0.704 0.699 0.6363 0.6699 0.6756 0.739 0.6813 0.7036 0.6609 0.6693 0.468 0.6758 

G 0.6815 0.4439 0.4237 0.6902 0.5298 0.6533 0.6517 0.7023 0.7056 0.7065 0.644 0.6473 

H 0.7332 0.7028 0.6059 0.6975 0.715 0.7346 0.7442 0.7223 0.7296 0.7239 0.71 0.7051 

       Negative  0.1205 0.1437 Positive 1.003 0.9875 

        Average 0.1321  Average 0.9953 

Plate 7 Calculated %Lysis       

A 50.16 46.452 46.177 48.572 50.772 50.985 48.066 47.162 45.37 42.496 36.81 39.462 

B 47.233 46.629 44.483 45.068 47.162 45.414 47.321 44.447 46.496 40.846 42.63 45.663 

C 48.918 31.914 33.591 34.69 50.08 29.182 45.299 33.981 42.301 41.086 40.77 47.02 

D 48.492 48.155 45.982 3.2908 49.672 20.516 47.357 53.433 49.539 48.27 46.86 45.813 

E 52.342 50.399 43.835 50.639 35.125 50.39 43.631 51.464 50.683 50.31 28.12 43.383 

F 50.727 50.284 44.722 47.703 48.208 53.832 48.714 50.692 46.904 47.649 29.77 48.226 

G 48.732 27.657 25.865 49.503 35.276 46.23 46.088 50.577 50.869 50.949 45.4 45.698 

H 53.317 50.621 42.026 50.151 51.703 53.442 54.293 52.351 52.998 52.492 51.28 50.825 

Plate 7 direct ELISA; Fusion 7 clones screening               

A 0.193 0.109 0.1416 0.1313 0.11 0.0974 0.1294 0.1226 0.6115 0.837 0.1361 0.1294 

B 0.1637 0.1394 0.1322 0.0753 0.1475 0.0707 0.095 0.1205 0.1818 0.298 0.0967 0.0846 

C 0.2071 0.0902 0.1103 0.0714 0.1316 0.2055 0.0969 0.0844 0.1251 0.24 0.1214 0.0845 

D 0.2481 0.1575 0.0931 0.7274 0.1648 0.0824 0.09 0.0883 0.1022 0.135 0.1277 0.1043 

E 0.0943 0.087 0.0884 0.0882 0.0891 0.124 0.0868 0.1079 0.1037 0.157 0.1007 0.0941 

F 0.172 0.0968 0.0845 0.0834 0.0856 0.0721 0.0821 0.0897 0.0859 0.328 0.1146 0.1096 

G 0.1009 0.1519 0.2312 0.1011 0.1337 0.0784 0.0848 0.1459 0.1094 0.232 0.099 0.1165 

H 0.0783 0.1497 0.1219 0.1348 0.1084 0.4397 0.103 0.083 0.0896 0.286 0.0966 0.1348 
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 E.                                                                       F. 

 

 

 

 

 

 

 

 

Figure 4.1 Screening Assays for mAb detection. A, B. Screening in direct ELISA to 

determine the mouse with the highest anti-human C5b6 antibody titre; mice used in fusions 

4 and 7 shown as examples. All animals showed good anti-C5b6 antibody titres; spleens 

were collected and used in fusion. mAb 4G2 and 10B6 clones were obtained from Animal 

0 Fusion 4, 7D4 from Animal 0 fusion 7. The fused hybridoma clones were screened at 

every stage from the original fusion plates (C, D) throughout the re-cloning for specificity in 

direct ELISA and for complement inhibition using high-throughput classical pathway 

haemolysis assay; the example, clone 7D4 showed positive signals in ELISA and inhibition 

of complement in the haemolysis assay. E, F. Representative data from Fusion 4 clone 

screens after expansion to 24 well plate, 4G2 and 10B6 showed strong signals to C5b6 in 

ELISA and efficient complement inhibition in haemolysis assay. Samples were not corrected 

for IgG levels therefore some show moderate or low binding in ELISA but strong inhibition 

in haemolytic assay (e.g. clone 4G2 3). Also, some low binding clones showed high 

haemolysis more likely due to the poor expression of mAb. The error bars are standard 

errors of triplicates. WT, wild type non-immune mouse serum; T20, 0.1% Tween 20. 

 

4.3.2 Isotyping and purification of the anti-C5 mAb 

Antibody clones; 4G2 and 7D4 were identified as isotype IgG2bκ, 10B6 as IgG1κ (Isostrip, 

Roche, # 11493027001) and were purified using protein G chromatography on an AKTA 

HPLC purifier. Integra supernatant was filtered prior to purification. Purity of the antibodies 

was determined using SDS-PAGE (Fig. 4.2); concentration of the purified antibodies was 
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measured using BCA assay (yield was ~1mg mAb per ml of Integra supernatant). Protein 

was concentrated if necessary prior to storage frozen in aliquots at >1mg/ml. 

 

 

 

 

 

 

Figure 4.2 SDS-PAGE of the purified mAb 4G2, 7D4, 10B6. mAb were resolved on 7.5% 

gels under NR and R conditions, then stained with coomassie blue. The ~150 kDa band 

corresponds to intact IgG, in R lanes the 55 kDa band corresponds to mAb heavy chain and 

25 kDa to mAb light chain. M; molecular weight marker (PageRuler, #26620). 

 

4.3.3 Cross-species complement inhibition by mAb in haemolysis assays 

Hybridoma clones were initially selected for further characterisation based upon the 

capacity of clone supernatants to cause inhibition of CP haemolysis in NHS; three of the 

selected monoclonal clones; 4G2, 7D4, 10B6, were expanded for further characterisation, 

secreted mAbs purified and tested in haemolysis assays with different species sera. As 

expected, each of the selected mAbs efficiently inhibited NHS-induced CP haemolysis, with 

clone 10B6 showing equivalent dose-response performance to the benchmark mAbs 

RO7112689 and Eculizumab (Fig. 4.3 A). When the impact of the mAbs on CP haemolysis 

induced by other species sera was tested, mAb 4G2 and 7D4 efficiently inhibited 

haemolysis mediated by either rat or rabbit serum (Fig. 4.3 B, C) and weakly inhibited 

haemolysis by guinea pig and mouse serum (Fig. 4.3 D, E). In contrast, neither the new 

mAb 10B6 nor Eculizumab inhibited any of these non-human sera, while RO7112689 

inhibited mouse, guinea pig and rabbit but not rat serum induced haemolysis. The 

calculated 50% complement inhibitory doses of all mAbs are shown (Fig. 4.3 F); Guinea pig 

serum is not included in this summary as levels of inhibition did not reach 50% for any of 

the mAbs. The novel mAbs 10B6, 4G2 and 7D4 also showed efficient inhibition of AP lysis 

in human serum (Fig. 4.3 G), while 4G2 and 7D4 efficiently inhibited rat AP (Fig. 4.3 H). 

C5a release was inhibited by the novel mAbs at the same levels as haemolysis inhibition 

(66nM) in the human CP assay (Fig. 4.3 I). 
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A.                                                                            B. 
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50% Complement inhibitory dosage 

(ng/ml) 

Human Rat Rabbit Mouse 

4G2 20417.4 5105.0 8091.0 - 

7D4 2187.8 4385.3 10964.8 87096.4 

10B6 841.4 - - - 

RO7112689 668.3 - 95499.3 40738.0 

Eculizumab 695.0 - - - 
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Figure 4.3 Haemolytic assays to investigate whether the anti-C5 mAb 4G2, 7D4, 10B6 

inhibit complement mediated lysis across species. A – E. Functional assays to 

determine whether mAb 4G2, 7D4 and 10B6 inhibit complement classical pathway 

haemolysis (CH50) in different species. Sera tested were human (A), rat (B), rabbit (C), 

guinea pig (D) and mouse (E). Commercial mAb RO7112689 and Eculizumab were used 

as comparators. F. Calculation of 50% inhibitory dose showed that human C5 inhibition by 

mAb 10B6 was equivalent to the two commercial mAb; RO7112689 and Eculizumab, and 

that 4G2 most strongly inhibited rat C5. G, H. Impact of mAb on alternative pathway 

haemolysis (AH50) assay utilising human (G) and rat (H) serum. I. Inhibition of C5a 

generation by the novel mAbs in a classical pathway assay with human serum. All 

experiments were repeated three times with comparable results. The error bars are 

standard errors of triplicates. The dashed lines correspond to the commercial mAb.  
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4.3.4 Determination of 4G2, 7D4 and 10B6 binding to human C5 and C5b6 by ELISA 

The direct ELISA showed that all the selected new mAbs recognised C5 and C5b6 and 

none recognised C6 (Fig. 4.4 A – C). In a sandwich ELISA with RO7112689 (anti-C5β) as 

capture and 4G2 mAb as detection, C5 and C5b6, but not C6, were detected demonstrating 

that mAb 4G2 and RO7112689 antibodies recognised different epitopes on C5 and C5b in 

the C5b6 complex (Fig. 4.4 D).  

To test whether the novel anti-C5 mAb recognised epitopes distinct from the commercial 

mAb, sandwich ELISA were developed utilising RO7112689 or Eculizumab as the capture 

mAb. With RO7112689 (anti-C5β) as capture, the mAb (7D4 and 4G2) bound strongly but 

10B6 did not bind (Fig. 4.4 E). With Eculizumab (anti-C5α) capture, the mAb 10B6 bound 

most strongly while the other mAb bound weakly (4G2) or not at all (7D4), suggesting that 

they competed for similar epitopes (Fig 4.4 F).  
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E.                                                                               F. 

 

 

 

 

 

 

Figure 4.4 Direct and sandwich ELISA to determine 4G2, 7D4 and 10B6 binding to 

human and rat C5 and competition with commercial mAb A – C. In direct ELISA, plates 

were coated with human C5 (A), C5b6 (B) or C6 (C). All new mAbs detected C5 and C5b6 

complex, but not C6. D. In sandwich ELISA with RO7112689 as capture and 4G2 mAb as 

detection, both C5 and C5b6, but not C6 were detected showing that mAb 4G2 and 

RO7112689 antibodies recognised different epitopes of C5. E, F. Sandwich ELISA 

comparing RO7112689 (anti-C5β) and Eculizumab (anti-C5α) as the capture mAb showed 

that both the C5α-specific mAb (7D4 and 4G2) bound strongly to RO7112689 captured C5 

but the C5β-specific 10B6 did not bind; the β-chain specific mAb 10B6 bound most strongly 

to Eculizumab captured C5 while the anti-C5α mAb bound weakly (4G2 or not at 7D4), 

suggesting that they competed for similar epitopes. All experiments were repeated three 

times with comparable results. The error bars are standard errors of triplicates. 

 

4.3.5 Testing 4G2, 7D4 and 10B6 binding to human and rat C5 and C5b6 by WB 

To confirm which chains of C5 the new mAb bound, western blotting was performed on 

purified C5. The blots demonstrated that mAb 4G2 and 7D4 bound the α-chain in C5; of 

note, while 7D4 recognised both residual α-chain and the α’-chain in C5b6, 4G2 only bound 

residual intact α-chain (Fig. 4.5 A, B). 10B6 recognised the β-chain of C5 (Fig. 4.5 C); 

RO712689 also recognised the β-chain (Fig. 4.5 D), while Eculizumab is known to bind the 

macroglobulin 7 domain in the α-chain (Dhilion et al 2018). Polyclonal anti-C5 recognised 

both C5 α- and β-chains (Fig. 4.5 E). Cross-reactivity of mAb 4G2 to rat C5 was confirmed 

by western blotting on purified rat C5. As expected from the human data, the blot 

demonstrated that mAb 4G2 strongly bound the α-chain in rat C5 (Fig. 4.5 F).  

 

Binding of C5 in sandwich ELISA
(Eculizumab capture)

-0.5 0.0 0.5 1.0 1.5 2.0
0

1

2

3

4G2

7D4

Log10 Protein (ng/ml)

A
b

s
o

rb
a
n

c
e
, 

4
9
2
n

m

10B6

Binding of C5 in sandwich ELISA
(RO7112689 capture)

-0.5 0.0 0.5 1.0 1.5 2.0
0.0

0.5

1.0

1.5
4G2

7D4

Log10 Protein (ng/ml)

A
b

s
o

rb
a
n

c
e
, 

4
9
2
n

m

10B6



109 
 

      A.                                                                         B. 

 

 

 

 

 

 

 

  

 

 

       

      C.                                                                          D. 

 

 

 

 

 

 

 

 

 

 

     



110 
 

       E.                                                                             F. 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Detection of human C5 and C5b6 by 4G2, 7D4 and 10B6 mAb. A – F. WB 

using novel mAbs (4G2, 7D4, 10B6) in comparison to anti-C5 mAb RO7112689 and 

polyclonal (in house) anti-human C5. Proteins; human C5, C5b6 and C6 or rat C5 (1µg) 

were resolved on 4-20% PAGE gels under NR and R (5% β-mercaptoethanol) conditions. 

Blots were probed with mAb 4G2 (A), 7D4 (B), 10B6 (C), RO7112689 (D). All mAbs 

detected intact C5 and C5b in the C5b6 complex, but not C6. mAb 4G2 and 7D4 bound the 

C5α chain, while mAb 10B6 and RO7112689 bound the C5β chain. All mAb except 4G2 

detected C5b6 in R conditions. mAb 4G2 detected rat C5 α - chain (F). Polyclonal anti-C5 

recognised both C5 α- and β-chains (E). C5b6 probed with RO7112689 showed trace 

contaminating human antibody bands from the immunoaffinity purification process detected 

by the anti-human IgG secondary. Results are representative of multiple analyses. M; 

protein molecular weight marker, 2°; secondary antibody.  

 

4.3.6 SPR analysis to determine test mAbs binding affinity to human and rat C5 

SPR analysis on immobilised antibody with human C5 flowed over (Fig. 4.6 A – C) showed 

binding between human C5 and each of the novel mAb. The mAb 10B6 and 7D4, showed 

very strong binding to human C5 in SPR analyses (KD = 4.105 x 10-10, 1.264 x 10-9 

respectively) with negligible off rates, suggesting that 10B6 and 7D4, respectively targeting 

the β and α chains of C5, might be promising candidates for therapeutics.  
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Figure 4.6 Analysis of the binding affinity of mAb 4G2 to human and rat C5 and 7D4, 

10B6 to human C5. A – E. Each mAb (4G2, 7D4, 10B6) was immobilised on the mouse 

IgG capture sensor chip (GE Healthcare) at approximately 60 RU (insets in each). C5 was 

flowed in HBS at 66 to-8nM for human and 33 to 5nM for rat C5 and interactions with the 

immobilised mAbs analysed. Sensorgrams were collected and KDs calculated using the 

Langmuir 1:1 binding model with RI value set to zero. Representative sensorgrams are 

shown with fitted data in colour (n = 3). A. mAb 4G2 binding human C5; B. mAb 7D4 binding 

human C5; C. mAb 10B6 binding human C5; D. mAb 4G2 binding rat C5; E. Summary table 

of KDs from the aggregate studies.  

 

Binding of human C5 to 4G2 was relatively weak (KD = 1.389 x 10-8; Fig. 4.6 A); in contrast, 

binding of rat C5 to 4G2 was strong and stable (KD = 3.68 x 10-9, Fig. 4.6 D, summary table; 

E). The relatively slow off rate of rat C5 from mAb 4G2 suggested that this mAb offered 

promise for use in vivo in rats because 4G2 and C5 will form a stable complex, delivering 

prolonged inhibition. Technical issues precluded the analysis by SPR of 7D4 binding to rat 

C5.  

 

4.3.7 Induction of EAMG in rats and effect of mAb 4G2 on clinical disease and 

pathology 

Rats given mAb35 at 1mg/kg intraperitoneally began to lose weight and show signs of hind 

limb weakness within 12 hours (Fig. 4.7 A) (Chamberlain – Banoub et al 2006). Clinical 

symptoms, comprising limp tails, piloerection, hind limb weakness and reduced grip 

strength, were detectable in isotype control treated animals by 18 hours post-induction, and 

all exhibited severe disease with hind limb weakness and/or partial paralysis, reaching 

clinical score 4 on a standardised scale (0, no disease; 1, reduced grip strength in front legs 

Antibody ka (1/Ms) kd (1/s) KD (M) 

Rat C5 

4G2 1.66E5 6.05E-4 3.68E-9 

Human C5 

4G2 8.998E+5 0.01250 1.389E-8 

7D4 2.801E+5 3.539E-4 1.264E-9 

10B6 1.652E+5 6.783E-5 4.105E-10 
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(can grip cage lid but cannot lift) and floppy tail ; 2, loss of grip in front legs; 3, loss of grip 

and hind limb weakness and wasting; 4, loss of grip and hind limb paralysis; 5, moribund) 

by endpoint. In contrast, animals given mAb 4G2 subcutaneously at the time of disease 

induction continued to gain weight over the time course of the experiment and did not 

develop detectable weakness or other clinical manifestations for the duration of the 

experiment (Fig. 4.7 B).  Animals were sacrificed by a Schedule 1 method when weight loss 

was equal to or exceeded 20% of original bodyweight, or when clinical score reached 4. CP 

haemolytic activity in serum was essentially absent at 2 hours post-induction in 4G2-treated 

animals but at later time points, residual haemolytic activity of approximately 35% of controls 

was detected (Fig. 4.7 C), likely due to the high sensitivity of the haemolytic assay for 

residual C5 (Zelek et al 2018). As expected, serum from the untreated control animals 

retained full haemolytic activity across the time course. 

Soleus muscles were harvested from each animal at sacrifice (40 hours), sections (10µm) 

were prepared, fixed in acetone and endplates identified by staining AChR with α-

Bungarotoxin-TRITC (4.2.8). Receptor numbers were quantified across 10 different 

representative fields in an automated imaging system and analysed using ImageJ software. 

The number of endplates in isotype control animals was significantly decreased compared 

to mAb 4G2 treated animals (~2-fold less; Fig. 4.7 D); endplate numbers in the 4G2 group 

were not significantly different to numbers in naïve animals (data not shown). Residual 

endplates were frequently fragmented in isotype control animals, while most endplates in 

4G2-treated animals displayed the typical continuous, linear character. The α-Bungarotoxin 

fluorescence intensity was significantly higher in the 4G2-treated animals (P = 0.002, Fig. 

4.7 E). Whereas C3 fragment staining intensity was similar between the groups, C9/MAC 

staining was reduced more that 3-fold in the 4G2-treated group (P<0.0001; Fig. 4.7 F, G). 

Representative confocal images and co-localisation of C3b/iC3b and C9/MAC deposition at 

the endplate are shown (Fig. 4.7 H). 
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4G2 treated (40 hours) 

Figure 4.7 In vivo testing of mAb 4G2 in EAMG model. A, B. EAMG was induced in rats; 

weight loss and clinical score were monitored. Isotype control treated animals (EAMG) 
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rapidly developed weight loss and muscle weakness, reaching clinical scores of four or five 

and all were sacrificed at 40 hours. The mAb 4G2 treated animals were protected from 

disease and weight loss; all were sacrificed at 40 hours. C. Serum lytic activity was 

measured at multiple time points (0, 2, 18, 24 and 40 hours) in each animal. Results are 

means of determinations from four 4G2-treated and three isotype control treated EAMG 

animals and vertical bars represent SD. D. Soleus muscles were harvested at sacrifice and 

snap frozen in OCT. Sections (10µm) were stained for AChR with TRITC-conjugated α-

BuTX and visualised on a Zeiss Apotome microscope; AChR-positive endplates were 

counted in ten fields from each animal using ImageJ software. E. Mean fluorescence 

intensity of BuTx staining in the sections (mean pixel intensity values from ten fields per 

animal from ImageJ analysis as above) was significantly higher in 4G2 treated animals 

compared to controls (P = 0.002). F. Mean fluorescence intensity of C3b/iC3b (mean pixel 

intensity values from ten fields per animal from ImageJ analysis as above) was not 

significantly (NS) different between the two groups. G. C9/MAC (mean pixel intensity values 

from ten fields per animal from ImageJ analysis as above) staining was markedly reduced 

in 4G2 treated animals (P<0.0001). Statistical significance was obtained by t-test and 

p<0.05 was considered as significant. H. Tissue sections from isotype control or 4G2-

treated animals were double stained for AChR together with anti-C3b/iC3b (top panel) or 

C9/MAC (bottom panel). Pictures imaged on a Zeiss confocal microscope. For each 

analysis, statistical significance was obtained by t-test and p<0.05 was considered as 

significant. The scale bar is shown in the first plate; all images were captured at identical 

magnification. 

4.3.8 mAb 4G2 but not mAb 7D4 and 10B6 block atypical cleavage of C5 by neutrophil 

elastase 

To test whether any of the new mAb inhibited atypical cleavage of C5, C5 was incubated 

with NE with or without an excess of each of the mAb; C5a generation, detected by WB, 

was used as an index of C5 cleavage. Although C5 cleavage products were present in all 

cases, complete inhibition of NE-mediated C5a generation was observed when mAb 4G2 

was used, while 10B6 and 7D4 caused a partial inhibition of C5a generation compared to 

the no-mAb control (Fig. 4.8 A). When tested in this assay, RO7112689 completely inhibited 

C5a generation while Eculizumab had no effect on C5a production; an irrelevant non-

blocking anti-C5 (3D3) also did not inhibit C5a generation (Fig. 4.8 A). Densitometric 

analysis of the C5a band showed a ~95% inhibition of C5a generation by 4G2 and 

RO7112689, 40% by 10B6 and 20% by 7D4 compared to cleavage in absence of antibody 

(Fig. 4.8 B). These data were confirmed by ELISA; when compared to the amount of C5a 

generated by NE in the absence of antibody (670ng/ml in the assay; 100%), the amount of 



117 
 

C5a generated was reduced to ~4% by inclusion of 4G2 or RO7112689; 73% by 7D4; 59% 

by 10B6; Eculizumab did not inhibit C5 cleavage in this assay (Fig. 4.8 C).  
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Figure 4.8 Detection of C5a generated by atypical cleavage of C5 by neutrophil 

elastase A. Western blot of C5 subjected to atypical cleavage by neutrophil elastase (NE) 

with and without anti-C5 mAb. Intact or cleaved C5 and C5a were detected using anti-C5a 

mAb (Hycult). C5; NR; 190 kDa (intact C5), R; 75 kDa (C5β chain), C5α (115 kDa), C5a 

(10.4 kDa), CI; proteases cocktail inhibitors, Ecul.; Eculizumab, RO; RO7112689, 3D3; 

irrelevant mAb. B. Densitometry analysis using ImageJ. C. C5a ELISA confirmed that mAb 

4G2 and commercial mAb RO7112689 efficiently inhibited generation of the C5a cleavage 

product. Densitometry and ELISA percentage calculated relative to C5a in C5 + NE lane = 

100% (measured as 669.7 ng/ml in C5a ELISA). Results are representative of three 

independent experiments. The error bars are standard errors of triplicates. 

 

4.3.9 Fab fragments of the mAb retain their functional activity 

Fab fragments were generated by digestion with papain for 4G2 and 7D4 mAbs and ficin 

for 10B6 mAb. The Fab(s) functionality was tested in CP haemolysis assay. Each of the 
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Fab(s) inhibited lysis of ShEA by NHS, with 7D4 Fab showing the same activity as intact 

antibody, whereas 4G2 and 10B6 Fab were less effective (Fig 4.9 A). All Fab(s) showed 

strong signals in direct ELISA confirming that their binding ability was not affected by the 

enzymatic digestion (Fig. 4.9 B). The Fab(s) purity was confirmed by SDS-PAGE (Fig. 4.9 

C) with single bands visible at 50 kDa (NR) and 25 kDa (R), corresponding to Fab 

fragments.  
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Figure 4.9 Testing of generated Fab(s) A. CP haemolytic assay utilising NHS; all Fab(s) 

inhibited lysis. B. Direct ELISA; plates were coated with human C5; all Fab(s) detected C5. 

The error bars are standard errors of triplicates. C. Purity of the Fab(s) was assessed by 

SDS-PAGE on 7.5% gel under non-reducing (NR) and reducing (R) conditions, stained with 

coomassie blue. NR; the 150 kDa band corresponds to full IgG, 50 kDa to Fab fragment, R; 

25 kDa to Fc. 7D4 and 4G2 Fab(s) showed no contamination, 10B6 was contaminated with 

undigested IgG. M; molecular weight marker (PageRuler, #26620).  
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4.3.10 Summary of the characterisation of the novel anti-C5 mAb. Table 4.1 

summarises the properties of the novel anti-C5 mAb generated in this project.  

 

Table 4.1 Summary of the new anti-C5 mAbs and the plans for further development.  

4.4 Characterisation of mAb BB5.1 anti-mouse C5 

The first report on a functional inhibitor mAb targeting C5 was published nearly 35 years 

ago. The monoclonal anti-C5 antibody BB5.1 was generated in C5 deficient mice and 

inhibited haemolysis in mouse serum (Frei et al 1987). BB5.1 was used as proof of concept 

for safe and effective inhibition of MAC in many mouse models (Wang et al 1995; Huugen 

et al 2007; Copland et al 2010; Raedler et al 2011). The success of BB5.1 in mice initiated 

research for anti-human complement blocking agents, notably the development of 

Eculizumab (Thomas et al 1996; Adis et al 2007). Although BB5.1 was developed many 

years before Eculizumab, its mechanism of inhibition is still unknown. Here I further 

characterised the BB5.1 antibody for cross-species inhibition, binding affinity and chain 

specificity.  

 

4.4.1 Cross-species complement inhibition in haemolytic assays 

The hybridoma cell line producing BB5.1 (a gift of Prof. Brigitta Stockinger) was re-cloned 

(section 2.15.6), expanded, the mAb produced in large quantities using Integra flask 

(section 2.15.3) and purified on protein G column (section 3.2.7.1). The purified mAb was 

tested in CP haemolysis assays using various species sera. BB5.1 efficiently inhibited 

haemolysis mediated by mouse serum only (Fig. 4.10 A - D) As noted above, Eculizumab 

inhibited only human complement, while RO7112689 additionally inhibited mouse, guinea 

pig and rabbit but not rat serum induced haemolysis. The calculated 50% complement 

inhibitory doses of all mAbs are shown (Fig. 4.10 F). 

 

Antibody Isotype Target 

Cross-species 
reactivity/ 

inhibition in 
vitro 

Cross-species 
reactivity/ 

inhibition in 
vivo 

Inhibition of 
atypical 

cleavage by 
NE 

C5 chain 
specificity 

IP 

4G2 IgG2b, K 
C5 / 

C5b6 

Strong; Hu, Rt, 
Rb. Weak; Gp, 

Ra 
Rat Yes α-chain 

Licence 
agreement 
in progress 

7D4 IgG2b, K 
C5 / 

C5b6 

Strong; Hu, Rt, 
Rb. Weak; Gp, 

Rb, Mo 
Not tested No α-chain 

10B6 IgG1, K 
C5 / 

C5b6 
Strong; Hu N/A No β-chain N/A 
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Figure 4.10 Haemolytic assays to investigate whether the anti-C5 mAb BB5.1 inhibits 

complement mediated lysis across species. A – E. Functional assays to determine 

whether mAb BB5.1 inhibits complement classical pathway haemolysis (CH50) in different 

species. Sera tested were human (A), rabbit (B), guinea pig (C), rat (D) and mouse (E). 

Commercial mAb RO7112689 and Eculizumab were used as comparators. All experiments 

were repeated three times with comparable results. The error bars are standard errors of 

triplicates. F. Calculation of 50% inhibitory dose showed that mAb BB5.1 inhibited C5 only 

in mouse.  
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4.4.2 Determination of BB5.1 binding to mouse C5 by ELISA and WB 

The direct ELISA (section 2.11.1) showed that BB5.1 recognized mouse C5 (Fig. 4.11 A). 

Western blotting (section 2.9) was used to confirm BB5.1 antibody binding to mouse C5. 

The blots demonstrated that BB5.1 bound the β-chain in C5 (Fig 4.11 B).  

 

A.                                                                     

   

 

 

 

 

B. 

 

 

 

 

 

 

 

Figure 4.11 Detection of mouse C5 by BB5.1 mAb A. Direct ELISA; plates were coated 

with mouse C5 (purified using OmCI column) at 0.5µg/ml, than incubated with BB5.1 mAb 

diluted from 10 – 0µg/ml, detected with secondary donkey anti-mouse IgG diluted 1 in 1000. 

The assay was repeated three times with comparable results. The error bars are standard 

errors of triplicates. B. Mouse C5 was diluted in PBS, separated on 4-20% SDS-PAGE 

under R and NR conditions, transferred to nitrocellulose then probed with mAb BB5.1 

(1µg/ml) and HRP labelled donkey anti-mouse IgG (diluted 1:10000). Bands were detected 

with ECL and visualised by autoradiography. M; protein molecular weight marker. BB5.1 

detected intact mouse C5 in NR and, weakly, C5 β-chain in R conditions.  
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4.4.3 Testing of binding of BB5.1 Fab fragments to mouse C5 by ELISA and purity 

verification by SDS-PAGE 

BB5.1 fragments were generated as described in section 4.2.9, tested in direct ELISA 

(section 2.11.1) to confirm binding to mouse C5 after the enzymatic digestion (Fig. 4.12 A) 

and resolved in SDS-PAGE gel to verify their purity. The latter showed that Protein A 

purification was much more efficient compared to Protein G at removing contaminating Fc 

and intact IgG (Fig. 4.12 B). 

 

A.                                                                            B. 

  

 

 

 

 

 

 

Figure 4.12 Testing of Fab(s) generated from BB5.1. A. Direct ELISA; plates were coated 

with mouse C5; BB5.1 Fab detected mouse C5 to a similar degree compared to intact 

mAb.The assay was repeated three times with comparable results. The error bars are 

standard errors of triplicates. B. Purity of the Fab(s) was assessed by SDS-PAGE on 4 – 

20% gel under non-reducing (NR) and reducing (R) conditions, stained with coomassie 

blue. NR; the 50 kDa corresponds to Fab fragment, R; 25 kDa to Fab. M; molecular weight 

marker. 

 

4.4.4 SPR analysis to determine BB5.1 mAb binding affinity to mouse C5 

SPR analysis (section 4.2.6) on immobilised BB5.1 mAb (~200RU) with mouse C5 flowed 

over confirmed strong binding between mouse C5 and BB5.1 (KD = 8.1 x 10-9) (Fig. 4.13). 

The very slow off rate of mouse C5 from mAb BB5.1 explains why this mAb is an efficient 

inhibitor of complement in vivo.  
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Figure 4.13 Analysis of the binding affinity of BB5.1 to mouse C5. BB5.1 was 

immobilised directly onto the CM5 sensor chip by amine coupling (GE Healthcare) at 

approximately 200 RU. Mouse C5 was flowed in HBS-EP at 52 to 4 nM and interactions 

with the immobilised mAbs analysed. Sensorgrams were collected and KDs calculated 

using the Langmuir 1:1 binding model. Representative sensorgrams are shown with fitted 

data in colour (n = 3).  

 

4.4.5 BB5.1 CDR sequences determination 

The sequences were determined by Absolute Antibody as stated below; 

Full VH Sequence 

QVQLQQPGAELVRPGTSVKLSCKASGYTFTSSWMHWVKQRPGQGLEWIGVIDPSDSYT

NYNQKFKGKATLTVDTSSSTAYMQLSSLTSEDSAVYYCARGGGSSYNRYFDVWGTGTT

VTVSS 

CDR-H1 CDR-H2    CDR-H3 

SSWMH VIDPSDSYTNYNQKFKG  GGGSSYNRYFDV 

Full VL Sequence 

NIMMTQSPSSLAVSAGEKVTMSCKSSQSVLYSSNQKNYLAWYQQKPGQSPKLLIYWAS

TRESGVPDRFTGSGSGTDFTLTISSVQAEDLAVYYCHQYLSSRTFGGGTKLEIK 

CDR-L1    CDR-L2   CDR-L3 

KSSQSVLYSSNQKNYLA WASTRES  HQYLSSRT 

Antibody ka (1/Ms) kd (1/s) KD (M) 

Mouse C5 

BB5.1 1.56E5 0.0013 8.10E-9 
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4.5 Further characterisation of RO7112689 anti-human C5 

4.5.1 mAb RO7112689 inhibits CP haemolysis and RL in other species 

The mAb was tested using ShEA and NHS or other species sera at a dose selected to 

cause ~80 - 100% target lysis. The antibody efficiently inhibited lysis by NHS and normal 

male mouse serum (NMS), inhibited rabbit serum (NRbS) weakly and did not inhibit rat 

serum (NRS)-mediated haemolysis (Fig. 4.14 A – D).  In the reactive lysis system using 

human proteins, pre-incubation of C5b6 with RO7112689 efficiently blocked lysis on 

subsequent addition of C7-C9 (complete inhibition at a molar ratio C5b6: RO7112689 of 

1:2; Fig.4.14 E). In contrast, incubation of GPE pre-coated with C5b6 with RO7112689 

caused no inhibition of lysis on addition of C7-C9, even at the highest mAb doses (Fig. 4.14 

F). These data demonstrate that, in addition to its impact on C5 cleavage, RO7112689 may 

inhibit the terminal pathway by binding and blocking the C5b6 complex before that complex 

binds the membrane. Of note, Eculizumab did not inhibit in the reactive lysis system at all, 

suggesting its sole action is to block C5 cleavage. 

 

4.5.2 Quantification of human and mouse C5 by ELISA  

RO7112689 was used a as capture antibody and Goat anti-human C5 (CompTech) was 

used as detection antibody. The sandwich ELISA showed very high sensitivity for 

measuring human and mouse C5 (Fig. 4.15 A, B) with working range of 0.2 – 250ng/ml for 

human and 50 – 500ng/ml for mouse C5. The assay did not detect C3, C3a or C5a, tested 

using purified proteins (Fig. 4.15 C). NHS samples from 25 healthy donors and NMS 

samples from 11 male C57/Bl mice were measured; mean C5 concentration in NHS was 

79.6µg/ml (range; 56.0 – 130.7), and in NMS was 102.7 µg/ml (range; 92.7 – 130.6) (Fig. 

4.15 D). The assay detected C5b6 but not C6 (Fig 4.15 E); the signal for C5b6 was lower 

by ~50% compared to the same molar dose of C5, suggesting some hindrance of binding 

of the antibodies to C5b in the C5b6 complex. Binding of C5b6 in the ELISA supports the 

above data demonstrating capacity of RO7112689 to inhibit reactive lysis when pre-

incubated with C5b6.   
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A.                                                                       B.                                                  
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Figure 4.14 Haemolytic assays to investigate whether RO7112689 inhibits 

complement mediated lysis across species. A – D. Functional assays to determine 

whether mAb RO7112689 inhibits complement classical pathway haemolysis (CH50) in 

different species. Sera tested were human (A), mouse (B), rat (C) and rabbit (D). E, F. 

Reactive lysis assays using human proteins. GPE were incubated with RO7112689 before 

and after C5b6 addition followed by sequential addition of C7, C8 and C9. RO7112689 

efficiently blocked lysis when added before C5b6 addition but not after. All experiments 

were repeated three times with comparable results. The error bars are standard errors of 

triplicates.  
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A.      B.   

 

 

 

 

 

 

C.              D. 
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Figure 4.15 ELISA for human and mouse C5 detection A. B. C5 sandwich ELISA was 

generated using RO7112689 as capture antibody and polyclonal anti-human C5 as 

detection. Standard curves were generated using either human C5 or mouse C5. C. 

Measurement of C3, C3a, C5a showed no cross-reactivity in the human C5 assay. D. 

Measurement of human and mouse C5 in the sandwich ELISA; serum from 25 healthy 

donors and 11 male C57/Bl mice (NMS) were measured. The average level of C5 in NHS 

was 79.6µg/ml (range; 56.0 – 130.7), and in NMS was 102.7 µg/ml (range; 92.7 – 130.6). 

E. Detection of human C5 and C5b6, but not C6; signal intensities of C5b6 were ~50% less 

intense compared to the same amount of C5. 
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4.6 Discussion 

The discovery of Eculizumab (anti-C5 mAb) and its dramatic success catalysed Pharma 

interest in anti-complement drugs (Morgan and Harris 2015; Harris 2018). Cost and 

convenience are limiting factors in broadening anti-complement drug use; current cost and 

dosing schedules for Eculizumab are incompatible with use in treatment of common, chronic 

diseases. Other limiting factor is that the currently available agents are human-specific, 

restricting proof-of-concept of efficacy of C5 inhibition in rodent disease models. The mAb 

BB5.1 has been widely used in mouse models (Copland et al 2010; Raedler et al 2011), 

and a single report described a blocking anti-rat C5 mAb that was not further utilised (Zhou 

et al 2007), apart from these, no anti-C5 mAb inhibiting in other animal species have been 

described.   

Here I immunised C6-deficient mice with C5b6 in order to develop functionally optimal mAb, 

selecting from the outset for function-blocking activity. From nine fusions approximately 

88,000 hybridoma clones were obtained and screened, 139 antibodies were selected in 

ELISA, 12 of these inhibited human complement. All of the mAb selected based on blocking 

activity bound native C5 and C5b6 (the immunogen), but not C6, in ELISA. Three of these 

were selected for further characterisation; testing for inhibition in other species showed that 

two of the mAb, 7D4 and 4G2 (both against C5α chain), inhibited C5 in rat, rabbit, guinea 

pig and mouse sera, whereas 10B6 (against C5β chain) was human-specific. RO7112689 

bound the C5β chain, and was a weak inhibitor of guinea pig and mouse C5 (Fig. 4.3), while 

Eculizumab bound C5α and was human-specific (Schatz-Jakobsen et al 2016). The critical 

residue in the Eculizumab binding site that dictates human specificity is Trp917, replaced 

by Ser in other species, including non-human primates, rat, mouse, rabbit, guinea pig, 

sheep, pig and horse as reported (Schatz-Jakobsen et al 2016; Brachet et al 2016), and 

from my data base search (www.ncbi.nlm.nih.gov/protein).  The fact that the two blocking 

anti-C5α mAb 7D4 and 4G2 work across species suggests that they bind an epitope distinct 

from that in C5α bound by Eculizumab; this is supported by the demonstration that these 

mAb bind C5b6 (the immunogen) in the direct ELISA while Eculizumab does not. The mAb 

4G2 detected C5 captured on Eculizumab in a sandwich assay, confirming that the epitopes 

are distinct; however, 7D4 did not bind in this assay, indicating that its epitope overlaps that 

of Eculizumab. When RO7112689 (C5β-specific) was used as capture in the assay, both 

the C5α-binding mAb detected the bound C5 as anticipated; in contrast, the C5β-specific 

mAb 10B6 gave no signal, demonstrating that its epitope was masked by the capture mAb. 

Of note, RO7112689, like 10B6, also binds C5b6 (Fig. 4.4). These data indicate that the 

epitopes for these two mAb are overlapping; the fact that RO7112689 inhibits across 

species while 10B6 is human-specific suggests that the epitopes are non-identical. It is clear 

http://www.ncbi.nlm.nih.gov/protein
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from the above findings, and from published work comparing tick-derived C5 inhibitors with 

Eculizumab, that there are numerous sites on C5 where binding of an inhibitor can 

effectively block function (Jore et al 2016). This supports the suggestion that these diverse 

inhibitors act as conformation locks, preventing a structural “priming” event that is necessary 

for cleavage of C5 by the convertase.  

The mAb were also tested for their capacity to block the atypical cleavage of C5 by 

neutrophil elastase (NE), a process that has been implicated in the generation of C5a and 

MAC at inflammatory sites such as in the rheumatoid joint and cystic fibrosis lung (Giles et 

al 2015; Vogt et al 2000; Fick et al 1986); mAb that inhibited this cleavage might therefore 

have additional value as therapeutics. The mAb 4G2 strongly inhibited NE-mediated C5 

cleavage and C5a generation in vitro, whereas the other two novel mAbs weakly inhibited 

atypical C5 cleavage. Eculizumab did not inhibit C5 cleavage by NE but RO7112689 

effectively blocked generation of C5a by NE (Fig. 4.8). 

SPR analysis (Biacore) showed very strong and stable binding of 7D4 and 10B6 to human 

C5 with dissociation rates and calculated affinities comparable to RO7112689 (Fukuzawa 

et al 2017) (Fig. 4.7). In contrast, 4G2 binding to human C5 was much weaker – but this 

mAb bound rat C5 much more strongly than human (KD 4.872 x 10-9 for rat and 3.68 x 10-9 

for human) and with a slow off-rate; these binding data support the functional assays where 

4G2 was a more potent inhibitor of rat C5 than human (Fig. 4.3 A). The 4G2 mAb was tested 

in vivo as a prophylactic therapy in a model of MG, previously demonstrated to be 

dependent on MAC assembly in man and rodents and suppressed by TP deficiencies or 

inhibition (Ingram et al 2012; Morgan et al 2006). While control animals developed severe 

muscle weakness and weight loss, mAb 4G2 treated rats were protected from disease and 

weight loss (Fig. 4.7 A, B). Endplates in controls were reduced in number, fragmented and 

richly decorated with C3b/iC3b and C9/MAC, whereas in 4G2 treated animals endplates 

were preserved in number and integrity; although endplates were strongly C3b/iC3b-

positive in these animals, C9/MAC deposition was markedly reduced or absent (Fig. 4.8 D 

- I). Although mAb 4G2 proved to be an efficient blocker of EAMG, assays of serum 

haemolytic activity showed ~35% residual lysis after the 2-hour time-point in 4G2 treated 

animals (Fig. 4.7 C).  I have previously demonstrated that as little as 2 ng/ml C5 added back 

to undiluted C5-depleted serum is sufficient to cause measurable lysis, and 50% lysis in the 

assay was attained at 2µg/ml C5 added back to undiluted C5-depleted serum (Zelek et al 

2018). These findings illustrate the exquisite sensitivity of the haemolytic assay and show 

that it is not a good predictor of efficacy of C5 inhibition in disease. We have not yet tested 

this mAb for amelioration of established disease in the EAMG model, difficult given the 
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acute nature of the model, or in more chronic disease models; such studies are planned in 

the future.  

The novel mAbs CDR sequences have been defined as an external service. This, in 

combination with cryo-EM analysis, will enable me to define precisely their binding sites on 

C5. Fab generated here will be used for this work.  

The novel mAbs described here are efficient blockers of human C5, with binding sites and 

other properties distinct from existing anti-C5 mAb. All three mAb bind C5b6, used as the 

immunogen, and block reactive lysis, a property absent from Eculizumab, that may provide 

a therapeutic advantage. Notably, two of the mAb inhibit C5 in common laboratory animal 

species, raising the prospect of their use as tools in proof-of-concept studies, illustrated 

here using EAMG as an example. One of the new mAb (4G2) was a strong inhibitor of 

elastase-mediated C5 cleavage, raising the possibility of testing the impact of blocking 

atypical C5 cleavage in inflammatory diseases where neutrophil activation predominates in 

rodents or man.  

BB5.1 is an efficient inhibitor of mouse complement widely used in animal models (Wang 

et al 1995; Huugen et al 2007; Copland et al 2010; Raedler et al 2011). Although BB5.1 

was the first functional blocker of complement and it has been around for many years (Frei 

et al 1987), little was known about its mechanism of C5 inhibition. My data show that BB5.1 

is mouse C5-specific and binds the C5β chain (Fig. 4.10 and 4.11 B). The Biacore testing 

showed very strong and stable binding of BB5.1 to mouse C5 with slow dissociation rate 

and affinities comparable to Eculizumab (Fig. 4.13). The fact that BB5.1 recognises the 

C5β-chain suggests that BB5.1 and Eculizumab (C5α-chain specific) are quite different 

antibodies, further supporting the concept of C5 having multiple surface sites that can be 

targeted by mAb or other agents to cause inhibition of C5 cleavage and function, likely 

through conformational locking (Jore et al 2016).  

A further characterisation of mAb RO7112689 showed that the mAb binds and inhibits not 

only human C5 as stated in the previous report (Fukuzawa et al 2017) but also mouse C5; 

this was confirmed by ELISA and WB detecting C5β chain of mouse and human C5 (Fig. 

4.5 D, 4.15 B, 4.15 B). The cross-reactive sandwich ELISA allows quantification of C5 in 

mouse serum (mean of 102.7µg/ml from 11 male mice), a useful tool for future studies (Fig. 

4.16).   The original report on RO7112689 (Fukuzawa et al 2017) stated that the antibody 

inhibits C5 cleavage by the C5 convertase, the same mechanism as Eculizumab, despite 

the fact that these mAb bind different chains of C5 (Fukuzawa et al 2017; Schatz-Jakobsen 

et al 2016; Rother et al 2007). I confirmed that RO7112689 inhibited C5 cleavage, but also 

showed that it binds C5b6 which suggests that it inhibits its association with the membrane. 
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In a reactive lysis system (2.17.6) using purified C5b6, when added to C5b6 prior to (but 

not after) incubation with the target GpE, RO7112689 efficiently inhibited reactive lysis (Fig. 

4.15 E, F). This finding was supported by the demonstration that RO7112689 binds C5b6 

in ELISA (Fig. 4.15 E). The ability to inhibit C5b6-mediated lysis is an important second 

mode of action for this mAb, particularly given the growing list of situations where C5 is 

atypically activated by proteases to generate a C5b-like fragment capable of triggering MAC 

assembly (Foley et al 2016; Huber-Long et al 2006; Amara et al 2010). The capacity of 

RO7112689 (and my novel mAbs) to block atypical cleavage of C5 by neutrophil elastase 

(Fig. 4.8) and to inhibit after C5 cleavage may contribute substantially to its mechanism of 

action for complement inhibition in vivo. 

 

In summary, I have generated several anti-C5 blocking mAb with diverse binding sites, 

properties and cross-species activities and have further characterised commercial 

(RO7116829) and donated (BB5.1) anti-C5 mAbs. These findings add to understanding of 

C5 targeting by mAbs and provide new tools for human and animal studies; further analyses 

in progress will provide fundamental information for future structure-based drug design.  The 

primary purpose of the current project was to find antibodies that inhibited MAC formation 

beyond C5; however, the fact that all the blocking mAb generated using C5b6 as 

immunogen in C6D mice were anti-C5 necessitated their characterisation. The next chapter 

takes the work back on mission and beyond C5.   
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CHAPTER 5; DEVELOPMENT AND CHARACTERISATION OF NOVEL ANTIBODIES 

CAPABLE OF INHIBITING COMPLEMENT DOWNSTREAM OF C5 

5.1 Introduction 

A step change is now needed to enable the use of anti-complement drugs in less rare (and 

common) diseases such as MS, AMD and AD. In these common diseases proportion of 

patients do not respond to currently available agents. Taking anti-complement approaches 

into these diseases requires a new generation of drugs that are safer, cheaper and easier 

to administer. The field of anti-complement drugs is pretty crowded with numerous agents 

being developed, some of which have already reached the clinic and become blockbusters 

(Morgan and Harris 2015; Ricklin et al 2018). The complement cascade can be targeted at 

many stages; however, the current anti-complement drugs are focussed on very few 

targets, with agents targeting the complement protein C5 or its breakdown products 

predominating.  The focus on C5 and relative neglect of other targets has been opportunistic 

and not based on evidence of best target. The lesson taken from my development of novel 

C5 blocking mAbs (chapter 4) is that generation of C5 inhibitory mAb is relatively easy and 

expedient - one in twelve of the anti-C5 clones obtained was a functional C5 blocker! In this 

chapter I have explored other terminal pathway targets downstream of C5 and assessed 

their therapeutic potential in animals.  

To date there are only few reports targeting MAC beyond C5. An anti--C8 mAb was tested 

in hyperacute rejection (HAR) and cardiopulmonary bypass (CPB) rodent models (Rollins 

et al 1995; Rinder et al 1999); in HAR, mAb treatment protected hearts perfused with human 

serum while in CPB the mAb reduced platelet activation. A polyclonal antibody against C6 

inhibited clinical symptoms of EAMG in rats (Biesecker et al 1989). These experiments not 

only demonstrate the crucial role of MAC as a pathology driver, but also highlight the 

therapeutic potential of developing anti-terminal pathway drugs beyond C5. Currently, an 

anti-C6 mAb (CP010) developed by Complement Pharma is in pre-clinical development for 

neurological disorders (Ricklin et al 2018). Currently there is only one drug targeting MAC 

downstream of C5 in clinical trials, a gene therapy agent (AAVCAGsCD59) in development 

for AMD (Cashman et al 2011). 

I selected C7 as the optimal target; however, as the project developed, C6 and MAC 

intermediate inhibitors were also generated. I focused on C7 as a target for a number of 

reasons: 

• Unique among the terminal pathway components, C7 is not an acute phase reactant 

(Würzner et al 1994; Barnum and Schein 2018); therefore, the plasma levels remain 

stable in disease making it an easier target;  

• as a consequence of this, the dose needed to inhibit complement will likely be less 
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compared to the current treatment with Eculizumab and the duration of inhibition is 

likely to be longer;  

• inhibiting C7 is likely to be less of an infection hazard compared to current therapies 

because C5a-mediated neutrophil recruitment is unimpaired -indeed, the majority of 

patients with C7 deficiency are healthy (Würzner et al 1992);  

• C7 has been neglected as a target, unlike C5 where numerous Pharma companies 

are developing mAb or other drugs to target C5 (Harris 2018; Ricklin et al 2018; 

Zelek et al 2019). 

 

C7 and C5b67 complex are essential building blocks of MAC assembly (Hadders et al 

2012). In the fluid phase C7 can also assemble into soluble (s) complexes such as C5b-7, 

C5b-8, C5b-9. Naturally occurring terminal pathway inhibitors such as S – protein 

(vitronectin) and clusterin associate with the soluble complexes mediating their clearance 

(Murphy et al 1989; Fernie-King et al 2001). 

In this chapter I will describe the generation and characterisation of a panel of anti-C7 mAbs, 

all of which are efficient inhibitors of human and rodent complement. The mAb inhibited 

complement in vivo. One of the mAb, 2H2, showed long lasting (up to one week) inhibition 

with a single dose in rats; this and other data suggest that this mAb inhibits complement by 

binding C5b-7 complex resulting in lower dose and long-lasting neutralisation of 

complement.  

 

 

5.2 Specific methods 

5.2.1 Breeding of C7 deficient mice  

Two pairs of mice heterozygous for a CRISPR-generated knock-out mutant of the C7 gene 

were purchased from Jackson Laboratory (C57BL/6NJ-C7em1(IMPC)J/Mmjax, MMRRC 

Stock No: 42133-JAX). These mice were generated by the Knockout Mouse Phenotyping 

Program (KOMP2). The deletion removed 247 bp of the C7 coding sequence, resulting in 

the deletion of exon 2, and a frame shift causing early termination. The mice were back-

crossed to obtain homozygous C7 deficient mice and establish a colony. WB and 

haemolysis assays were used to confirm heterozygous and homozygous C7 deficiency in 

the back-crosses.  
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5.2.2 High-throughput classical pathway (CP) haemolysis assay for screening of 

mouse serum complement lytic activity 

The assay obviates the need for large amounts of animal (in this case mouse) serum to 

determine complement mediated lysis and the impact of blocking mAb. NHS depleted of 

the specific protein (in this case C7) is the source of the rest of the complement proteins; 

the missing protein is reconstituted from the animal serum.  Mouse blood was collected and 

processed as described in section 2.12. The assay was performed as described in section 

2.17.8. 

 

5.2.3 In vivo testing of mAb for the capacity to inhibit complement 

Clones 17E7 and 73D1 were tested in mouse to determine their capacity to inhibit 

complement in vivo. To test clone 17E7, C7 deficient mice (10) were injected 

intraperitoneally with human C7 (500µg), then split into test and control groups (5 in each). 

The test group animals were injected subcutaneously with 17E7 mAb (1mg), while control 

group mice were injected with an irrelevant mAb (1mg, JC-3); blood was collected from all 

the animals just before the experiment, one hour after C7 administration (immediately 

before giving the mAb) and at intervals after mAb injection. Serum was prepared (section 

2.12) and tested for lytic activity as above. 

 

5.2.4. In vivo testing of mAb for the capacity to inhibit disease in experimental 

autoimmune myasthenia gravis (EAMG) model in rats 

The therapeutic effect of mAb 2H2 was tested in the EAMG model as described in section 

4.2.7 with following amendments; Lewis rats used (100 – 150g, Charles River Laboratories, 

Edinburgh, UK), lower dose of mAb (10mg/kg) and different isotype control (mAb; D1.3). 

 

5.2.5 Measuring kinetics and affinity of mAb using Biacore 

The SPR assays were run on a Biacore™ T200 System as described in section 4.2.6 at a 

flow rate of 30 μl/minute with EP-HBS running buffer. For mAb of isotype IgG, a Mouse 

Antibody Capture kit (GE Healthcare, # BR-1008-38) was used to immobilise the mAb on a 

CM5 sensor chip (GE Healthcare, #29-1496-03) as recommended by the manufacturer. 

mAb isotype IgM was immobilised on a Protein L Series S sensor chip (GE Healthcare #29-

2051-38). mAb were flowed to saturate the surface, then C7, human, rat or mouse, diluted 

in EP-HBS (usually 0 – 68nM) flowed over the immobilised mAb. For kinetic analysis the 

flow rate was maintained at 30µl/minute, and data were collected at 25°C. All reagents used 
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were of high purity, polished by GF immediately before use to ensure removal of any 

aggregates. Data were evaluated using Biacore Evaluation Software. 

 

5.2.6 Pull-down assay to identify whether mAb 2H2 inhibits one of the TP complexes  

Complement in serum (rat or human ~3ml) was activated via both classical and alternative 

pathways by incubation with Zymosan A (7mg/ml) and aggregated human IgG (1mg/ml) in 

the presence of biotinylated mAb 2H2 (section 2.2.2). The mixture was incubated for 32 

hours at 37°C in a shaking water bath to ensure that all the C5 was converted into the 

complex. The reaction was stopped by centrifugation at 2500rpm for 15 minutes at 4°C, the 

supernatant (activated serum) collected and mixed with 1ml Avidin beads (taken from a 1ml 

HiTrap NHS activated column with 1mg of Avidin immobilised as described in section 2.15 

and re-suspended to 7ml total volume). The mixture was incubated for one hour at ambient 

while mixing gently, then beads washed five times by centrifugation and the bound mAb 

2H2-complex eluted by incubation (10 minutes at 100°C) in reduced or non-reduced SDS-

PAGE running buffer. Supernatants were subjected to SDS-PAGE and WB (section 2.9). 

The activated serum containing the complex with mAb 2H2 was also tested in ELISA 

(section 2.11.2). Briefly, plates were coated with Avidin (10µg/ml); after BSA blocking the 

sample was added and detected with Goat anti-C5, C6, C7, C8 or C9 antibodies, then 

developed with rabbit anti-Goat-HRP. Appropriate controls included; C7 pre-incubated with 

biotinylated mAb 2H2, mAb 2H2-Biotin only. 

 

5.2.7 Testing whether mAb bind fluid phase or membrane bound MAC precursors by 

flow cytometry 

To investigate whether inhibition of MAC formation occurred through mAb binding 

intermediates in the fluid phase or on the cell surface, CP haemolysis assay utilising ShEA 

and human or rat serum, was performed as described in section 2.17.4. The mAb was 

added at total concentration of 100µg/ml to ensure complete MAC inhibition. After 

incubation, cells were pelleted, supernatants were removed and the ShEA, washed into 

HBS containing 5% w/v FBS, 1% w/v BSA (FACS buffer); anti-mouse IgG-FITC diluted 1 in 

50 in FACS buffer was added to detect bound mAb, incubated for 30 minutes on ice, cells 

were washed twice in FACS buffer and analysed by flow cytometry using a Becton 

Dickinson FACSCalibur. ShEA yielded a single population when analysed for forward and 

side scatter; the entire population was gated for analysis of fluorescent staining. Relevant 

negative controls of unstained, secondary mAb only and a positive control for MAC 

formation of aE11 anti-C9 neo-specific monoclonal antibody (Hycult Biotech, #HM2167) 

were prepared. The data was analysed using FlowJo software version 10. 
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5.3 Results 

5.3.1. Breeding of C7 deficient mouse 

CRISP-generated heterozygous C7 knock-out mice (C57BL/6NJ-C7em1(IMPC)J/Mmjax) 

were back-crossed to obtain homogenous C7 deficient mice as described in section 5.2.1. 

Litters were screened for C7 deficiency using the modified haemolytic assay (section 5.2.2) 

and WB (section 2.9) and homozygotes were selected for further breeding (Fig. 5.1). The 

data also show that mouse serum alone (NMS controls; Fig 5.1 A) at the dose used caused 

no lysis in this system, demonstrating the value of the modified assay. The obtained C7 

deficient mice colony showed no lytic activity and absence of C7 by WB (Fig. 5.1 B). No 

health issues were observed with these mice. 

 

5.3.2. Generation of anti-human, rat, mouse C7 mAb  

C7 deficient (C7D) mice were immunized with human C7 and/or rat C7 (both purified in-

house). The C7D mice were also used as a source of macrophages during the cloning 

process as a feeding support for hybridoma cell lines. Clone 17E7 was generated in wild 

type mice as no C7D mouse was available at that time. The immunised animals were tail 

bled, the collected blood allowed to clot and serum prepared; direct ELISA was used to 

determine which mouse had the highest antibody titre as described in Methods. Animals 

with the highest titre were sacrificed, spleens harvested and used in the fusion. 

Supernatants of the fused clones were screened the same way as for C5 blockers in direct 

ELISA for C7 specificity (section 2.11.1) and high throughput classical pathway haemolysis 

assay for complement inhibition (section 2.17.3). In total, 15 fusions were performed; 

~15,000 hybridoma clones were generated and screened, 7 confirmed to be inhibitory, and 

five of these, 2H2, 3B11, 17E7, 59E7 and 73D1, chosen for full characterisation. Clone 

17E7 was obtained from fusion 1 (WT animals immunised with human C7), 2H2 from fusion 

7 (C7D animals immunised with rat C7), 3B11 and 59E7 from fusions 14 and 15 respectively 

(C7D animals immunised with both human and rat C7). The inhibitory clones that were also 

positive in ELISA were expanded in an Integra flask as described in Methods. 
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Figure 5.1 Screening mice for C7 deficiency. Litters from the heterozygote back-crosses 

were screened; example data are shown.  A. Haemolytic assay to identify mice with no 

complement lytic activity; here, mice 3852-B, 3852-2R, 3851-1R, 3672-1L and 3672-1R 

showed no haemolysis of ShEA. Controls in green, NMS, normal mouse serum without 

human C7D; M, male; F, female; T20, 0.1% tween 20. B. The error bars are standard errors 
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of triplicates. The absence of C7 in animals 3851-1R, 3671-1R, 3672-1L and 3672-1R was 

confirmed by WB; Mouse sera (1 in 100 dilution in PBS) and human C7 (1µg) were resolved 

on 7.5% gels under NR and R conditions and transferred to nitrocellulose membrane. Blots 

were probed with in house rabbit anti-C7 (5 µg/ml) and detected with Donkey anti-rabbit-

HRP. The 95 kDa band corresponds to intact C7. M; molecular weight marker (PageRuler, 

#26620), WT; wild type. 

 

5.3.3 Isotyping and purification of the anti-C7 mAb 

Antibody clones; 17E7 and 73D1 were identified as isotype IgG2aκ, 2H2 and 59E7as 

IgG2bκ and 3B11 as IgMκ (Isostrip, Roche, # 11493027001). All clones except 3B11 were 

purified using protein G chromatography (section 3.2.7.1); clone 3B11 was purified with 

ammonium sulphate precipitation as described in section 3.2.7.2. Purity of the antibodies 

was determined using SDS-PAGE (Fig. 5.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 SDS-PAGE of the purified mAb. mAb (2µg) were resolved on 7.5% gels under 

non-reducing (NR) and reducing (R) conditions, then stained with coomassie blue. The 150 

kDa band (NR) corresponds to intact IgG, in R lanes the 55 kDa band corresponds to mAb 

heavy chain and 25 kDa to mAb light chain. M; molecular weight marker (PageRuler, 

#26620). Albumin contaminant was observed at ~55 kDa in IgM mAb 3B11. 
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5.3.4 Cross-species complement inhibition by mAb anti-C7 in haemolysis assays 

Hybridoma clones were initially selected for further characterisation based upon the 

capacity of clone supernatants to cause inhibition of CP haemolysis in NHS and/or NRS; 

five of the selected monoclonal clones, 2H2, 3B11, 17E7, 59E7, 73D1, were expanded for 

further characterisation, secreted mAbs purified and tested in haemolysis assays with 

different species sera (Fig. 5.3 A – D). As expected, each of the selected mAbs efficiently 

inhibited CP haemolysis in some species sera; clones 3B11, 17E7 and 59E7 predominantly 

in NHS, clone 2H2 predominantly in NRS and clone 73D1 in NMS (Fig. 5.3 A – C); 7D4 

alone efficiently inhibited lysis of ShEA in NRbS (Fig. 4.3 D). All tested mAbs showed some 

cross-species inhibition.  Anti-C5 mAb were used as positive controls; Eculizumab and 

RO7112689 for NHS, BB5.1 for NMS and 7D4 for NRS complement. The calculated 50% 

complement inhibitory doses and haemolytic units (HU) of all mAbs are shown (Table 5.1). 

A serum excess assay was used to test mAb 17E7 and 2H2 in conditions that better reflect 

those prevailing in whole blood (Fig. 5.3 E, F).  
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E.                                                                     F. 

                                                                                      

 

 

 

 

 

Figure 5.3 Haemolytic assays to investigate whether the anti-C7 mAbs inhibit 

complement mediated lysis across species. Sera tested were human (A), rat (B), mouse 

(C) and rabbit (D). Anti-C5 mAb RO7112689, Eculizumab, BB5.1 and 7D4 were used as 

comparators. E. F. Serum excess assay performed utilising NHS or NRS concentration 10-

fold that used in the standard CP assay. Test and control mAb were titrated in range 0 – 

100µg/ml. All experiments were repeated at least three times with comparable results. The 

error bars are standard errors of triplicates.  

Antibody Isotype 
Haemolytic 
Units (HU) 

50% Inhibitory 
Dose (ng/ml) 

Cross-species 
reactivity 

17E7 IgG2a, K Human = 55.1 Human = 181.6 Strong; Human 

59E7 IgG2b, K Human = 47.7 Human = 209.7 Strong; Human 

3B11 IgM, K 
Human = 19.9 

Rat = 11.9 
Human = 501.9 

Rat = 839.5 
Strong; Human, 

Rat 

2H2 IgG2b, K 
Human = 1.0 
Rat = 264.8 
Mouse =2.7 

Human = 9977.0 
Rat = 33.9 

Mouse = 3715.4 

Strong; Rat 
Weak; Mouse, 

Human 

73D1 IgG2a, K 
Human = 17.2 

Rat = 19.8 
Mouse =13.9 

Human = 581.8 
Rat = 505.5 

Mouse = 720.3 

Strong; Mouse, 
Weak; Human, 

Rat 

7D4 IgG2b, K 
Human = 69.3 

Rat = 9.5 
Human = 144.2 
Rat = 1054.4 

Strong; Human, 
Rat 

BB5.1 IgG1, K Mouse =16.3 Mouse = 613.6 Strong; Mouse 

RO7112689 IgG1, K 
Human = 49.9 
Mouse = 1.4 

Human = 212.3 
Mouse = 1862.1 

Strong; Human 
Weak; mouse 

Eculizumab IgG2/4, K Human = 47.1 Human = 181.6 Strong; Human 

 

Table 5.1 Calculated HU and 50% dose (ng/ml) required to inhibit lysis for each antibody 

tested. 
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5.3.5 Reactive lysis to identify mechanism of mAb anti-C7 inhibition 

GPE were first incubated with C5b6 (section 2.17.6) then mAb (17E7, 59E7, 73D1, 2H2) at 

various doses (0 – 1µg/ml) added either before or after C7 addition, followed by C8, C9 

(Fig. 5.4 A – D). All mAb except 2H2 were tested with human purified proteins, mAb 2H2 

using purified rat C7 or EDTA-NRS as a source of rat C8 and C9. The tested mAbs showed 

strong inhibition when added to GPE-C5b6 before C7 was added, but only mAb 2H2 

inhibited when added after C7, implying that this mAb, and only this mAb, worked in part by 

blocking C8 binding to C5b67 on the target surface and suggesting that this mAb had a 

distinct mechanism of inhibition. To further test mode of inhibition, mAb 17E7 was either 

incubated with GPE-C5b6 before C7 addition or pre-incubated with C7 before exposure to 

GPE-C5b6 (Fig. 5.4 E); inhibition of lysis was essentially the same in both conditions 

confirming that the mAb captures fluid-phase C7 and prevents formation of an active C5b67 

complex, either by preventing C7 binding to C5b6 or by permitting C7 binding but preventing 

its unfolding and/or capacity to bind C8. In a reactive lysis system using human C5b6, rat 

C7 and either human C8/C9 or NRS as a source of C8/C9, ~60% lysis was obtained (Fig. 

5.4 G). In the latter system, mAb 2H2 effectively blocked lysis when pre-incubated with 

GPE-C5b67(rat) (Fig. 5.4 F).  

 

5.3.6 Add-back haemolytic assays to investigate the species selectivity of mAb 2H2 

To investigate further the selectivity of mAb 2H2 for rat; human or rat C6 and C7 were used 

in add back assays (section 2.17.9). Both depleted and deficient sera are labelled D. The 

proteins were added at physiological levels to human or rat C7D or C6D sera and the 

restored sera titrated to give ~80% lysis of ShEA in a CP assay. mAb 2H2 was diluted at 

concentrations 0 – 25µg/ml. As anticipated, mAb 2H2 inhibited lysis of rat C7D restored with 

rat C7 (Fig. 5.5 A); surprisingly, mAb 2H2 also inhibited lysis by rat C7D restored with human 

C7 (Fig. 5.5 B). The mAb also inhibited lysis by rat C6D restored with human C6 (Fig. 5.5 

C) and rat C6D/C7D restored with human C6 and human C7 (Fig. 5.5 D; these data imply 

that the species specificity of this mAb extends beyond the native proteins. In support of 

this, mAb 2H2 did not significantly inhibit lysis by human C7D restored with rat C7 

demonstrating that rat C7 alone was not sufficient for effect of the mAb (Fig 5.5 E).   

 

5.3.7 ELISA to confirm mAb binding to human, monkey, rat and mouse C7 

The direct ELISA (2.11.1) showed that all novel mAb bind human C7; mAb 2H2, 3B11 and 

73D1 also bound rat C7, while mAb 73D1 bound mouse C7 (Fig. 5.6 A – C). mAb 17E7 was 

strongly cross-reactive with non-human primate (cynomolgus) C7 (Fig. 5.6 D). In a 

sandwich ELISA (2.11.2) using mAb 2H2 as capture and goat anti-C7 as detection, human 
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and rat C7 were detected demonstrating that mAb 2H2 can bind C7 from both species (Fig. 

5.6 E). To investigate whether the mAb recognised the same or closely apposed epitopes 

on C7, the antibodies were paired in sandwich ELISA; C7 was not detected with any mAb 

pair suggesting that they competed for similar epitopes; all mAb worked in sandwich ELISA 

with goat anti-C7 as either capture or detect (Fig. 5.6 F – K). In sandwich ELISA with mAb 

2H2 and goat anti-C5 detection all MAC (with rat C7) intermediates except C5b-9 were 

detected suggesting a steric hindrance upon the C5 binding (Fig. 5.6 L). 

 

5.3.8 SPR analysis to determine test mAb binding affinity to human and rat C7 

SPR analysis on immobilised antibody with human or rat C7 flowed over (Fig. 5.7) showed 

binding of each of the novel mAb to human and/or rat C7. The mAb 17E7 and 59E7, showed 

very strong binding to human C7 in SPR analyses (KD = 1.02 x 10-9, 9.31 x 10-10 

respectively) (Fig. 5.7 A, B) with negligible off rates, suggesting that 17E7 and 59E7 might 

be promising candidates for human therapeutics. Binding of mAb 3B11 and 73D1 to human 

or rat C7 was relatively weak (human KD = 2.30 x 10-7 and 5.55 x 10-8; rat KD =1.93 x 10-

7 and 8.17 x 10-8) (Fig. 5.7 C – F); however, these both mAb showed a relatively slow off 

rate for rat C7 offering promise for use in vivo. Technical issues precluded the analysis by 

SPR of 2H2 binding to human, rat or mouse C7 and 73D1 binding to mouse C7. The 

measured kinetics/affinity are summarised in Table 5.2. 

 

Antibody Ka (1/Ms) Kd (1/s) KD (M) 

17E7 Human; 6.83 x 104 6.94 x 10-5 1.02 x 10-9 

59E7 Human; 1.45 x 106 1.4 x 10-3 9.31 x 10-10 

3B11* 
Human; 5.05 x 103 

Rat; 2.91 x 103 
1.20 x 10-3 
5.61 x 10-4 

2.30 x 10-7 
1.93 x 10-7 

73D1 

Human; 2.63 x 104 
Rat; 6.98 x 103 
Mouse; to be 
determined 

1.5 x 10-3 
5.70 x 10-4 

to be determined 

5.55 x 10-8 
8.17 x 10-8 

to be determined 

2H2 

Human; to be 
determined 
Rat; to be 

determined 

to be determined to be determined 

* Protein L capture 

Table 5.2 Kinetics and Affinity of the mAb anti--C7 produced. 
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Figure 5.4 Reactive lysis assays. Guinea-pig erythrocytes (GpE) and purified human 

complement proteins (C5b6, C7, C8 and C9) were used for testing mAb 17E7 and 59E7 

(A, B); for mAb 2H2 and 73D1 human C5b6, and either human or rat C7 were used with 

NRS or NMS with 5mM EDTA as the source of rodent C8 and C9 (C, D, F). All mAb when 

added to GpE before C5b67 formation efficiently inhibited reactive lysis (A – E). mAb 2H2 

also inhibited lysis after C7 addition (D) and efficiently inhibited reactive lysis when added 

to pre-formed C5b-7(rat) complexes (F). G. Reactive lysis using human proteins or 

combination of human and animal proteins. H. Controls for reactive lysis include the 

individual proteins (no lysis), C5b-9 (full lysis). T20; 0.1% Tween 20. All experiments were 

repeated three times with comparable results. The error bars are standard errors of 

triplicates.    
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Figure 5.5 Add-back haemolysis assays to test species selectivity of mAb 2H2. A, B. 

Adding back either human or rat C7 at physiological levels to C7D serum restored serum 

lytic activity; addition of mAb 2H2 inhibited lysis in each case. C, D. Adding back human C6 

to rat C6D or human C6/C7 to rat C6D/C7D restored lysis and in each case the mAb 

inhibited lysis. E. Adding back rat C7 to human C7D restored lysis but mAb 2H2 did not 

inhibit at any dose. All experiments were repeated three times with comparable results. The 

error bars are standard errors of triplicates.  
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Figure 5.6 Direct and sandwich ELISA to determine mAb binding to human, rat and 

mouse C7 and epitope binding In direct ELISA, plates were coated with human (A), rat 

(B) or mouse C7 (C). All new mAbs detected human C7 and mAb 2H2, 3B11, 73D1 bound 

rat C7; mAb 73D1 also detected mouse C7. D. mAb 17E7 detected non-human primate C7. 

In sandwich ELISA using mAb 2H2 as capture and Goat anti-C7 as detection, both human 

and rat C7 were detected (E). When the mAb were paired in sandwich ELISA no signal was 

observed suggesting that all the antibodies recognised the same or closely related epitopes 

on C7 (F – J). Polyclonal anti-C7 as detect gave a signal with each of the mAb as capture 

(F-J) and when used as capture, all mAb worked as detect for C7 (K). All MAC intermediates 

generated with human proteins and rat C7 were detected except for C5b-9 complex possibly 

due to the conformational change (L). All experiments were repeated three times with 

comparable results. The error bars are standard errors of triplicates. 
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Figure 5.7 Analysis of the binding affinities of anti-C7 mAb to human or rat C7 mAb 

17E7, 59E7, 73D1 were immobilised on the mouse IgG capture sensor chip (GE 

Healthcare) at approximately 60 RU (insets in each). Protein L series S sensor chip 

(#29205138, GE Healthcare) was used for testing mAb 3B11 (IgM) at approximately 60 RU. 

C7 was flowed in HBS-EP at 66 to 8nM for human or rat protein and interactions with the 

immobilised mAbs analysed. Sensorgrams were collected and KDs calculated using the 

Langmuir 1:1 binding model with RI value set to zero. Representative sensorgrams are 

shown with fitted data in colour (n = 3). A. mAb 17E7 binding human C7; B. mAb 59E7 

binding human C7; C. mAb 3B11 binding human C7; D.  mAb 3B11 binding rat C7; E. mAb 

73D1 binding human C7; F. mAb 73D1 binding rat C7. Summary of KDs from the aggregate 

studies in Table 5.2. 
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5.3.9 Testing anti-C7 mAb binding to human, rat, mouse and monkey C7 by WB and 

ELISA 

To confirm binding of mAb to C7 WB was performed on human and animal sera. The 

human-specific mAb 59E7 and 17E7 specifically detected C7 in NR but not R serum (Fig. 

5.8 A); the species cross-reactive mAb 2H2, 73D1 and 3B11 specifically detected C7 in 

human, rat, mouse and monkey sera under NR conditions (Fig. 5.8 B – D). Most of the mAb 

have not detected C7 under reducing conditions (data not shown).  
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Figure 5.8 Detection of C7 by anti-C7 mAb in WB Sera; human, rat, mouse and monkey 

were diluted 1 in 100 in PBS and resolved on 4-20% PAGE gels under NR conditions. Blots 

were probed with mAb 17E7, 59E7 (A), 73D1 (B), 3B11 (C), 2H2 (D), and goat anti-C7 (E) 

Results are representative of multiple analyses. M; protein molecular weight marker, 2°; 

secondary antibody; Hu, human; Ms, mouse; Mk, monkey. 

 

5.3.10 WB and ELISA on mAb 2H2-complex to identify the composition of the 2H2 

pull-down complex. 

mAb 2H2 have not detected NR human C7 protein by WB (Fig. 5.9 D). To further explore 

this surprising result pull-down assay from activated with zymosan and aggregated human 

or rat serum was performed as described in section 5.2.6. mAb 2H2 pulled down all the 

terminal pathway proteins (Fig. 5.9 A, B). In Sandwich ELISA on pulled down rat or human 

protein with mAb 2H2 all terminal pathway proteins: C5, C6, C7, C8 and C9 were detected; 

the strongest signals were observed with C5, C6 and C7 proteins (Fig. 5.9 C, D). Taken 

together, the above WB data and this assay suggest that mAb 2H2, when present in the 

fluid phase during serum activation, captures fluid phase complexes that contain all terminal 

pathway proteins. Presence of S-protein or Clusterin in the pulled-down complex has not 

been checked. This suggests that one possibility for the mechanism of inhibition of 

haemolysis by 2H2 is that this occurs in the fluid phase, capturing intermediates, thereby 

abolishing attachment to the membrane and MAC formation, but allowing fluid-phase TCC 

formation.  

 

5.3.11 Purification of C7 using novel anti-C7 mAb 

HiTrap NHS-activated columns were prepared with mAb 17E7. 59E7, 2H2 or 73D1, and 

control antibodies F10 (in house non-blocker anti-human C7) and HO5-40 (non-blocker anti-

rat C7 from GSK) (2mgs each) and protein was purified from human, rat or mouse serum 

as described in section 3.2.1. The purified protein was subject to SDS-PAGE and stained 

with coomassie blue. For the human-specific mAb, protein eluted from the F10 column gave 

a single major band of 105 kDa NR, 115 kDa R corresponding to human C7; eluted protein 

from both 17E7 and 59E7 gave no band corresponding to C7, instead both had major bands 

at ~200 and 60 kDa NR and 100, 65, 40 and 20 kDa R (Fig. 5.10 A). For the rat-selective 

mAb, protein eluted from the H05-40 column contained bands corresponding to rat C7 (95 

kDa NR, 110 kDa R) but also contained a major contaminant; (60 kDa NR, 65 kDa R); 2H2 

eluate contained these same bands although the C7 bands were faint in comparison to the 
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contaminant (Fig. 5.10 B). Eluate from the mouse C7-specific non-blocker mAb 73D1 gave 

clean C7-specific bands (Fig 5.10 C).  It is surprising that the best C7 blocking mAbs failed 

to effectively purify C7 from the relevant sera and failed to deplete C7 from the serum (Fig 

5.10 D). The observed contaminants for the human-specific mAb likely represent IgG 

(human or murine) and albumin; the contaminant for the rat-specific mAb may also be 

albumin.  To eliminate the possibility that the ~65kDa contaminant was (~65 kDa on SDS-

PAGE), the eluates were subjected to WB and goat anti-C9 was used to detect, no C9 

reactivity was present in any of the eluates (Fig. 5.10 E). 
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Figure 5.9 WB and ELISA to identify the composition of the 2H2 pull-down complex. 

The 2H2 pull-downs from rat (A) and human (B) serum were subject to WB; protein (1µg) 

was resolved in 7.5% SDS-PAGE gel and transferred onto nitrocellulose membrane. The 

protein was probed with goat anti-C5, C6, C7, C8, C9 mAb. The blots were cut into strips 

to detect the individual protein and re-aligned. NR: C5, 190 kDa; C6, 105 kDa; C7, 95 kDa, 

C8αγ; 70 kDa; C9, 65 kDa. R: C6, 110 kDa; C7, 95 kDa; C5β, 75 kDa; C9, 70 kDa; C8α/β, 

65 kDa; C8γ, 22 kDa.  Results are representative of multiple analyses. M; protein molecular 

weight marker, 2°; secondary antibody; Hu, human; Ms, mouse; Mk, monkey. C, D. In 

sandwich ELISA with avidin as capture, Biotin-2H2-complex from rat or human activated 

serum was bound; composition of the complex was interrogated by adding goat anti-C5, -

C6, -C7, -C8 or -C9. In both rat and human, the strongest signals were observed with anti-

C5, -C6 and -C7 antisera. Controls were biotinylated mAb 2H2 alone (2H2-B) and 2H2-B 

pre-incubated with C7 (2H2-C7), each detected with anti-C7. All experiments were repeated 

three times with comparable results. The error bars are standard errors of triplicates. 

 

5.3.12 Testing whether mAb bind membrane bound MAC precursors by flow 

cytometry  

ShEA were incubated with NHS or NRS in the presence of each of the blocking mAb, 17E7, 

59E7 and 2H2; the cells were then pelleted, washed and stained for mAb binding. Binding 

of the mAb to MAC intermediates on erythrocytes was not detected for any of the blocking 

mAb using flow cytometry (section 5.2.7) confirming that all of the mAb are fluid phase 

inhibitors and none bind into the forming MAC on the cell surface. As a control for MAC 

formation in the absence of blocking mAbs, ShEA exposed to human serum were strongly 

stained with the anti-human C9 neo-specific mAb aE11, demonstrating that MAC formed 

on the cells under the conditions used (Fig. 5.11). 
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Figure 5.10 Characterization of purified proteins using mAb 2H2, 17E7, 59E7 and 

73D1 A – C. SDS–PAGE of eluates (3µg) from human (17E7, 59E7 or F10), rat (2H2, H05-
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40) or mouse (73D1) serum (using 73D1) resolved on 7.5% gels either NR or R conditions 

then stained with Coomasie Blue. NR. For the anti-human C7 mAbs only the non-blocker 

F10 isolated proteins of the anticipated Mr for human C7 (105 kDa NR, 115 KDa R). For 

anti-rat C7 mAbs H05-40 isolated protein of the expected Mr for rat C7 along with a major 

contaminant, while 2H2 isolated small amounts of rat C7 together with a major contaminant 

identical to that from H05-40. The anti-mouse C7 mAb 73D1 isolated clean C7 from mouse 

serum. To identify the contaminant, WB of eluates were probed with goat anti-C9; no bands 

apart for C9 protein were observed (E). M; protein molecular weight marker, 2°; secondary 

antibody. The sera post-purification were tested in haemolytic assay showing that most mAb 

failed to deplete C7 from the serum (D). The error bars are standard errors of triplicates. 

 

 

 

 

 

 

 

 

 

 

Figure 5.11 Flow cytometry to determine binding of the mAb to erythrocytes. CP 

activation (section 2.19.4) using 5% rat (for 2H2) or human (for 17E7, 59E7, aE11) serum; 

and a blocking dose (100µg/ml) mAb. Post-incubation, ShEA were washed with FACS 

buffer, stained on ice with donkey anti-mouse FITC antibody. Cells were subsequently 

washed into FACS buffer and analysed on the FACS Calibur flow cytometer. None of the 

mAb tested showed binding to the ShEA post-attack. As positive control aE11 C9 neo-

specific antibody was used. Negative controls included ShEA cells and secondary antibody 

only (ShEA-2°), duplicates used.  ShEA positive gate used for quantification displayed.  

 

5.3.13 mAb 17E7 was an efficient complement inhibitor in vivo  

An animal study was conducted to demonstrate the capacity of mAb 17E7 to inhibit the 

complement system in vivo (5.2.3). To test the capacity of mAb 17E7 to inhibit C7 in vivo, 
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mAb was administered to C7-deficient mice reconstituted with human C7. Human C7 

effectively restored haemolytic activity in the mice, tested one hour after administration; 

levels were indistinguishable from wild-type mouse serum. Administration of mAb 17E7 

efficiently inhibited haemolytic activity in the mice (>70% inhibited at 3 hours post-

administration) compared to irrelevant antibody, demonstrating that the mAb efficiently 

blocked human C7 in vivo (Fig. 5.12). 
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Figure 5.12 Haemolysis in sera of human C7 reconstituted mice treated with mAb 

17E7 C7 deficient mice (10 females) were injected intraperitoneally with human C7 (500µg), 

then split into test and control groups (5 in each). The test group animals were injected 

subcutaneously with 17E7 mAb (1mg), while control group mice were injected with an 

irrelevant isotype control mAb (JC-3 anti-human FB, 1mg); blood was collected from all the 

animals just before the experiment, one hour after human C7 administration, and at intervals 

after mAb injection. C7D, C7 deficient mouse serum; WT, wild type. The error bars are 

standard errors of triplicates. 

 

 

5.3.14 mAb 73D1 efficiently inhibited complement in mice 

To test the capacity of the anti-mouse C7 mAb 73D1 to inhibit complement in vivo (5.2.3), 

mice were administered 73D1 or as a positive control the blocking anti-mouse C5 mAb 

BB5.1. Wild type mice (C57BL/6J) were pre-bled and IP injected with mAb 73D1 or BB5.1 

(5 mice each). Complement activity was monitored by testing animal sera in the haemolytic 

assay over a time course of 48 hours using the add-back (to human depleted sera) assay 
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described in section 2.17.8. Complement was inhibited by both mAb over the full course of 

the experiment from 2 – 48 hours (Fig. 5.13). BB5.1 has been widely used in animal models 

and set the scene for current anti-C5 therapeutics; 73D1 was administered at the same 

dose as BB5.1 and the efficient inhibition of mouse complement by this mAb make it a 

valuable candidate for animal studies targeting MAC specifically without interfering with C5a 

generation. 

 

 

 

 

 

 

 

 

 

 

Figure 5.13 Haemolytic assay in sera of mice treated with mAb 73D1 and BB5.1 

Haemolytic assays were used to monitor complement activity in mice (groups of 5 each, 

females) treated with mAb. 73D1 and BB5.1 were IP administered at a dose of 1 mg/kg, 

blood samples were collected at time points; 0, 2, 4, 24 and 48 hours, serum prepared 

(section 2.14) and tested in haemolytic assays utilising human C5D or C7D serum in 

combination with the mouse serum. Controls included C7D and C5D human sera at the 

same dose, NMS to demonstrate the requirement for human depleted sera and Tween and 

HBS to set 100% and 0% lysis in the assay. C7D, C7 human depleted serum; NMS, normal 

mouse serum; T20, 0.1% Tween 20 complete lysis as positive control; HBS, buffer only as 

no lysis negative control; NMS, normal mouse serum; WT, wild type. The error bars are 

standard errors of triplicates. 

 

5.3.15 In vivo complement inhibition dose experiment for mAb 2H2 administration 

mAb 2H2 was tested for complement inhibition in rats to determine dose requirement and 

antibody half-life. Rats were injected with mAb 2H2 at 10, 20 and 40 mg/kg and blood 

collected at intervals for testing haemolytic activity. Even at the lowest dose, the mAb was 
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an effective inhibitor for >48 hours, and at the highest was effective for one week (Fig. 5.14 

A – C). The 10mg/kg dose was used for the induced EAMG experiment described below. 

Of note, the standard dose for C5 inhibiting mAb use in rodents is 40 mg/kg to obtain 

inhibition for >48 hours. mAb 2H2 inhibits lytic activity at much lower dose and for much 

longer, supporting the hypothesis that mAb 2H2 inhibits by binding C5b67 or other 

intermediate complexes.  
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Figure 5.14 In vivo dosing experiment for mAb 2H2 Six Lewis rats were divided into 

three groups (2 females in each) and injected intraperitoneally with mAb 2H2 at doses of 

10, 20 and 40 mg/kg; blood was collected from all the animals just before the experiment, 

two hours after mAb 2H2 administration, and then every 12 hours, sera prepared and 

haemolytc activity tested in standard CP assays. The lowest dose of 10 mg/kg efficiently 

blocked complement activity up to 48 hours (A), 20 mg/kg for up to 5 days (B), and for 7 

days in animals injected with the highest dose of 40 mg/kg (C). The error bars are standard 

errors of triplicates. 
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The rat EAMG model is described in detail in section 5.2.4 and is described here in brief 

and with modifications where appropriate.  Rats were given mAb35 at 1mg/kg 

intraperitoneally and at the same time a subcutaneous injection of 2H2 mAb or isotype 

control (10mg/kg; 5 per group). As expected, isotype control treated rats began to lose 

weight and show signs of hind limb weakness within 20 hours (Fig. 5.15 A). Clinical 

symptoms, comprising limp tails, piloerection, hind limb weakness and reduced grip, were 

present in all isotype control treated animals by 24 hours post-induction, and all exhibited 

severe disease with hind limb weakness and/or paralysis, reaching clinical score 4 on a 

standardised scale (0, no disease; 1, reduced grip strength in front legs and floppy tail ; 2, 

loss of grip in front legs; 3, loss of grip and hind limb weakness and wasting; 4, loss of grip 

and hind limb paralysis; 5, moribund) by endpoint. (Fig. 5.15 B, D). In contrast, animals 

given mAb 2H2 sc at disease induction continued to gain weight over the course of the 

experiment and did not develop detectable weakness or other manifestations for the 

duration of the experiment (Fig. 5.15 B, D).  Animals were sacrificed by a Schedule 1 

method when weight loss exceeded 20% of original, or when clinical score reached 4. CP 

serum haemolytic activity was absent in 2H2-treated group throughout the experiment while 

serum from untreated controls retained haemolytic activity (Fig. 5.15 C). Soleus muscles 

were harvested at sacrifice (48 hours) for future staining for endplate damage (AChR 

detection) and complement deposition (C3b/iC3b and C9/MAC) as described in chapter 4. 

A.                                                                 B. 
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Figure 5.15 In vivo testing of mAb 2H2 in EAMG model EAMG was induced with mAb35 

(1 mg/kg) administered IP; at the same time mAb 2H2 or isotype control mAb (D1.3) at 10 

mg/kg was administered SC. A, B. Assessment of the weight loss and clinical score. Isotype 

control treated animals (EAMG) rapidly developed weight loss and muscle weakness, 

reaching clinical scores of four or five and all were sacrificed at 48 hours. The mAb 2H2 

treated animals were protected from disease and weight loss; all were sacrificed at 48 

hours. C. Serum haemolytic activity was measured at time points: 0, 2, 24 and 48 hours. 

Results are means of determinations from 2H2-treated and isotype control treated EAMG 

animals (five per group), all samples run in triplicate and vertical bars represent SD. 

 

5.3.17 Generation of anti-C6 monoclonal antibodies 

Although the development of anti-C6/C5b6 antibodies was not an aim of this thesis, these 

were generated as by-products of C7 blocking mAb development. Presumably, targeting 

C6 would have the same effect as C7; inhibition on formation of the pro-inflammatory MAC 

that drives pathology. The difference would be the dose of drug needed to neutralise. In 

brief, C7 is not an acute phase reactant hence it is likely that less mAb will be required in 

comparison to C6 synthesis of which is increased in an acute phase manner. An anti-C6 

mAb has been developed by Complement Pharma (CP010) and it is in pre-clinical trials for 

CNS diseases treatment (Harris 2018, Zelek et al 2019). CP010 is a human-specific 

antibody, therefore here I will investigate whether the in house developed mAb are cross-

species inhibitors which would make them useful tools for animal models. The mAb will not 

be pursued as drugs because they lack novelty with CP010 already in development. 

 

5.3.17.1 Isotyping and purification of the anti-C6 mAb 

Antibody clones; 1G8 and 9E8 were identified as isotype IgG2bκ (Isostrip, Roche, # 

11493027001) and were purified using protein G chromatography as described in section 

3.2.7.1. Purity of the antibodies was determined using SDS-PAGE (Fig. 5.16). 

 

 

 

 

 

 

Figure 5.16 SDS-PAGE of the purified 

anti-C6 mAb. mAb (2µg) were resolved on 

7.5% gels under non-reducing (NR) and 

reducing (R) conditions, then stained with 

coomassie blue. The 150 kDa band (NR) 

corresponds to intact IgG, in R lanes the 55 

kDa band corresponds to mAb heavy chain 

and 25 kDa to mAb light chain. M; 

molecular weight marker. (PageRuler, 

#26620).  
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5.3.17.2 Cross-species C6 inhibition by novel mAb in haemolysis assays  

Haemolysis-blocking anti-C6 clones were also generated in C7 deficient mice immunised 

with human and rat C7 in fusions: 13 – 15 (section 2.16). This was a surprising finding given 

that the mice had not been immunised with C6; the mAb were only identified because the 

initial screens were for blocking function. Initially, seven C6-reactive hybridoma clones were 

selected for further characterisation based upon the capacity of clone supernatants to cause 

inhibition in CP haemolysis assays using NHS, and detection of human C6 in ELISA; two 

of the selected monoclonal clones; 1G8 and 9E8 were expanded for further 

characterisation, secreted mAbs purified and tested in haemolysis assays with different 

species sera. As expected, the selected mAb efficiently inhibited lysis of ShEA mediated by 

human complement with equivalent dose-response performance to the benchmark 

Eculizumab (Fig. 5.17 A). mAb 1G8 also inhibited rat serum induced haemolysis at the 

same level as in house anti-C7 mAb 7D4 , but less efficient than mAb 2H2 (Fig. 5.17 B). 

Neither of the novel mAb inhibited mouse or rabbit complement in vitro (Fig. 5.17 C, D). 

 

5.3.17.3 Determination of 1G8 and 9E8 binding to human C6 and C5b6 by ELISA/ WB 

In direct ELISA mAb 1G8 and 9E8 detected C6 and C5b6 complex (Fig. 5.18 A, B). In 

sandwich ELISA with mAb 1G8 or 9E8 used as a capture and polyclonal anti-C6 used as 

detection, both C6 and C5b6 were detected (Fig. 5.18 C, D), when goat anti-C5 antibody 

used as detection, only C5b6 was detected (Fig. 5.18 E, F). In assays using the novel anti-

C6 mAb 1G8 as capture and anti-C5 mAb (4G2, 7D4, 10B6) or polyclonal anti-C5 as detect, 

C5b6 was strongly detected by mAb 4G2 (and polyclonal anti-C5) and weakly by 10B6, 

demonstrating that the epitopes for these mAb are simultaneously accessible on C5b6 (Fig. 

5.18 G, H). The binding of the novel mAb to human C6 was confirmed with WB; both mAb 

detected a major band at 105kDa together with high molecular weight contaminants under 

NR conditions, as did several other uncharacterised anti-C6 clones; Banding patterns under 

R conditions were complex and suggested contamination with human IgG  (Fig. 5.18 I). 

 

5.3.18 Summary of the characterisation of the novel anti-C7/ C6 mAb.  The properties 

of the newly generated anti-C6 and anti-C7 mAbs are shown in Table 5.3.    
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Figure 5.17 Haemolytic assays to investigate whether the anti-C6 mAbs 1G8 and 9E8 

inhibit C6 across species. A – E. Functional assays to determine whether mAb 1G8 and 

9E8 inhibit CP haemolysis (CH50) in different species. Sera tested were human (A), rat (B), 

rabbit (C) and mouse (D). Anti-C5 mAb Eculizumab and in house anti-C7 mAbs 7D4 and 

2H2 were used as comparators. All experiments were repeated three times with comparable 

results. The error bars are standard errors of triplicates. E. Calculation of 50% inhibitory 

dose showed that the efficiency of human C6 inhibition by mAb 1G8 and 9E8 were 

equivalent to Eculizumab, and in house mAb 7D4 (anti-C5). mAb 1G8 also strongly inhibited 

rat C7.  
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Table 5.3. Summary data of the new anti-C7 and anti-C6 mAb and the plans for further 

development.  

 

   A     B. 

  

 

 

 

 

 

 

C.                                                                               D. 
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E.                                                                                 F. 
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Figure 5.18 ELISA and WB to determine 1G8 and 9E8 binding to human C6 and C5b6 

A, B. In direct ELISA mAb 1G8 and 9E8 detected human C6 and C5b6 proteins. C – F. In 

sandwich ELISA with 1G8 and 9E8 as capture and polyclonal anti-C5 or C6 as detection, 

both C6 and C5b6, but not C5 were detected. G, H. In sandwich ELISA with the novel anti-

C6 mAb as capture and 4G2 anti-C5 mAb as detection, C5b6 was detected showing that 
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epitopes for both these mAbs are available on C5b6. Weak or no signals with the other mAb 

used as detection (7D4, 10B6 anti-C5, 8E1 anti-C6) suggests that binding of these mAb is 

restricted by steric hindrance. All experiments were repeated three times with comparable 

results. The error bars are standard errors of triplicates. I. WB of novel mAb (1G8, 9E8) and 

supernatants from several uncharacterised clones (3B8, 5E11, 6B7, 9F10) and in house 

anti-C6 non-blockers (22D1, 22D6, 8E1) detecting C6 in human serum diluted 1 in 100 in 

PBS. Samples were resolved on 7.5% SDS PAGE under NR and R conditions. Blots were 

probed with the anti-C6 mAb and donkey anti-mouse IgG secondary antibody. The blots 

were cut into strips to detect the individual protein and re-aligned. M; protein molecular 

weight marker, 2°; secondary antibody. 

 

5.4 Discussion  

In this chapter I have described the generation of a panel of mAb raised against human C7 

and C6 proteins cross-reacting with rat and/or mouse. All mAb except clone 17E7 were 

generated in C7 deficient mice immunised with human or/and rat C7 purified in house. Prior 

to this work, no C7 blocking mAb had been described. Generation anti-C7 blocking mAb 

was more challenging compared to C5 mAb described in chapter 4 with ratios for C7: 1 in 

2143, C5: 1 in 750 clones. All of the selected anti-C7 mAb bound C7 in ELISA and inhibited 

lysis of ShEA in CP assays with mAb 17E7 and 59E7 being the most efficient for human 

serum, mAb 2H2 most effective for rat and 73D1 for mouse complement. mAb 3B11 

efficiently inhibited both human and rat serum. In a modified CP assay using a ten-fold 

higher serum dilution than standard to more closely mimic the in vivo situation, inhibition by 

17E7 and 2H2 was also effective (Fig. 5.3).  The efficiency of complement inhibition in CP 

assays by the human specific mAb 17E7 and 59E7 was similar to the currently available 

therapeutic anti-C5 mAb Eculizumab and RO7112689, used here as positive controls. The 

promising in vitro species–cross reactivity data led to testing of the mAb in animals. Clone 

17E7 showed efficient inhibition of complement in vivo (tested in C7-deficient mice 

administered human C7) (Fig. 5.12), while mAb 73D1 efficiently inhibited mouse 

complement tested in parallel with the well-characterised anti-mouse C5 mAb BB5.1 (Fig. 

5.13). mAb 17E7 and 59E7 showed strong and stable binding to C7 in SPR (KD = 1.02 x 

10-9, 9.31 x 10-10 respectively; Fig. 5.7) suggesting that they bind tightly to C7 in plasma to 

effect complement inhibition. The demonstration that both of these mAb were ineffective in 

purifications of C7 from serum may suggest that they bind conformational epitopes of C7 

as has been suggested in other contexts (Aleshin et al 2012; Wurzner et al 1995). Further 



165 
 

studies are required to better characterise the mode of action and pharmacokinetics of 

these mAb in vivo.  

Blocking anti-C6 mAb were also generated in C7 deficient mice using human or rat C7 

immunogen. This is somewhat surprising given that the mice had not been immunised with 

C6 and these mAb were only identified because the first screening assay was for functional 

blocking activity. It is possible that these are a result of trace contamination of C7 

preparations with the highly homologous C6 protein, although I found no evidence for this. 

A speculative explanation might be that immunisation with C7 in the C7D mice leads to the 

production of C5b67 complexes that expose new, immunogenic epitopes on C6; such mAb 

might be expected preferentially bind C5b6 and be blocking. Indeed, the two mAb selected 

showed efficient inhibition of human (clone 1G8 and 9E8) or rat (1G8) complement (Fig. 

5.17) and both mAb showed strong binding to human C6 and C5b6 (Fig. 5.18). These 

interesting mAb were not further characterised because they were not the focus of this work 

and lacked novelty. CP010 (Complement Pharma) anti-C6 mAb is in clinical trials phase I 

(http://www.complementpharma.com/product-development/small-molecule-program; 

Harris 2018; Zelek et al 2019).  

Unique among the mAb generated, the rat-selective mAb 2H2 was a highly efficient 

complement inhibitor in vitro and in vivo, requiring much lower doses than other in house or 

external control mAbs, Rats treated with mAb 2H2 showed complete loss of haemolytic 

activity and were protected from EAMG compared to controls (Fig. 5.14). The dose used 

for the animal experiment was 10 mg/kg, a quarter of the dose used for terminal pathway 

inhibitory mAb (such as BB5.1 or the in-house 4G2 anti-C5, or 73D1 anti-C7 mAb) described 

in this thesis (Wang et al 1995; Huugen et al 2007; Copland et al 2010; Raedler et al 2011; 

Zelek et al 2019); for these other mAb this dose is insufficient to fully inhibit complement in 

vivo, likely because it does not sufficiently exceed plasma levels of C7. The estimated 

amount of plasma in 200g rat is 8.4ml (Bijsterbosch et al 1981). C7 concentration in plasma 

is ~100µg/ml so this gives ~840µg of C7 per rat. The calculated C7: mAb 2H2 molar ratio 

(1: 1.5) is much lower compared to the standard dose (C5; 4G2 of 1: 12); but, the dose 

effectively blocked complement for seven days in rats (Fig.5.14). 

Reactive lysis assays demonstrated that the 2H2 mAb inhibited efficiently binding of C5b6 

to C7, and weakly C5b67 binding to C8 (Fig. 5.4 D). Interestingly, the mAb showed strong 

inhibition of C5b67 binding to C8 when the complex was pre-formed on GpE (C5b67-

erythrocytes were washed after the complex formation) showing that 2H2 is capable of 

binding to C5b67 even when attached to erythrocytes suggesting that the mAb binds neo-

specific epitope on C5b67 complex responsible for association to C8 to form MAC (Fig. 5.4 

F). The capacity of mAb 2H2 to inhibit fluid-phase C5b67 complex was confirmed by flow 

http://www.complementpharma.com/product-development/small-molecule-program
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cytometry where no binding to cells was observed (Fig. 5.11). The inhibitory mechanism 

preventing the C5b67 association with the membrane is similar to how clusterin inhibits 

MAC. Clusterin binds to C5b67 preventing membrane insertion of the complex thus 

formation of C5b-9 (TCC) (Choi et al 1989; Jenne and Tschopp 1989). In reactive lysis in 

presence of clusterin haemolysis was inhibited ~50% and no inhibition was observed when 

C5b67 was pre-formed (clusterin added after the complex formation) suggesting that 

clusterin interferes with membrane binding of nascent C5b67 (Hallström et al 2015; Jenne 

and Tschopp 1989).  

S-protein (vitronectin) is another TP regulator that binds C5b67 complex and blocks its 

insertion into the cell membrane. It was also showed that S-protein added to pre-formed 

C5b67 or C5b678 complex inhibited polymerisation of C9 (Podack et al 1984; Singh and 

Riesbeck 2010; Preissner and Jenne 1991; Preisner 1985). This dual function on C5b-9 

assembly is very similar to mAb 2H2 action. Both S-protein and clusterin are weak inhibitors 

of haemolysis (~50%) and their role is more to downregulate complement rather than 

completely switching it off. In this respect mAb 2H2 mimics this mechanism but with much 

greater efficiency inhibiting lysis completely. The strength of S-protein or clusterin binding 

to C5b67 is unknown. A precise binding/ kinetics analysis would help to understand 

interactions between the MAC regulators or mAb 2H2 and the complexes; this can be 

investigated further by structural studies to determine the binding epitopes.   

Of note, all the other novel mAb blocked reactive lysis before C7 addition, but not after the 

cells were decorated with C5b67 complex (Fig. 5.4) supporting the hypothesis that they 

associate with unfolded C7 epitope exposed only on C7 binding to C5b6 complex, yet 

structural studies are in progress to confirm this.  

Despite the apparent rat specificity of 2H2, when rat serum depleted of C6 and C7 and 

restored with the human proteins was tested, 2H2 caused inhibition of lysis; when rat C6/C7 

was added back to double-depleted human serum, 2H2 did not inhibit (Fig. 5.5). These 

confusing data imply a specificity for rat MAC intermediates rather than individual 

components that requires further exploration.  The ELISA demonstrated that all mAb bind 

similar epitope of C7 or there is a steric hindrance preventing the pair mAb binding; no 

signals were observed when the mAb were used as capture or detection antibody (Fig. 5.6 

A – K). A competition assays in ELISA or using SPR need to be performed to investigate 

this further. In WB, mAb 2H2 detected C7 in serum, but did not detect purified non-reduced 

rat C7 protein, again suggesting a complex binding action (Fig. 5.8). Pull-downs from serum 

activated in the presence of 2H2 mAb  included all terminal pathway proteins C5 – C9 (Figs. 

5.8, 5.9) suggesting that the mAb captures intermediates in the fluid phase, preventing their 
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association with membrane to seed MAC but permitting binding of later components to 

generate a TCC-like complex. The concept of 2H2 as a fluid-phase inhibitor was supported 

by activating serum on ShEA in the presence of the mAb; lysis was blocked but no mAb 

was detected on the target surface by flow cytometry (Fig. 5.11). Moreover, mAb 2H2 binds 

pre-formed C5b67, but usually prevents the complex even forming (Fig. 5.4 F). Attempts to 

deplete serum of C7 and purify C7 on mAb 2H2 were unsuccessful, yielding only small 

amounts of C7 and abundant non-specific proteins, predominantly albumin (Fig. 5.10); 

these data further support the complex-specific binding of 2H2.   

Taken together, all of these data lead me to speculate that mAb 2H2 inhibitory mechanism 

resembles that of the mammalian fluid-phase inhibitors clusterin and S-protein, and the 

bacterial product, Streptococcal inhibitor of complement (SIC) protein (Hadders et al 2012; 

Fernie-King, et al 2001). These proteins bind fluid-phase intermediates (predominantly 

C5b67) and block the capacity of the complex to associate with membranes. A 

comprehensive study to compare mAb 2H2 with SIC and clusterin or S-protein and to test 

the presence of these latter proteins in the 2H2-complex would help to elucidate the precise 

mechanism of action of the mAb. My current hypothesis is that 2H2 acts as a “super-

clusterin” to capture with high affinity the nascent fluid-phase C5b67 complex to prevent its 

association with membrane. Structural studies are in progress to determine the binding site 

of the mAb to C7 and C5b67 complex. Regardless of the precise mechanism of action, mAb 

2H2 is a game-changing antibody with a novel mechanism that points the way to better, 

longer-acting, lower dose and less toxic anti-complement drugs; unfortunately, 2H2 is 

predominantly a rat-specific inhibitor, hence current efforts are focussed on finding human-

specific mAb with similar properties and exploring ways of modifying 2H2 to increase its 

activity as a human inhibitor.   

Overall in this chapter I explored a different approach to inhibiting complement beyond C5 

inhibition by developing antibodies that specifically target only the terminal pathway 

downstream of C5. These MAC-targeting drugs are anticipated to replicate the therapeutic 

impact of current treatment (blocking C5 by Eculizumab) but with a reduced infection risk 

and lower dose requirement. My data shows that targeting C6 or C7 is just as effective as 

targeting C5 at inhibiting MAC formation; as a consequence, they are good drug candidates 

for diseases purely driven by MAC, for example, PNH and MG, as demonstrated here in the 

animal model, but likely not for diseases in which C5a/ C5aR pathway is implicated (e.g. 

ANCA-vasculitis). The 2H2 complex specific antibody with significantly reduced dose has 

potentially great advantages and will open-up new therapeutic fields for anti-complement 

drugs with significantly lower cost of treatment, with less risk of iatrogenic infection, and 

more suited to therapy of common, chronic diseases.    
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CHAPTER 6; DISCUSSION 

6.1 Resume 

The pathological role of complement has been known for more than fifty years (Pickering et 

al 1968; Schur et al 1968; Nesargikar et al 2012; Sim et al 2016;). Despite this long history, 

to date, the use of anti-complement drugs has been restricted to a handful of rare diseases, 

including haemolytic disorders and renal diseases, where they have had a transformational 

impact (Harris and Morgan 2015; Ricklin et al 2018; Zelek et al 2019). A step change is now 

needed to enable the use of anti-complement drugs in less rare (and common) diseases 

such as MS, AMD and AD. There is considerable unmet need in many of these diseases 

where a significant proportion of patients do not respond to currently available agents. 

Taking anti-complement approaches into these diseases requires a new generation of 

drugs that are safer, cheaper and easier to administer.   

 

6.1.1 Success of inhibition of MAC by targeting C5 

Over 30 years ago, the first functional C5 blocker was developed. The mAb BB5.1 provided 

proof of concept that inhibition of complement in animal models is safe and effective (Frei 

et al 1987, Wang et al. 1995; Huugen et al. 2007; Copland et al 2010; Raedler et al 2011). 

A few years later, guided by the success of BB5.1, an anti-human C5 blocking mAb was 

developed (Adis 2007). Treatment with this mAb, later named Eculizumab, proved 

successful with life-transforming outcomes, first for PNH and later for aHUS patients, rapidly 

becoming a blockbuster drug. Ravulizumab (the modified version of Eculizumab with 

prolonged half-life) was approved by FDA in December 2018 for PNH treatment and 

recently for gMG. Inhibition of MAC by blocking C5 with Eculizumab proved to be successful 

in these and other diseases, although numerous issues were raised; these included 

ineffective treatment for patients with the C5 variant p.Arg885His because Eculizumab 

didn’t bind (Fukuzawa et al 2017), highly variable residual haemolysis in ex vivo assays 

using PNH patient sera treated with Eculizumab (Harder et al 2019), continuing transfusion 

need in PNH despite the treatment (Hillmen et al 2013), and breakthrough haemolysis in up 

to 37% of PNH patients on Eculizumab due to high turnover of C5 (Harder et al 2019). Even 

with Ravulizumab, some PNH patients experienced breakthrough haemolysis (5 of 125 

patients stated in the recent report) (Lee et al 2019). 

Other huge disadvantages are cost of the treatment and dosage. For example, yearly 

treatment cost for a PNH patient is £340 000, and the mAb is administered biweekly by 

intravenous infusion, 900 milligrams per dose. The cost of Ravulizumab is not yet known, 

although it is unlikely to be significantly cheaper despite the fact that the dose is reduced 

by ~50% (Sheridan et al 2018). 
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In chapter 4 I described generation of in-house C5 blocking mAb. From the numerous 

blocking anti-C5 mAb generated, three clones, 4G2, 7D4 and 10B5, were selected for full 

characterisation. mAb 4G2 and 7D4 showed efficient inhibition of human and rat 

complement in vitro, clone 4G2 also inhibited complement in vivo proving its usefulness for 

animal models. Clone 10B6 was equivalent to Eculizumab and the Roche mAb RO7112689 

(now termed Crovalimab) in inhibition of ShEA lysis mediated by NHS. The rat cross-

reactive mAb are under licence agreement with Cedarlane Ltd for research use only to 

detect rat C5. 

The anti-C5 mAb were generated in C6 deficient mice immunised with C5b6 protein in an 

attempt to generate C5b6 neo-specific mAb; unfortunately, these were not found. All mAb 

generated bound C5 and C5b6; none bound C5b6 only. Perhaps using the C5b6 

immunogen in C5 deficient (or C5/C6 double-deficient) mice would have been more 

successful. 

C5 is a protein with multiple potential function-blocking binding sites on its surface as 

demonstrated by structural studies on tick-derived inhibitors (OmCI, RaCI) and Eculizumab, 

each of which inhibit but bind to distinct sites on C5 (Jore et al. 2016). My data support the 

hypothesis that C5 interactions with these different inhibitors causes a conformational lock, 

preventing the conformational changes in C5 necessary for its cleavage and thus inhibiting 

MAC formation; locking rather than binding to a specific epitope on C5 is therefore 

responsible for the inhibition. The high yield of functional C5 blockers (1 in 12 anti-C5 

clones) from my work supports this hypothesis. Structural studies using non-inhibitory anti-

C5 mAb (Table 6.2) are planned to confirm the conformational C5 locking mechanism. In 

contrast, generation of blocking anti-C7 mAb has been much more challenging (1 in 206 

anti-C7 clones). 

.  

6.1.2 Inhibition of MAC beyond C5 

By definition, any drug blocking complement activation would be anti-inflammatory due to 

the pro-inflammatory nature of complement. The TP is the source of two of the most potent 

complement pro-inflammatory products; MAC and C5a. The successful treatment of PNH 

and aHUS patients with Eculizumab showed that inhibition of C5 is relatively safe with 

manageable side effects, including increased risk of Neisseria infections. Eculizumab 

inhibits cleavage of C5 and thus blocks not only MAC formation but also generation of C5a, 

an important chemoattractant. The benefit of complement inhibition in the TP downstream 

of C5 is that there is no interference with neutrophil recruitment to areas of inflammation, 

reducing the risk of infections. Lessons from complement deficiencies suggest that 
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depletion any of the terminal pathway component is relatively low risk and easy to overcome 

with prophylactic antibiotic treatment or vaccination against Neisserial infections (Skattum 

et al 2011; Grumach and Kirschfink 2014).   

 

Although the field of development of complement therapeutics is very competitive, it has 

become highly focused on just a few targets, C5 in TP specifically. Some other TP targeting 

anti-complement approaches have been suggested but none have progressed beyond 

models to clinical trials (Harris and Morgan 2015; Harris 2018; Ricklin et al 2018, Zelek et 

al 2019). Currently there is only one drug targeting MAC specifically in phase 1 clinical trials, 

AAVCAGsCD59, a viral construct that has been developed to increase CD59 expression in 

the retina in AMD (Cashman et al 2011). One other agent is in pre-clinical trials, CP10 a 

blocking mAb against C6. In contrast twelve agents are currently under development 

targeting native C5 (Zelek et al 2019).  

 

In this project I have explored different ways of inhibiting MAC, breaking away from the 

dogma of C5 being the best therapeutic target. In the course of the work I have developed 

panels of mAb inhibiting individual MAC proteins; C6 (clones 1G8, 9E8) and C7 (clones 

17E7, 59E7, 3B11 and 73D1), and also mAb that likely target the C5b67 complex, an 

essential intermediate in formation of the MAC (2H2).                                                    

 

The anti-C6 mAb were not completely characterised because of lack of novelty; however, 

preliminary data showed that they inhibited complement to a similar degree to commercial 

anti-C5 mAb Eculizumab and RO7112689. Further testing is needed to investigate binding 

affinities of these novel mAb to C6 and C5b6 complex. These mAb are the subject of a 

licence agreement with Complement Pharma.                                                                                                            

 

All of the anti-C7 mAb described in chapter 5 were produced in the C7 deficient mouse; all 

inhibited human complement with mAb 17E7 and 59E7 being the most efficient blockers. 

The mAb 17E7 effectively inhibited human C7 when tested in vivo using human C7 in the 

C7 deficient mouse. mAb 73D1 is predominantly an anti-mouse C7 mAb, inhibiting mouse 

complement in vivo at the same levels as the broadly used anti-C5 mAb BB5.1. mAbs 3B11 

and 2H2 showed good inhibition of rat serum-mediated haemolysis. Overall, mAb 2H2 was 

the most effective complement inhibitor out of all of the mAb tested, inhibiting at much lower 

doses compared to the other mAb. Clone 2H2 also showed prolonged half-life  
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Figure 6.1 Schematic of mechanism of MAC inhibition by mAb 2H2 in fluid phase; 

preventing C5b-7 complex assembly on the cell membrane and thus MAC formation by 

sequential recruitment of the terminal pathway components. 

when tested in rat; the standard dose used (40 mg/kg) inhibited complement for a week 

whereas the same dose of the anti-C5 mAb (4G2 in rat or BB5.1 in mouse) inhibited for 24 

hours. The data suggest that mAb 2H2 illustrates a novel mechanism of MAC inhibition, 

acting in the fluid phase to prevent the C5b67 complex association with the membrane (Fig. 

6.1).  The proposed mechanism of preventing MAC assembly on a cell surface by blocking 

the membrane binding site of the nascent C5b67 complex is not without precedent - the 

natural fluid-phase regulators clusterin and S-protein (and indeed C8) work in this way to 

inhibit complement mediated cytolysis (Preissner et al 1989; Podack et al 1978; Podack 

and Muller–Eberhard 1978; Jenne and Tschopp 1989; Kriszbaum et al 1989; Murphy et al 

1988; 1989; O’Bryen et al 1990; Falk et al 1987; Nemerow et al 1979). Both S-protein and 

clusterin bind to the C5b67 complex, blocking membrane association but allowing binding 

of C8 and C9 to yield the inactive fluid-phase sC5b-9 complex (terminal complement 

complex; TCC) (Preissner et al 1989; Podack et al 1978; Podack and Muller – Eberhard 

1978; Jenne and Tschopp 1989; Kriszbaum et al 1989; Murphy et al 1988; 1989). The 

C5b67 complex is also targeted by bacteria as one of an array of mechanisms to evade 
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host defence; the Streptococcal inhibitor of complement (SIC) blocks lysis by MAC in 

haemolytic assays (Åkessont et al 1996; Fernie-King et al 2001). Like clusterin, SIC binds 

the C5b67 complex; direct comparison of SIC and clusterin showed that they are equally 

efficient at inhibiting MAC (Åkessont et al 1996; Fernie-King et al 2001). In this respect, 

mAb 2H2 is likely mimicking this mechanism, albeit with considerably greater efficiency as 

demonstrated by the functional and in vivo analyses described in chapter 5.  

 

6.1.3 Summary of the novel anti-terminal pathway mAb developed in the project 

Table 6.1 summarises the function-blocking mAb developed and characterised in the 

course of the work while Table 6.2 notes the non-blockers taken forward as tool antibodies 

for detection and/or purification of the relevant proteins.    

 

Table 6.1 Summary of the new anti-C5, C6 and C7 mAb and the plans for further 

development. Hu, human; Rt, rat; Mo, mouse; Gp, guinea pig; Rb, rabbit. 

Antibody Isotype Target 

Cross-species 
reactivity/ 

inhibition in 
vitro 

Cross-
species 

reactivity/ 
inhibition in 

vivo 

IP 

4G2 IgG2b, K C5 / C5b6 
Strong; Hu, Rt, 
Rb. Weak; Gp, 

Rb 
Rt 

Licence 
agreement 
in progress 

7D4 IgG2b, K C5 / C5b6 
Strong; Hu, Rt, 
Rb. Weak; Gp, 

Rb, Mo 
Not tested N/A 

10B6 IgG1, K C5 / C5b6 Strong; Hu N/A N/A 

1G8 IgG2b, K C6/ C5b6 Strong; Hu, Rt Not tested Licence 
agreement 
in progress 9E8 IgG2b, K C6/ C5b6 Strong; Hu Not tested 

2H2 IgG2b, K C7/ C5b-7 Strong; Rt. 
Weak; Mo, Hu 

Rt 

Patent 
application 
in progress 

3B11 IgM, K C7 Strong; Hu, Rt Not tested 

17E7 IgG2a, K C7 Strong; Hu Hu 

59E7 IgG2b, K C7 Strong; Hu Not tested 

73D1 IgG2a, K C7 Strong; Mo. 
Weak; Hu, Rt 

Mo 

1G8 IgG2b, K C6/ C5b6 Strong; Hu, Rt Not tested Licence 
agreement 
in progress 9E8 IgG2b, K C6/ C5b6 Strong; Human Not tested 
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6.2 Future prospects  

6.2.1 Targeting complement in more common diseases                 

Rare complement driven-diseases such as PNH and aHUS are caused by inherited or 

acquired genetic defects, but in many more common diseases complement dysregulation 

exacerbates/perpetuates pathology. In aHUS and PNH the MAC causes cell damage and 

drives inflammation. Blocking MAC assembly with the anti-C5 mAb Eculizumab, one of the 

most expensive drugs in the world, prevents these effects and transforms patient outcomes. 

To extend therapy to common complement dysregulation diseases, we need simpler, 

cheaper, easily administered and safe anti-complement drugs. Therapeutic MAC blockade 

is attractive because, while reducing inflammation and direct damage, it leaves intact critical 

bactericidal opsonic activities which, if lost, severely compromise defence against infection 

(Socie et al 2019). In recent years, complement has been implicated in various conditions, 

including more common diseases such as AMD, RA, MS and HS. GWAS studies and 

biomarkers measurement in plasma and CSF provide solid evidence of complement 

pathological roles in these diseases (Harris 2018, Ricklin et al 2018; Zelek et al 2019). It is 

likely that anti-complement therapy in these conditions would involve downregulation of 

Antibody Isotype Target 

2B1 IgG C5 

2C3 IgG C5 

6G1 IgG C5 

6D9 IgG C5 

8C11 IgG C5 

8E1 IgG1, K C6 

C26* IgG1, K C6 

F10* IgG2a, K C7 

D5* IgG C8 

J1* IgG C8 

K1* IgG C8 

26* IgG1 C9 

B7* IgG C9 

Table 6.2 Summary of the in-

house anti-human terminal 

pathway non-inhibitory mAb; 

mAb were used for protein 

purification, WB, ELISA or other 

applications. * In-house 

developed hybridoma cell lines 

that were re-cloned (section 

2.17.6), screened in direct 

ELISA (section 2.13.1), scaled 

up in Integra flasks (2.17.3) and 

purified (section 3.2.7). All mAb 

were negative in screening for 

complement inhibition (data not 

shown).  
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complement rather than a complete inhibition, and targeted inhibition to treat tissue damage 

resulting from local activation of complement where systemic treatment might not be 

appropriate. There is therefore an urgent need for new ways of regulating complement.  

 

6.2.2 Alternative approaches to targeting MAC 

Among the TP proteins, targeting C7 to inhibit MAC is the most logical approach. C7 is the 

central TP protein, essential for MAC generation. Unique among the TP proteins, the liver 

is not the principle source of C7 and as a consequence C7 is not an acute phase reactant 

(Würzner et al 1994). Local synthesis of C7 may provide an efficient source of the protein 

for initiating MAC formation for lysis of intruders and activating neutrophils and endothelial 

cells at the site of inflammation (Würzner 2000). The fact that C7 is the only TP protein that 

is not an acute phase reactant means that synthesis and hence plasma levels will not 

increase during inflammation, eliminating the risk of breakthrough haemolysis, a major issue 

with C5 inhibitors as described above and enabling the use of much lower doses of drug 

compared to the other TP proteins.  Targeting C7 is a novel way to inhibit MAC and, as I 

demonstrated here, very effective in vitro and in vivo. Both mAb 17E7 and 73D1 completely 

blocked C7 in animals; no residual lysis was detected even 48 hours post-injection, this 

contrasts to mAb 4G2 anti-C5 where ~40% lysis was seen two hours post administration 

and throughout the rest of the study.   

It has been suggested that C7 and C6 bind reversibly to non-activated C5 (Kolb et al 1973; 

Arroyave and Müller-Eberhard 1973). These interactions are mediated by C345C domain 

of C5 and are distinct from the irreversible interactions that take place within the MAC. C5-

C345C binds directly to the tandem pair of approximately 75-residue factor I modules 

from C7 (C7-FIMs), an essential step in MAC assembly. SPR analysis showed that 

C7 binds to C5b6 with a KD ~3pM, and that micromolar concentrations of either rC5-C345C 

or rC7-FIMs inhibit this early step in MAC formation. It is an attractive idea to target C7-

FIMs to inhibit the conformational changes that expose a membrane-binding site in C7 when 

it binds to C5b6 complex to assemble MAC. The hypothesis could be tested by raising mAbs 

against C7-FIMs and exploring inhibition of MAC formation. Indeed, my preliminary data 

suggest that mAb 17E7 binds rC7-FIMs (data not shown; requires replication) which indeed 

suggests additional mechanism of inhibiting MAC, yet this needs to be explored.  

 

6.2.3 Other potential ways of inhibiting MAC 

Recently, an interesting study on C9 binding to C5b-8 complex was published (Spicer et al 

2018). The data show that polymerisation of C9 is dependent on its TMH1 domain which, 

in the presence of C5b-8, changes conformation and enters the membrane exposing the 



175 
 

elongation face of newly bound C9 for next C9 monomer to bind to form the pore. 

Recombinant C9 variant in which TMH1 is disulphide locked is able to bind C5b-8, but 

unable to bind next C9 molecule as the TMH1 domain of C9 cannot be released (Spicer et 

al 2018). mAb or other agents that mimic this “locked” form of C9 may have potential for 

inhibiting MAC at this very late stage of formation. In vivo experiments are needed to 

investigate this and establish the impact of the C5b-91 pre-pore on cells and in disease 

pathology.  

Studies using rapid atomic force microscopy (AFM) underpinned molecular mechanism and 

kinetics of MAC assembly (Parsons et al 2019).  The stepwise kinetics at the single 

molecule level showed that binding of C9 to C5b-8 after C9 addition is slow (much slower 

than C5b-8 formation), and the next step, polymerisation of C9, occurs rapidly, as a 

consequence, binding of the first C9 molecule to C5b-8 is the slowest step in MAC assembly 

(Parsons et al 2019). This creates a great opportunity to interfere with this association 

and/or C9 polymerisation. Indeed, the time window might explain the efficiency of MAC 

inhibition mediated by CD59 (Farkas et al 2002; Huang et al 2006). CD59 plays a double 

act in MAC assembly; it binds C8α-chain in C5b-8 complex preventing membrane 

perforation, and/or it binds C9 carboxy-terminal b domain in C5b-91 complex inhibiting 

polymerisation of C9. (Ninomiya et al 1992). Soluble recombinant CD59 efficiently inhibits 

MAC in a purified protein system in vitro, but weakly when plasma used, limiting in vivo 

application. Its activity is significantly higher when positioned in close proximity to the target 

membrane at the site of MAC assembly (Zhang et al 1999; Song et al 2003). A better 

understanding of CD59 mode of action in the fluid phase or in association with the 

membrane in combination with the reported kinetics/reaction times would assist design of 

therapeutics for modulation of MAC activity based on the first C9 interactions with C5b-8.  

 

6.2.4 Next generation complement drugs 

The field of anti-complement agents under development is changing rapidly. However, the 

only two currently approved anti-complement drugs are Eculizumab (its successor 

Ravulizumab) and C1INH. In more than twelve years no other new agents have been 

approved. Ravulizumab is a pH switch (recycling) mAb variant of Eculizumab with extended 

half-life. Recycling mAb characteristics are improved pharmacokinetics and less frequent 

dosing. The pH-switch mAb can also be selected at screening stage for pH dependence as 

was applied for Crovalimab (RO7112689) (Fukuzawa et al. 2017; Sampei et al 2018). 

Another advantage of the pH dependent mAb binding demonstrated in this thesis is the use 

of these mAb for affinity purification of proteins that are sensitive to pH shifts; here I 

demonstrated the benefit of C5 purification without exposure to pH extremes using 
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Crovalimab (chapter 3), but this trick would also be applicable to other difficult to purify 

proteins. 

Of note, the mechanism of complement inhibition by Crovalimab is distinct from Eculizumab, 

as it inhibits not only C5 cleavage but also binding of C5b6 to C7 as demonstrated by 

reactive lysis assays and atypical cleavage of C5 with neutrophil elastase (Zelek et al 2018; 

chapter 4). Crovalimab was effective in patients carrying the p.Arg885His C5 variant 

mutation. The reported trials suggest significant reduction of dose compared to Eculizumab 

(340 mg every two weeks) (Risitano et al 2019). Crovalimab is progressing fast through the 

clinical trials (currently phase 2) and will certainly challenge Eculizumab and/or 

Ravulizumab in the near future.  

Several of the mAb developed in this project are, without any modifications, just as good as 

the commercial Eculizumab and RO7112689 at least in in vitro assays. To be used in the 

clinics they will need to be humanised and can also be further improved using various 

techniques to enhance their therapeutic potential such as affinity maturation, class 

switching, and pH switching. This would result in more effective treatment with presumably 

lower dose of mAb. The C5b67 complex specific mAb (2H2) already shows competitive 

dosing in rats with ~four times less mAb used compared to anti-C5 mAb (4G2). However, 

this mAb is predominantly a rat specific blocker and is thus not directly suitable for further 

development. Attempts to develop human specific mAb acting the same way as clone 2H2 

are ongoing. The CDR sequences of mAb 2H2 have been determined and it may be 

possible to introduce changes in the CDRs that make this mAb more human-specific. It is 

also possible that small molecule drug(s) can be developed based on the CDRs; however, 

obtaining the structure of the mAb 2H2 in complex with C5b67 is crucial for drug design. 

The human specific anti-C7 mAb show interesting characteristics that suggest that they bind 

C7 conformational epitopes (Aleshin et al 2012; Wurzner et al 1995); however, this needs 

to be confirmed by structural studies. The availability of tool anti-C7 mAb that inhibit rodent 

C7 enables proof-of concept studies in rodent models, as shown here using rat EAMG; 

nevertheless, the true therapeutic potential of anti-C7 mAb will only be proven when they 

enter clinical trials.  

 

 

6.2.5 Drug delivery  

In recent years a lot of effort has been expended to expand the routes available for anti-

complement drug administration. Until recently, the only approach available was 

intravenous with all its restrictions but now a range of other systemic approaches and even 

oral administration are being explored. The routes are very dependent on the type of drug 

used; for instance, mAbs can only be delivered through injection be it intravenous, 



177 
 

subcutaneous, intraocular etc. Several promising orally administered small molecules are 

under development; for example, by RaPharma (targeting amplification loop and C5), 

Novartis (LNP023 FB inhibitor given twice daily) (Schubart et al 2019; Zelek et al 209). 

These are in development for various diseases but mainly focusing on rare disorders; PNH 

and renal diseases (Schubart et al 2019).  As orally bioavailable small molecules progress 

through clinical trials in these rare conditions, and if they show promising results, they will 

offer greater flexibility in drug administration in comparison to mAb and enable attention to 

be given to more common diseases as noted above. Although the dosage is more frequent 

(usually twice a day), ease of administration will be a huge advantage, cost should be much 

lower and even the short half-life might be an advantage in terms of infection risk.  

 

6.2.6 Drug design and modifications  

The great advantage of use of mAb as therapeutics is their high specificity; however, their 

size (~150 kDa) might be an issue in delivery to the difficult targets for example to cross 

BBB. Numerous modifications can be applied to overcome this including generation of 

small, tissue-penetrant fragments or variants (fAb; nanobodies, peptides, etc.) In silico 

modelling and structural characterisation of the blocking mAb would help to design small 

molecule-based drugs for specific purposes – for example, crossing the BBB. The mAb 

developed in this project are as good as or better than the commercial mAb (Eculizumab 

and RO7112689) at inhibiting complement in standard lytic assays. Antibody fragments or 

small drugs designed based on the mAb CDRs would be better able to reach difficult tissue 

targets including brain. The mAb itself can be fragmented to generate active fragments (e.g. 

fAb, Fv); indeed, I show in chapter 4 that Fab fragments (~50 kDa) of the mAb retain 

inhibitory activity. Even smaller fragments will be needed in order to cross the intact BBB. 

Phage display can be used to generate a vast diversity of recombinant antibody fragments, 

usually including the whole VH or the CDRH3 mAb domain, allowing generation of small 

mAb fragments (scFv; nanobodies etc.) that retain the binding properties of a full length IgG 

(Reader et al 2019); these methods could be applied to the novel mAb.  

Other small, tissue penetrant agents can be developed based on the novel mAb sequence 

by identifying peptides that target the specific mAb binding site on the antigen. Once again, 

computational modelling and/or structural studies to define the mAb–antigen binding site 

are required to inform design of a successful drug. Complement-inhibiting peptides targeting 

at several stages are under development; for example, by RaPharma and Achillion, and are 

progressing through clinical trials (Zelek et al 2019). Avacopan (a C5aR-blocking cyclic 

peptide) was shown to have similar efficacy to high dose corticosteroids in AVV patients 

with far fewer side effects (Tesar et al 2018) 
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6.3 Conclusions                                                        

In this thesis I have described novel approaches for inhibiting complement by targeting MAC 

components and intermediates downstream of C5. I have shown that, although challenging, 

it is possible to develop neoepitope-specific mAb against MAC complexes; mAb 2H2 is an 

inhibitor of C5b67 and offers a novel mechanism of inhibition of MAC with significantly 

reduced dosage as demonstrated by in vitro and in vivo assays. Unfortunately, 2H2, a 

powerful inhibitor in the rat, is a weak inhibitor of human complement.  The screening 

methods I have developed and the optimised purification protocols of proteins and 

complexes were fundamental tools for the success of this project and will enable 

identification in future of 2H2-like mAbs that work better in human plasma. mAb 2H2 and 

the other anti-C7 blockers (clone 17E7, 59E7, 73D1 and 3B11) are the subject of a patent 

application (1911931.2). The other inhibitory mAb (anti-C5, anti-C6) I developed are subject 

to licence agreements. The long-term goal is to translate these novel mAb into the clinic to 

improve therapy of inflammatory disease.  
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