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Abstract 
 
Paroxysmal nocturnal haemoglobinuria (PNH) is a rare haematological disorder characterised 

by complement-mediated intravascular haemolysis (IVH) due to the loss of CD59 on PNH 

erythrocytes (E). IVH is inhibited by the anti-C5 antibody, eculizumab but ~30% of patients 

still require blood transfusions. This is associated with C3 fragment accumulation on PNH-E 

due to the loss of CD55, causing extravascular haemolysis (EVH) by erythrophagocytosis. C3b 

accumulation and inactivation on PNH-E are regulated by binding of complement receptor type 

1 (CR1) to C3b with factor I (FI) forming a regulatory trimolecular complex (TMC), 

C3b:CR1:FI. We hypothesised that polymorphisms in C3 and CR1 could influence C3b/iC3b 

inactivation and can dictate the risk for C3-mediated EVH.  

 

The percent of PNH-E loaded with C3 was analysed in eighty-one eculizumab-treated patients 

that were genotyped for their C3(S/F) and CR1 density (high/low;H/L) polymorphism and a 

trend for higher C3 loading was observed in patients with C3-S and CR1-L alleles.  

 

To investigate this further, recombinant CR1 constructs were generated containing different 

functional domains (CR11-4, CR18-11, CR11-11) and their interaction with C3b variant proteins 

and convertases was analysed. Using surface plasmon resonance, CR18-11 and CR11-11 bound 

more weakly to C3b-S and generated lower levels of TMC, but accelerated decay of convertases 

was unaltered.  

 

Using a novel functional assay, the rate of C3b/iC3b to C3dg conversion mediated by CR1-

containing cell lysates with FI was found to be slower from lysates derived from erythrocytes 

of CR1-H/L donors compared to H/H donors. 

 

These data support the hypothesis that the C3-S and CR1-L polymorphisms are potential risk 

factors for C3-mediated EVH. This may be due to weaker binding of C3b-S to CR1, decreased 

TMC formation and slower conversion of iC3b to C3dg. We demonstrate that mechanisms 

leading to increased C3 loading and decreased C3b inactivation may enhance 

erythrophagocytosis in PNH. 
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Chapter 1 Introduction  

1.1 Complement system 

The complement system has a critical role in the innate immune system and is one of the first 

lines of defence against infection. Complement act rapid and efficient in immune surveillance 

that can facilitate pathogen clearance by opsonisation and lysis, it is also critical for the efficient 

removal of damaged cells and immune complexes (ICs). It can also induce inflammatory 

responses and contributes to other physiological processes such as the maintenance of tissue 

homeostasis, but it may also target healthy cells if not regulated. (1, 2). 

 

The complement system involves around 50 soluble proteins in the plasma and tissue fluids or 

cell membrane-bound. It involves a proteolytic cascade that progresses due to changes in the 

conformation of proteins which reveals new binding sites to allow regulatory and activating 

proteins to bind, initiating control or the next step on the pathway, respectively. There are three 

activation pathways involved in the complement system- classical (CP), lectin (LP) and 

alternative (AP) pathways. All activating pathways lead to the formation of C3 convertases, 

which facilitate the central event of the complement cascade, cleavage of C3, where the 

formation of C3b can form new C3 convertases, driving an amplification loop. This reaction 

leads to further activation of the complement cascade to promote inflammation by the 

generation of anaphylatoxins (C3a and C5a), pathogen clearance by C3 fragment opsonisation 

and cell lysis by the formation of membrane attack complex (MAC). 

 

1.1.1 Classical and lectin pathways 

The CP is antibody-dependent and is activated by binding of a pattern recognition molecule, 

C1q, to the Fc region of the antibody (IgG clusters or IgM)-antigen on the surface of cells. C1q 

and two serine proteases, C1r and C1s, form the C1 complex in a calcium-dependent manner 

(3). Conformational changes within surface bound C1q lead to autoactivation of C1r, which 

then activates C1s to cleave C4 to C4a and nascent C4b, exposing a thioester and hydroxy 

groups on cell surfaces attack the thioester to form a covalent bond with C4b. C2 bind to C4b 

and is cleaved by C1s, forming the CP convertase, C4b2a, and releasing C2b (4). 

 

The LP is functionally similar to the CP and is activated through the recognition of carbohydrate 

signatures on cell surfaces of bacteria and fungi by mannose-binding lectin (MBL) or ficolin. 

MBL forms complexes with MBL-associated serine proteases (MASPs), which autoactivate 
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MASPs similarly to the autoactivation of C1r and C1s when bound to C1q (5). Activation of 

MASP-2 cleaves C4 to C4a and C4b, C4b covalently binds to the cell surface by its thioester 

group and C2 is cleaved by C1s to form C2a and C2b, generating the same C3 convertase 

(C4b2a) which is also formed in the CP.  Formation of the C4b2a C3 convertase from CP and 

LP leads to C3 cleavage to generate C3a and C3b. 

 

1.1.2 Alternative pathway 

Human complement component 3, C3, is the most abundant protein in the complement system, 

with a concentration of 1-2 mg/ml in serum. The AP has a critical role in amplifying the 

complement response accounting for up to 80-90% of total complement activation. It also 

maintains a low level of activity by a tick-over mechanism where C3 molecules are 

spontaneously hydrolysed via water-hydrolysis of their internal thioester bond, generating an 

active C3b-like molecule termed C3(H20) (6, 7). Hydrolysed C3 can bind to Factor B (FB) in a 

magnesium-dependent manner, which is subsequently cleaved by a serine protease, Factor D 

(FD), to release Ba and Bb fragments. The Bb fragment remains bound to C3(H2O) to form the 

initial short-lived fluid phase AP C3 convertase (C3(H20)Bb), an enzyme able to cleave C3 into 

C3a and C3b. These nascent C3b molecules bind to hydroxyl or amino groups on target surfaces 

via the exposed thioester domain (TED) of C3b, initiating AP activity and amplification (8, 9). 

Target-bound C3b interacts with FB and is cleaved by FD to form surface-bound AP C3 

convertase, C3bBb. The C3bBb C3 convertase can amplify the system through continuous 

cleavage of C3, where each C3b can further form a C3 convertase by binding to FB, thus 

amplifying the AP (amplification loop). The AP can also be activated by the C3 convertase 

formed by the CP and LP, C4b2a, which cleaves C3 to C3b. Although, considered to be an 

initiating recognition molecule (10) (still debated), plasma protein, properdin, can bind and 

stabilise the C3 (and C5) convertase of the amplification loop by slowing their half-life (11).   

 

The association of multiple deposited C3b molecules on the cell surface leads to the clustering 

of C3b, whereby the interaction of C3b into existing AP C3 convertases generates AP C5 

convertases (C3bBbC3b). The formation of covalently-linked C3b dimers acts as a substrate-

binding site for C5, where the two-site binding allows the C5 convertases to bind more strongly 

to C5 than the surrounding monomeric C3b molecules (12-15). The CP/LP C5 convertase 

consists of C4b2a and C3b complex where C3b binds to C4b via an ester bond. When excess 

C3b is deposited near the CP C3 convertase, the enzyme becomes a C5 convertase (16, 17). C5 

convertases cleave C5 into C5a and C5b fragments which bind to the cell surface and initiate 

MAC formation. 
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1.1.3 Terminal pathway 

All three activation pathways trigger the terminal pathway leading to the formation of the MAC. 

Generation of the C5b fragment initiates the formation of the MAC by associating C5b with C6 

and C7, a complex inserted into the cell membrane and binds to C8. The binding of multiple 

C9 molecules allows the formation of a lytic pore, the terminal complement complex  (TCC; 

C5b-9) or MAC causing lysis of foreign microorganisms or apoptotic cells (18). MAC can also 

cause lysis of cells such as erythrocytes with only a single C9 molecule per complex can cause 

efficient lysis while nucleated cells are more resistant (19, 20).  Figure 1.1 shows the schematic 

overview of the complement system.  

 

1.2 Complement regulation  

Complement regulatory proteins protect the host from uncontrolled activation of CP and LP or 

C3b deposition caused by AP activation and together they tightly regulate complement 

activation. Complement regulatory proteins are either fluid phase regulators in the plasma or 

membrane-bound. Soluble complement regulators such as factor H (FH), factor I (FI) and C4b-

binding protein (C4BP) can be recruited to surfaces or act in the fluid phase to regulate AP 

activity and prevent convertase formation. Cell membrane-bound complement regulatory 

proteins include complement receptor type 1 (CR1; CD35), membrane cofactor protein (MCP; 

CD46), decay accelerating factor (DAF; CD55), and CD59 (also known as MAC-inhibitory 

protein) (21, 22). Tables 1.1-2 list some of the important complement regulators in the 

complement system, which are either soluble or membrane proteins (1, 21). 

 

1.2.1 Negative regulation of convertases 

Activity of convertases are controlled by the regulators of complement activation (RCA) 

proteins by irreversibly dissociating the subunits of the convertase or by serving as cofactors 

for the proteolytic cleavage of C3b and C4b by FI. These proteins are tandemly repeating 

complement control protein (CCP) or short consensus repeats (SCRs) domains. Most of the 

complement regulatory proteins mentioned above are part of the RCA family of proteins, 

including C4BP which dissociates CP convertases, FH which dissociates AP convertases and 

DAF and CR1 which can dissociate convertases of CP and AP. 
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Figure 1.1. Schematic overview of the complement system. 

Three pathways can activate the complement system: classical (CP), lectin (LP) and alternative (AP). 

Both CP and LP lead to the cleavage of C4 and subsequently C2, forming the C4b2a (C3 convertase). 

AP can be activated by cleavage by plasma proteases and spontaneous hydrolysis of the C3 thioester 

bond by C3 ñtick-overò, forming (C3(H20)). Cell surface C3b can interact with factor B (FB), 

subsequently activated by factor D (FD), generating Ba and Bb fragments and forming the fluid phase 

AP C3 convertase (C3bBb). C3 convertases activate C3 by cleavage, generating C3a (anaphylatoxin) 

and C3b (opsonin). Production of C3b can, in turn, form further C3 convertase leading to the amplified 

production of C3b (amplification loop). C3b is degraded sequentially to iC3b and C3dg by factor I (FI)-

mediated cleavage by factor H (FH) or complement receptor type 1 (CR1), which can interact with 

complement receptors. Generation of C3b from the three pathways can lead to the formation of the C5 

convertases C4b2a3b (CP/LP) and C3bBbC3b (AP), initiating the terminal pathway. C5 convertases 

cleave C5 to form C5a (anaphylatoxin) and C5b, which binds to the surface and interact with the terminal 

components in sequence from C6 through to C9, leading to the assembly of the C5b-9 complexes to 

form the membrane attack complex (MAC/C5b-9). Complement regulators are shown in red boxes.  

C1 esterase inhibitor (C1NH), C4b-binding protein (C4BP), membrane cofactor protein (MCP), decay 

accelerating factor (DAF), CD59 (MAC-inhibitory protein). 
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Regulator Point of 

Action Function 

C1-INH (C1 esterase 

inhibitor) CP/LP Inhibits C1r, C1s and MASPs 

C4BP (C4b-binding 

protein) CP/LP Cofactor for FI, accelerate decay of convertases 

FH (Factor H) AP Cofactor for FI, accelerate decay of C3 convertases 
Properdin AP Stabilises AP convertases 
Clusterin TP Prevents assembly of MAC by binding to C7ïC9 

Vitronectin TP Prevents assembly of MAC by binding to C5b-7 and 

inhibits C9 polymerisation 
Table 1.1. Soluble complement regulatory proteins. 

Displayed are the soluble regulators in the complement pathway including which pathway of the point 

action is and their function.  

Classical pathway (CP), alternative pathway (AP), terminal pathway (TP), mannose-binding lectin-

associated serine protease (MASP), factor I (FI), membrane attack complex (MAC) 

 

 

Regulator Point of Action Function 

CR1 

(CD35) C4b, C3b, iC3b 
Cofactor for FI to inactivate C3b, accelerate decay of 

convertases 

MCP 

(CD46) C4b, C3b Cofactor for FI 

DAF 

(CD55) 
C4b2a3b, 

C3bBbC3b 
Accelerate decay of C3 convertase 

CD59 C5b-8 Inhibition of MAC assembly and formation by binding to C8, 

preventing the unfolding and polymerisation of C9 

Table 1.2. Membrane-bound complement regulatory proteins. 

Displayed are the membrane regulators in the complement pathway including which C3 breakdown 

fragment the point of action is and their function. 

Complement receptor type 1 (CR1), membrane cofactor protein (MCP), decay accelerating factor 

(DAF), CD59 (membrane attack complex (MAC)-inhibitory protein).  

 

1.2.2 Dissociation of convertases (decay accelerating activity) 

DAF binds to both subunits of the C3 convertase, C3b and Bb. Affinity for Bb is higher than 

for FB resulting in effective homing to activated convertase and subsequent decay (23, 24). 

DAF and C4BP accelerate the dissociation of the CP C3 and C5 convertase by accelerating the 

dissociation of C2a from the convertases (25). FH, which is a soluble inhibitor of the AP C3 

convertase, competes with FB for C3b binding and can also induce dissociation of the C3bBb 

C3 convertase complex (26, 27). CR1 can dissociate both C3 and C5 convertases of CP and AP 
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as it has binding sites for both C4b and C3b, allowing induction of accelerated decay of 

convertases (28, 29).  

 

1.2.3 Inactivation of C3b and C4b by FI  (cofactor activity) 

FI is a serine protease found in plasma that can cleave C3b and C4b in the presence of cofactor, 

leading to the generation of downstream products, iC3b and C3dg, which cannot bind to FB, 

inhibiting the formation of AP C3 convertase (30). MCP, DAF and CR1 are cofactors for FI-

mediated cleavage of both C4b and C3b, while FH only induces C3b cleavage and C4BP only 

supports C4b cleavage (30). CR1 is able to support further cleavage of iC3b by FI, generating 

C3c and C3dg fragments, whereas FH, MCP and C4BP can only induce the first cleavage of 

C3b to iC3b (or C4c/C4d for C4b). 

 

1.3 Complement in disease 

The presence of complement regulators on the surface of host cells controls complement 

activation, and in their absence, such as on pathogens or foreign surfaces, the lack of regulation 

results in full-blown complement activation. Pathogens are coated with C3b, and since no 

regulator is present, the complement cascade and C3b deposition are accelerated. In addition, 

the opsonisation of pathogens by iC3b allows for their recognition by complement receptors 

such as CR1/CR3, followed by ingestion and ultimately elimination by phagocytic cells. 

Complement activation must be regulated as uncontrolled activation of complement has been 

implicated in autoimmune, auto-inflammatory, neurodegenerative, ischaemic, haematological 

and age-related diseases (31-34). Genetic mutations and polymorphisms in the complement 

genes can mediate the unbalanced activation of complement. Such polymorphisms can lead to 

gain- or loss-of-function of complement activators and/or regulators. 

 

1.3.1 Complement deficiency 

Lack of complement activity due to rare genetic deficiency or consumption of complement 

proteins can increase predisposition to infection (35). Deficiency of complement components 

such as C3, FH or FI can increase susceptibility to bacterial infection due to an inability to 

effectively opsonise pathogens; in the case of FH/FI deficiency, C3 can be completely turned 

over in the fluid phase leading to a secondary deficiency of C3 (36, 37). Lack of C5-C9 has 

also been associated with an increase in susceptibility and recurrent Neisseria infections due to 

incomplete MAC formation, with approximately 50% of people with the invasive 

meningococcal disease having a deficiency in terminal complement components (36, 38).  

Properdin deficiency has also been described where type II deficiency results in low levels of 
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properdin in serum and is associated with increased susceptibility to infection, but the 

mechanism still remain unknown (39).  

 

1.3.2 Complement dysregulation 

Excessive or prolonged complement activation can be a result of the presence of complement 

activators such as ICs, bacteria and damaged self-tissue or by a decrease in levels or expression 

of complement downregulators. Dysregulation leads to complement activation by different 

mechanisms that target tissues in different ways. For example, both C3 glomerulopathy (C3G) 

and atypical haemolytic uremic syndrome (aHUS) can develop due to abnormal complement 

regulation such as by FH (40). In C3G, complement activation dominates in the fluid phase 

often leading to complement consumption and associated with reduced C3 levels in the serum 

and deposition of C3 fragments in the glomerular basement membrane (41). Patients could also 

have C3 nephritic factors and autoantibodies against AP convertase, in their plasma that is also 

causative (42) . In many aHUS patients, a competent complement system in the fluid phase 

combined with an inability of FH to control complement on the surface of cells leads to 

activation on endothelial cells causing damage, inflammation and triggering other cell-

activation events (43).  

 

A more aggressive complement response can also be triggered by a high level of infectious 

microorganisms in the blood, such as in sepsis (44). Excessive complement activation and 

release of C5a can contribute to organ damage, multi-organ failure or even death as a result of 

immune depletion, severe inflammation caused by a cytokine storm and uncontrolled 

coagulation by C5a-mediated tumour factor expression (45). Complement-associated tissue 

damage has also been observed in ischaemia reperfusion injuries that are induced during 

procedures such as organ transplantation. Tissue reperfusion can trigger complement activation 

that can lead to self-attack (46). The recognition of damaged cells by complement activates the 

pathway further, enhancing the release of anaphylatoxins, triggering inflammation and 

recruitment of immune cells. In a rare haemolytic disease, paroxysmal nocturnal 

haemoglobinuria (PNH), loss of the regulator for MAC, CD59, on erythrocytes (E) of patients 

lead to susceptibility to lysis. This disease is discussed in more detail in Section 1.7. 

 

Most complement-related diseases are commonly associated with mutations and/or 

polymorphisms in more than one complement component in addition to non-genetic risk factors 

and contribute to disease development and progression. Studies of common polymorphisms in 

C3, FH and FB are discussed in Section 1.8. 
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1.4 C3  

The Ŭ and ɓ-chains of C3 are arranged in 13 domains which include eight macroglobulin 

domains (MG1-8), linker domain (LNK), and anaphylatoxin (ANA), C1r/C1s, Uegf, Bmp1 

(CUB), C345c and TED domains (Figure 1.2) (47).  The first step of proteolytic cleavage of C3 

(185kDa) leads to the generation of C3b (176kDa) due to the removal of the anaphylatoxin 

domain (C3a; 9kDa) to produce an Ŭô and ɓ-chains (114 and 75kDa) (Figure 1.3). The structural 

study by Janssen et al. has shown significant conformational changes and domain 

rearrangements, such as in the Ŭ-chain that results in exposing binding sites for FB and several 

complement regulatory proteins (9) (Figure 1.4). The orientation of the TED is supported by 

interactions with MG2, MG8 and CUB. C3 cleavage removes the ANA domain, which becomes 

the C3a fragment, and attachment of C3b onto a cell surface requires exposure and activation 

of the thioester moiety within the TED-MG8 which is now exposed from conformational 

change of MG8 (47-49). The conformational change when C3 is cleaved to nascent C3b results 

in a highly reactive thioester that facilitates C3b binding covalently to nucleophiles on  surfaces 

and mediates C3 opsonisation (50). Additional cleavage in the a-chain of C3b is FI-mediated 

in conjunction with a cofactor such as FH, CR1 or MCP and involves the proteolytic release of 

the C3f (3kDa) fragment, disrupting the CUB domain that connects the C3c moiety to the TED, 

generating iC3b (9, 51). The final cleavage of iC3b releases C3c (150kDa), leaving a surface-

bound C3dg (39kDa) fragment; C3dg can be further cleaved by tryptic enzymes removing the 

C3g fragment (52). 

 

Breakdown fragments of C3 on surfaces serve as ligands and are recognised by various 

complement receptors in phagocytic cells and in B cells and follicular dendritic cells (53). Each 

complement receptor has been characterised to recognise specific C3 opsonic fragments. As 

such, CR1 on macrophages allows for the phagocytosis of opsonised C3b targets, while CR1 

on E binds to immune complexes (54). CR2 on B cells can interact with C3dg, synergising with 

the B cell receptor for signalling, while CR2 on follicular dendritic cells can induce effector 

and memory B cells (55). CR3 and CR4, which are part of the ß2-intergrin family expressed on 

macrophages and monocytes can also bind to iC3b fragments to induce phagocytosis of iC3b-

coated targets in addition to its role tin leukocyte recruitment to inflammatory sites (56).  
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Figure 1.2. Structure of C3. 

Displayed is the representation of the crystal structure of C3 by Janssen et al., (44) highlighting the 

13 domains of the C3 molecule. 8 Macroglobulin (MG), linker domain (LNK), complement C1r/C1s, 

UEGF, BMP1 (CUB), thioester domain (TED), C345C and anaphylatoxin (ANA). The thioester is 

shown black sphere and the location of the R102 is shown is shown in red sphere. 

Image generated using Pymol. 
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Figure 1.3 Cleavage of C3 to iC3b and C3d during complement activation. 

C3 molecule is composed of Ŭ and ɓ -chain, which undergoes proteolytic cleavage either by the tick 

over mechanism or C3 convertase, generating C3a and C3b fragments (Ŭô and ɓ chain). C3b is then 

cleaved further by cofactor activity of FH, CR1 or MCP with FI, generating iC3b and releasing C3f. 

Only CR1 can cleave iC3b further, releasing the C3c fragment and leaving the C3dg attached to the cell 

surface via the thioester domain site. C3dg can be further cleaved by tryptic enzymes, releasing the C3g 

fragment. The sizes of the chains are shown in kiloDalton..Image adapted from Thurman et al. (57) 

Thioester domain (TED) 
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Figure 1.4. Structure of C3b. 

Displayed is the representation of the crystal structure of C3b by Janssen et al., (9) highlighting the 12 

domains of the C3b molecule; 8 Macroglobulin (MG), linker domain (LNK), complement C1r/C1s, 

UEGF, BMP1 (CUB), thioester domain (TED), and C345C.  

The exposed thioester is shown black sphere and the location of the R102 is shown in red sphere- located 

in the MG1-TED interface. 

Image was generated using Pymol. 
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1.5 C3 R102G variant  

The change from arginine to glycine in the C3 is one of the most studied single nucleotide 

polymorphisms (SNPs) in C3 (rs2230199/R102G.) This is also known as the Slow (C3 R102/-

S) and Fast (C3 G102/-F) allele, named after their difference in mobility by agarose-gel 

electrophoresis of serum (58, 59).The polymorphism is a change in nucleotide position 394 (C-

G), which results in the amino acid at position 102 changing from arginine to glycine in the 

macroglobulin 1 (MG1) domain near the TED on the protein surface (Figure 1.2). A study by 

Rodriguez et al. shows that in the C3b crystal structure, the MG1 and TED domains are 

connected through the R102 and Q1032 salt bridge by an electronegative interface on the MG1 

domain that can interact with the electropositive region on the TED to stabilise the C3b (60). 

(Figure 1.3).  

 

The C3-F variant has been strongly associated as a disease risk with many diseases, including 

dense deposit disease, kidney allograft dysfunction, systemic vasculitis, age-related macular 

degeneration (AMD), and IgA nephropathy (61-67). Experimental evidence of functional 

differences between C3-S and C3-F using in vitro assays remains inconclusive, and only a few 

studies have been conducted to investigate the effect of this amino acid change. An earlier study 

in the1970s found that C3-F showed greater rosetting with mononuclear cells than those coated 

with C3-S, suggesting an influence on the immunological process (68). Using purified C3-S 

and C3-F proteins, functional differences were examined by haemolytic assays using sheep E, 

where Welch et al. found C3-S to be 1.3-fold more efficient than C3-F in haemolysis which 

was shown to arise from a slightly more efficient deposition of C3-F on the cell surface (69). 

However, no difference was observed between the allotypes in the conversion of C3b to iC3b 

by FH or CR1 with FI has been reported, and no difference in solubilisation of preformed ICs. 

In a study by Heurich et al., C3-F was found to have lower binding affinity to FH than C3-S, 

resulting in a higher AP activation (70). It is no surprise that a difference in the affinity was 

observed since the subsequent study by Rodriguez et al. determined the importance of the 

R102-Q1032 salt bridge for the interaction of C3b and FH SCRs 1-4, and the single change in 

amino acid possibly has an effect with regards to the interaction with complement regulatory 

proteins. Figures 1.5-6 show the structural overview of the binding of C3b to FH SCRs 1-4 and 

CR1 SCRs 15-17.  
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Figure 1.5. C3b-FH SCRs 1-4 complex. 

Displayed is the representation of the crystal structure of C3b by Forneris et al., (71) highlighting the 

surface representation of the 3D structures of C3b-FH SCRs 1-4. The 12 domains of the C3b molecule; 

8 Macroglobulin (MG), linker domain (LNK), complement C1r/C1s, UEGF, BMP1 (CUB), thioester 

domain (TED), and C345C.  

The exposed thioester is shown in black sphere and the location of the R102 is shown in red sphere- 

located in the MG1-TED interface.  

Each SCR of FH is labelled with alternating colours to separate each SCR. 

Image was generated using Pymol. 
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Figure 1.6. C3b-CR1 SCRs 15-17 complex. 

Displayed is the representation of the crystal structure of C3b by Forneris et al., (71) highlighting the 

surface representation of the 3D structures of C3b-CR1 SCRs 15-17. The 12 domains of the C3b 

molecule; 8 Macroglobulin (MG), linker domain (LNK), complement C1r/C1s, UEGF, BMP1 (CUB), 

thioester domain (TED), and C345C.  

The exposed thioester is shown in black sphere and the location of the R102 is shown in red sphere- 

located in the MG1-TED interface.  

Each SCR of CR1 is labelled with alternating colours to separate each SCR. 

Image was generated using Pymol. 
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1.6 CR1 

CR1 is a transmembrane glycoprotein and in the circulation is expressed on erythrocytes, 

monocytes, neutrophils, and B cells;  due to cell number, around 90% of the total circulating 

CR1 in humans is found on E (72). Other cells that express CR1 include astrocytes and 

glomerular podocytes (73-76). The soluble form of CR1 is also present at a very low level,  

ranging from 18 to 74ng/ml, and is produced by proteolytic cleavage from the surface of cell 

membranes (77-80).  

 

CR1 is part of the RCA cluster of proteins encoded within a gene cluster on chromosome 1, 

band q32. CR1, CR2, MCP, DAF, FH, and C4BP are examples of proteins that are part of this 

family (81). The extracellular domains of RCA proteins are mostly (or entirely) comprised of 

short SCRs or sushi domains. Each SCRs contains between 59-75 amino acids, and the number 

of SCRs varies between these proteins, ranging from four in DAF and MCP to 44 in the longest 

isoform of CR1.  

 

The extracellular domain of CR1 is comprised of 30 SCRs composed of 59-76 amino acids with 

four cysteine and one tryptophan conserved. Every seventh repeat is homologous to one another 

with the same number of amino acids and alignment of cysteines and the tryptophan.  The 28 

SCRs in CR1 can be organised based on internal homology into groups of seven to form four 

long homologous repeats (LHRs A-D) (Figure 1.7). There seems to be a mosaic composition 

of the LHRs, which may have risen through homologous recombination with unequal 

crossover. There is approximately a 39% difference in the amino acid sequence between the 

SCRs 1-2 from its counterparts, SCRs 8-9 and SCRs 15-16, which determines the functional 

difference between these two sites while SCRs 8-9 and SCRs 15-16 are 99% identical (28). 

There are two distinct functional sites in CR1, SCRs 1-3 of LHR-A (site 1) and two nearly 

identical copies in LHR-B and -C (site 2).  Analyses of CR1 constructs containing a single LHR 

established that LHRs A, B and C containing C3b/C4b binding sites with SCRs 1-2 of LHR-A 

containing a site-specific for C4b and SCRs 8-9 of LHR-B and SCRs 15-16 of LHR- C are 

specific for C3b (28, 82). 

 

1.6.1 Function of CR1 

DAF, FH and CR1 activity exhibit decay accelerating activity (DAA) which enhances the 

irreversible dissociation of C3 convertases of CP, LP, and AP (83, 84). Furthermore, this 

prevents the binding of proenzymes and the formation of new convertases. A study by Krych-

Goldberg et al. observed that site 1 is the major site for the DAA of CR1 for AP C3 convertase, 
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with no contribution from SCRs 4-7. However, the optimal DAA of CR1 for C5 convertase 

require sites 1 and 2 with no requirement from SCRs 5-7 for ligand binding although these 

SCRs are necessary for the decay of AP C5 convertase, as it provides space for the interaction 

of C3b homodimers (29).  CR1 can also regulate the formation of C3 and C5 convertases, both 

of the CP/LP and AP, by its cofactor activity (CA) for FI-mediated C4b and C3b cleavage to 

generate breakdown fragments C4d and C4c, iC3b, and further cleavage of iC3b to C3c and 

C3dg (85, 86).  MCP and FH also have this function to act as a cofactor for the cleavage of C3b 

to iC3b, however, both regulators cannot facilitate the last cleavage of iC3b to C3dg as these 

regulators are unable to bind to iC3b as it loses its affinity to the fragment due to the unfolding 

of the CUB and dislodging of the TED (87). CR1 is able to cleave iC3b efficiently since its 

binding does not depend on CUB and TED (Figure 1.6). The LHR-D of CR1 contains binding 

sites for C1q, MBL and ficolin-2 on SCRs 24-25 (88-92). Site 3 in the LHR-D contains the 

binding sites for the Swain-Langley and McCoy Knops blood group antigens (93, 94).  

 

 

Figure 1.7. Schematic overview of CR1. 

The extracellular domain of CR1 is composed of 30 repeating short consensus repeats (SCRs) that are 

arranged in groups of seven long homologous repeats (LHRs). The 4 LHRs have four types of SCRs, 

represented by different colours. SCRs 3-7 (LHR-A) differ from SCRs 10-14 (LHR-B) at only one 

position and SCRs 3-4 (LHR-A) differ from SCRs 17-18 (LHR-C) at only 3 positions (orange). SCRs 

8-9 (LHR-B) and SCRs 15-16 (LHR-C) are 99% identical (blue). SCRs 19-21 (LHR-C) are ~93% 

identical to SCRs 26-28 (LHR-D) (green). SCRs 22-25 (LHR-D) are unique (yellow). 

The functional sites are composed of SCRs 1-3 in LHR-A for decay accelerating of CR1 for C3 

convertase and SCRs 8-10 and SCRs 15-16 in LHR-B for C3b binding and cofactor activity with FI to 

mediate C3b inactivation. Both sites 1 and 2 are required for decay of C5 convertases. The secondary 

binding specificities are indicated by the parenthesis. The LHR-D has the site for SwainïLangley, 

McCoy Knops blood group polymorphism, MBL (Mannan-binding lectin), C1q and ficolin.  

TM: transmembrane region; Cyt: cytoplasmic tail. 

Figure adapted from Klickstein et al. (28) 

 

1.6.2 CR1 and immune complex clearance 

Aside from its role as a complement regulator, CR1 on E also has an important role in the 

clearance of these C3b/C4b-opsonised ICs from the circulation (95). C3b and C4b on the 

surface of opsonised cells can form clusters to form dimers or polymers, which interact with 
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the multiple ligand-binding sites on CR1, leading to a synergism between the multiple sites 

mediating a sufficient interaction with ICs.  Opsonised C4b/C3b complexes bind to CR1 on E, 

where CR1 serves as a cofactor for FI to cleave C3b, forming downstream fragment iC3b and 

C3dg. These complexes are subsequently transported to the spleen and liver and ICs are 

released from the surface of E due to the weaker interaction of CR1 to C3dg (96). The iC3b-

coated ICs are then targeted for clearance by phagocytosis. This includes iC3b recognition by 

CR3 (Cd11b/CD18, Mac-1, integrin ŬMɓ2) and CR4 (CD11c/CD18, p150, 95, integrin ŬXɓ2) 

on myeloid cells such as macrophages, monocytes and dendritic cells which facilitate clearance 

(97-99).  CRIg on macrophages such as liver Kupffer cells also recognises iC3b and can 

mediate phagocytosis of iC3b-coated complexes (100). In addition, Fc-gamma receptors and 

CR1 occur on the same cell and synergise to induce phagocytosis of C3b/C4b-opsonised 

particles by neutrophils and macrophages; C3 opsonisation alone is unable to trigger 

phagocytosis by CR1 and IgG complexes are essential for initiating uptake of particles by Fc 

fragments (101, 102). 

 

1.6.3 CR1 polymorphisms 

CR1 presents three types of polymorphisms- Knops blood group, length and density. Single 

nucleotide polymorphisms occur in the SCR 25 (LHR-D segment) of CR1 gene generating 

group antigens of the Knops blood group which include several allelic pairs; Knops a and b, 

McCoy a and b, Swain-Langley and Villien (93, 103, 104).   

 

The four structural CR1 length variants are associated with different numbers of LHRs varying 

in molecular size from 160 to 250kDa. On sodium dodecyl-sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) under non-reducing conditions, the most common type is CR1*1 

(A), followed by CR1*2 (B) and the rare forms, CR1*3 (C) and CR1*4 (D), with molecular 

weights of 190kDa, 220kDa, 160kDa, and 250kDa, respectively (105) (Figure 1.8). The number 

of LHRs in these length isoforms varies from three to six. The polymorphism includes CR1*3, 

which has 3 LHRs (A, C and D), CR1*2, which has 5 LHRs and CR1*4, which has 6 LHRs. 

Therefore, the longer isoforms that have extra LHR-B contain additional C3b/C4b binding sites 

(106).  CR1*1/CR1*1 and CR1*1/CR1*2 are the most prevalent genotype in the population, 

with gene frequencies of around 0.89 for CR1*1 and 0.11 for CR1*2 (107, 108). The long 

isoform of CR1, CR1*2, has also been associated with Alzheimer's disease and is suggested to 

lead to a decrease in amyloid clearance, increasing the risk of the disease despite the presence 

of additional functional domains (74, 109, 110). More functional studies are needed, however, 

to determine the true impact of the CR1 length isoform on disease risk and/or progression. 
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The density of CR1 on erythrocytes from individuals is determined by a codominant biallelic 

system based on a single base change within the intron of the CR1 gene, which correlates with 

a HindIII  restriction fragment length polymorphism (RFLP) in CR1 intron 27 (111). The 

method to identify this polymorphic variant involves amplifying the region of the CR1 gene 

where the base change occurs by polymerase chain reaction (PCR), followed by a HindIII  

restriction digest of the PCR product, which is then analysed by agarose gel electrophoresis 

(112). The two codominant alleles, the common H and rare L, are associated with high and low 

levels of CR1, respectively (111, 113). Density polymorphism of CR1 leads to various CR1 

expression levels on the E surface ranging from 150-1200 CR1 molecules per cell (112). 

Interestingly, two studies have found that CR1 density genotype can influence eculizumab 

treatment response based on blood transfusion requirement, whereby patients who harbour the 

high expression polymorphism of CR1 are better responders for eculizumab (114, 115). This 

could be due to the CA of CR1 with FI on converting C3b/iC3b to C3dg, whereby high amount 

CR1 on E can enhance conversion of C3b/iC3b opsonin on PNH-E, regulating C3-mediated 

clearance of PNH-E. 

 

 

Figure 1.8. Schematic overview of the structure of the CR1 length isoforms. 

In the most common form (CR1*1) there are 1 of each LHR. The CR1*2 isoform presents an 

additional LHR-B, CR1*3 has no LHR-B and CR1*4 has 3 copies of the LHR-B. The sizes of each 

isoform in kilodalton (kDa) are shown under reducing condition (R) and non-reducing condition (NR) 

in an SDS-PAGE analysis.  

MBL (Mannan-binding lectin), C1q and ficolin.  

TM: transmembrane region; Cyt: cytoplasmic tail. 

Figure adapted from Kisserli et al. (106). 
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1.7 PNH 

PNH is a rare clonal haematological stem cell disorder first described by Paul Strübing in 1882. 

PNH has an incidence of 2-6 per million and can present at any age but has a median age of 

diagnosis in the early 30s, and it has no sex, racial or geographical bias. PNH is caused by an 

acquired somatic mutation of the phosphatidylinositol glycan complementation class A gene 

(PIGA) in a haematopoietic stem cell (116, 117). PIGA is an X-linked gene which is required 

in the first step for the synthesis of glycosylphosphatidylinositol (GPI) links which is a 

glycolipid moiety that serves as a protein anchor to the cell membrane. Mutations in the PIGA 

gene occur in the early stage of haematopoiesis, and subsequent clonal expansion of cells 

lacking GPI proteins leads to PNH. Interestingly, PIGA mutations have also been discovered in 

a small population of healthy individuals suggesting that PIGA gene mutation alone is not 

sufficient to cause the development of PNH (118, 119).  

 

The presence of several mutant PNH clones in a single PNH patient has been reported 

previously, showing the oligoclonal nature of PNH and the difference in the expansion among 

mutant clones (120-122). There are more than 100 mutations that have been identified in the 

PIGA gene in patients, and it has previously been found that there is a positive correlation 

between the number of mutations and the fraction of GPI-deficient granulocytes (123). These 

mutations are usually point mutations that cause a loss of PIGA activity. The absence of PIGA 

leads to the complete or partial loss of key complement regulatory proteins, CD55 and CD59. 

A typical feature of PNH is the presence of circulating haematopoietic stem cells that varies in 

GPI expression such as PNH-E that has complete absence of GPI (type III PNH-E) and partially 

deficient (type II PNH-E), with some patients who still has erythrocytes with normal expression 

of GPI (type I). Type II PNH-E are more resistant to complement-mediated haemolysis, while 

type III PNH-E are more vulnerable and have a shorter life span of 10-15 days (124, 125). A 

study by Endo et al, one of the factors that determine a patient's PNH phenotype is the type of 

mutation, with mutations that cause partial loss of PIGA function, such as missense mutations, 

producing the type II phenotype and mutations that cause complete loss of PIGA function, such 

as deletions, insertions, or nonsense mutations, producing the type III phenotype (120). Other 

factors include the number of mutations and proliferative properties of the affected 

haematopoietic stem cell.  

 

Flow cytometry analysis of GPI-linked membrane antigens (CD55 and/or CD59) is currently 

used to diagnose PNH, with analysis of E and leukocytes determining complete or partial loss 

of GPI-linked antigens. The measured ñtotalò PNH clone sizes represent the percentage of PNH 
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cells expressing complete and partial loss of GPI-linked antigens such as CD59.  Measurement 

of PNH clone sizes (percentage of CD59 negative cells) by flow cytometry in PNH patients is 

valuable since there is a significant correlation between the clinical presentation of PNH 

patients and their PNH clone sizes (126). Large PNH clone size (>70%) is associated with overt 

haemolysis and an increased risk of thromboses, and smaller PNH clones occur in patients who 

have cytopenias and bone marrow failure without presentation of haemolysis.  

 

The loss of CD59 on E mediates the pathogenic role of complement in PNH where there is an 

uncontrolled MAC formation on the surface of PNH erythrocytes (PNH-E). This is also 

enhanced since loss of CD55 leads to a less regulated amplification loop leading to increased 

generation of C5 convertase and ultimately increased formation of MAC. CD59 inhibits the 

formation of the MAC on the E surface, and its absence on PNH-E leads to chronic intravascular 

haemolysis (IVH), the main clinical manifestation of PNH. Other clinical manifestations 

include renal failure, fatigue, thrombosis, anaemia and smooth muscle dystonia, though clinical 

presentation and severity of these features vary between patients (127). Thrombosis is a leading 

cause of death in PNH patients, particularly thrombosis of the hepatic and cerebral veins. There 

is also an association between PNH and bone marrow failure syndrome such as aplastic 

anaemia, which can often lead to PNH, and subsequently myelodysplastic syndrome (15, 128).  

 

1.7.1 PNH treatment 

Prior to the approval of complement inhibitors for the treatment of PNH, the only treatment 

option was bone marrow transplantation, which has proven to be effective in a number of cases 

(129). However, because of the significant risk of mortality, this was not considered a first-line 

treatment, and only a minority of patients are suitable candidates due to donor limitations and 

age constraints (130, 131). Therefore, controlling the complication of PNH, such as preventing 

thrombosis and providing long-term transfusion for severe haemolysis, were also provided. 

Scarcity of treatment resulted in approximately 50% of PNH patients dying from the disease, 

with a ten-year median survival after diagnosis (132).  

 

1.7.1.1 Anti-C5 

Inhibition of the terminal complement pathway is highly effective for treating IVH from PNH. 

There are currently two approved C5 inhibitors for the treatment of PNH,  eculizumab 

(Soliris®, Alexion)  and Ravulizumab (UltomirisÊ, Alexion), both of which are monoclonal 

antibodies designed to target C5, which block the activity of C5 convertase by preventing the 

cleavage of C5, preventing the formation of the cytolytic pore C5b-9 and thus inhibiting IVH 
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(133, 134). Interestingly, the effect of terminal complement blockade to inhibit haemolysis in 

PNH was previously observed in an individual who had C9 deficiency and was diagnosed with 

PNH but presented with no signs of haemolysis (135).  

 

1.7.1.1.1 Eculizumab 

The introduction of eculizumab in 2007 has been the gold-standard treatment in patients 

presenting IVH or thromboembolic complications that is administered intravenously every 

seven days for the first five weeks upon the start of treatment and biweekly thereafter (133). 

The clinical efficacy of eculizumab in reducing IVH was first demonstrated in a pilot study by 

Hillmen et al., that involved 11 transfusion-dependent patients, larger international studies 

(TRIUMPH and SHEPHERD) were subsequently conducted (136-138). Overall, the studies 

showed that eculizumab treatment was highly effective in inhibiting IVH, resulting in a lower 

risk of thrombosis, stabilised haemoglobin levels, and a reduced need for red cell transfusion. 

There was also a reduction in disease-related symptoms lower lactate dehydrogenase level 

(LDH) level as a result of reduced IVH, as well as an improvement in baseline fatigue scores 

and, ultimately, in quality of life. 

 

1.7.1.2 Ravulizumab 

Patients receiving eculizumab undergo maintenance infusions every two weeks as the drug has 

a half-life of approximately 11 days (139). The frequent dosing in some patients may be 

burdensome and increase the risk for breakthrough haemolysis due to insufficient complement 

inhibition within the last 48 hours before their next infusion (140). Ravulizumab was developed 

to address the limitations of eculizumab. It is an engineered eculizumab-like anti-C5 

monoclonal antibody that provides the same clinical benefits as eculizumab but has a longer 

half-life to provide patients with a more convenient dosing schedule. This was achieved by a 

technology called, Recycling Antibody® that enables a single antibody molecule to bind to an 

antigen multiple times by engineering antibodies to dissociate from the antigen at pH 5.8 within 

the endosome (141). In the case of ravulizimab, C5 is released for degradation and the antibody 

is put back into the circulation to bind to another C5 molecule. In addition to this, two additional 

amino acid substitutions (M428L/N434S) were introduced to enhance the affinity to neonatal 

Fc receptor (FcRn) by 10-12-fold and increase the efficiency of FcRn-mediated recycling of 

the antibody (142, 143). Phase III clinical trials of Ravulizumab suggest it has similar safety 

profiles to eculizumab, with less dosing frequency found to be less burdensome for patients 

(144, 145). Since it has only been approved in 2018, long-term data to assess safety and efficacy 

is still yet to be determined. 
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1.7.2 EVH 

Not all PNH patients benefit equally from eculizumab treatment; a significant number of 

patients have elevated LDH levels and low haptoglobin levels, indicating residual haemolysis 

(146). Furthermore, previous research has shown that even high concentrations of eculizumab 

are insufficient to completely block a high level of local complement activation, which may 

contribute to insufficient response in some patients (147). Although eculizumab prevents IVH 

of PNH-E by inhibiting the formation of MAC, which compensates for the loss of CD59, these 

cells remain susceptible to C3 fragment deposition as eculizumab does not compensate for the 

loss of CD55, which is responsible for the inactivation of C3 convertases and the amplification 

loop. A seminal study by Risitano et al. reported that C3 opsonisation of GPI negative PNH-E 

was found only in patients receiving eculizumab treatment but not on PNH-E from untreated 

PNH patients because these cells are likely to be destroyed rapidly by MAC (Figure 1.9) (148). 

The accumulation of C3 levels by tick-over of the AP and C3 opsonised PNH-E are recognised 

by complement receptors on phagocytic cells such as macrophages leading to phagocytosis 

(erythrophagocytosis) and an alternative route of clearance through the reticuloendothelial 

system in the spleen and liver. This phenomenon is known as the C3-mediated extravascular 

haemolysis (EVH) (148). As a result, approximately ~35% of patients still continue to require 

blood transfusions due to mild to moderate EVH (146). 

 

 

Figure 1.9. C3 coating on erythrocytes of eculizumab treated patients only. 

Erythrocytes of untreated (n=28) PNH patients and receiving eculizumab treatment (n=41) were stained 

with an anti-C3 polyclonal antibody and analysed by flow cytometry. Positive C3 staining were only 

observed in patients on eculizumab treatment. Each dot represents a single patient and bar represents 

median value. 

Image taken from a study by Risitano et al. (148) 
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A study by Lin et al. found C3dg fragment is a major opsonin present on PNH-E during 

eculizumab treatment and that accumulation of C3dg deposition on PNH-E correlates with the 

degree of erythrophagocytosis via the interaction of C3dg with CR3 on activated monocytes, 

implying that C3dg is likely to be involved in the risk for EVH (149). However, this is 

unexpected as C3dg is not commonly recognised as a phagocytic opsonin, unlike C3b and iC3b, 

which bind to relevant complement receptors, CR1/CR3, to initiate phagocytosis. Although it 

remains unclear which fragment and receptor mediates the phenomenon, this. Hence, the 

tendency for erythrophagocytosis may be determined by C3 fragment status on PNH-E rather 

than level, and this dictates engagement with phagocytic complement receptors. Therefore, by 

using novel monoclonal antibodies that can distinguish between iC3b and C3dg, the 

determination of which C3 fragment is truly responsible for the EVH is possible. The use of a 

novel anti-C3dg antibody is discussed in detail in Chapter 5.  

 

1.8 Complotype 

Common polymorphisms in the complement proteins can alter the risk for diseases as 

previously described with C3 and CR1 common variants. The ócomplotypeô, or the pattern of 

complement gene variants inherited by an individual, can affect disease risk by working 

synergistically to alter activity of parts of the cascade; as the effect of common variants is 

usually small, their impact of polymorphisms is particularly relevant in chronic disease (150). 

The term complotype was originally described by Alper et al. after determining that genes for 

C2, FB, and C4 were inherited as a single haplotypic unit found within the major 

histocompatibility complex (151, 152).  

 

Inheritance of common variants in the AP, including in C3, FB, and in the complement 

regulatory proteins such as FH, FI and MCP, can either lead to more or less AP activation and 

inflammation. Harris et al. have previously demonstrated that small changes in activity of 

common protein variants can combine to have large downstream effects, particularly when 

those variants are in the amplification loop. Common variants in the population can be disease-

associated, but the effect is considerably small, and multiple óhitsô may be required to cause 

disease, in addition to polymorphisms, risk factors include rare mutations and environmental 

factors. For example, in aHUS, multiple genetic and/or environmental hits are necessary for the 

manifestation of the disease and single complement gene mutations usually results in an 

incomplete penetrance of aHUS. Multiple mutations in either one complement gene or a 

combination of genes are required to impair complement regulation, which ultimately leads to 
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impaired host tissue protection and confers a predisposition to disease due to altered protein 

function or expression (153, 154).  

 

Biochemical and functional analyses can be used to determine how common polymorphisms 

can increase predisposition to the disease. A study by Montes et al. investigated the effect of 

the AMD-linked FB Q32 protective and FB R32 risk variants using complement functional 

assays. The FB R32 variant was found to have enhanced lytic activity compared to the FB Q32 

variant due to its stronger affinity for C3b, leading to an enhanced formation of the C3bB 

proenzyme and increased formation of active convertases (155). The FH I62 variant confers 

strong protection to aHUS, C3G and AMD due to its higher affinity for C3b compared to the 

common FH V62 variant. FH I62 demonstrated increased CA with FI leading to increased 

formation of iC3b and down regulation of the amplification loop (156, 157).  As previously 

mentioned, the C3 R102 variant, which has been associated with various diseases, including 

AMD, was discovered to have a lower binding affinity to FH than C3 G102, resulting in 

increased AP activity (70). The combination of risk C3 G102, FB R32 and FH V62 variants 

resulted in a higher haemolytic activity compared to the protective combination of C3 R102, 

FB Q32 and FH I62 variants. Functional analysis of disease-linked polymorphic variants, such 

as C3 G102, FB R32 and FH V62, revealed that these small changes could affect complement 

activity and, when combined, could have a larger effect (70). These studies provide evidence 

for how polymorphisms in the AP could influence AP activity by influencing initiation and 

control of the amplification loop leading to downstream effects; variants in the amplification 

loop can work synergistically to have a profound effect on an individualôs susceptibility to AP-

driven disease  

 

1.8.1 CR1 and C3 polymorphism in PNH 

As previously mentioned, the response to eculizumab treatment differs between PNH patients. 

A study by Rondelli et al. tested the hypothesis that complement-related polymorphisms such 

as the C3-S/F (R102G) and CR1 density polymorphisms might influence response (114). A 

significant correlation was found between the CR1 density polymorphism and the transfusion 

requirement of patients. In a study of 72 patients treated with eculizumab, it was discovered 

that 18% of patients who are homozygous for the high expression CR1-H/H allele had the 

lowest percentage of needing blood transfusion in comparison to other genotypes with 

intermediate expression, CR1-H/L  (33%), and low CR1 expression, CR1-L/L (68%). Therefore, 

patients with a low expression of CR1 were found to be sub-optimal responders to eculizumab. 

To test the effect of CR1 expression in C3 processing on PNH-E, Rondelli et al. performed an 



 

25 
 

in vitro study by exposing GPI-negative E from patients with known CR1 density 

polymorphism with eculizumab containing sera and measuring C3 loading by flow cytometry 

at different time points (Figure 1.10). The C3 on GPI-negative E was highest in patients with 

the CR1-L/L genotype, followed by CR1-H/L and lowest for CR1-H/H. This suggests that the 

density of CR1 has an effect on E, most likely controlling C3 deposition on PNH-E by 

facilitating C3 convertase decay and/or inactivation of C3b by CA with FI. Another study in 

Chinese patients with PNH found an association between the minor allele of the CR1 density 

polymorphism (L) and lower haemoglobin levels (115). Again, PNH patients with the minor 

CR1-L/L allele were considered suboptimal responders to eculizumab. 

 

Figure 1.10. Comparison of C3 binding to GPI-negative red cells in vitro in eculizumab-

treated patients with different three CR1 HindIII genotypes. 

In a study by Rondelli et al. (114)  to compare kinetics of C3 binding to PNH erythrocytes (E) from 

three CR1 HindIII genotypes, PNH-E were exposed with serum from patients on eculizumab and the 

complement alternative pathway was activated by mild acidification (0.016M HCl). C3 loading was 

measured using an anti-C3d antibody by flow cytometry. The rate of increase was highest for PNH-E 

with the CR1 L/L genotype and lowest for cells with the H/H genotype suggesting that CR1 on the E 

surface can modulate C3 fragment deposition with more regulation on cells with high density of CR1.  

Image take from Rondelli et al. (114) 

 

The study by Rondelli et al. also found no correlation between C3-S/F (R102G) polymorphism 

and transfusion requirement. However, Kaudlay et al. found the opposite observation by 

analysing the C3-S/F polymorphism in 46 eculizumab-treated patients in the PNH National 

Service in Leeds (147). Patients homozygous for the C3-S allele had a higher degree of C3 

loading on PNH-E (mean=33.7%) than patients with the C3-S/F (mean=19%) and C3-F/F 

(mean=12.8%) alleles (158). Furthermore, patients homozygous for the C3-S allele had higher 

reticulocyte count and bilirubin levels, with haemoglobin levels slightly lower than the other 

genotype with a much higher transfusion requirement. Their findings showed an association 

between the C3-S/F polymorphism and clinical haemolysis parameters, implying that the C3-S 

allele may play a role in the increased risk of EVH. Overall, the combined functional study of 

the C3-S/F and CR1 density polymorphisms is of great interest, given that the C3 variants differ 
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in their interaction with another regulator, FH, and CR1 have critical functions in the overall 

regulation of the complement system. 

 

1.9 Summary 

It is evident from previously discussed functional studies the effect of common polymorphisms 

in the complement-related proteins in the complement activity and how these can dictate an 

individual's susceptibility to certain diseases. A combination of common polymorphisms can 

significantly impact AP activity, leading to pathway dysregulation and disease. Although the 

effect of the C3 G102 variant has been described to be associated with risk for various diseases, 

its association with PNH and risk for EVH, specifically on C3 loading on PNH-E, has not 

previously been investigated in depth. The variation in C3 loading observed in PNH patients 

following eculizumab treatment is one reason complement-related proteins should be studied 

in this disease. In particular, the interaction of the C3 variants with its negative regulator CR1 

is of interest given that this regulator has been associated previously with PNH in terms of 

eculizumab treatment response.  

 

Although, the effect of CR1 density in regulating C3 loading on PNH-E and the mechanism 

underlying this remains vague. The development of novel assays to investigate the effect of 

CR1 density polymorphism on the breakdown of C3b and the generation of iC3b/C3dg on 

PNH-E, as well as the identification of critical C3 downstream fragments associated with an 

increased risk of erythrophagocytosis or EVH, will be valuable and is investigated in this study. 

 

PNH is a heterogeneous disease, patients have a varied haematologic response to eculizumab 

treatment, and the severity of EVH is different between patients. The mechanisms for the 

variation in the amount of C3 loading on PNH-E, affecting the security of EVH between 

patients, remain uncertain. Given the previous observation of the potential effect of C3-S/F and 

CR1 density polymorphisms in response to eculizumab treatment in PNH, investigating the 

functionality of these polymorphisms in AP regulation and C3b processing will be highly 

beneficial in understanding their impact on EVH.  

 

Overall, increasing our knowledge of the functional consequences of complement-related 

polymorphisms in both activators and regulators of the complement system should facilitate 

disease prediction and management of PNH. 
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1.10 Aims  

The project aims to elucidate the impact of the common C3-S/F and CR1 density 

polymorphisms on the risk of EVH in PNH patients receiving eculizumab. The relationship 

between clinical haemolytic parameters and genotype for either the C3 or CR1 polymorphisms, 

alone or in combination, will be investigated. The interaction of the C3-S and C3-F variants 

with CR1 and FI will be studied using established and novel methods to identify mechanisms 

affecting AP regulation due to the polymorphisms. A novel assay will be developed to 

investigate the functional difference between CR1 density polymorphisms in terms of their 

ability to control and promote C3b processing on PNH-E.  

 

1.11 Objectives 

In order to achieve the aims of the project, a cohort of PNH patients will be genotyped for C3 

and CR1 polymorphisms, which will be used to establish any correlation with the patients' 

haemolytic parameters, PNH clone size, and C3 loading on PNH-E. C3 variants will be purified 

from the plasma of genotyped donors, and C3b variants will be generated to study their 

interaction with recombinant CR1 constructs using surface plasmon resonance. To study the 

functional effect of high/low CR1 expression on E on the breakdown of C3b, a bead-based 

assay will be developed and optimised using flow cytometry. Sample generation from 

genotyped donors will also be optimised. 

 

1.12 Hypothesis 

The overall hypothesis of the project is that polymorphisms in C3 and CR1 influence not only 

the ability of complement to activate on PNH-E but also the downstream processing of C3b to 

iC3b and C3dg, thus, dictating risk for EVH. 
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Chapter 2 Materials and Methods 

 

2.1 Collection of blood samples  

2.1.1 PNH patient cohort 

Blood samples were obtained from PNH patient donors treated in the Leeds centre of the UK 

PNH National Service and were processed as described in Section 2.2. Samples for this study 

were collected after patients signed the PNH Research Tissue Bank consent form, which was 

approved by the Leeds East Research Ethical Committee (16/YH/0290). Eighty-one 

eculizumab-treated patients were included in this project. No exclusion criteria were applied in 

the cohort, and all patients had received eculizumab treatment for at least 12 months 

immediately prior to sample collection. Flow cytometry was used to determine the size of PNH 

clones of granulocytes, monocytes, reticulocytes, and erythrocytes (E)  and C3 loading on PNH-

E. The immunophenotypic analysis of PNH cells is described in Section 3.2.1 which Dr. 

Stephen Richards established at the haematological malignancy diagnostic services (HMDS) at 

Leeds St. Jamesô University Hospital. E are identified on bivariate plots of forward scatter 

(FSC) versus side scatter (SSC) with detectors set in logarithmic amplification mode. A 

bivariate plot of CD235a (559944; Becton Dickinson (BD) PharmingenÊ) versus CD59 

(MAB501; Abnova) and PNH-E clone sizes are quantitated from the CD59 histogram. CD59 

and CD71 (333551; BD PharmingenÊ) staining allow measurement of immature PNH red cell 

clone size. For granulocyte and monocyte analysis, six colour antibody combination includes 

FLAER (FL2S; Tebubio), CD24 (555428; BD PharmingenÊ), CD16 (338440; BD 

PharmingenÊ), CD15 (551376; BD PharmingenÊ), CD33 (333952; BD PharmingenÊ),  and 

CD14 (333951; BD PharmingenÊ). C3 on E are identified using a biotinylated C3d 

monoclonal antibody (A207; Quidel). Measurement of C3 loading on E, as reported in this 

study is the percentage of C3d positive E. C3 loading on PNH-E is the percentage of C3d 

positive PNH-E over the total of CD59 negative E, including both type II (partial loss of CD59 

expression) and III (or cells with complete loss of CD59 expression) PNH-E. Measurement of 

C3 loading on PNH-E type III excludes type II PNH-E (C3d loading on type III PNH-E over 

total of type III PNH-E).  

 

Clinical haemolytic parameters were also recorded, including haemoglobin, LDH, bilirubin 

levels and total reticulocyte count. The number of transfusion events within the last 12 months 

of data collection was also collected. These data were kindly provided by Miss Claire Mckinley 

from the PNH Tissue Bank Manager. Type III PNH clone sizes were provided by Mr. Daniel 

Payne from the HMDS team. 
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2.1.2 Healthy cohort 

Blood samples of volumes less than 50ml were collected from consented, healthy donors under 

the following ethical approval: Animal Welfare and Ethical Review Body Project ID No: ID 

633; Understanding Mechanisms of Immune-Mediated Disease.  Samples from healthy donors 

were used for experiments in Section 2.12.1. The National Institute for Health and Care 

Research (NBR84) recalled healthy donors for experiments described in Section 2.9 based on 

their C3 SNP (rs2230199) polymorphism, and more than 50ml of blood was collected after 

signing the consent form approved by the National Research Ethics Service Committee North 

East - County Durham and Tees Valley (REC reference: 12/NE/0121; The role of inflammation 

in human immunity). 

 

2.2 DNA extraction 

Approximately 9ml of anticoagulated blood was drawn into ethylenediaminetetraacetic acid 

(EDTA) vacutainer tubes, and the blood was centrifuged at 2000g for 20 minutes at 4ºC. After 

centrifugation, the buffy coat layer is visible as a white layer above the E pellet. To remove E 

contamination, leukocytes were collected using a pastette and incubated with 10ml of 

ammonium chloride-based red blood cell (RBC) lysing buffer (0.15M ammonium chloride, 

10mM potassium bicarbonate, 0.1mM EDTA; TONBO biosciences) at room temperature (RT) 

for 10 minutes or until all RBCs had fully lysed. The leukocytes were pelleted by centrifugation 

at 500g for 5 minutes and were washed once with phosphate buffer saline (PBS). Genomic 

deoxyribonucleic acid (gDNA) was extracted from isolated leukocytes using the QIAamp blood 

kit (Qiagen), according to the manufacturerôs instructions. DNA quality, purity (~1.8 

A260/A280) and concentration were determined using a Nanodrop Spectrophotometer ND-

1000 (Labtech International). The gDNA was stored at -20ºC prior to use. 

 

2.3 Genotyping for C3-S/F and CR1 density polymorphisms  

C3-S/F and CR1 density polymorphisms of subjects were analysed by polymerase chain 

reaction-restriction fragment length polymorphism (PCR-RFLP) (112, 159). The primer pair 

sequences and PCR condition used in the amplification for part of the C3 or CR1 gene are found 

in Table 2.1. Approximately 100ng of gDNA was amplified by 1ɛM of forward and reverse 

primers with 2X PCR master mix (F548S; Phusion Flash High-Fidelity PCR Master Mix, 

Thermo Fisher Scientific) in a final volume of 20ɛl. The PCR condition was as follows; initial 

denaturation at 98°C for 10 seconds (s) followed by 35 cycles of denaturation at 98°C for 1s, 

annealing at 66°C (for C3) and 65°C (for CR1) for 5s, elongation at 72°C for 10s and storage 
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at 4°C. The annealing temperature used for all PCR reactions in this project was identified using 

the Tm calculator from ThermoFisher Scientific (160).  

 

 Forward (5ô-3ô) Reverse (5ô-3ô) 

C3-S/F 

polymorphism  
rs2230199 

CCCTCGCACCTCCTTCAC CCTCTGGCTGGCACCTCAAT 

CR1 polymorphism  
rs11118133 CCTTCAATGGAATGGTGCAT CCCTTGTAAGGCAAGTCTGG 

 

 

 

A volume of 10ɛl from the amplified C3 or CR1 PCR product was digested with 1Õl of HindIII  

or HhaI restriction enzyme, respectively, in Cutsmart buffer (New England Biolabs (NEB)) to 

a final volume of 20ɛl and incubated at 37ÜC for 1 hour. Digested products from C3 or CR1 

genotyping were mixed with 6X DNA loading buffer (NEB), and samples were analysed by 

agarose gel electrophoresis using either 2% or 1.6% agarose gel (UltraPureÊ, Invitrogen) 

supplemented with Gel Green (Biotium) to stain the DNA. Digested fragments were categorised 

by length, as shown in Figure 2.1.  

 

2.4 Determination of CR1 length isoform 

2.4.1. Protein extraction and sample preparation 

Approximately 1x106 leucocytes from the isolated buffy coat, as described in Section 2.2, were 

lysed in 50µl of NP-40 (100mM Tris-HCl (pH 7.4), 300mM NaCl, 2% NP-40, and 10mM 

EDTA;  J62805, Alfa Aesar) supplemented with 1% protease cocktail inhibitor cocktail solution 

(P8340-1ml; AEBSF at 104 mM, Aprotinin at 80 µM, Bestatin at 4 mM, E-64 at 1.4 mM, 

Leupeptin at 2 mM and Pepstatin A at 1.5 mM; Merck) and incubated0 on ice for 30 minutes, 

the tube was flicked every 15 minutes to mix. Supernatants were collected after centrifugation 

at 16.0rcf in a cold microcentrifuge for 10 minutes. To prepare the sample for loading, 50µl of 

2X Laemmli buffer (Biorad) was added to the lysate and samples were heated at 95°C for 10 

minutes.  

 

 

 

.  

Table 2.1. Primers used for genotyping C3-S/F and CR1 density polymorphism using 

the polymerase chain reaction- restriction fragment length polymorphism. 
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2.4.2 Western blot analysis 

To identify CR1 length isoforms, proteins extracted from Section 2.4.1 were separated using 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Gels made were 4% 

polyacrylamide stacking gel (120mM Tris-HCl, 0.1% SDS, 4% polyacrylamide, 0.1% 

ammonium persulfate (APS), 0.1% tetramethylethylenediamine (TEMED), pH 6.8) and 6% 

polyacrylamide separating gel (375mM Tris-HCl, 0.1% SDS, 6% polyacrylamide, 0.1% APS, 

0.1% TEMED, pH 8.8) using the HoeferÊ gel caster. Proteins were transferred onto an 

Amersham Hybond 0.22µM PVDF membrane (Cytiva) at 30A for 2 hours using the TE22 tank 

(Hoefer Inc). The membrane was blocked with 5% milk in PBS-T (phosphate buffered saline 

with 0.1% v/v Tween-20) overnight at 4°C. After each incubation period, the membrane was 

washed three times with PBS-T for 10 minutes at RT.  The membrane was incubated with an 

in-house anti-human CR1 antibody (MBI-38) at 1µg/ml at RT for at least 3 hours. The 

Figure 2.1. Genotyping for C3-S/F and CR1 density polymorphism using polymerase 

chain reaction-restriction fragment length polymorphism. 

Donors were genotyped for their C3-S/F and CR1 density polymorphisms using PCR to amplify a 

portion of the A. C3 (0.5kb) or B. CR1 gene (1.6kb). Negative (neg) controls were also included (no 

genomic DNA included). Amplified products were subjected to C. HhaI enzyme digestion for C3-S/F 

genotyping, cleaving at GCGC in the C3-S allele to give digestion products of ~0.259kb and ~0.235kb) 

but not GGGC in the C3-F allele (undigested) or D. HindIII  enzyme digestion for CR1 density 

polymorphism genotyping, where a single nucleotide change (A>T) in the CR1-L allele leads to a 

restriction site, giving digested products ~1.1kb and ~0.5kb. DNA products were visualised in an 

agarose gel.  
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membrane was washed three times every 10 minutes at RT and incubated with 1:1000 dilution 

of Peroxidase-conjugated AffiniPure goat anti-mouse IgG (115-035-003; Jackson 

ImmunoResearch Europe Ltd) for 1 hour at RT. Prior to image development, final washes were 

performed again, three times with PBS-T every 10 minutes. Bound antibody was detected by 

chemiluminescent technique (SuperSignalTM West Pico Chemiluminescent Substrate, 

ThermoFisher Scientific), and images were obtained using the LI-COR FC Odyssey imaging 

system. 

 

2.5 Generation of recombinant human CR1 proteins  

2.5.1 Construct design 

Recombinant human CR1 constructs containing SCRs 1-4 (CR11-4) and SCRs 1-11 (CR11-11) 

sequence were ordered from Eurofins Genomics and were synthesised into a standard vector, 

pEX-A258 (Figure 2.2). The ordered constructs included additional restriction sites for SalI and 

NotI enzymes at the 5ô and 3ô ends, respectively, to allow cloning into an expression vector and 

a FLAG (DYKDDDDK) sequence at the 3ôend.  

 

2.5.2 Molecular cloning 

The lyophilised plasmid DNA (pDNA) containing the CR1 construct sequence was 

reconstituted in diethylpyrocarbonate (DEPC)-treated water (InvitrogenÊ) to give a final 

concentration of 50µg/ml. in a thin-walled PCR tube. A 25µl aliquot of NEB 5-alpha Competent 

E. coli, a derivative of DH5a (C2987H, NEB), was transformed with 1µl (50ng) of plasmid 

DNA. The bacteria were placed on ice for 10 minutes before incubation at 37°C for 45s to 

facilitate the heat shock reaction, and the bacteria were placed on ice for 2 minutes. For 25µl of 

competent cells, 250µl of super optimal broth with catabolite repression (SOC) media was 

added, and the mixture was incubated at 37°C for 1 hour on a shaker to allow the bacterial cells 

to recover. 

 

Luria Bertani (LB) agar plates were prepared with 100µg/ml of ampicillin (Sigma), and 100µl 

of the bacteria was aliquoted onto an LB plate and incubated overnight at 37°C. Bacterial 

colonies were picked from the LB plate with a pipette tip, transferred to 5ml LB ampicillin 

(100µg/ml) broth in a 50ml falcon tube with a loosened lid, and incubated at 37°C overnight in 

a shaker. The bacterial culture was pelleted after 5 minutes of centrifugation at 4,000g, and the 

supernatant was discarded. The DNA was extracted according to the manufacturer's protocol 

using the Qiagen QIAprep Spin Miniprep kit (Qiagen). The DNA was eluted in DEPC-treated 

water and stored at -20°C until needed, with an aliquot sent for sequencing. It should be noted 
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that all sequencing in this study was sent to Eurofins Genomics to ensure that no errors in the 

CR1 sequence were introduced. The original pDR2ȹEF1Ŭ expression vector used in this project 

was a gift from Dr I. Anegon (161). The vector includes the eukaryotic Elongation Factor 1 

alpha (EFlŬ) promoter, which initiates expression in eukaryotic cells, multiple cloning sites 

(MCS), and ampicillin and hygromycin resistance genes which allow selection in bacteria and 

eukaryotic cells, respectively. Additional cloning sites were added to the original pDR2ȹEF1Ŭ 

termed pDR2ȹEF1Ŭ nmcs3 by Prof. K. Marchbank, which was used in this project (Figure 2.3). 

 
 

Figure 2.2. The commercial pEX-A258 vector map. 

Shown is the schematic overview of the pEX-A258 vector map (Eurofins Genomics) illustrating the 

various elements within the vector. The sequences of CR1 SCRs 1-4 and 1-11 were inserted into the 

multiple cloning site (MCS), which is highlighted in dark blue. The ampicillin resistance gene allowed 

bacterial selection.  

Vector sequence is found at this link- https://eurofinsgenomics.eu/media/1587669/pex-

a258_map_seq_v10.pdf 

 

2.5.2.1 Restriction digests 

The CR1 construct sequences within the pEX-A258 plasmid was digested by single digestion 

reactions, each containing 1µg of pDNA, 1µl of restriction enzyme (20 units) and 5µl of 10X 

CutSmart buffer in a total reaction volume of 50µl with DEPC water. The reaction mix was 

incubated at 37°C for 1 hour, and digested pDNA was purified using QIAquick PCR 

Purification Kit (Qiagen) and eluted in 50µl in DEPC water. To confirm the linearisation of the 

pDNA at each step, 6µl of elution was loaded on an agarose gel. The remaining elution was 

subjected to the second restriction digest containing the same reaction mix, incubated under the 

same conditions as before, and purified. After NotI digestion and purification of the reaction 

https://eurofinsgenomics.eu/media/1587669/pex-a258_map_seq_v10.pdf
https://eurofinsgenomics.eu/media/1587669/pex-a258_map_seq_v10.pdf
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Figure 2.3. The pDR2ȹEF1Ŭ nmcs3 expression vector. 

The overview of the pDR2ȹEF1Ŭ nmc3 vector map shows the various elements within the vector, 

including the eukaryotic translation elongation factor 1 alpha (EF1Ŭ) promoter, ampicillin resistance 

gene for bacterial cell selection and hygromycin resistance gene for mammalian cell selection. The CR1 

construct sequences were ligated between the SalI and NotI sites within the multiple cloning site. (MCS). 

Herpes simplex virus 1 thymidine kinase (HSV TK), polyadenylation (poly(A)), simian vacuolating 

virus 40 (SV40).  

 

mix for the CR11-11 construct, 46µl of the elution was further digested with PvuI (NEB) under 

the same conditions. The pDR2ȹEF1Ŭ nmcs3 expression vector was also subjected to a two 

sequential single digestion reactions with SalI and NotI containing the same reaction mix as 

previously described and eluted in 50µl of DEPC water. The final purified digested products 

were loaded onto a 1% agarose gel to enable visualisation and excision of the desired digested 

products, which were purified using the QIAquick Gel Extraction Kit (Qiagen) according to the 

manufacturerôs protocol. 

 

2.5.2.2 Ligation 

The digested products were ligated to the pDR2ȹEF1Ŭ nmcs3 expression vector using T4 DNA 

ligase (M0202, NEB). The amount of insert and ligation for the reaction was calculated using 

the NEBioCalculator online ligation calculator. The ligation mix included the calculated 

amount of insert, 10ng of pDR2ȹEF1Ŭ nmcs3 vector, 1µl T4 DNA ligase, 2µl 10X T4 DNA 

Ligase Buffer and DEPC water to make the final volume of 20µl. The ligation reaction mix was 

incubated at 16°C overnight using a PCR machine. Multiple ligation reactions containing a 

varying ratio of insert and constant amount of pDR2ȹEF1Ŭ nmcs3 vector were set up to 
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maximise the chance of successful ligation. The ligated product was subjected to bacterial 

transformation using 1µl of the ligated product in 25µl of NEB 5-alpha Competent E. coli cells 

in a thin-walled PCR tube, incubated in ice for 30 minutes. The bacteria were heat shocked at 

37°C for 25s, and tubes were placed in ice for 2 minutes. To allow the cells to recover, the 

reaction mixture was transferred to an Eppendorf tube containing 500µl of SOC media (B9020, 

NEB) and was incubated at 37°C for 1 hour in a shaker. The bacteria (100µl) were then plated 

onto an ampicillin plate, and the remaining bacteria were spun at 6000RPM for 1 minute using 

a tabletop centrifuge; 300µl supernatant was discarded, and the bacterial pellet was resuspended 

from the solution left in the Eppendorf tube and was plated onto another ampicillin plate. All 

ampicillin plates were incubated at 37°C overnight. As a positive control for the ligation, the 

pUC19 vector was used (NEB).  

 

2.5.2.3 Generation of the CR18-11 construct 

The construct containing the CR1 SCRs 8-11 sequence (CR18-11) construct was generated by 

amplifying the sequence from a plasmid containing the CR11-11 DNA sequence with a HindIII  

restriction site in the 5ôend. The primer pair used is shown in Table 2.2. The PCR condition is 

as follows; initial denaturation at 98°C for 10s followed by 35 cycles of denaturation at 98°C 

for 1s, annealing at 64°C for 5s, elongation at 72°C for 10s and stored at 4°C. The amplified 

product was loaded onto a 1% agarose gel to allow visualisation and excision of the desired 

amplified product. The amplified product was purified using the QIAquick Gel Extraction Kit 

(Qiagen) according to the manufacturerôs protocol. Following elution, the amplified product 

was digested with HindIII and NotI enzymes (as described in Section 2.5.2.1) to facilitate 

ligation to the Signal pIgplus (SigpIg) expression vector (R&D Systems) (Figure 2.4) which 

had also been digested with the same enzymes (Figure 2.4). The final purified products were 

ligated as described in Section 2.5.2.2.  

 

2.5.2.4 Screening of bacterial colonies  

Bacterial colonies were screened using PCR to confirm successful ligation. The primers used 

in the screening are found in Table 2.2. A single colony was picked with a pipette tip, dipped 

into 20µl DEPC water, and mixed by pipetting up and down. A drop of 2µl of the mixture was 

added to an ampicillin plate, and the remaining 18µl was boiled at 99°C for 2 minutes to lyse 

the bacteria and release pDNA. The mixture was spun at 12,000g for 3 minutes to collect the 

supernatant, which was used as a template for the PCR screening. PCR products were loaded 

onto a 1% agarose gel to confirm successful ligation in clones by determining the correct sizes 

of amplified PCR products. 
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Forward (5'-3') Reverse (5'-3') 
A CCTCGTCTGTTCGGGCAGTCCC CGGCCTTCGTATTTCACATTTCGGAC 
B GTTCGGAGTCTGTCACCAA ATGTCTGGATCGGTGCGGGC 
C CTAAGCTTGGACACTGTCAGGCACC TGGCGGCCGCTCACCCTCCACCAGATC

CCTTGTCGTCATCGTCCTTATAATCTC 
D ACTCACTATAGGGAGACCC ATGTGTGAGGTTTGTCACAAG 

 

 

 

 

 

 

 
 

 

Figure 2.4. The Signal pIgplus expression vector. 

Shown is the expression Signal pIgplus expression vector highlighting functional sites for cloning 

including multiple cloning sites (MCS) and ampicillin resistance (AmpR) sequence.   

Cytomegalovirus (CMV), factor Xa (Xa), simian virus (SV), thymidine kinase (TK), neomycin 

resistance (NeoR) 

 

2.5.2.5 Isolation of plasmid DNA 

Positive colonies were picked with a sterile loop from the ampicillin plate, transferred to 10ml 

of LB ampicillin broth, and incubated overnight at 37°C shaking. The pDNA was extracted as 

described in Section 2.5.2. The samples were sent for sequencing to confirm no errors were 

present within the CR1 sequence.  

 

Table 2.2. Primer used for molecular cloning. 

A. Primers to check the correct DNA sequence of CR1 SCRs 1-4 and 1-11 in the pEX-A258 

vector . 

B. Primers used for bacterial screening and to check the correct DNA sequence for CR1 SCRs 1-

4 and 1-11 after ligation to the pDR2ȹEF1Ŭ nmcs3 vector. 

C. Primer pair used to amplify CR1 SCRs 8-11 sequence in a vector containing the CR1 1-11 

sequence. 

D. Primer pair used to confirm successful ligation of the CR1 SCRs 8-11 DNA sequence into the 

SigpIg plus expression vector. 

For sequencing, each primer was used for two separate reactions.  
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2.6 Expression system 

All Chinese hamster ovary (CHO) (Thermo Fisher Scientific) and hybridoma cell lines used in 

this project were incubated in a humidified incubator at 37°C supplemented with 5% CO2 and 

handled in a flow cabinet under sterile conditions. The cell culture medium used was Roswell 

Park Memorial Institute (RPMI)-1640 (Sigma) for CHO cells, supplemented with 50U/L of 

penicillin and 50µg/ml of Streptomycin, 2mM Glutamine and 10% foetal bovine serum (FBS) 

(all from Sigma). Stock cells were stored in liquid nitrogen and thawed at 37°C before being 

resuspended in prewarmed cell culture media. The cells were centrifuged at 300g for 4 minutes 

and resuspended in 5ml of fresh media in a T25 cell culture flask. 

 

2.6.1 Transfection of CHO cells 

One day prior to transfection, CHO cells were seeded at an amount recommended by the 

manufacturerôs protocol (Polyplus) for cell transfection, depending on the size of the cell 

culture plate used. On the day of transfection, cell culture media was changed prior to 

transfection and cells were transfected with the JetPEITM DNA transfection reagent. The 

recommended amount of DNA and JetPEITM was diluted separately in 150mM sodium chloride 

(NaCl). The diluted JetPEITM solution was added to the DNA solution, and the mixture was 

incubated for 30 minutes at RT. The DNA/JetPEITM mixture was added dropwise to the cells 

and incubated for 3 hours at 37°C/5% CO2, and the media was changed. A negative control was 

included, which was cells not transfected but treated with the same transfection reagents as the 

samples. After 3 days following transfection, the supernatant was collected to test for successful 

transfection by Western blot (see Section 2.4.2). The transfected cells were then subjected to 

hygromycin B (ForeMediumTM) selection at 500µg/ml, and the media was changed every days. 

After 3 days of hygromycin selection, non-transfected cells usually die. Transfected cells were 

then scaled up for single cell cloning and cryopreservation of bulk transfected cells.  

 

2.6.2 Single cell cloning of transfected CHO cells 

The best expressing cell clone was isolated by limiting dilution in 96-well plates. A feeder layer 

was set up in a 96-well plate where suspension of wild-type CHO cells was made at 2,000 

cells/ml, and 100µl of this was aliquoted per well (200 cells per well). In a separate 96-well 

plate, transfected cells were serially diluted 1:2 to give 100 to 1 cell per 50µl with enough 

volume for triplicates. Serially diluted cells were added to the 96-well plates containing the 

feeder layer. After a day, the cells were treated with 50µl of 1600µg/ml hygromycin. An 

additional 96-well plate with a feeder layer but no transfected cells was created as a control.  

Cell growth was monitored, and the selection media was changed every three days. Around 2 
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weeks in culture, supernatant from wells containing 1 colony was screened for expression by 

enzyme-linked immunosorbent assay (ELISA).  

 

2.6.3 Sandwich ELISA 

Medisorp 96-well plates (Thermo Fisher Scientific) were coated with 50µl of 10µg/ml in-house 

anti-CR1 antibody (MBI-35) in coating buffer (15mM sodium carbonate (Na2CO3), 35mM 

sodium bicarbonate (NaHCO3) pH 9.6 and incubated overnight at 4°C. All wash steps between 

incubation times were carried out with 300µl of PBS-T, and subsequent incubation steps were 

carried out at 37°C for 1 hour. In brief, the plate was blocked with 100µl of 5% w/v milk in 

PBS-T, 50µl of sample (supernatant from 1 cell/well sample) or standards. The standards were 

made up of diluted purified CR1 constructs. The plate was incubated with 50µl detection 

antibody (polyclonal rabbit anti-CR1; CSB-PA822164ESR1HU, Cusabio) at 2µg/ml, followed 

by the addition of 50ɛL of secondary horse radish peroxidase (HRP)-conjugated goat anti-

rabbit (111-035-003; Jackson ImmunoResearch Europe Ltd.) secondary antibody at 1:1000, all 

diluted in blocking buffer. Peroxidase activity was measured by adding 100µl of o-

Phenylenediamine dihydrochloride (OPD, SIGMAFASTÊ) at 0.4mg/ml into 0.4mg/ml urea 

hydrogen peroxide and 0.05M phosphate-citrate, pH 5.0 as a substrate for detection. In most 

cases, incubation for 5 minutes at RT is sufficient to detect colour change. If the signal is too 

weak, incubation time is extended to 20 minutes while the plate is covered in foil. The reaction 

was stopped by adding 50µl of 10% H2SO4, and absorbance was measured immediately at 

492nm using the BMG Labtech Plate Reader. 

 

2.6.4 Cryopreservation of cells 

The best-expressing clones were expanded to a T75 flask, and when cells were nearly 100% 

confluent, cells were detached from the flask by incubating the cells with 1% Trypsin (Sigma) 

in PBS for 5 minutes at 37°C. Additional cell culture media was added to inactivate the trypsin, 

and cells were centrifuged at 300g for 4 minutes. Cell pellets were resuspended with 5ml 

freezing media (10% dimethyl sulfoxide (DMSO) in cell culture media), and resuspended cells 

were aliquoted cryovials, stored at -80°C for at least 24 hours in a freezing container (Corning 

CoolCell), and transferred to liquid nitrogen for long-term storage. 

 

2.6.5 Maintenance of stable CHO cell lines expressing CR1 constructs 

Stable cell lines were scaled in 1.5L roller bottles or T1720 flasks for larger scale purification 

(Corning CellBIND Surface HYPERFlask). For roller flasks, the cell pellet from at least one 

confluent T175 flask was resuspended with 200ml growth media and equilibrated overnight in 
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a sterile incubator at 37°C and 5% CO2 with loosened lids. Roller flasks were transferred to an 

electronic roller shelf at 37°C at a speed of 10RPM and left for 10 days. For T1720 flasks, cell 

pellet from at least one T75 flask was resuspended in 500ml growth media and cells were 

incubated at 37°C, and 5% CO2 and supernatant were collected and refreshed after 7 days. After 

each said incubation period, growth media was collected and centrifuged (4,000g for 30 

minutes) to remove cells in the supernatant and the supernatant was stored at -20°C until needed 

for CR1 purification.  

 

2.6.6 Maintenance of hybridoma cells expressing anti-CR1 antibody 

A hybridoma cell line secreting CR1 (MBI-35) antibodies that recognise SCRs 1-3 of CR1 was 

previously generated by Prof. Claire Harris. Cells were thawed from a liquid nitrogen stock and 

washed into a hybridoma medium (RPMI, 10% low IgG FBS, 0.05mM 2-Mercaptoethanol 

(Gibco), 50U/L of penicillin and 50µg/ml of streptomycin, 2mM Glutamine, 1mM sodium 

pyruvate (Gibco) and transferred into a T25 flask, incubated at 37°C and 5% CO2. Cells were 

scaled up to either a spinner or a CL1000 flask after antibody secretion was confirmed by a dot 

blot (Figure 2.5). For a spinner flask, at least one confluent T175 was required to be transferred 

to a 200ml hybridoma medium in a 1L magnetic spinner flask which was set to spin at 60RPM 

continuously for 10 days after which media was collected. The use of CL1000 flask for a high 

expression cell culture system was also used for larger scale antibody purification. The flask is 

divided into two compartments by a semi-permeable membrane, one for the cells (20-30 ml 

volume) and the other for the hybridoma media (no FBS; 1 litre). To inoculate the flasks, the 

cell compartment was pre-wetted with 15ml media, which was then removed and inoculated 

with cells pooled together from twelve 100% confluent T25 flasks by centrifuging at 300g for 

minutes and resuspending in 25ml of hybridoma cell culture media. 1L of the bulk media was 

added to the medium compartment, which was discarded and changed every 7 days. Cells were 

also harvested every 7 days when the hybridoma media was changed, leaving around 1ml of 

cell culture in the cell compartment and topping up with another 24ml of hybridoma media. 

The cells harvested from both the spinner flask and CL1000 flask were centrifuged at 4,000g 

for 30 minutes at 4°C, with the supernatant collected immediately for antibody purification or 

stored at -20°C until further use. 

 

2.6.6.1 Dot blot to screen for antibody production from hybridoma cells 

Cell culture supernatant (5µl) was spotted on a nitrocellulose membrane which was left to dry. 

The membrane was blocked at RT with 5% milk in PBS-T for 1 hour and the membrane was 

washed three times every 10 minutes at RT. The membrane was incubated with 1:1000 dilution 
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of Peroxidase-conjugated AffiniPure goat anti-mouse IgG (115-035-003; Jackson 

ImmunoResearch Europe Ltd) for 1 hour at RT. Prior to image development, final washes were 

performed again, three times with PBS-T every 10 minutes. Bound antibody was detected by 

chemiluminescent technique (SuperSignalTM West Pico Chemiluminescent Substrate, 

ThermoFisher Scientific), and images were obtained using the LI-COR FC Odyssey imaging 

system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

2.7. Protein purification 

All collected cell culture supernatant was centrifuged at 4000g for 30 minutes to remove cells. 

The supernatant was either stored at -20̄ C for purification at a later stage or filtered through a 

0.2µM hydrophilic polyethersulfone (PES) membrane filter (Millipore). Both AKTAÊ Start 

(Cytiva) at RT and AKTAÊ Pure (Cytiva) at 4°C were used for protein purification in this 

project. 

 

2.7.1 Purification of MBI-35 (anti-CR1 antibody) by Protein G chromatography 

The in-house mouse monoclonal MBI-35 (CR1) antibody was purified using a protein G 

affinity column which contains Protein G immobilised to resin that binds to eukaryotic 

immunoglobulins. As the column was stored in ethanol prior to loading supernatant to the 5ml 

Protein G HP column (Cytiva), it was washed with 8 column volume (CV) of H2O and 

equilibrated with 8 CV of PBS, followed by loading of cell culture supernatant at 1ml/min flow 

rate and washing with 20CV of PBS. The bound protein was eluted with 100% of 0.1M 

glycine/HCl pH 2.7 in 5ml fractions and was neutralised with 500µl of 1M Tris pH 9.0. An 

example of a chromatogram for antibody purification is shown in Figure 2.6. The concentration 

5ul 1:2 1:4 

1:8 1:16 

Media only MBI-35 at 5ҡg/ml 

Figure 2.5. Dot blot to confirm antibody secretion of hybridoma cells. 

To confirm that the hybridoma cells were secreting antibodies, supernatant from the hybridoma cell 

culture was collected and serially diluted in hybridoma medium. A nitrocellulose membrane was dotted 

with 5µl of each serial dilution. Negative (only media) and positive (purified MBI-35 antibody) controls 

were also included. A goat anti-mouse IgG HRP probe was used to probe the membrane.  
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of the peak fractions was measured, and aliquots were either dialysed to a coupling buffer (0.2M 

sodium carbonate and 0.5M NaCl, pH 8.3) for generating a CR1 affinity column or dialysed in 

PBS for use in assays such as Western blot and ELISA. Dialysis was performed overnight at 

4°C using dialysis tubing (Medicell) with a molecular cut-off of 12-14kDa.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.7.2 Generation of CR1 affinity columns 

In order to capture target antigens by affinity chromatography, HiTrap N-hydroxysuccinimide 

(N-HS) -activated high performance (HP) prepacked columns (Cytiva) were used to covalently 

couple ligands such as purified monoclonal antibodies. Approximately 5-7mg of MBI-35 

antibody was used to couple a 1ml HiTrap N-HS-activated HP column, following the 

manufacturerôs protocol. Initially, the isopropanol that the columns were stored in was washed 

away with 6ml of ice cold 1mM HCl. Then coupling buffer was injected using a 10ml syringe 

and at a flow rate of approximately 1ml/min to equilibrate the column. A volume containing 5-

7mg of the purified antibody was then loaded onto the column and incubated for 30 minutes at 

RT. The column was washed with alternating rounds of 0.5M ethanolamine/0.5M NaCl, pH 8.3 

and 0.1M sodium acetate/0.5M NaCl, pH 4 to remove non-specifically bound ligands and 

deactivate excess active groups not bound to the ligand. The efficiency of coupling was 

measured after coupling according to the manufacturerôs protocol averaging around 95%. The 

column was then stored in PBS containing 0.01% sodium azide until further use. 
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Figure 2.6. Purification of anti-CR1 antibody using affinity chromatography. 

Affinity chromatography of anti-CR1 antibody using a 5ml HiTrap Protein G HP (Cytiva) column. 

Bound proteins were eluted with 0.1M glycine/HCl pH 2.7 in 5ml fractions. The UV trace (mAU) 

is shown in the blue line, the conductivity decreases in the red line, and the elution buffer (100%) 

concentration in the pink line is displayed. 

Loading of supernatant to the column and column wash are not shown. 
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2.7.3 Purification of recombinant CR1 constructs by affinity chromatography 

To avoid cross-contamination, separate anti-CR1 antibody affinity columns were generated for 

each CR1 construct (CR11-4, CR18-11, and CR11-11). For the first use, the column was pre-eluted 

with 0.1M glycine pH 2.7, until ~0-2mAU was reached.  The elution buffer used was changed 

over time to diethylamine in PBS pH 11.5 which improved the yield of purification. The column 

was equilibrated with 8CV of PBS containing 1M NaCl and filtered cell culture supernatant 

was loaded into the column at 1ml/min by a peristaltic pump on AKTAÊ Start or AKTAÊ 

Pure (Cytiva). The column was washed with 30CV of PBS 1M NaCl, and proteins were eluted  

in 1ml fractions that were neutralised with 100µl 1M Tris pH 7.  After use, the columns were 

stored in PBS containing 0.01% sodium azide. Peak fractions were dialysed into HBS (10mM 

HEPES pH 7.4, 140mM NaCl) overnight at 4°C using dialysis tubing (Medicell) with a 

molecular cut-off of 12-14kDa. The purified CR1 proteins were loaded on a 10-20% 

polyacrylamide SDS PAGE gel (XP10202BOX; NovexÊ WedgeWellÊ) before or after buffer 

exchange, and gels were stained with Coomassie Blue R-250. 

 

2.7.4 Protein quantification 

The concentration of purified proteins was measured by absorption at 280 nm using a Nanodrop 

8000 (ThermoFisher). Protein concentrations were calculated by the equation: Concentration 

(mg/ml) = A280/extinction coefficient (צ), where צ is when the pathlength is 1cm. Table 2.3 

shows the extinction coefficients for CR1 constructs. 

 

 

 

 

 

 

 

 

 

 

2.7.5 Concentrating proteins 

To achieve the required concentration for the assays, multiple protein fractions were 

concentrated using the Amicon ultrafiltration cell (Millipore). Ultrafiltration regenerated 

cellulose membranes (Merck) were used to concentrate the protein solutions with cut-offs based 

on the size of the protein- 10kDa for CR11-4 and CR18-11 and 40kDa for CR11-11. 

 

CR1 

construct 
Molar extinction coefficient at 280nm 

(Ů
molar
(M
-1
cm
-1
)) Ů 

1-4 46410 1.38 
8-11 37930 1.25 
1-11 99810 1.23 

Table 2.3. The molar extinction coefficients of the CR1 constructs purified in this project. 

The extinction coefficient of the proteins was determined from - 

https://www.novoprolabs.com/tools/protein-extinction-coefficient-calculation. 

Ů is when pathlength is 1cm when measuring absorbance at 280nm. 

https://www.novoprolabs.com/tools/protein-extinction-coefficient-calculation
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2.7.6 Size exclusion chromatography 

After sufficient proteins had been concentrated, contaminants were removed using size 

exclusion chromatography (SEC) on the AKTAÊ Pure (Cytiva). SEC separates proteins based 

on size. A 24ml CV Superdex 75 10/300 (Cytiva) column was used for CR1 CR11-4 and CR18-

11  and a Superdex Increase 200 10/300 (Cytiva) column was used for CR11-11 The volume of 

protein typically loaded into a Superdex column is approximately 2.5% of the CV, and proteins 

are separated with a 1.5CV isocratic elution using HBS 0.01% Tween-20 as the running buffer. 

This also allows the proteins to be buffer-exchanged into the buffer used for the Biacore assays.  

 

2.8 Characterisation of recombinant CR1 proteins 

2.8.1 Deglycosylation of CR1 constructs using PNGase F 

SDS-PAGE analysis of the purified CR11-4 and CR18-11 constructs showed noticeable doublets 

indicating that the proteins were possibly glycosylated. To confirm this, all purified CR1 

proteins were treated with PNGase (P0704S, NEB) to remove N-linked oligosaccharides 

following the manufacturerôs protocol. In summary, a minimum amount of 1Õg of purified CR1 

protein was incubated with 1µl of denaturing buffer bringing the final volume to 10µl with 

H2O. The mixture was boiled at 100°C for 10 minutes and then chilled on ice before 

centrifugation for 10s. A total reaction volume of 21µl containing the following was made, 2µl 

of Glycobuffer 2, 2 µl of NP40, 6 µl H20 and 1 µl of PNGase F was added to the initial 10 µl 

reaction volume. As controls, a sample without the CR1 construct  added was generated and 

sample containing only the PNGase (no CR1 construct). SDS-PAGE and Western blot analysis 

were used to confirm protein deglycosylation (Section 2.4.2.). 

 

2.8.2 Fluid phase cofactor assay  

The efficacy of CR1 constructs for their CA with FI was determined by incubating 1µg of C3b 

(Comptech) with 100ng FI (Comptech) and different concentrations of CR1 constructs in a total 

reaction volume of 10µl in PBS at 37°C for 10 minutes. To stop the reaction, 10µl of reduced 

2X Laemlli buffer (Alfa AesarÊ) was added to the samples. The sample was loaded onto a 10-

20% polyacrylamide SDS-PAGE gel, which was then stained with Coomassie Blue R-250. 

Image Studio Lite (LI-COR) was used to perform densitometry analyses. Breakdown of Ŭô 

chain in each sample was measured by using the formula:  

(density of Ŭô-chain (sample) / density of ɓ-chain (sample)) / (density of Ŭô-chain (negative 

control) / density of ɓ-chain (negative control)) * 100. This gives the density of Ŭô chain in % 

that is left normalised to the negative control (C3b and FI only sample- no C3b breakdown), 

which has 100% of Ŭô-chain.   
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2.8.3 Haemolysis assay 

2.8.3.1 Preparation of sheep and rabbit erythrocytes 

To assess the function of CR1 constructs in the CP regulation, 2% (v/v) of sheep erythrocytes 

(shE) (TCS Biosciences) were prepared for use in the haemolysis assay. 2ml of shE was washed 

three times in 10ml of CP wash buffer (10mM HEPES, 140mM NaCl, pH 7.4) by centrifuging 

at 800g for 4 minutes in a bench top centrifuge with the brake reduced to 7 (from a maximum 

of 9) and carefully removing the supernatant to avoid disruption of the cell pellet. After the 

final wash of shE, most of the supernatant was removed, and 400µl of pelleted shE was 

transferred to 10ml of wash buffer, which was prewarmed to 37°C. Anti-sheep antibody 

(1:1000) (Amboceptor, Behring Diagnostics) was added to a separate vial of 10ml wash buffer 

(prewarmed to 37 C) and mixed. The vials containing antibody and shE were then mixed and 

incubated at 37°C for 30 minutes, with regular inversion to prevent cells from settling. 

Following incubation, shE were washed with the CP assay buffer (10mM HEPES, 140mM 

NaCl, pH 7.4, 1mM MgCl2, 1mM CaCl2) as described above, but with the brake set to full. 

Following the final wash, the shE was resuspended in 20ml of assay buffer to generate 2% (v/v) 

shEA for use in the haemolysis assay. 

 

To prepare 2% (v/v) rabbit E (rbE) to assess the function of CR1 constructs in the regulation of 

the AP, 2ml of rbE were washed three times with AP assay buffer (10mM HEPES, 140mM 

NaCl, 10mM EGTA, 7mM MgCl2, pH 7.4) as described above. For the last wash, most of the 

supernatant was removed and approximately 400µl of pelleted rbE was transferred to 20ml of 

AP wash buffer to make a 2% (v/v) solution of rbE. 

 

To ensure that the cells were at the correct density for the subsequent assays, absorbance values 

at 412nm of cells incubated in buffer only (0%) or completely lysed (100%) were first 

determined. This enabled small adjustments to the cell density if required. The negative control 

was comprised of 100µl of assay buffer and 50ul of 2% of shEA or rbE, while the positive 

control was comprised of 50µl of assay buffer, 50µl of 0.01% Triton X-100 and 50µl of shEA 

or rbE. The plate was centrifuged at 1200rpm for 3 minutes, and 100µl of supernatant was 

transferred into 75µl of water in a flat bottom 96-well plate. The absorbance of haemoglobin 

released into the supernatant was measured at 412nm using a BMG Labtech Plate Reader. 

Typically, absorbance at A412 of ~1.5 is desired, and if the measured A412 was above this, 

then the shEA or rbE is diluted. 
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2.8.3.2 Dilution of human serum  

For inhibition assays, it is important that the dynamic range of the assay is pre-determined. The 

dilution of normal human serum (NHS) used in the assay should yield ~70-80% lysis in the 

absence of an inhibitor. For CP haemolysis assay, this was determined by an initial dilution in 

the CP assay buffer of NHS starting from 1 in 20 in 100µl and 50µl of shE is added. For the 

AP haemolysis assay, dilution of NHS starts from 1 in 2.5 in AP assay buffer with a total volume 

of 100µl and 50 µl of rbE is added. Each serum dilution was carried out in triplicate. Control 

samples were included as follows:  

i)  the negative control sample (0% lysis) contains 100µl of CP or AP assay buffer and 50µl of 

shE or rbE. 

ii) the positive control (100% lysis) contains 50µl of CP or AP assay buffer, 50 µl of 0.01% 

Triton and 50µl of shE or rbE.  

The plate was sealed, and samples were mixed using a plate shaker (~1000rpm for 20s) and 

incubated at 37°C for 30 minutes. After incubation, the percentage lysis was calculated as 

follows: (A412 test sample well ī A412 0% control well) / (A412 100% control well ī A412 

0% control well) *100. The serum dilution that gave ~70% lysis was then used for subsequent 

assays. 

 

2.8.3.3 Function of CR1 constructs 

The function of the CR1 constructs was determined using serial dilutions of each construct in 

the assay. The amount of each construct was adjusted to ensure that the inhibition was within 

the dynamic range of the assay. CR1 constructs were diluted across a 96-well round-bottomed 

plate in 50µl final volume, adding 50µl of NHS, which was previously determined to result in 

70% lysis and 50µl of shEA or rbE. Samples were incubated at 37°C for 30 minutes and the 

plate was centrifuged (800g, 3 minutes), and the absorbance of samples was measured as 

previously described. Percentage lysis of each sample was calculated by:  

(A412 test sample well ī A412 0% control well) / (A412 100% control well ī A412 well ~70% 

lysis; no CR1 construct; only NHS) *100 

The percentage inhibition of lysis by the CR1 construct was calculated by:  

(% of lysis from sample ~70% lysis; no CR1 construct; only NHS ī % of lysis of samples) /  

(% of lysis from sample ~70% lysis; no CR1 construct; only NHS) *100.  

Using GraphPad Prism v9, the percentage inhibition of lysis (y-axis) against the concentration 

of CR1 (x-axis) is plotted and sigmoidal curves is generated to calculate the half maximal 

inhibitory concentration (IC50) of each construct.  
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2.9 Purification of C3 proteins from human plasma 

The method for C3 purification in this project was adapted from ñPurification and 

Characterization of Human and Mouse Complement C3ò by Marieta M. Ruseva and Meike 

Heurich (162). Whole blood was collected in EDTA tubes and centrifuged at 2,600g for 15 

minutes at 4°C to separate plasma from cell pellet, which was either stored at -80°C until further 

use or subjected to protein precipitation by adding 10% (weight/volume) of sodium sulphate 

(Na2SO4, anhydrous) for example, 2.5g Na2SO4 was added to 25ml plasma. The protein solution 

was left to stir at RT for 2 hours to allow the removal of high molecular weight compounds 

such as fibrinogen and y-globulins in the sample before applying them to chromatography 

columns. The precipitate was harvested by ultracentrifugation at 26,000g for 30 minutes at 4°C, 

and the supernatant was collected and transferred to a dialysis tubing with 14kDa cut off 

(Medicell). The supernatant was dialysed for 2 hours at 4°C into Diethylaminoethyl cellulose 

(DEAE) Buffer A (10mM potassium phosphate (KH2PO4) and 5mM EDTA at pH 7.8) and then 

overnight with fresh buffer. The dialysate was then filtered through a 0.2µm PES filter prior to 

anion exchange chromatography. 

 

2.9.1 Anion exchange chromatography 

Following from dialysis of the filtrate into DEAE buffer A, the dialysate was injected into a 

DEAE column (Cytiva) via a 50ml Superloop using the AKTAÊ Pure at a flow rate of 

1ml/min. The column was washed with 4CV of DEAE buffer A to remove unbound proteins 

and bound proteins were eluted with a linear gradient from 0-25% DEAE buffer B (10mM 

potassium phosphate (KH2PO4), 5mM EDTA, 1M NaCl at pH 7.8). Peak fractions were 

analysed using SDS-PAGE to determine fractions containing C3 which were pooled together 

and dialysed into Mono S Buffer A (50mM sodium phosphate (NaH2PO4) at pH 6) overnight 

in preparation for cation exchange chromatography.  

 

2.9.2 Cation exchange chromatography 

Hydrolysed C3 was removed post anion exchange chromatography using a Mono S column 

(Cytiva). The dialysate in Mono S Buffer A (Section 2.9.1) was loaded onto to the column via 

a 50ml Superloop using the AKTAÊ Pure at a flow rate of 1ml/min.  The column was washed 

with 10 CV of Mono S buffer A (50mM NaH2PO4 at pH 6) and proteins were eluted in 1ml 

fractions with a linear gradient from 0- 40% MonoS buffer B (Mono S buffer A with 1M NaCl). 

Peak fractions were analysed using SDS-PAGE and C3-containing fractions were pooled 

together to be dialysed into HBS at 4°C overnight. A280 of purified C3 was measured and was 

stored at -80°C until further use.  
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2.10 Generation and isolation of C3b 

C3b variants were generated by a reaction mix of 750ug/ml of C3 variant protein, 250ug/ml of 

FB, 2ug/ml of FD, and 5mM of MgCl2 in a final volume of 1ml in HBS. The mixture was 

incubated at 37°C for 30 minutes and was dialysed to 10mM KH2PO4 at pH 7.8 overnight at 

4°C for anion exchange chromatography using a Mono Q column (Cytiva). The reaction 

volume was loaded onto a mono Q column using the AKTAÊ Pure, and the proteins were 

eluted using linear gradient elution, 0-30% of 10mM KH2PO4, 1M NaCl at pH 7.8. Residual 

proteins and breakdown products were separated based on the pI of the proteins- C3a (~9), C3b 

(~5), FB (~7), Bb (~7), Ba (~6) and FD (~7) determined by analysis of the amino acid sequence 

using web.expasy. The main elution peaks were visualised by SDS-PAGE/Coomassie Blue-

R250 staining. Fractions containing C3b were pooled together for SEC using the Superdex 200 

10/300 column (Cytiva) to isolate C3b monomers from contaminants and C3b dimers using 

HBS as the running buffer. Peak fractions were all analysed on an SDS-PAGE by Coomassie 

Blue R-250 staining prior to loading onto the next column. After SEC, main peak fractions were 

stored at -80°C until further use.  

 

2.11 Functional assay of C3-S/F variants with CR1 constructs using surface plasmon 

resonance 

All  surface plasmon resonance (SPR) assays in this project were performed using the Biacore 

S200 (Cytiva). C3b proteins were immobilised on a carboxymethyl 5 (CM5) sensor chip 

(Cytiva) using random amine coupling or thioester coupling as described below. An amine 

surface is composed of C3b proteins immobilised on the chip surface by the amine groups in 

C3b, while on a thioester surface, C3b is immobilised by the thioester domain of C3b. The 

running buffer used in the experiments was HBS with 0.01% Tween-20 and all buffers were 

sterile filtered through a 0.22µm membrane filter. The running buffer was supplemented with 

1mM MgCl2 for assays involving the accumulation of alternative pathway C3 convertases on 

the chip surface. For manual or automated runs, regeneration buffer (10mM sodium acetate, 

1M NaCl at pH4.0) was injected for the 60s at the end of each cycle to remove C3b ligands and 

regenerate the chip surface for the next cycle or run. 

 

2.11.1 Preparation of chip surface coupled with C3b 

C3b proteins were immobilised on the surface of a CM5 sensor chip by setting up an automated 

method and using the amine coupling kit (Cytiva). Amine coupling was used as the sole method 

for each experiment or to immobilise a small nidus of C3b prior to thioester coupling (as 

described below). The injection of N-hydroxysuccinimide (N-HS) and N-(3-



 

48 
 

dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC) activated the chip surface 

by modifying carboxymethyl groups. C3b was injected over the activated chip surface at a pH 

predetermined to promote electrostatic interaction; the close association with the surface 

enabled capture and covalent immobilisation of the C3b. Once sufficient C3b was covalently 

immobilised, the remaining active sites were blocked by injecting 1M ethanolamine-HCl pH 

8.5 to deactivate unreacted N-HS esters. For this project, the interaction of CR1 with C3b 

variants was assessed and compared on an amine or thioester surface. Flow cell (FC) 1 or 3 are 

used as reference cells (blank), while FC2 and 4 are immobilised with C3b. Reference cells 

were also activated and blocked, but no protein was covalently bound. This helps to ensure that 

the reference and test cell carry an approximately equivalent background charge which can 

affect non-specific binding. 

 

2.11.1.1 Immobilisation of C3b on a CM5 chip by amine coupling 

The interaction of CR1 with C3b variants on an amine surface was assessed by immobilising 

the same amount of C3b on a chip surface on FC2 and 4. C3b was diluted in 50mM sodium 

acetate at pH 4.5 to a 5µg/ml concentration. A typical BIAcore sensorgram for amine coupling 

of C3b is shown in Figure 2.7. 

 

2.11.1.2 Immobilisation of C3b on a CM5 chip by thioester coupling 

To create a C3b thioester surface, approximately 100 response units (RU) of C3b proteins were 

set up to be first immobilised on a sensor chip. The immobilised C3b on the surface was used 

to form an AP C3 convertase (C3bBb) by running a manual run and injecting FB (40µg/ml) 

and FD (1µg/ml) (Comptech) diluted in the running buffer supplemented with MgCl2 and 

injected at a flow rate of 20µl/min for 120s. Purified C3-S or C3ïF at a concentration of 

500µg/ml-1mg/ml concentrations were injected straight after the build-up of surface-bound AP 

C3 convertases which generates C3b (and C3a). The nucleophilic attack on the internal thioester 

group within C3b results in the covalent bonding of C3b on the chip surface via an ester bond. 

This sequence was repeated until the desired amount of C3b had been immobilised on the 

surface. To remove any non-covalently bound proteins, regeneration buffer was injected for 

60s. Figure 2.8 shows a BIAcore sensorgram for immobilisation of C3b by a manual thioester 

coupling. 

  



 

49 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.11.1.3 Affinity analysis 

The affinity of the CR1 constructs for the C3b variants was assessed on an amine and thioester-

coupled C3b surface, generated as described previously. The CR1 constructs used in this 

analysis were previously buffer exchanged into the Biacore running buffer. All CR1 constructs 

were serially diluted 2-fold, and each concentration was injected across the surface of FC 1 and 

2 or FC 3 and 4 for 60s at a flow rate of 30µl/min. Regeneration buffer was flowed through for 

60s after each injection of a construct to clean the chip surface after each cycle. Steady-state 

binding responses were plotted as the RU on the y-axis and construct concentration (µM) on 

the x-axis. The Biacore S200 Evaluation Software (Cytiva) was used to generate the Scatchard 

analysis, and the affinity constant (KD), Rmax (RU) and Chi2 (RU2) was calculated.  

 

2.11.1.4 Decay accelerating function 

The ability of CR1 constructs to decay convertases was tested by forming surface-bound AP 

C3 and C5 convertases by injecting FB and FD followed by natural decay for 60s. CR1 

constructs were then injected for 60s at different concentrations to accelerate the decay of the 

surface-bound convertases (24, 70).  
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Figure 2.7. Sensorgram of amine coupling of C3b on a CM5 chip surface. 

In the initial step, the electrostatic interaction of C3b to the chip surface is tested at the selected pH 

(50mM sodium acetate at pH 4.5). If the gradient is sufficient, the surface is cleaned with sodium 

hydroxide and the immobilisation continues. The surface is activated by injecting N- 

hydroxysuccinimide (N-HS) and N-(3-dimethylaminopropyl)-Nô-ethylcarbodiimide hydrochloride 

(EDC) to modify the carboxymethyl groups. C3b is injected in measured pulses until the target RU 

value is reached. The surface is blocked with the injection of ethanolamine, which deactivates any 

remaining active esters. 
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2.11.1.5 Trimolecular complex building 

A CM5 chip was initially coupled with C3b via amine or thioester immobilisation, as previously 

described. The formation of the trimolecular complex (TMC), C3b: CR1:FI was assessed by 

injecting CR1 constructs and inactive FI (S525A; a gift from Dr. Thomas Cox) at equal 

concentrations of 125nM for 60s followed by natural dissociation for 60s. Injections were all 

performed using Biacore running buffer supplemented with 1mM MgCl2; the presence of Mg 

enabled the formation of convertase at the start and end of a series of injections or experiments 

to check for any loss of C3b on the chip surface (by injection of FB and FD as previously 

described).  
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Figure 2.8. Manual immobilisation of C3b on a CM5 sensor chip surface via thioester 

coupling. 

An initial 100RU of C3b was immobilised by amine coupling on the surface of a CM5 sensor chip 

using an automated run in a Biacore S200. FB and FD (red arrow) were injected onto the chip surface 

at 40µg/ml and 1µg/ml, respectively, to initiate the generation of AP C3 convertase (C3bBb) on the 

chip surface, resulting in an increase in RU. C3 (blue arrow) was injected immediately after FB/FD 

injection, resulting in the production of nascent C3b by the C3 convertase. Nascent C3b has a transient 

ability to bind covalently to the chip surface due to a nucleophilic attack on the internal thioester bond 

resulting in an ester link to the chip surface or ester/amide links to other C3b molecules on the surface. 

This process is repeated until the value of 800RU is reached. Weakly bound proteins on the surface 

were removed by injecting 10mM sodium acetate, 1M NaCl, pH 4. (regeneration buffer, green arrow). 
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2.12 Bead-based assay to investigate CR1 density polymorphism by flow cytometry 

In order to study the efficacy of C3b breakdown with different CR1 density polymorphisms, 

the free thiol on hydrolysed C3b (Comptech) was biotinylated and captured using streptavidin 

beads (DynabeadsÊ M-270 Streptavidin, Invitrogen by Thermo Fisher Scientific) to mimic its 

binding to cell surfaces. C3b bound on the beads were cleaved by pure proteins or lysates 

generated from E of donors with different CR1 density polymorphisms. The breakdown 

fragments of C3b are stained with anti-C3 antibodies and analysed using flow cytometry. FACS 

buffer (1% BSA, 5mM EDTA, 0.05% sodium azide in PBS at pH7.4) was used for all washes 

of E and including dilution of samples. The flow cytometer used in this project was the FACS 

Symphony, BD.  

 

2.12.1 Preparation of erythrocytes  

Blood samples from healthy donors were collected in EDTA tubes and were centrifuged at 

1400g for 10 minutes, at 4ºC, plasma and buffy coat layer were removed and E was isolated. 

Approximately 2ml of E were washed in 20ml of FACS buffer and the E suspension was 

centrifuged at 800g for 4 minutes with a break at 7. The supernatant was removed, and the wash 

was repeated twice. Most supernatant was carefully removed on the last wash to isolate the E 

pellet. A dilution of 20% E was made, and a further 500X dilution prior to an automated cell 

count using the Fluidlab R-300 (Anvajo) and a suspension of E in FACS buffer was made at 

1600x106cells/ml. 

 

2.12.2 Measurement of relative expression of CR1 on E  

Relative CR1 expression on E (CR1/E) was quantified by flow cytometry using the QuantumÊ 

R-PE MESF kit (Bangs. Laboratories, Inc) following the manufacturerôs protocol. In brief, 

approximately 1x106 E were stained with 5µl of an anti-human CD35 antibody (Clone E11) 

conjugated with PE (333405, Biolegend) for 30 minutes at RT. E were washed three times with 

1ml of FACS buffer, and the sample was centrifuged at 800g for 5 minutes and resuspended in 

300ul for flow cytometry analysis. CR1/E was calculated using a quantitative analysis template 

(QuickCal®) provided by Bangs Laboratories to generate a calibration curve based on the 

fluorescence of a blank reference bead and four other beads with varying fluorescence 

intensities to generate a calibration plot. Figure 2.9 shows an example of the observed 

fluorescence peaks and Figure 2.10 shows an example of how CR1/E is calculated. 
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2.12.3 Preparation of solubilised erythrocyte lysates 

From the final suspension of E mentioned in Section 2.12.1, 500µl of 0.2% Triton X-100 was 

added to 500µl of 1600x106 cells/ml of E from all donors (giving approximately 20x106 cells 

per 25µl). E was left to rotate at RT for 10 minutes to lyse, and samples were spun at 15,000g 

for 5 minutes using a microcentrifuge and supernatant was collected, which was used for the 

bead-based assay immediately or aliquots were also stored at -80°C. 
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Figure 2.9. Fluorescence intensity of microbead standards to quantitate relative CR1 

numbers per erythrocyte. 

Quantitative Molecules of Equivalent Soluble Fluorochrome (MESF) kits contain reference microbead 

standards with a different intensity that have been calibrated in MESF units. Beads were analysed by 

flow cytometry, A. using the forward and side scatter (FSC-A and SSC-A) to gate around the singlet 

population, performed for every microbead population. B. Each bead population was analysed 

separately, and distinct fluorescence peaks were observed, gated to acquire fluorescence median values 

as shown used to generate the calibration plot. C. Fluorescence median intensity values were used to 

generate a calibration plot shown in Figure 2.10. 
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2.12.4 Biotinylation of C3b proteins 

C3b (Comptech) proteins were biotinylated using the EZ-link Maleimide-PEG2-Biotin kit 

(Thermo Fisher Scientific) according to the manufacturerôs protocol. This approach targeted 

biotin to the free thiol in C3b that is generated near the thioester site upon activation. This is 

the only free thiol in C3b and enables capture onto streptavidin surfaces in the correct 

orientation for functional assays. 2mg of biotin was reconstituted in 190µl of PBS, and 1.4µl of 

this solution was added to 250µg of C3b. The mixture was incubated at 23°C for 2 hours. After 

incubation, the mixture was purified using ZebaÊ spin desalting columns (Thermo Fisher 

Scientific) with a molecular cut-off of 7kDa. The columns were spun initially at 1500g for 1 

A.  

B.  

C.  

Figure 2.10. Generation of a calibration plot from the QuickCal® analysis template to 

calculate CR1 numbers per erythrocyte. 

A. Fluorescence median values of each bead population are entered into the QuickCal® analysis 

template to generate a B. calibration plot (channel (x-axis) against Molecules of Equivalent Soluble 

Fluorochrome (MESF) (y-axis). C. The calibration plot is used to calculate CR1 per erythrocyte (E) by 

entering the median value (channel) of stained E measured by flow cytometry in the analysis template. 
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minute to remove the storage buffer and washed with 300µl of PBS. After the last wash, a 

maximum of 100µl of the C3b-biotin mixture was added per column, with 15µl of PBS to 

follow, and flow through was collected after spinning the column at 1,500g for 2 minutes. The 

concentration of the biotinylated C3b was measured, and aliquots were stored at -80°C until 

further use. 

 

2.12.5 Conjugation of antibodies 

Primary antibodies were conjugated using the Lightning-Link® Antibody Conjugation Kits 

(Abcam) following the manufacturerôs protocol. In summary, 1Õl of modifier reagent was 

mixed with 10µg of antibody (maximum volume 10µl) before being added to the lyophilised 

powder. The mixture was incubated for 15 minutes at RT and kept in the dark. After incubation, 

10µl of the Quencher solution was added, and the mixture was incubated for 5 minutes before 

use. 

 

2.12.6 Preparation of C3b-biotin coated streptavidin beads 

Streptavidin beads at 6x106 beads/ml concentration were diluted in FACS buffer in maximum 

recovery tubes (Axygen®) to give a final concentration of 10x106 beads/ml. Beads were 

magnetised and washed twice with FACS buffer using a magnetic separation microplate and 

resuspended in 10x106 beads/ml. Biotinylated C3b was added to the suspension of beads at a 

final concentration of 2.5µg/ml, and beads were incubated for 1 hour while rotating to allow 

C3b-biotin binding to the beads. After incubation, beads were washed 3 times and blocked with 

biotin (Thermo ScientificÊ EZ-LinkÊ Sulfo-NHS-Biotin) for 10 minutes at RT whilst 

rotating. The beads were washed again 3 times and resuspended in 20x106beads/ml. 

 

2.12.7 Preparation of samples for the bead-based assay 

Samples were prepared in maximum recovery tubes and incubated in round-bottomed low-

binding 96-well plates (Greiner Bio-One). The optimal FI concentration for the assay was 

determined to be 16ng/µl, and the optimal number of E used per sample was 20x106 E. For each 

sample, 50µl of beads, 25µl FI and 25µl of E lysate were used. Samples were incubated at 37°C 

for 1 hour to initiate C3b conversion on the beads. For the time course experiments, samples 

were added to the plate, starting with the sample with the longest incubation, i.e. 60 minutes, 

then after 10 minutes, a sample for 50 minutes incubation was added to be incubated, and this 

was repeated every 10 minutes. Following sample incubation, the beads were magnetised with 

a magnetic plate, the supernatant was discarded, and the beads were washed 3 times with 200µl 

of FACS buffer. After the third wash, the beads were incubated with 100µl regeneration buffer 
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(10mM sodium acetate, 1M NaCl at pH 4.0) for 3 minutes with the plate shaking at 800rpm to 

remove non-specifically bound protein. The beads were washed three times with FACS buffer 

and stained with 100µl at 5µg/ml concentrations of monoclonal antibodies against iC3b (A209, 

Quidel) and C3dg (customised antibody made by Biorad) conjugated with Alexa Fluor 488 and 

647 fluorophores, respectively, for 30 minutes on plate shaker in the dark. After incubation, the 

beads were washed with FACS buffer 3 times and resuspended in 200µl of FACS buffer and 

analysed by flow cytometry. 

 

2.13 Generation of in-house anti-C3dg antibody 

The anti-C3dg antibody was generated by screening for novel antibodies using the Human 

Combinatorial Antibody Libraries (HuCAL) technology by Biorad. The HuCAL platinum 

library contains 45 billion human antibodies in Fab format and Biorad carried out the screening 

and antibody synthesis, and a large panel of hits were obtained to various C3 fragments. Dr 

Ruyue Sun, a past member of our group characterised the antibody candidates using Western 

blot and ELISA (Figure 2.11) and antibody was identified to specifically recognise C3dg 

(Ab424).  

 

Figure 2.11. Characterisation of anti-C3dg (Ab424) antibody by Western blot. 

C3dg and iC3b proteins were loaded on a 10-20% polyacrylamide  gel and specificity of Ab424 was 

confirmed by Western blot analysis by only detecting C3dg protein and not iC3b using the Ab424 

antibody. 

Western blot analysis by Dr Ruyue Sun.  
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Chapter 3 C3- S/F and CR1 density polymorphism in the PNH Leeds 

cohort 

 

3.1 Introduction 

Complement-mediated IVH in PNH is inhibited by anti-C5 treatment with eculizumab, which 

has been the gold standard treatment in patients (137). Ravulizumab, an engineered version of 

eculizumab, was recently approved to reduce the treatment burden associated with eculizumab 

by having a longer duration of action, resulting in less frequent administration of the drug (134, 

142). Ravulizumab was found to be non-inferior to eculizumab both in efficacy and safety for 

PNH treatment (144, 145).  The initial phase-controlled phase 3 trial of eculizumab in 2004 led 

by Hillmen et al. showed a significant improvement in most clinical features of PNH, including 

fatigue, pain, anaemia, and quality of life measures (136). This was followed by two 

international studies, TRIUMPH and SHEPHERD, which found a decrease in thromboembolic 

events and resulted in a significant improvement in patient survival (137, 138).  

 

The inhibition of terminal complement at C5 prevents its cleavage and the release of C5a and 

C5b, thus the uncontrolled generation of MAC on PNH-E. At the same time, the upstream 

complement cascade remains active, and PNH-E become opsonised with C3 fragments 

produced by C3 cleavage (148, 163). C3-opsonised PNH-E are targeted for clearance and 

undergo EVH in the reticuloendothelial system (164). The severity of this EVH limits the 

benefit of eculizumab; as a result, some patients have persistent reticulocytosis and low 

haemoglobin levels, with up to 30% of patients still requiring transfusions (165-167).  Risitano 

et al. have shown that the amount of C3 on PNH-E correlated significantly with the reticulocyte 

count of PNH patients and their response to eculizumab treatment (148). In addition, a larger 

study involving 147 PNH patients who were treated in the UK PNH National Service in Leeds 

was carried out where patients were observed over a 48-month period and found reticulocyte 

count to correlate strongly with elevated bilirubin levels, C3 loading and increased transfusion 

requirement (167).  

 

There are several factors that can influence variability in eculizumab response between patients, 

including the amount of C3 loading on PNH-E, where complement activity and regulation in 

an individual are likely to play a role. There have already been studies on the effect of 

combinations of polymorphisms in complement-related genes, known as the complotype, on 

complement activity, particularly of those variants found in activators and regulators in the AP, 

which have previously been discussed (Section 1.8) (70, 150). Complement regulators with the 
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function of processing C3 on erythrocytes are of particular interest, these include the soluble 

regulator FH, and the membrane-bound regulator, CR1, both of which have CA for FI-mediated 

cleavage of C3b.  

 

The CR1 density polymorphism on E has been linked to patient response to eculizumab, with 

patients with high CR1 surface density being identified as better responders (requiring fewer 

transfusion events) than those with intermediate or low CR1 density (114). The C3-S/F 

(rs223019) polymorphism was also determined in patients in the same study, with a gene 

frequency of 0.8 for the C3-S allele and 0.2 for the C3-F allele in the Caucasian population 

(168). There was no link observed between the C3-S/F polymorphism and eculizumab response 

in patients despite analysing 72 patients. However, the genotype frequency limits the power of 

this analysis, necessitating a larger study to confirm the finding. However, a study conducted 

by Kaudlay et al. found an association between the C3-S/F polymorphism and haemolytic 

parameters such as bilirubin levels, which is a breakdown product of haemoglobin released 

from E lysis, and the number of reticulocytes, which is also indicative of anaemia, which most 

PNH patients have (158).  Such haemolytic parameters are found to be associated with EVH, 

and patients who are homozygous for the C3-S allele had higher C3 loading on PNH-E as well 

as increased reticulocyte numbers and bilirubin levels when compared to patients with either 

C3-S/F or C3-F/F allele (169).  

 

When the terminal pathway is blocked by eculizumab, the loss of DAF on PNH-E, which has 

a DAA on convertases, causes an increase in C3 loading on PNH-E. CR1 primarily regulates 

C3b inactivation on PNH-E due to its CA via FI-mediated cleavage to generate downstream 

fragments iC3b and C3dg. It is worth noting that, while MCP and FH can inactivate C3b, MCP 

is not expressed on E and FH is a soluble regulator. As a result, it should come as no surprise 

that the density of CR1 on E can influence the regulation of C3 breakdown on PNH-E, as well 

as C3 loading on PNH-E and, ultimately, the risk for EVH. Furthermore, as previously stated, 

genetic variations in complement-related genes between individuals may affect complement 

activity and regulation. As C3-S/F variants have been linked to diseases, their interactions with 

other complement proteins (FB, FH) have also been investigated and have been shown to affect 

AP activation and regulation, as previously described (70, 153-155) . Their interactions with 

the negative C3 regulator CR1 may also differ, potentially affecting the regulation of each C3 

variant differently.  
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This chapter will focus on identifying any correlation between the C3-S/F and CR1 density 

polymorphism with clinical and biochemical indicators of EVH in patients treated with 

eculizumab. All data presented here have been provided by the Haematological Malignancy 

Diagnostic Service and Leeds Research Team, where one of the PNH National Centres in 

England is located. No exclusion criteria were applied in the analysis, and as such, patients with 

bone marrow failure and aplastic anaemia are included.  

 

The clinical parameters presented ranged from 2013-2019 due to the access and availability of 

patient clinical data, including levels for LDH, haemoglobin and bilirubin, reticulocyte count 

and transfusion requirement. Measurement for C3 loading on reticulocytes and E, specifically 

PNH cells of type II or III, are also presented. The PNH clone sizes of granulocytes, monocytes, 

reticulocytes (type II and III), and E (type II and III) are also examined. Given that transfusion 

is very subjective, the transfusion requirement was determined based on whether the patient 

had undergone a transfusion within 12 months of the data collection. Although recording and 

using the blood units delivered will be helpful, this information is occasionally not documented 

in the clinic. All patient data presented here were measured once.  

 

Based on previous work by Rondelli and Kaudlay (114, 169), we hypothesised that common 

variations in C3 (S/F) and CR1 (density polymorphism) affected EVH susceptibility by altering 

the regulation of the AP, specifically the inactivation of C3b to iC3b/C3dg on PNH-E. Although 

it has been suggested that the end product of C3 degradation, C3dg, can also support 

phagocytosis (149), the primary ligand for CR3 is iC3b. iC3b coated complexes are recognised 

by myeloid cells including macrophages and monocytes that express CR3 and CR4, CRIg 

receptors on macrophages such as liver Kupffer cells also recognise iC3b, and all mediate 

phagocytosis (53). It is highly likely that in vivo, iC3b is rapidly processed to C3dg; however, 

the amount of iC3b present on a PNH-E, however small, could dramatically alter the fate of the 

cell and risk for EVH. CR1 is the only complement regulator that controls this process and 

defines the relative proportions of the two ligands. The work described in this chapter describes 

approaches to investigate this hypothesis, by determining whether there was any correlation 

between the C3-S/F and/or CR1 density polymorphisms and haemolytic parameters in 

eculizumab-treated patients. 
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3.2 Results  

3.2.1 Flow cytometric analysis to measure PNH clone size and C3 loading on PNH-E 

A definitive diagnosis of PNH is performed by flow cytometric analysis for the observed 

deficiency of GPI-linked antigens on granulocytes and monocytes. Analysis of the granulocyte 

and monocyte cell populations at HMDS involves using a six-colour combination staining for 

GPI-linked membrane proteins (Figure 3.1). Granulocytes are recognised by CD15-positive 

staining, while CD16 and CD24 negative staining further identifies PNH cells (Figure 3.1A-

B). Positive CD33 staining defines monocytes, while negative CD14 and FLAER staining 

identifies PNH cells further (Figure 3.1C-D). FLAER is a non-lysing, mutated form of the 

protein aerolysin that binds specifically to GPI-linked anchors without causing cell lysis. The 

detection of small abnormal granulocyte populations in patients using FLAER staining of GPI-

negative cells was found to be more sensitive than CD59 in leukocytes, providing a more 

precise determination of GPI deficiency in PNH (170).  

  

  

  

A. B. 

C. D. 

Figure 3.1. Example of granulocyte and monocyte analysis in a PNH patient to determine 

PNH clone size. 

Peripheral blood sample from a patient was stained with a combination of antibodies against CD33, 

CD15, CD16, CD24, and FLAER and E were lysed before flow cytometric analysis.  

A. Granulocytes were identified by positive CD15 expression, and variable side scatter area (SSC-A) 

(P1) and was further analysed for B. CD24 and CD16 expression. C. Monocytes were identified by 

positive CD33 expression (P2) and variable SSC-A were further analysed for CD14 and FLAER 

expression.  

Images were taken from the HMDS laboratory protocol for immunophenotypic analysis of PNH Cells 

Version 2.1 by Stephen Richards.  
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An example of a typical PNH case is shown in Figure 3.2. Erythrocytes are stained with CD235a 

(a marker for E) and CD59 to identify PNH clones. Either type III (complete deficiency) and 

type II (partial deficiency) or type I (normal expression) PNH-E are determined. The PNH-E 

clone size (10.95%) are calculated by a CD59 histograms (Figure 3.2D) by adding the type III 

(10.77%) and type II (0.18%) clone sizes. 

 

  

  

  

A. B. 

C. 

D. 

E. 

Figure 3.2. Example of erythrocyte analysis in a PNH patient to measure PNH-E clone 

size. 

A-B. Erythroycytes (E) are gated based on forward and side scatter areas (FSC-A and SSC-A) and 

CD235a staining. (P1 and P2) C. E are stained for CD235a and CD59. D. Percentage of type III 

(complete CD59 deficiency) and type II (partial deficiency) PNH-E are determined by a CD59 

histogram. E. Total percentage of the PNH clone is calculated by adding the percentage of type III and 

II cells i.e total PNH-E clone size is 10.77% (type III) plus 0.18% (type II) to give a total of 10.95% 

PNH-E clone size. 

Images were taken from the HMDS laboratory protocol for immunophenotypic analysis of PNH 

Cells Version 2.1 by Stephen Richards 
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Staining with CD71 can also be used to analyse the immature red cell population or 

reticulocytes, which provides a more accurate representation of the PNH clone size (Figure 

3.3). Similarly to the calculation of PNH-E clone size, PNH reticulocyte clone size (87.11%) 

can also be calculated using a CD59 histogram by adding the type III (81.94%) and type II 

(5.17%) reticulocyte clone sizes. 

 

  

A. B. 

C. 

D. 

E. 

Figure 3.3. Example of reticulocyte analysis in a PNH patient for measurement of PNH 

clone size. 

Peripheral blood sample from a patient was stained with a combination of antibodies against CD235a, 

CD71 and CD59 and was analysed by flow cytometry. 

A. Erythrocytes (E) are gated based on forward side scatter area (FSC-A) and CD235a staining (P1), 

and B. side scatter area (SSC-A). C. Reticulocyte population was gated based on CD71 expression.  

D. Percentage of type III (complete CD59 deficiency) and type II (partial deficiency) PNH-E are 

determined by a CD59 histogram. E. Total percentage of reticulocyte PNH clone size is calculated by 

adding the percentage of type III and II reticulocytes. 

Images were taken from the HMDS laboratory protocol for immunophenotypic analysis of PNH Cells 

Version 2.1 by Stephen Richards.  
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In most of the PNH patients treated with eculizumab, C3 loading on PNH-E is detected, which 

is absent in untreated patients as PNH-E would lyse; accumulation of C3 on PNH-E is only 

observed with C5 inhibition (Figure 1.9). Upon measurement of the PNH clone of E by staining 

with CD235a and CD59, PNH-E (CD59 negative cells), C3 loading are analysed from C3d 

staining. The percentage C3 loading measures the proportion of CD59 negative cells that are 

positive for C3d staining. These are all C3 fragments including C3b, iC3b, and C3d, are 

recognised by a monoclonal antibody used to stain C3d on PNH-E.  Figure 3.4 demonstrates 

the measurement of PNH-E loaded with C3. C3d loading was characterised as either; a) C3d 

loading on all E (total E) b) C3d loading on types II and III PNH-E (C3d PNH-E) and c) C3d 

loading on type III PNH-E (C3d type III PNH-E). The percentage C3 loading on total E is the 

proportion of E stained with C3d. The percentage C3 loading on PNH-E measures the 

proportion of cells that are positive for C3d on both types III (total loss of CD59) and II PNH-

E (partial of loss of CD59) while C3 loading on type III PNH-E only calculates percentage of 

PNH-E which has total loss of CD59. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

A. B. 

C. 

Figure 3.4. Analysis of C3 loading on PNH-E. 

A. Erythrocytes (E) are gated based on forward scatter area (FSC-A) and CD235a staining (P1).  

B. Percentage of C3 loading is calculated from a bivariate plot of CD59 and C3d C.  i.e. percentage of 

type III PNH-E C3d is ((Q1/(Q1+Q3))*100, percentage of PNH-E C3d includes type II and III and total 

E C3d includes all cell population.  

Images were taken from the HMDS laboratory protocol for immunophenotypic analysis of PNH Cells 

Version 2.1 by Stephen Richards. 
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3.2.2 Analysis of the initial eculizumab-treated PNH patient cohort  

The interest in analysing PNH patients for their CR1 density polymorphism was due to the 

initial results gathered during my first year of PhD, which included a smaller number of 27 

eculizumab-treated patients. In the initial cohort, there were 17 patients with the H/H allele and 

10 patients with the H/L allele, with no patient identified as homozygous for the L allele. 

Analysis of percentage C3 loading on total E, PNH-E, and type III PNH-E between the H/H 

and H/L genotypes showed a significant difference (p=0.0132, 0.0472, 0.0318) (Figure 3.5 

Table 3.1).  

 

 

 

  
 

 C3 loading (%) 
 Total E PNH-E Type III PNH-E 

Genotype H/H H/L H/H H/L H/H H/L 

Minimum 0.2 7.0 0.4 15.0 0.7 21.0 

25% Percentile 2.0 10.5 6.0 18.3 7.0 27.3 

Median 7.0 27.3 9.0 29.8 19.0 37.5 

75% Percentile 25.0 44.0 36.0 48.0 51.0 65.3 

Maximum 53.0 58.0 70.0 62.0 72.0 85.0 

Mean 22.8 43.8 21.0 34.0 26.9 44.0 

SD 17.28 17.31 22.58 17.05 24.43 21.3 

p-value 0.0132 0.0472 0.0318 

Figure 3.5. Comparison of C3 loading on PNH-E between CR1-H/L genotypes in the 

initial cohort of 27 eculizumab-treated patients. 

Displayed are the comparison of percentage C3 loading on A. total erythrocytes (E) (p=0.0132), B. 

PNH-E (p=0.0472), and C. type III PNH-E (p=0.0318) between the CR1-H/H (n=17) and H/L (n=10) 

groups.  C3 loading was measured by flow cytometry which is the percentage of E positive for C3d, 

the calculation depends which population of E (total, PNH-E or type III PNH-E) is analysed. Using the 

Mann-Whitney test and significant difference was found in all comparisons. * indicates medians are 

significantly different (p<0.05) between the CR1-H/H and H/L group. The median and interquartile 

ranges are shown by the box plot Descriptive statistics are shown in Table 3.1.  

Table 3.1. C3 loading on PNH-E population between CR1-H/L genotypes in the initial 

cohort of 27 eculizumab-treated PNH patients. 

Displayed is the percentage C3 loading on total erythrocytes (E), PNH-E and type III PNH-E in the 

cohort according to patients CR1 density polymorphism. The table shows the following: interquartile 

range, minimum and maximum value, median and mean, standard deviation (SD) for each group. 

Calculated p-values from the Mann-Whitney test to determine significant difference between the CR1-

H/H (n=17) and H/L (n=10) genotypes for C3 loading (%) in analysis of PNH-E are also shown.  
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In addition to the CR1 density polymorphism, the length isoform for CR1 was also identified 

in the 27 patients. CR1 has four structural CR1 length variants that is associated with the 

number of LHRs, only two of the length isoform were identified in the patient cohort which are 

the short (CR1*1) and long (CR1*2) isoforms. In this study the terminology is as follows, 

CR1*1/1 (homozygous for the short isoform), CR1*1/2 (heterozygous for short and long 

isoform) and CR1*2/2 (homozygous for the long isoform). Twenty-one patients were identified 

to be homozygous for the short isoform (CR1*1/1), with 13 who have the CR1 density-H/H 

allele and 8 who have the CR1 density-H/L allele. Five patients were heterozygous for the short 

and long CR1 isoforms (CR1*1/2), three with the CR1density -H/H allele and two with the 

CR1density -H/L allele. Lastly, only one patient was identified to be homozygous for the long 

CR1 isoform (CR1*2/2) who also has the CR1 density-H/H allele. There was a significant 

difference in the percentage of C3 loading on PNH-E and type III PNH-E between the patients 

homozygous for the short isoform of CR1 (1/1) who either have the CR1-H/H or H/L allele 

(p=0.0353). (Figure 3.6, Table 3.2).  

 

  

. 

Figure 3.6. Comparison of C3 loading on PNH-E between CR1 length isoforms in the 

initial cohort of 27 eculizumab-treated PNH patients. 

Displayed are the comparison of percentage C3 loading on A. total erythrocytes (E) (p=0.0660), B. 

PNH-E (p=0.0353), and C. type III PNH-E (p=0.0353) between the CR1-H/H 1/1 (n=13) and CR1-H/L 

1/1 (n=8) groups using the Mann-Whitney test. C3 loading was measured by flow cytometry which is 

the percentage of E positive for C3d, the calculation depends which population of E (total, PNH-E or 

type III PNH-E) is analysed. Statistical test was not applied due to the very low number of patients with 

the following genotypes, CR1-H/H 1/2 (n=3), H/L 1/2 (n=2) and H/H 2/2 (n=1). ns indicates non-

significant difference between medians and * denotes significant difference (p<0.05). The box plot 

shows the median and interquartile ranges. Descriptive statistics are shown in Table 3.2. 

1/1- homozygous for the short CR1 isoform, 1/2 ï heterozygous for the short and long CR1 isoform, 

2/2 ï homozygous for the CR1 long isoform 
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  C3 loading % 

  Total E  PNH-E Type III PNH-E 

Genotype 
1/1 1/2 2/2 1/1 1/2 2/2 1/1 1/2 2/2 

H/H H/L H/H H/L H/H H/H H/L H/H H/L H/H H/H H/L H/H H/L H/H 
Minimum 0.4 15.0 2.0 36.0 

6.0 

0.7 21.0 5.0 39.0 

7.0 

0.7 21.0 5.0 40.0 

26.0 

25% Percentile 4.5 16.8 2.0 36.0 7.0 25.8 5.0 39.0 7.0 25.8 5.0 40.0 
Median 9.0 26.5 32.0 39.5 17.0 33.5 40.0 41.5 17.0 33.5 40.0 54.5 

75% Percentile 27.5 52.5 53.0 43.0 43.5 58.0 55.0 44.0 43.5 58.0 55.0 69.0 
Maximum 70.0 62.0 53.0 43.0 72.0 85.0 55.0 44.0 72.0 85.0 55.0 69.0 
Mean 19.3 31.9 29 39.5 24.8 41.3 33.3 41.5 24.8 41.2 33.3 54.5 
SD 22.6 18.8 25.6 5.0 0 24.9 22.1 25.7 3.5 0 24.9 22.1 25.7 20.5 0 
p-value 0.0660    0.0353    0.0353    

Table 3.2. C3 loading on PNH-E population between CR1 length isoforms in the initial 

cohort of 27 eculizumab-treated PNH patients. 

Displayed is the percentage C3 loading on total erythrocytes (E), PNH-E and type III PNH-E in the 

cohort with the different CR1 length isoform. C3 loading was measured by flow cytometry which is the 

percentage of E positive for C3d, the calculation depends which population of E (total, PNH-E or type 

III PNH-E) is analysed. The table shows the following: interquartile range, minimum and maximum 

value, median and mean, standard deviation (SD) for each group. Calculated p-values from the Mann 

Whitney test to determine significant difference between the medians of CR1-H/H 1/1 (n=13) and H/L 

1/1 (n=8) genotypes for C3 loading (%) in analysis of PNH-E are also shown. Statistical test was not 

applied due to the very low number of patients with the following genotypes, CR1-H/H 1/2 (n=3), H/L 

1/2 (n=2) and H/H 2/2 (n=1).  

1/1- homozygous for the short CR1 isoform, 1/2 ï heterozygous for the short and long CR1 isoform, 

2/2 ï homozygous for the CR1 long isoform 

 
The initial findings with the analysis of polymorphisms in CR1 and C3 loading prompted us to 

look at another common variant, C3-S/F, in the cohort. In the initial 27 patients analysed, there 

were 19 patients homozygous for the C3-S allele and 8 patients with the C3-S/F allele and no 

patients who were homozygous for the less common C3-F allele.  There was no significant 

difference between the C3-S/S and C3-S/F groups in terms of the percentage of C3 loading on 

total E, PNH-E, and type III PNH-E (Figure 3.7 Table 3.3). However, there was a trend in the 

percentage of C3 loading at which the C3-S/S group has higher median C3 loading than in the 

C3-S/F group, with p values of 0.0914, 0.0914, and 0.0560 for comparison in total E, PNH-E, 

and type III PNH-E, respectively. 
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  C3 loading (%) 
  Total E PNH-E Type III PNH-E 

Genotype C3-S/S C3-S/F C3-S/S C3-S/F C3-S/S C3-S/F 
Minimum 2.0 0.2 2.0 0.4 7.0 0.7 

25% Percentile 7.0 1.3 9.0 2.8 19.0 2.8 
Median 22.0 4.5 25.0 8.0 33.2 17.5 

75% Percentile 36.0 21.0 44.0 26.8 64.0 36.3 
Maximum 58.0 52.0 70.0 62.0 85.0 62.0 
Mean 22.6 12.8 29.5 17.1 38.3 21.2 
SD 18.3 17.8 21.0 20.7 24.3 21.5 
p-value 0.0914 0.0914 0.0560 

Table 3.3. C3 loading on PNH-E population between C3-S/F genotypes in the initial cohort 

of 27 eculizumab-treated PNH patients 

Displayed is the percentage C3 loading on total erythrocytes (E). PNH-E and type III PNH-E in each 

C3 genotype in the cohort. The table shows the following: interquartile range, minimum and maximum 

value, median and mean, standard deviation (SD) for each group. Calculated p-values from the Mann-

Whitney test to determine significant difference between the medians of C3-S/S (n=19) and S/F (n=8) 

genotypes for C3 loading (%) in analysis of PNH-E are also shown. No significant difference was 

determined between the medians of polymorphism groups in all analyses. 

Figure 3.7. Comparison of C3 loading on PNH-E between C3-S/F genotypes in the initial 

cohort of 27 eculizumab-treated patients. 

Displayed are the comparison between C3-S/S (n=19) and C3-S/F (n=8) groups using Mann-Whitney 

statistical test for percentage C3 loading on A. total erythrocytes (E) (p=0.0914), B. PNH-E (p=0.0914), 

and C. type III PNH-E (p=0.0560). C3 loading was measured by flow cytometry which is the 

percentage of E positive for C3d, the calculation depends which population of E (total, PNH-E or type 

III PNH-E) is analysed. ns indicates non-significant difference in median C3 loading (%) between the 

groups. The box plot shows the median and interquartile ranges. Descriptive statistics are shown in 

Table 3.3. 
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Since there was a significant difference determined in the percentage of C3 loading on PNH-E 

between the CR1 density polymorphism H/H and H/L genotypes in patients from analyses of 

PNH-E and type III PNH-E (Figure 3.6, Table 3.2) and a trend was observed with C3-S/F 

polymorphism (Table 3.3), it was of interest to determine if a combination of the genotype 

would also show a trend. Although the comparison tests were non-significant, the percentage 

of C3 loading on all analyses of E was highest in the genotype group of CR1-H/L C3-S/S, 

which are the genotypes observed previously associated with higher C3 loading when compared 

separately (Figure 3.8, Table 3.4). Given that our initial cohort consisted of only 27 patients 

and that PNH is a very rare disease, the goal was to expand the number of our cohort. In order 

to do so, an additional 54 patients were genotyped for their C3 and CR1 density polymorphism.  

 

 

 

 
  

Figure 3.8. Comparison of C3 loading on PNH-E between combined C3-S/F and CR1-H/L 

genotypes in the initial cohort of 27 eculizumab-treated patients. 

Displayed are the comparison of percentage C3 loading on A. total erythrocytes (E), B. PNH-E, and C. 

type III PNH-E of different combination of C3 (S/F) and CR1 (H/L) polymorphisms. C3 loading was 

measured by flow cytometry which is the percentage of E positive for C3d, the calculation depends 

which population of E (total, PNH-E or type III PNH-E) is analysed. No significant difference was 

found between the medians of the combined genotype groups using the Kruskal-Wallis and Dunnôs 

comparison test, but a trend shows highest C3 loading on the C3-S/S, CR1-H/L groups in all 

comparison of PNH-E population. The box plot shows the median and interquartile ranges and 

descriptive statistics are shown in Table 3.4. 
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Table 3.4. C3 loading on PNH-E population between the combined C3-S/F and CR1-H/L 

genotypes in the initial cohort of 27 eculizumab-treated PNH patients. 

Displayed is the percentage C3 loading on total erythrocytes (E), PNH-E and type III PNH-E in the 

cohort with different combination of C3 (S/F) and CR1 (H/L) polymorphisms, C3-S/S CR1-H/H (n=10), 

C3-S/S CR1-H/L (n=9), C3-S/F CR1-H/H (n=7) and C3-S/F CR1-H/L (n=1). The table shows the 

following: interquartile range, minimum and maximum value, median, mean and standard deviation 

(SD) for each group. No significant difference was found between the medians of the combined 

genotype groups using the Kruskal-Wallis and Dunnôs comparison test, but a trend shows highest 

median of C3 loading on the C3-S/S, CR1-H/L groups in all comparison of PNH-E population. 

 
 

  

  C3 loading % 

  Total E PNH-E Type III PNH-E 
C3 S/S S/F S/S S/F S/S S/F 
CR1 H/H H/L H/H H/L H/H H/L H/H H/L H/H H/L H/H H/L 

Minimum 1.9 12.1 0.6 

44.9 

2.0 15.0 0.4 

28.0 

7.0 21.0 0.7 

40.0 

25% Percentile 8.5 21.6 0.9 7.0 17.5 2.0 10.0 26.5 2.0 

Median 20.5 45.5 8.3 13.5 31.6 7.0 22.5 35.0 10.0 

75% Percentile 45.1 65.1 25.3 43.8 52.0 23.0 64.3 66.5 25.0 

Maximum 72.9 75.9 60.3 70.0 62.0 62.0 72.0 85.0 62.0 
Mean 27.4 43.7 16.1 24.9 34.6 15.5 32.8 44.5 18.5 
SD 24.2 22.7 21.3 0 23.4 18.0 21.8 0 25.6 22.5 21.7 0 
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3.2.3 Analysis of the 81 eculizumab-treated PNH patients 

This study includes 81 PNH patients (out of 182 patients in England being treated) who are 

receiving treatment in the Leeds PNH National Service Centre, with 43 males and 39 females 

averaging 57 years old. To guarantee that the parameters displayed are stable values from the 

beginning of treatment, all patients included in this study had been receiving eculizumab for 

more than 12 months at the time of data collection. 

 

3.2.3.1 PNH clone size 

All patients are classified with haemolytic PNH as only one patient had less than 20% 

granulocyte PNH clone (Figure 3.9) and 2 patients with less than 20% type III PNH reticulocyte 

clone size (Figure 3.10). The median value for the PNH granulocyte (range 12-100%) and 

monocyte (range 40-100%) clones was 97% (Figure 3.9). In most patients, the proportion of 

PNH granulocytes and monocyte clones is closely related and usually higher than PNH-E 

clones because these cells are less susceptible to complement-mediated haemolysis, with one 

study showing that PNH granulocytes have a normal life span in vivo (171). As a result, 

leukocyte analysis is more commonly used to estimate the actual PNH clone size.  

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

The total PNH reticulocyte (33-100%) clone size was 93% (Figure 3.10), slightly smaller than 

the granulocyte and monocyte clone sizes The smaller PNH clone size for reticulocytes may be 

due to mild haemolysis which could be due to a reduction of MCP expression as reticulocyte 

matures (172). The median value for the total E clone (range of 0-100) was 62%, around 1.5 

lower than the median value for the reticulocyte PNH clone (Figure 3.11). The percentage of 

PNH clone size on mature E is relatively lower in comparison with clone size in leukocytes and 

reticulocytes. This is affected mainly by ongoing complement-mediated haemolysis and/or 
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Figure 3.9. Granulocyte and monocyte PNH clone size of the cohort. 

Displayed are the individual A. granulocyte and B. monocyte PNH clone size (%) of 81 eculizumab-

treated PNH patients. PNH clone for each cell population was measured by flow cytometry as the 

percentage of cells negative for GPI-linked proteins.  The box plot shows the median and interquartile 

range. Descriptive statistics are also shown in Table 3.5.  
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transfusion because they are more susceptible to complement-mediated lysis and have a shorter 

half-life of 4-8 days (173). As a result, measuring PNH-E does not accurately reflect the true 

size of the PNH clone because a transfusion would also increase the population of E from the 

donor with positive CD59 expression. Table 3.5 summarises the PNH clone sizes in the cell 

types mentioned.  
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Figure 3.11. PNH erythrocyte clone size in the cohort. 

Displayed are the individual A. total, B. type II and C. type III PNH erythrocyte (E) clone sizes of 81 

eculizumab-treated PNH patients. PNH clone for each cell population was measured by flow cytometry 

as the percentage E that are negative for CD59. The calculation depends which population of E (total 

E, PNH-E or type III PNH-E) is analysed. The box plot shows the median and interquartile range. The 

values are also shown in Table 3.5 

Figure 3.10. Reticulocyte PNH clone size of the cohort. 

Displayed are the individual A. total PNH reticulocyte, B. type II and C. type III PNH reticulocyte 

clone sizes of 81 eculizumab-treated PNH patients. PNH clone for each cell population was measured 

by flow cytometry as the percentage of CD71+ cells (reticulocytes) that are negative for CD59. The 

calculation depends which population of reticulocyte (total (type II and typeIII), type II or type III) is 

analysed  The box plot shows the median and interquartile range. The values are also shown in Table 

3.5. 
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 PNH clone (%) 

 Gran Mon Total 

Retic 
Type III 
Retic 

Type II 
Retic  Total E  Type III 

PNH-E 
Type II 

PNH-E 

Minimum 12.1 39.8 33.0 5.7 0.2 0.1 0.1 0.0 
25% 

Percentile 85.4 89.8 76.4 52.7 2.5 25.9 19.1 1.5 

Median 96.8 96.8 93.3 80.9 5.5 61.6 38.3 7.1 
75% 

Percentile 99.3 99.1 98.2 93.4 12.8 88.5 58.9 29.2 

Maximum 99.9 99.9 100.0 99.4 70.3 100.0 92.9 90.9 

Mean 87.6 90.6 83.9 72.7 11.2 58.6 41.7 17.4 

SD 19.9 14.8 19.3 30.0 16.2 31.7 26.6 22.0 
Table 3.5. Summary of the measurement of PNH clone sizes in the cohort. 

Displayed are the percentage of PNH clone sizes in the cohort (81 patients) of their granulocytes (Gran), 

monocytes (Mon), reticulocytes (Retic) and erythrocytes (E). The table shows the following: 

interquartile range, minimum and maximum value, median, mean and standard deviation (SD) for the 

analysis of each cell population.  

 
Interestingly, when PNH clone sizes for granulocytes, monocytes, reticulocytes and E were 

compared between patients who had received at least one event of transfusion or none within 

the previous 12 months of data collection, a statistically significant difference was found in all 

analyses of cell types except for analysis for type II PNH reticulocytes or E (Figures 3.12-3.14, 

Table 3.6). Since patients who needed at least one event of transfusion had higher PNH clone, 

this imply that these patients are likely to suffer from EVH to a greater extent due to a larger 

cell population of GPI-negative cells that are prone to haemolysis.   

. 
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Figure 3.12. Comparison of the PNH granulocyte and monocyte clone size in eculizumab-

treated PNH patients based on their transfusion requirement. 

Displayed is the comparison of the A. granulocyte and B. monocyte PNH clone size of eculizumab-

treated PNH patients who either did not require any transfusion (non-transfused; n=42) or required at 

least one event of transfusion (transfused=39) 12 months prior to data collection. There was statistical 

difference in the median granulocyte (p=0.0434) and monocyte (p=0.0369) PNH clone sizes between 

non-transfused and transfused patients determined using the Mann-Whitney test. * denotes significant 

difference (p<0.05) between median values. The box plot shows the median and interquartile ranges. 

Descriptive statistics is also shown in Table 3.6. 

Figure 3.13. Comparison of the PNH reticulocyte clone size in eculizumab-treated PNH 

patients based on their transfusion requirement. 

Displayed are the comparison of the A. total, B. type II and C. type III PNH reticulocyte clone size of 

eculizumab-treated PNH patients who either did not require any transfusion (non-transfused; n=42) or 

required at least one event of transfusion (transfused=39) 12 months prior to data collection. There was 

statistical difference in the median of total (p=0.0015) and type III (p=0.0.0068) PNH reticulocyte clone 

sizes between non-transfused and transfused patients but not in the comparison for type II PNH 

reticulocyte clone size determined using the Mann-Whitney test. ns denotes non-significant and ** 

denotes significant difference (p<0.01) between median values. The box plot shows the median and 

interquartile ranges. Descriptive statistics is also shown in Table 3.6. 
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Table 3.6. Summary of PNH clone sizes based on the transfusion requirement of 81 

eculizumab-treated PNH patients. 

Displayed are the percentage of PNH clone sizes in the cohort (81 patients) of their granulocytes (Gran), 

monocytes (Mon), reticulocytes (Retic) and erythrocytes (E). The table shows the following: 

interquartile range, minimum and maximum value, median, mean and standard deviation (SD) for the 

analysis of each cell population. Calculated p-values from the Mann-Whitney test to determine 

significant difference between the medians of PNH clone sizes from different analysed cell population 

of eculizumab-treated PNH patients who either did not require any transfusion (non-transfused; n=42) 

or required at least one event of transfusion (transfused=39) 12 months prior to data collection are also 

shown. p<0.05 denotes significant difference.  

 PNH clone (%) 

 Gran  Mon 
Total 

Retic 
Type III 

Retic  
Type II 

Retic 
Total E 

Type III 
PNH- E 

Type II  
PNH- E 

 NT T NT T NT T NT T NT T NT T NT T NT T 

Minimum 25.6 12.1 39.8 78.6 35.0 33.0 12.6 5.7 0.2 0.2 0.1 11.1 0.1 5.3 0.2 0.1 

25% 

Percentile 
74.7 94.1 83.2 95.3 57.2 89.7 39.3 73.3 2.5 2.4 18.8 43.4 13.7 27.7 2.5 2.9 

Median 91.7 98.0 92.4 97.9 81.3 95.6 64.1 90.1 5.9 5.5 49.1 71.4 22.4 51.6 5.9 11.5 

75% 

Percentile 
99.2 99.3 99.3 98.9 95.7 98.7 92.7 95.0 12.8 13.4 84.6 90.3 51.8 64.9 12.8 31.2 

Maximum 99.9 99.9 99.9 99.9 100.0 99.9 99.4 99.2 67.9 70.3 100.0 99.7 92.9 90.8 67.9 81.3 

Mean 82.3 93.0 85.7 96.0 76.0 92.1 64.6 81.3 11.7 10.6 51.6 66.2 36.1 47.7 11.7 10.6 

SD 22.1 15.6 18.9 4.9 21.8 11.7 25.7 21.4 16.9 15.5 34.2 27.2 28.9 22.7 16.9 15.5 

p-value 0.0434 0.0369 0.0015 >0.9999 0.0068 0.0529 0.0089 0.1670 

Figure 3.14. Comparison of the PNH erythrocyte clone size in eculizumab-treated PNH 

patients based on their transfusion requirement. 

Displayed are the comparison of the A. total, B. type II and C. type III PNH erythrocyte (E) clone size 

of eculizumab-treated PNH patients who either did not require any transfusion (non-transfused; n=42) 

or required at least one event of transfusion (transfused=39) 12 months prior to data collection. There 

was no statistical difference in the median of total (p=0.0529) and type II (p=0.1670) PNH-E clone 

sizes between non-transfused and transfused patients but there was significant difference in type III 

PNH-E (p=0.0089) clone size using the Mann-Whitney test.. ns denotes non-significant and ** 

denotes significant difference (p<0.01) between median values. The box plot shows the median and 

interquartile ranges. Descriptive statistics is also shown in Table 3.6. 
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3.2.3.2 Haemolytic parameters in patients 

Patients on eculizumab are monitored for haemolytic parameters, including haemoglobin, 

bilirubin, LDH levels, and reticulocyte count. Due to EVH, PNH patients tend to have low 

haemoglobin levels, elevated bilirubin levels or increased reticulocyte count, while LDH levels 

are measured for IVH. The haemolytic clinical parameters for the entire cohort are summarised 

in Table 3.7. 

 Haemoglobin 

(g/dL) 
Reticulocyte count 

(x10
9/L) 

Bilirubin 

(Õmol/L) 
LDH 

(U/L) 
Number of 

patients 81 81 76 81 

Normal level  M (13.5-18)  

F (11.5-16) 20-80 <21 120-246 

Minimum 5.6 16.0 5.0 126.0 
25% Percentile 9.4 125.5 16.0 322.0 
Median 10.5 173.0 22.0 420.0 

75% Percentile 12.2 258.0 42.0 519.5 
Maximum 15.4 914.0 158.0 1341 
Mean 10.7 213.0 32.3 435.5 
SD 2.0 151.8 29.0 199.8 

Table 3.7. Summary of the clinical parameters of the eculizumab-treated PNH patients. 

Shown are the haemolytic clinical parameters of the eculizumab-treated PNH patients, including 

haemoglobin, bilirubin and LDH levels and absolute reticulocyte count. The table shows the normal 

levels ) for each clinical parameter obtained from the blood sciences reference range database at the 

Leeds teaching hospitals (174). The table shows the following: interquartile range, minimum and 

maximum value, median, mean and standard deviation (SD). There were five patients with no recorded 

bilirubin level. 

M (male), F(female) 

 

Sixty-six out of 81 patients had haemoglobin levels that are lower than the average normal level 

which was more common in men (Figure 3.15). The median haemoglobin level in the cohort 

was 10.5g/dL, which is lower than the average normal value regardless of gender. However, 

haemoglobin response varies between patients and may be influenced by the severity of EVH 

as well as the presence of underlying bone marrow failure.  

 

The median reticulocyte count of the cohort was 173x109/L, with 72 patients having levels 

above the normal range of 20-80x109/L (Figure 3.16A).  In 49 patients, bilirubin levels were 

also elevated (>20.5 Õmol/L), indicating haemolysis, with a median value of 22Õmol/L in the 

cohort (Figure 3.16B). Lastly, LDH, a marker for IVH, was also measured; this is expected to 

decrease in level over time after starting eculizumab treatment. The median LDH level in the 

cohort was 420U/L, which is 1.7 times higher than the top range (120-246U/L) indicating that 
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patients were still experiencing IVH (Figure 3.16C). Within 12 months of data collection, more 

than half of the cohort (42 patients) required at least one transfusion event. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3.15. Haemoglobin level of PNH patients based on gender. 

Displayed are the level of haemoglobin in A. male (n=42) and B. female (n=39) patients. The box plot 

shows the median and interquartile ranges. The median haemoglobin level in male patients is 10.7g/dL 

and in female patients, 10.5g/dL. Dotted lines represent the average normal range of haemoglobin levels 

in males (13.5-18g/dL) and females (11.5-16g/dL) obtained from the blood sciences reference range 

database at the Leeds teaching hospitals (174).  

Figure 3.16. Clinical haemolytic parameters in the cohort. 

Displayed are the A. reticulocyte count, B. bilirubin, and C. lactate dehydrogenase (LDH) levels of 

each eculizumab-treated PNH patient (n=81; 5 patients with no recorded bilirubin level) The box plot 

shows the median and interquartile range. The dotted lines represent the normal levels  for each clinical 

parameter ) obtained from the blood sciences reference range database at the Leeds teaching hospitals 

(174). Reticulocyte count (20-80x109/L), bilirubin level (<21µmol/L) and LDH level (120-246U/L).  

 
 
 
 
 
 
 
 
Displayed are the individual A. reticulocyte count, B. bilirubin, and C. lactate dehydrogenase (LDH) 

levels of each patients The box plot shows the median and interquartile range.  Dotted lines represent 

the normal levels for each clinical parameter.  
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3.2.3.3 C3 loading 

There is a wide range for C3 loading on either total E, PNH-E or type III PNH-E with a higher 

median value of C3 on type III PNH-E with a range from 0.5-85%, since these are the cells that 

are loaded with C3 (Figure 3.17, Table 3.8). Analysis of total E has a lower median C3 loading 

because it includes cells that are not loaded with C3, whereas PNH-E has twice the median C3 

loading (with respect to total E) because it includes analysis of type II PNH-E that could be 

loaded as well as type III PNH-E. 

 

 

 

 

 

 

  

 C3 loading % 
 Total E PNH-E Type III  PNH-E 

Minimum 0.2 0.4 0.5 
25% Percentile 2.0 7.0 9.5 
Median 9.0 20.0 26.0 

75% Percentile 28.3 35.5 42.5 
Maximum 67.0 70.0 85.0 
Mean 16.8 23.0 28.5 
SD 17.2 18.8 21.7 

Total E

0

20

40

60

80

100

C
3

 l
o

a
d

in
g

 (
%

)

PNH-E

0

20

40

60

80

100

C
3

 l
o

a
d

in
g

 (
%

)

Type III PNH-E

0

20

40

60

80

100

C
3

 l
o

a
d

in
g

 (
%

)

A. B. C. 

Figure 3.17. C3 deposition on PNH-E in the 81 eculizumab-treated PNH patients. 

Displayed is the percentage C3 loading on A. total erythrocytes (E), B. PNH-E and C. type III PNH-

E in the cohort (n=81). C3 loading was measured by flow cytometry which is the percentage of E 

positive for C3d, the calculation depends which population of E (total, PNH-E or type III PNH-E) is 

analysed. The box plot shows the median and interquartile range. Descriptive statistics is show in 

Table 3.8. 

Table 3.8. Analysis of C3 loading on PNH-E in the cohort. 

Displayed is the analysis of C3 loading on total erythrocytes (E), PNH-E and type III PNH-E in the 

81 eculizumab-treated patients. The table shows the following: interquartile range, minimum and 

maximum value, median, mean and standard deviation (SD) for the analysis of each cell population. 
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3.2.3.4 Correlation between C3 loading and PNH cell clone sizes and haemolytic 

parameters 

Since C3 loading on PNH-E drives EVH, it is predicted that the larger the PNH clone size of a 

patient, the severity of EVH correlates with this. Indeed, there was a correlation found between 

PNH cell clone size (granulocyte, monocyte, reticulocyte, E) and the amount of C3 loading on 

PNH-E (Figures 3.18-20). There was a slightly stronger correlation between type III 

reticulocyte size and type III PNH-E only in comparison with analysing the comparison with 

total C3 loading on PNH-E. The only exception was type II PNH-E clone size, which was not 

correlated with the amount of C3 loading on PNH-E (Figure 3.20B). There was a negative 

correlation between type II PNH reticulocyte clone size and C3 loading on PNH-E, indicating 

that patients with lower type II PNH reticulocyte clone size are more likely to have higher C3 

loading on their PNH-E. This is most likely because patients with lower PNH reticulocyte type 

II clones have larger type III clone sizes and, as a result, higher C3 loading on PNH-E. The 

variation in the regulation of C3 deposition on PNH-E may be due to loss of GPI expression or 

CD59 deficiency on PNH-E type II cells which varies between patients rather than complete 

loss as in type III PNH-E. This is often due to multiple mutations in the PIGA gene. According 

to the findings, patients with a more clonal distribution of GPI deficiency cells have higher C3 

loading on their PNH-E. This could be explained by the effect of eculizumab treatment, which 

results in a high amount of circulating PNH-E susceptible to C3 opsonisation in patients with a 

larger clone of PNH cells. 
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Figure 3.18. Correlation between C3 loading on PNH-E and PNH clone sizes for 

granulocytes and monocytes. 

Shown is the linear correlation between A. granulocyte PNH clone size and C3 loading on PNH-E or 

B. type III PNH-E and C. monocyte PNH clone size and C3 loading on PNH-E or D. type III PNH-E. 

The Spearmanôs rank correlation test was used to test for correlation. Graphs are fitted with a line for 

simple linear regression, and 95% confidence bands of the best-fit line are shown. 
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However, it needs to be taken to account that these opsonised PNH-E are protected from IVH 

but are still susceptible to haemolysis by erythrophagocytosis and that the amount measured for 

PNH-E clone size may be affected. However, based on our findings, since granulocyte, 

monocyte and reticulocyte clone sizes, which are the distribution of clone that is not affected 

by haemolysis, do show a correlation with C3 loading on PNH-E, this indicates a correlation 

between PNH clone distribution and amount of C3 loading on PNH-E  

 

All clinical parameters except LDH levels correlated with C3 loading on total PNH-E and type 

III PNH-E, indicating that IVH was not correlated with C3 loading (Figures 3.21-22). There 

was no difference between the strength of correlation based on r values determined by 

identifying a correlation between haemolytic parameters and C3 loading on PNH-E or type III 

PNH-E.  This implies that the haemolysis that causes an increase in serum LDH is not caused 

by an increase in phagocytosis of opsonised PNH-E or EVH. The low haemoglobin and increase 
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Figure 3.19. Correlation between C3 loading on PNH-E and reticulocyte clone sizes. 

Displayed is the linear correlation between C3 loading on PNH erythrocyte (E) and A. total or B. type 

III PNH reticulocyte clone size or C. linear correlation between C3 loading on type III PNH-E and type 

III PNH reticulocyte clone size. The Spearmanôs rank correlation test was used to test for correlation. 

Graphs are fitted with a line for simple linear regression, and 95% confidence bands of the best-fit line 

are shown. 

Figure 3.20. Correlation between PNH-E clone sizes and C3 loading 

Displayed is the linear correlation between C3 loading on PNH erythrocyte (E) and A. total or B. type 

II PNH-E clone size or C. linear correlation between C3 loading on type III PNH-E clone size. The 

Spearmanôs rank correlation test was used to determine correlation. Graphs are fitted with a line for 

simple linear regression and 95% confidence bands of the best-fit  line is shown. There was no 

correlation between C3 loading on PNH-E and type II PNH clone size.  
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in reticulocyte and bilirubin levels strongly correlate with an increase in the amount of C3 

opsonised PNH-E, as these cells are more prone to erythrophagocytosis. 

 

  

Figure 3.21. Correlation between C3 loading on PNH-E and haemolytic 

parameters. 

Shown is the linear correlation between C3 loading on PNH erythrocytes (E) and A. 

haemoglobin, B. bilirubin, C. LDH levels, and D. reticulocyte count is. The Spearman's rank 

correlation test revealed no correlation between C3 loading on PNH-E and LDH levels. Graphs 

are fitted with a line for simple linear regression and the best-fit line's 95% confidence bands 

are shown. 

Figure 3.22. Correlation between C3 loading on type III PNH-E and haemolytic 

parameters. 

Shown is the linear correlation between C3 loading on type III PNH erythrocytes (E) and A. 

haemoglobin, B. bilirubin, C. LDH levels, and D. reticulocyte count is shown. The Spearman's rank 

correlation test revealed no correlation between C3 loading on PNH-E and LDH levels. Graphs are 

fitted with a line for simple linear regression, and the best-fit line's 95% confidence bands are shown. 
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3.3 Analysis of CR1 density polymorphism in haemolysis, C3 loading and clone size in 

PNH 

There were 52 patients homozygous for the major CR1-H/H allele, 27 patients heterozygous 

for the CR1-H/L allele and 1 patient homozygous for the minor CR1-L/L allele. There was 1 

patient whose genotyping was not performed as the patient was deceased, and no sample was 

available. In this cohort, the allelic frequency for the rare L allele was 0.25, which is close to 

what was observed before with the Caucasian population (175). The Kruskal Wallis test was 

used to determine whether there were significant differences between genotypes, CR1-H/H, 

H/L, and L/L, as well as haemolytic parameters and PNH clone sizes. It is important to note 

that since only one patient was discovered to have the CR1-L/L allele, the representation for the 

CR1-L/L genotype remains unclear. 

 

3.3.1 Haemolytic clinical parameter 

There was no significant difference or trend found between the CR1 density polymorphisms in 

any of the clinical parameters (Figure 3.23, Table 3.9). Patients with normal haemoglobin levels 

were 19% and 15% in the CR1-H/H and H/L genotype group, respectively. The reticulocyte 

count data in the CR1-H/H group was more skewed to lower levels, with a lower median 

(169x109/L) than in the CR1-H/L (223x109/L). For bilirubin levels, 39% and 44% of patients 

with the CR1-H/H or CR1-H/L alleles, respectively, were within the normal range. The median 

bilirubin levels in the CR1-H/H (22µmol/L) and H/L (22.5µmol/L) groups were similar, around 

the normal level of 21.There is also a correlation between reticulocyte count and bilirubin level 

(Figure 3.24), implying that the EVH that causes an increase in bilirubin level may lead to a 

high level of reticulocyte count to compensate for the increased in lysis of PNH-E. The median 

LDH level in the CR1-H/H (420U/L) group was slightly higher than in the CR1-H/L (407U/L) 

group. Ten of the 52 patients (19%) in the CR1-H/H group had LDH levels within normal 

ranges, whereas only two of the 27 patients in the CR1-H/L group are and the patient with the 

L/L genotype have 2.8 above the upper limit of LDH level (Figure 23D). Interestingly, this 

patient also has reticulocyte count (173x109/L) and haemoglobin level (11g/dL) that are outside 

of the normal range but with a bilirubin level of 21µmol/L which is just about the normal level. 

Almost half of the patients in each genotype group required at least one transfusion event within 

the previous 12 months of data collection, with 25 out of 52 patients in the CR1- H/H group 

and 13 of 27 in the H/L group, but one patient with the L/L allele did not (Table 3.10). 
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Figure 3.23. Comparison of haemolytic parameters between CR1-H/L genotypes. 

Displayed are the comparison of the A. haemoglobin level, B. reticulocyte count, C. bilirubin, and D. 

LDH levels. There was no significant difference found between the CR1-H/L polymorphism groups. 

The Kruskal-Wallis test was used to determine for significant difference between the median values 

between the genotype groups. Normal levels of the parameter are indicated by the dashed lines) 

obtained from the blood sciences reference range database at the Leeds teaching hospitals (174). The 

box plot shows the median and interquartile ranges. Descriptive statistics is shown in Table 3.9. 
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 Haemoglobin 

(g/dL) 
Reticulocyte count 

(x10
9
/L) 

Bilirubin level 

(Õmol/L) LDH level (U/L) 

Genotype 

(CR1) H/H H/L L/L H/H H/L L/L H/H H/L L/L H/H H/L L/L 

Normal Range  M (13.5-18) F 

(11.5-16) 20-80 <21 120-246 

Minimum 5.6 8.8 

11.0 

65.0 16.0 

173.0 

6.0 5.0 

21.0 

126.0 217.0 

687.0 

25% 

Percentile 9.2 9.5 124.8 128.0 16.0 14.8 270.5 341.0 

Median 10.5 10.5 169.0 223.0 22.0 22.5 420.0 407.0 
75% 

Percentile 12.1 12.2 232.8 309.0 41.0 45.3 529.5 514.0 

Maximum 15.4 14.0 914.0 685.0 158.0 143.0 1182.0 1341.0 

Mean 10.6 10.8 209.2 227.6 32.58 33.62 426.5 452.7 

SD 2.2 1.5 0 158.0 143.6 0 29.0 30.5 0 192.9 210.7 0 

p-value  
(Kruskal-

Wallis test) 
0.8447 0.5650 0.9903 0.3270 

Table 3.9. Summary of the clinical haemolytic parameters in the cohort based on the 

patient CR1-H/L polymorphism. 

Shown are the haemolytic clinical parameters of the eculizumab-treated PNH patients based on their 

CR1 density polymorphism, either CR1-H/H (n=52), H/L (27) or L/L (n=1), including haemoglobin, 

bilirubin and LDH levels and absolute reticulocyte count. The table shows the normal levels for each 

clinical parameter obtained from the blood sciences reference range database. at the Leeds teaching 

hospitals (174). The table shows the following: interquartile range, minimum and maximum value, 

median, mean and standard deviation (SD). Calculated p-values from Kruskal-Wallis determined no 

significant difference in any clinical parameters between the three CR1 density polymorphism 

groups. Mann-Whitney test was also used to determine significant difference between CR1-H/H and 

H/L groups since there was only 1 patient in the L/L group, but no significant difference was found 

(data not shown).   

There were five patients with no bilirubin level recorded. M (male), F(female) 
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 Genotype 
Required 

transfusion? 
Yes No 

H/H n=52 25 27 
H/L n=27 13 14 
L/L n=1 0 1 
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Table 3.10. Number of transfusion requirement of patients between CR1- H/L genotypes. 

Information based on whether a patient had at least one event of transfusion within the last 12 months 

of data collection 

Figure 3.24. Correlation between bilirubin level and reticulocyte count of the patients. 

The linear correlation between bilirubin level and reticulocyte count of 76 eculizumab-treated patients 

is shown. The Spearman's rank correlation test revealed positive correlation between the two 

haemolytic parameters. Graphs are fitted with a line for simple linear regression, and the best-fit line's 

95% confidence bands are shown. 
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3.3.2 C3 loading 

There was no significant difference in C3 loading between each genotype group for CR1 

density polymorphism (Figure 3.25, Table 3.11). However, there is a trend in which the median 

and mean in the CR1-H/H group were slightly lower than in the H/L group This was most 

noticeable in the analysis of C3 loading on the analysis of total E, where the CR1-H/H group 

has a median of 7.5% and the H/L group has a median of 17% (Table 3.11). In all E analyses, 

the C3 loading for the single patient with the L/L genotype was the lowest. It is also important 

to note that since there is only 1 patient with the CR1-L/L genotype, the determination for a 

difference in the median of percentage C3 loading on E and PNH-E between the CR1 genotype 

can be inaccurate. Therefore, analysis using the Mann-Whitney test to compare the median 

percentage C3 loading between the CR1-H/H and H/L groups were also performed on total E 

(p=1659), PNH-E (p=0.4827) and type III PNH-E (p=0.3372) but no significant difference 

between the median values were found. 
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Figure 3.25. Comparison C3 loading from analysis of different PNH-E population 

between CR1-H/L genotypes. 

Displayed are the comparison of the percentage of C3 loading on A. total erythrocytes (E), B. PNH-E, 

and C. type III PNH-E between eculizumab-treated patients with either CR1-H/H (n=52), H/L (n=27) 

or L/L (n=1) genotype. C3 loading was measured by flow cytometry which is the percentage of E 

positive for C3d, the calculation depends which population of E (total, PNH-E or type III PNH-E) is 

analysed. No significant difference was found between the medians of the genotype groups using the 

Kruskal-Wallis and Dunnôs comparison test, but a trend shows highest median C3 loading on the CR1-

H/L group in all comparison of PNH-E population. The box plot shows the median and interquartile 

ranges. Descriptive statistics is shown in Table 3.11.  
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  C3 loading (%) 

  Total E PNH-E Type III PNH-E 

Genotype H/H H/L L/L H/H H/L L/L H/H H/L L/L 
Minimum 0.2 0.5 

3.0 

0.4 0.5 

4.0 

0.5 0.5 

22.0 

25% Percentile 2.0 6.5 6.4 11.0 7.3 20.2 

Median 7.5 17.0 19.0 20.0 24.5 28.0 

75% Percentile 23.2 31.6 35.8 39.0 44.0 41.0 

Maximum 67.0 58.0 70.0 62.0 78.0 85.0 
Mean  15.4 20.5 22.5 24.4 27.1 31.4 
SD 17.1 17.4 0 19.8 17.7 0 22.2 21.6 0 
p-value 

(Kruskal-Wallis test)  0.2934 0.4308 0.6012 

 
 
 
 
 
 
 
 
 
 

 

3.3.3 PNH clone size 

There was no significant difference between the CR1 density polymorphism in terms of the 

patientsô granulocytes and monocytes PNH clone size (Figure 3.26, Table 3.12). The median 

difference between the CR1-H/H and -H/L groups is only two values, and the values are 

negatively skewed to higher values, since most patients have nearly 100% PNH clones for 

granulocytes and monocytes. In addition, using the Mann-Whitney test to compare the median 

values of CR1-H/H and H/L groups for granulocyte (p=0.1897) and monocyte (p=0.1968) PNH 

clone size found no significant difference.  

  

Table 3.11. Summary of C3 loading from analysis of different PNH-E population between 

CR1-H/L genotypes 

Displayed is the percentage C3 loading on total erythrocytes (E), PNH-E and type III PNH-E in the 

cohort depending on their CR1 density polymorphism, either CR1-H/H (n=52), H/L (27) or L/L (n=1). 

The table shows the following: interquartile range, minimum and maximum value, median and mean, 

standard deviation (SD) for each group. Calculated p-values from Kruskal-Wallis determined no 

significant difference in percentage C3 loading between the three CR1 density polymorphism groups. 

Mann-Whitney test was also used to determine significant difference between CR1-H/H and H/L groups 

since there was only 1 patient in the L/L group, but no significant difference was found (data not shown). 
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 PNH clone (%) 
 Granulocyte Monocyte 

Genotype H/H H/L L/L H/H H/L L/L 
Minimum 12.1 25.6 

49.7 

39.8 53.5 

74.5 

25% Percentile 85.3 92.2 89.1 93.1 
Median 95.9 97.8 95.7 98.0 

75% Percentile 99.1 99.4 99.0 99.5 
Maximum 99.9 99.9 99.9 99.9 
Mean 86.5 90.6 89.5 93.2 
SD 20.7 17.3 0 16.3 11.5 0 
p-value 

(Kruskal-Wallis test)  
0.1391 0.1626 
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Figure 3.26. Comparison of the granulocyte and monocyte PNH clone size between the 

CR1 density polymorphism genotypes in the cohort. 

Displayed are the comparison of A. granulocyte and B. monocyte PNH clone sizes between the CR1-

H/H (n=52), H/L (n=27) and L/L (n=1) genotypes. PNH clone (%) for each cell population was 

measured by flow cytometry as the percentage of cells negative for GPI-linked proteins.  The Kruskal-

Wallis test was used to determine significant difference between the median of PNH clone size of 

granulocyte (p=0.1391) and monocyte (p=0.1626) between the CR1 density polymorphism groups. The 

box plot shows the median and interquartile ranges. Descriptive statistics is shown in Table 3.12. 

Table 3.12. Summary of the granulocyte and monocyte PNH clone size based on the CR1 

density polymorphism genotypes of the eculizumab-treated patients. 

Displayed are the percentage of PNH clone sizes in the cohort (n=81) of their granulocytes and, 

monocytes. The table shows the following: interquartile range, minimum and maximum value, median, 

mean and standard deviation (SD) for the analysis of each cell population. Calculated p-values from 

Kruskal-Wallis determined no significant difference in PNH clone sizes between the three CR1 density 

polymorphism groups. Mann-Whitney test was also used to determine significant difference between 

CR1-H/H and H/L groups since there was only 1 patient in the L/L group, but no significant difference 

was found (data not shown). 
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In the PNH clone of reticulocytes, however, a trend was observed between the CR1-H/H and -

H/L genotypes (Figure 3.27, Table 3.13). The initial Kruskal-Wallis test resulted in p=0.0731 

and p=0.0363 for differences in the median between groups for total and type III PNH 

reticulocytes, respectively. The Dunnôs multiple comparison test revealed a significant 

(p=0.0464) difference in the size of type III PNH reticulocyte clones between the CR1-H/H 

(76%) and -H/L (93%). Since there is only one patient with the CR1-L/L genotype, Mann-

Whitney test was also performed to compare the median PNH reticulocyte clone size between 

CR1-H/H and H/L groups which identified significant difference in median in total 

reticulocytes and type III PNH reticulocytes (Table 3.13). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3.27. Comparison of PNH reticulocyte clone size between the CR1 density 

polymorphism genotypes in the cohort. 

Displayed is the comparison of A. total, B. type II and C. type III PNH reticulocyte clone sizes between 

eculizumab-treated patients with either CR1-H/H (n=52), H/L (n=27) or L/L (n=1) genotype. PNH 

clone for each cell population was measured by flow cytometry as the percentage of CD71+ cells 

(reticulocytes) that are negative for CD59. Initial Kruskal-Wallis test revealed a statistically significant 

difference in the median of PNH clone size for total (p=0.0731) and type III PNH (p=0.0363) 

reticulocytes. Further Dunn's multiple comparison test revealed a significant difference in the median 

size of PNH type III PNH reticulocyte between the CR1-H/H and H/L genotype group (p=0.0464). 

* denotes statistically significant difference (p<0.05) from Dunnôs multiple comparison test. The box 

plot shows the median and interquartile ranges. Descriptive statistics are shown in Table 3.13. 
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When comparing the percentage of PNH clones in E, a similar trend was observed, which 

reflected the observation of PNH clone sizes in reticulocytes. In all types of E, the CR1-H/L 

genotype has a higher median value than the H/H group of PNH clones (Figure 3.28, Table 

3.14). This was much more apparent when analysing total E, where the values for the PNH 

clone in patients with the CR1-H/H genotype were much more widespread, whereas 41% of 

the 27 patients in the CR1-H/L group had a PNH clone of more than 92%. The percentage of 

type III PNH-E clones was higher in the CR1-H/L (54%) than in the CR1-H/H (34%) group, 

reflecting the trend from the total E analysis. Although Dunn's multiple comparison test found 

no significant difference, the initial Kruskal-Wallis test for comparison between the three 

groups had initial p values of 0.0982 and 0.0800 for total E and type III PNH-E, respectively. 

 
  

 PNH clone (%) 
 Total  

reticulocytes 
Type II PNH 

reticulocytes 
Type III PNH 

reticulocytes 
Genotype H/H H/L L/L H/H H/L L/L H/H H/L L/L 
Minimum 33.0 44.7 

63.9 

0.2 0.2 

11.3 

5.7 35.8 

52.6 

25% Percentile 72.7 81.4 2.1 2.7 44.7 69.8 
Median 90.0 97.7 5.9 4.3 75.8 92.9 

75% Percentile 96.5 99.4 14.9 7.0 91.4 95.8 
Maximum 99.7 100.0 70.3 20.0 99.4 98.6 
Mean 82.0 88.0 13.6 6.2 68.4 81.8 
SD 19.9 18.0 0 19.2 5.5 0 26.4 20.2 0 
p-value 

(Kruskal-Wallis test) 
0.0731 0.3957 0.0363 

p-value 

(Mann-Whitney test  

(H/H & H/L)) 

0.0405  0.2781  0.0147  

Table 3.13. Summary of PNH reticulocyte clone size based on the CR1 density 

polymorphism genotype of the eculizumab-treated patients. 

Displayed are the percentage of PNH clone sizes in the cohort (81 patients) of their total, type III and 

type III reticulocytes based on patientôs CR1 density polymorphism, CR1-H/H (n=52), H/L (n=27) or 

L/L (n=1). The table shows the following: interquartile range, minimum and maximum value, median, 

mean and standard deviation (SD) for the percentage PNH clone from the analysis of reticulocytes. 

Calculated p-values from Kruskal-Wallis was used to determine any significant difference in the median 

between the three CR1 density polymorphism groups which showed significant difference (p<0.05) from 

the analysis of type III PNH reticulocytes. Mann Whitney test was used to determine significant 

difference between the medians of PNH clone sizes of CR1-H/H and H/L group which found significant 

difference in total reticulocytes and type III reticulocytes (p<0.05). 
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 PNH clone (%) 
 Total PNH-E Type II PNH-E Type III PNH-E 

Genotype H/H H/L L/L H/H H/L L/L H/H H/L L/L 
Minimum 6.9 0.1 

10.4 

0.1 0.0 

4.1 

5.9 0.1 

6.3 

25% Percentile 26.1 28.0 1.0 1.7 18.6 22.1 
Median 54.2 77.1 7.0 7.2 33.9 54.2 

75% Percentile 85.5 95.8 22.7 37.1 55.8 71.9 
Maximum 99.7 100.0 90.9 61.0 92.9 92.7 
Mean 56.3 66.5 17.8 17.8 38.6 50.0 
SD 29.4 33.9 0 23.8 18.9 0 24.3 29.2 0 

p-value (Kruskal-Wallis test) 0.0982 0.8118 0.0800 
p-value  

(Mann-Whitney test (H/H & H/L) ) 
0.1531  0.6624  0.1043  
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Figure 3.28. Comparison of PNH-E clone size between the CR1 density polymorphism 

genotypes in the cohort. 

Displayed is the comparison of A. total, B. type II, and C. type III PNH-E clone sizes between the CR1 

density polymorphism genotypes, CR1-H/H (n=52), H/L (n=27) or L/L (n=1). PNH clone for each cell 

population was measured by flow cytometry as the percentage E that are negative for CD59. The 

calculation depends which population of E (total E, PNH-E or type III PNH-E) is analysed. No 

significant difference was found between the median percentage PNH clone sizes between each CR1 

genotype in all analysed PNH-E cell population using the Kruskal-Wallis test. The box plot shows the 

median and interquartile ranges. Descriptive statistics are shown in Table 3.14. 

Table 3.14. Comparison of PNH-E clone size between the CR1 density polymorphism 

genotypes. 

Displayed are the percentage of PNH clone sizes in the cohort (n=81) of their total, type III and type 

III erythrocytes (E) based on patientôs CR1 density polymorphism, CR1-H/H (n=52), H/L (n=27) or 

L/L (n=1). The table shows the following: interquartile range, minimum and maximum value, median, 

mean and standard deviation (SD) for the percentage PNH-E clone size analysis. Calculated p-values 

from Kruskal-Wallis test was used to determine any significant difference in the median between the 

three CR1 density polymorphism groups and no significant difference from the analysis of all cell types 

were determined. Mann Whitney test was also used to determine significant difference between the 

medians of PNH clone sizes of CR1-H/H and H/L group which found no significant difference. 



 

90 
 

3.4 Analysis of C3-S/F polymorphism in haemolysis, C3 loading and clone size in PNH  

There are 52 patients who are homozygous for the major C3-S allele, 26 are heterozygous for 

the C3-S/F allele, and three are homozygous for the minor C3-F allele. The minor allele 

frequency of C3-S/F polymorphism was 0.25, which is close to what has been found in genome 

wide association studies (GWAS) studies, most of which have been related to AMD (176-180). 

The Kruskal-Wallis test was used to examine the relationship between C3-S/F polymorphisms 

and clinical haemolytic parameters including PNH clone size and C3 loading on PNH-E.  

 

3.4.1. Haemolytic clinical parameters 

There was no difference between the different C3 genotypes in any clinical parameter (Figure 

3.29, Table 3.15). However, there was a trend in the median values where patients who are 

homozygous for the C3-S/S allele have lower haemoglobin levels and higher reticulocyte count, 

bilirubin level, and LDH levels when compared to patients who are either heterozygous for the 

C3-S/F or homozygous for the C3-F/F allele. Interestingly, although only three patients were 

identified as having both copies of the C3-F allele, two of them had haemoglobin levels within 

the normal range of 12-15g/dL, and one had a value of 9.5g/dL. These three patients had 

bilirubin levels within the normal range, which may imply that they had less EVH because two 

of them had LDH levels within the normal range. One of the patients with a 1.6x higher LDH 

level than the normal range also had the highest reticulocyte count (190x109/L) and the lowest 

haemoglobin level (9.5g/dL) in the group (C3-F/F). The same patient was also the only one 

who required at least one transfusion in the previous 12 months. 

 

The amount of C3 loading, as previously demonstrated, is correlated to the size of the PNH 

clone and haemolytic parameters (Figure 3.18-22). The amount of C3 loading in patients with 

the C3-F/F allele ranged from patient 1 with 2, 7 and 9%, patient 2 with 2, 8 and 9%, and patient 

3 with 9, 15, and 17% of C3 loading on total E, PNH-E, or type III PNH-E, respectively. The 

patient with the highest C3 loading measured on total E, PNH-E, or type III PNH-E had a larger 

PNH clone size in comparison to the other two patients with the same genotype. This finding 

could indicate that the other two patients, who had normal haemoglobin, bilirubin, and LDH 

levels but a slightly elevated reticulocyte count, were anaemic or had bone marrow failure. 

 

It is also worth noting that some patients have elevated reticulocyte counts, such as the two 

patients in the C3-S/F group with reticulocyte counts of 914 and 722 x109/L, could be due to 

anaemia or other reason unrelated to PNH. A comparison of the C3 loading on PNH-E in both 

patients showed that the patients with the higher reticulocyte count (914x109/L) had 0.1% 

loading on PNH-E, normal haemoglobin levels, and did not require transfusion. Whereas the 
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patient with 722x109/L reticulocytes had 62% C3 loading on PNH-E, low haemoglobin 

(5.6g/dL), elevated bilirubin (53µmol/L), and LDH (778U/L) levels, and had required 

transfusion events (Table 3.16). 

 

A comparison of bilirubin levels between genotype groups reveals an extreme positive skew 

(skewness=1.9) in the C3-S/S group, where 28 of 49 patients had levels above the normal value 

of Õmol/L, falling outside the 75% percentile (Figure 3.29C). The skewness of the data for the 

C3-S/F group is still positive (1.3), but less so than the C3-S/S group, with only 6 patients out 

of 24 falling outside the 75% percentile (Figure 3.29C). In contrast, bilirubin levels in all C3-

F/F patients are within the normal range which may imply that patients with extreme EVH are 

more common in the C3-S/S allele homozygous group based solely on bilirubin levels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3.29. Comparison of haemolytic parameters between C3-S/F genotypes. 

Displayed are the comparison of the A. haemoglobin level, B. reticulocyte count, C. bilirubin, and D. 

LDH levels in patients based on their C3-S/F polymorphism, either C3-S/S (n=52), S/F (26) or F/F (n=3). 

The Kruskal-Wallis test was used to determine for significant difference between median levels in each 

clinical parameter and no significant difference was found between the C3-S/F polymorphism groups. 

Normal levels of the parameter are indicated by the dashed lines) obtained from the blood sciences 

reference range database at the Leeds teaching hospitals (174). The box plot shows the median and 

interquartile ranges. Descriptive statistics are shown in Table 3.15. 
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 Haemoglobin 

(g/dL) 
Reticulocyte count 

(x10
9
/L) 

Bilirubin 

(Õmol/L) LDH level (U/L) 

Genotype (C3) S/S S/F F/F S/S S/F F/F S/S S/F F/F S/S S/F F/F 

Normal Range  M (13.5-18)  

F (11.5-16) 20-80 <21 120-246 

Minimum 6.6 5.6 9.5 37.0 16.0 110.0 5.0 11.0 12.0 126.0 175.0 215.0 
25% 

Percentile 9.1 10.1 9.5 112.8 128.5 110.0 16.5 16.0 12.0 343.5 309.3 215.0 

Median 10.0 10.9 12.2 185.0 164.5 128.0 23.0 20.5 15.0 433.5 390.0 217.0 
75% 

Percentile 11.2 12.7 12.5 284.0 211.8 190.0 53.5 29.3 17.0 556.8 460.8 455.0 

Maximum 15.4 14.5 12.5 685.0 914.0 190.0 158.0 54.0 17.0 1341.0 778.0 455.0 

Mean 10.4 11.1 11.4 215.3 216.3 142.7 37.8 24.5 14.7 462.7 397.2 295.7 

SD 1.9 2.0 1.7 132.5 192.7 42.0 34.0 12.3 2.5 220.4 147.2 138.0 

p-value 

(Kruskal-

Wallis test ) 
0.1234 0.5469 0.1316 0.1443 

Table 3.15. Summary of clinical haemolytic parameters in the cohort based on the patient 

C3-S/F polymorphism. 

Shown are the haemolytic clinical parameters of the eculizumab-treated PNH patients based on their C3-S/F 

polymorphism, either C3-S/S (n=52), S/F (26) or F/F (n=3), including haemoglobin, bilirubin and LDH levels 

and absolute reticulocyte count. The table shows the normal levels for each clinical parameter obtained from 

the blood sciences reference range database at the Leeds teaching hospitals (174), interquartile range, 

minimum and maximum value, median, mean and standard deviation (SD). There were five patients with no 

recorded bilirubin level recorded. Calculated p-values from Kruskal-Wallis test was used to determine 

any significant difference in the median of clinical parameters between the C3-S/F polymorphism 

groups and no significant difference were determined. 
M (male), F(female) 

 
 

 Genotype 
Required transfusion? 

Yes No 
S/S n=52 28 24 
S/F n=26 12 14 
F/F n=3 1 2 

Table 3.16. Number of transfusion requirement of patients between C3- S/F genotypes. 

Information based on whether a patient had at least one event of transfusion within the last 

12 months of data collection. 
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For LDH levels, which measure IVH, the data on the C3-S/S group were still positively skewed 

(skewness=1.8), this was attributed to the highest values in the C3-S/S group, 1341 and 1182 

U/L, respectively, with C3 loading on PNH-E of 21% and 1.25% (Figure 3.29D). These extreme 

LDH values may indicate minor breakthrough haemolysis, suggesting failure of eculizumab 

treatment. As a result, these E are susceptible to IVH; alternatively, because PNH-E have low 

C3 opsonisation, these cells might lyse via MAC formation instead. 

 

In terms of transfusion requirements, a trend was also observed in which a slightly higher 

percentage of patients with the C3-S/S allele (54%; 28 out of 52) were found to have at least 

one event of transfusion. Patients with the C3-S/F allele had 12 out of 26 (46%) patients 

requiring transfusion, with 1 out of 3 (33%) patient having only one event of transfusion in the 

C3-F/F group (Table 3.16).  

 

3.4.2 C3 loading 

Similarly to the trend of clinical parameters with the C3 genotypes, there is also a trend in the 

median for C3 loading on E or PNH-E between the C3 genotypes. The C3-S/S group had a 

higher median, followed by S/F and F/F, all observed in the analysis of total E, PNH-E, and 

type III PNH-E (Figure 3.30, Table 3.17). Furthermore, in all analyses, the maximum values of 

C3 loading were higher in the C3-S/S group than in the C3-F/S and F/F groups, while the 

minimum value was close between the C3-S/S and S/F groups. Despite having only three 

patients who were homozygous for the C3-F/F allele, this group had the lowest median when 

compared to other genotype groups.  

 

  
A. B. C. 

S /S S /F F /F

0

2 0

4 0

6 0

8 0

1 0 0

C
3

 l
o

a
d

in
g

 (
%

)

Total E

S/S S/F F/F

0

20

40

60

80

100

C
3

 l
o

a
d

in
g

 (
%

)

PNH-E

S/S S/F F/F

0

20

40

60

80

100

Type  III PNH-E

C
3

 l
o

a
d

in
g

 (
%

)

Figure 3.30. Comparison of C3 loading from analysis of different PNH-E population between C3-

S/F genotypes. 

Displayed are the comparison of C3 loading on A. total erythrocytes (E), B. PNH-E, and C. type III 

PNH-E between eculizumab-treated patients with C3-S/S (n=52), S/F (26) or F/F (n=3) genotype. C3 

loading was measured by flow cytometry which is the percentage of E positive for C3d, the calculation 

depends which population of E (total, PNH-E or type III PNH-E) is analysed.  No significant difference 

was found between the medians of C3 loading (%) on total E (p=0.2269), PNH-E (p=0.2377) and type 

III (p=0.0748) between the genotype groups using the Kruskal-Wallis and Dunnôs comparison test, but 

a trend shows highest median C3 loading on the C3-S/S group in all comparison of PNH-E population. 

The box plot shows the median and interquartile ranges. Descriptive statistics are shown in Table 3.17. 
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  C3 loading (%) 

  Total E PNH-E Type III PNH-E 
Genotype (C3) S/S S/F F/F S/S S/F F/F S/S S/F F/F 
Minimum 0.3 0.2 2.0 0.5 0.4 7.0 0.5 0.7 9.0 

25% Percentile 3.0 2.0 2.0 9.0 4.8 7.0 12.0 5.8 9.0 
Median 11.0 10.0 2.0 22.5 20.0 8.0 29.0 23.5 9.0 

75% Percentile 32.0 20.1 9.0 40.2 27.3 15.0 50.3 32.3 17.0 
Maximum 67.0 52.0 9.0 70.0 62.0 15.0 85.0 62.0 17.0 
Mean 19.4 13.0 4.3 25.6 19.0 10.0 32.6 22.3 11.7 
SD  18.6 13.7 4.0 20.1 16.2 4.4 23.2 17.3 4.6 
p-value 0.2269 0.2377 0.0748 

 

 

 

 

 

 

 

 

 

 

 

3.4.3 PNH clone size 

There was no significant difference found in PNH clone sizes of granulocytes, monocytes and 

reticulocytes (total and type II) and PNH-E (total, type II or III) except for type III PNH 

reticulocytes between the C3 genotypes (p=0.0219) (Figures 3.31-33, Tables 3.18-20). 

However, in all PNH clone sizes, a trend was observed in which the C3-S/S group had a higher 

median than the C3-S/F and -F/F groups. When PNH clones were analysed for granulocytes 

and monocytes, there was less difference between genotype groups than when reticulocytes and 

E were analysed. Although there was no significant difference in PNH clone sizes between the 

genotype groups using the multiple comparison test using Dunn's test (except for type III PNH 

reticulocytes), the main Kruskal Wallis test was significant upon analysis of PNH clone sizes 

for monocytes (p=0.0323), total (p=0.0342), and type III reticulocytes (p=0.0102). 

  

Table 3.17. Summary of C3 loading from analysis of different PNH-E population between 

C3-S/F genotypes. 

Displayed is the percentage C3 loading on total erythrocytes (E), PNH-E and type III PNH-E in the 

cohort depending on their C3 polymorphism, either C3-S/S (n=52), S/F (26) or F/F (n=3) genotype. C3 

loading was measured by the percentage of E that are positive for C3d staining, the calculation depends 

which population of E (total, PNH-E or type III PNH-E) are analysed. The table shows the following: 

interquartile range, minimum and maximum value, median and mean, standard deviation (SD) for each 

group. Calculated p-values from the Kruskal-Wallis test was used to determine any significant 

difference in the median of C3 loading (%) between the C3-S/F polymorphism groups and no 

significant difference were determined. 
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 PNH clone (%) 
 Granulocyte Monocyte 
Genotype (C3) S/S S/F F/F S/S S/F F/F 
Minimum 12.1 25.6 46.3 39.8 40.9 45.5 

25% Percentile 89.5 80.1 46.3 91.3 83.2 45.5 
Median 97.7 95.9 77.4 97.8 94.8 89.3 

75% Percentile 99.3 99.1 91.1 99.4 98.5 92.2 
Maximum 99.9 99.9 91.1 99.9 99.7 92.2 
Mean 89.4 85.7 71.6 93.2 87.2 75.7 
SD 19.2 20.5 229 12.1 17.3 26.2 
p-value 0.1064 0.0323 
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Figure 3.31. Comparison of the granulocyte and monocyte PNH clone size between C3-

S/F genotypes. 

Displayed are the comparison of A. granulocyte and B. monocyte PNH clone sizes between the C3-S/F 

genotypes, C3-S/S (n=52), S/F (26) or F/F (n=3). PNH clone (%) for each cell population was measured 

by flow cytometry as the percentage of cells negative for GPI-linked proteins. The Kruskal-Wallis test 

was used to determine for significant difference in the median PNH clone sizes  between the genotypes 

and found no significant difference in the PNH clone size of granulocyte (p=0.1064) but a significant 

difference was found for the monocyte (p=0.0323). The median and interquartile ranges are shown by 

the box plot. Descriptive statistics are shown in Table 3.18. 

Table 3.18. Summary of the granulocyte and monocyte PNH clone size between C3-S/F 

genotypes in the cohort. 

Displayed are the comparison of A. granulocyte and B. monocyte PNH clone sizes the C3-S/F 

genotypes, C3-S/S (n=52), S/F (26) or F/F (n=3). The table shows the following: interquartile range, 

minimum and maximum value, median, mean and standard deviation (SD) for the analysis of each cell 

population. The Kruskal-Wallis test was used to determine for significant difference in the median PNH 

clone between the CR1 density polymorphism groups and found significant difference in the analysis 

of monocyte PNH clone size. 
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 PNH clone (%) 
 Total  

reticulocytes 
Type II PNH 

reticulocytes 
Type III PNH 

reticulocytes 
Genotype S/S S/F F/F S/S S/F F/F S/S S/F F/F 
Minimum 33.0 35.0 50.1 0.2 0.2 6.7 12.6 5.7 37.2 

25% Percentile 81.3 58.0 50.1 2.1 3.0 6.7 66.9 37.5 37.2 
Median 94.7 88.1 55.0 4.8 7.8 12.9 90.1 69.0 40.2 

75% Percentile 98.7 95.5 87.8 8.6 19.9 14.8 95.5 89.4 81.1 
Maximum 100.0 99.9 87.8 67.9 70.3 14.8 99.4 99.2 81.1 
Mean 87.3 79.3 64.3 8.8 15.8 11.4 78.8 63.1 52.8 
SD 17.0 21.7 20.5 13.7 20.4 4.2 22.5 26.4 24.5 
 p-value 0.0342 0.1078 0.0102 

Figure 3.32. Comparison of reticulocyte PNH clone size between C3-S/F genotypes in the 

cohort. 

Displayed is the comparison of A. total, B. type II, and C. type III PNH reticulocyte clone sizes between 

the C3-S/F polymorphism genotypes, C3-S/S (n=52), S/F (26) or F/F (n=3). PNH clone for each cell 

population was measured by flow cytometry as the percentage of CD71+ cells (reticulocytes) that are 

negative for CD59. The box plot shows the median and interquartile ranges. The initial Kruskal-Wallis 

test revealed a statistically significant difference in the median of PNH clone size for total (p=0.0342) 

and type III PNH (p=0.0102) reticulocytes between the genotype groups. Further Dunn's multiple 

comparison test revealed a significant difference in the median size of type III PNH reticulocyte 

between the CR1-H/H and H/L genotype group (p=0.0219).* denotes statistically significant difference 

(p<0.05). Descriptive statistics are shown in Table 3.19. 

Table 3.19. Summary of reticulocyte PNH clone size between C3-S/F genotypes in the 

cohort. 

Displayed are the percentage of PNH clone sizes in the cohort (81 patients) of their total, type II and 

type III reticulocytes based on patientôs C3 polymorphism C3-S/S (n=52), S/F (26) or F/F (n=3). The 

table shows the following: interquartile range, minimum and maximum value, median, mean and 

standard deviation (SD) for the percentage PNH clone from the analysis of reticulocytes. Calculated p-

values from Kruskal-Wallis was used to determine any significant difference in the median between 

the three C3-S/F polymorphism groups and determined significant difference from the analysis of total 

and type III reticulocytes (p<0.05).  
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 PNH clone (%) 
 Total  

E Type II PNH-E Type III PNH-E 

Genotype S/S S/F F/F S/S S/F F/F S/S S/F F/F 
Minimum 0.1 13.7 17.1 0.03 0.1 0.4 0.1 7.1 9.5 

25% Percentile 26.8 22.9 17.1 1.5 1.5 0.4 21.8 16.9 9.5 
Median 72.4 54.1 20.5 7.2 6.1 7.5 39.7 35.9 20.2 

75% Percentile 92.4 88.5 57.0 38.2 16.9 15.7 65.8 56.7 41.3 
Maximum 100.0 98.3 57.0 82.3 90.9 15.7 93.0 91.7 41.3 
Mean 61.7 55.6 31.5 18.6 16.0 7.8 43.7 37.8 23.7 
SD 32.4 30.2 22.1 21.1 24.7 7.7 27.5 25.5 16.2 
p-value 0.2177 0.7731 0.3671 
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Figure 3.33. Comparison of PNH-E clone size between C3-S/F genotypes. 

Displayed is the comparison of A. total, B. type II, and C. type III PNH-E clone C3-S/F polymorphism 

genotypes, C3-S/S (n=52), S/F (26) or F/F (n=3). PNH clone for each cell population was measured by 

flow cytometry as the percentage E that are negative for CD59. No significant difference was found 

between the median percentage PNH clone sizes between each C3 genotype in the analysis of total E 

(p=0.2177), type II (p=0.7731) or type III (p=0.3671) PNH-E using the Kruskal-Wallis test. The box plot 

shows the median and interquartile ranges. Descriptive statistics are shown in Table 3.20.  

 

Table 3.20. Summary of PNH clone size between C3-S/F genotypes in the cohort. 

Displayed are the percentage of PNH clone sizes in the cohort (81 patients) of their total, type II and 

type III reticulocytes based on patientôs C3 polymorphism C3-S/S (n=52), S/F (26) or F/F (n=3). The 

table shows the following: interquartile range, minimum and maximum value, median, mean and 

standard deviation (SD) for the percentage PNH-E clone. Calculated p-values from Kruskal-Wallis 

was used to determine any significant difference in the median between the three C3-S/F 

polymorphism groups and determined no significant difference from the analysis all analysis of E 

population. 
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3.5 Analysis of the combined C3-S/F and CR1 density polymorphisms in haemolysis, C3 

loading and clone size in PNH 

There are 7 groups with the combination of C3-S/F and CR1-H/L genotypes. The number of 

patients in each combined genotype group is shown in Table 3.21. There was no patient 

identified to have the CR1-L/L genotype with C3-S/F or C3-F/F. It is important to take into 

consideration that there are 4 groups which have a number of patients of 5 or less, therefore, 

any comparisons will be difficult to interpret.  

Genotype 
Number of patients 

C3 CR1 
S/S H/H 29 
S/S  H/L 21 
S/S L/L 1 
S/F H/H 21 
S/F H/L 5 
F/F H/H 2 
F/F H/L 3 

 

 

 
 

3.5.1 Haemolytic parameters 

When the groups with the most patients were compared (S/S H/H, S/F H/H, and S/S, H/L), a 

trend was observed in which reticulocyte count, bilirubin, and LDH levels were relatively 

higher in the C3-S/S, CR1-H/L group (Figure 3.34, Table 3.22-25). The median haemoglobin 

levels between the combined groups were around 10-11g/dL for the group with a C3-S/S allele, 

while those patients with the C3-S/F or -F/F allele had higher median haemoglobin levels 

ranging from 10.8-12.5g/dL. Interestingly, the three rare combination groups, S/S L/L, F/F 

H/H, and S/F H/L, all had median bilirubin levels within the normal range of 21, 14.5, and 

19umol/L. In addition, the 2 patients with the genotype of S/S L/L and F/F H/L did not require 

any transfusion within the last 12 month of data collection (Table 3.26). 

 
  

Table 3.21. Number of PNH patients in each combined genotype for C3-S/F and CR1 

density polymorphism in the cohort. 

There is a total of 80 patients analysed as there is no CR1 density polymorphism data for 1 patient. 
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Figure 3.34. Comparison of haemolytic parameters between the combined C3-S/F and 

CR1-H/L genotypes in the cohort. 

Displayed are the comparison of the A. haemoglobin level, B. reticulocyte count, C. bilirubin, and D. 

LDH levels in patients based on their combined genotypes for C3 and CR1 polymorphisms. The 

Kruskal-Wallis test was used to determine for significant difference between median levels in each 

clinical parameter and found no significant difference between the medians in each combined genotype 

group in any of the clinical parameter. Normal levels of the parameter are indicated by the dashed lines) 

obtained from the blood sciences reference range database at the Leeds teaching hospitals (174). The 

box plot shows the median and interquartile ranges. Descriptive statistics are shown in Tables 3.22-25 
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 Haemoglobin (g/dL) 
C3 S/S S/F F/F 
CR1 H/H H/L L/L H/H H/L H/H H/L 

Minimum 6.6 8.8 

11.0 

5.6 10.1 9.5 

12.5 

25% Percentile 8.7 9.3 9.7 10.6 9.5 
Median 10.0 10.0 10.8 12.2 10.9 

75% Percentile 11.6 11.3 12.7 12.7 12.2 
Maximum 15.4 14.0 14.5 13.0 12.2 
Mean 10.4 10.5 11.0 11.8 10.9 
SD 2.2 1.5 0 2.2 1.2 1.9 0 
p-value 0.4306 

 

  

 
Reticulocyte count (x10

9
/L) 

C3 S/S S/F F/F 
CR1 H/H H/L L/L H/H H/L H/H H/L 

Minimum 65.0 37.0 

173.0 

86.0 16.0 110.0 

128.0 

25% Percentile 102.0 185.5 138.0 58.5 110.0 
Median 157.0 254.0 173.0 134.0 150.0 

75% Percentile 237.5 339.5 247.5 141.0 190.0 
Maximum 497.0 685.0 914.0 143.0 190.0 
Mean 189.2 261.2 242.4 106.6 150.0 
SD 117.3 144.5 0 205.3 53.3 56.6 0 

p-value 0.0795 

Table 3.23. Summary of reticulocyte count in the cohort comparing each combined C3-S/F 

and CR1-H/L genotypes. 

Displayed is the reticulocyte count for each combined C3 and CR1 genotype group. The table shows the 

following: interquartile range, minimum and maximum value, median, mean and standard deviation 

(SD) of reticulocyte count for each genotype group. Calculated p-values from Kruskal-Wallis was used 

to determine any significant difference in the median between the combined C3-S/F and CR1-H/L 

polymorphism groups and determined no significant difference was found. 

 

Table 3.22. Summary of haemoglobin levels in the cohort comparing each combined C3-

S/F and CR1-H/L genotypes. 

Displayed is the haemoglobin levels for each combined C3 and CR1 genotype group. The table shows 

the following: interquartile range, minimum and maximum value, median, mean and standard deviation 

(SD) of haemoglobin levels for each genotype group. Calculated p-values from Kruskal-Wallis was 

used to determine any significant difference in the median between the combined C3-S/F and CR1-H/L 

polymorphism groups and determined no significant difference was found. 
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 LDH level (U/L) 
C3 S/S S/F F/F 
CR1 H/H H/L L/L H/H H/L H/H H/L 

Minimum 126.0 230.0 

687.0 

175.0 325.0 215.0 

217.0 

25% Percentile 324.0 346.0 254.5 339.5 215.0 
Median 433.0 442.0 393.0 387.0 335.0 

75% Percentile 569.0 529.0 462.5 456.0 455.0 
Maximum 1182.0 1341.0 778.0 487.0 455.0 
Mean 453.8 395.6 397.6 395.6 335.0 
SD 214.5 63.3 0 162.2 63.3 169.7 0 
p-value 0.1876 

Table 3.25. Summary of LDH level in the cohort comparing each combined C3-S/F and 

CR1-H/L genotypes in the cohort. 

Displayed is the lactate dehydrogenase (LDH) level for each combined C3 and CR1 genotype group. 

The table shows the following: interquartile range, minimum and maximum value, median, mean and 

standard deviation (SD) of LDH level for each genotype group. Calculated p-values from Kruskal-

Wallis was used to determine any significant difference in the median between the combined C3-S/F 

and CR1-H/L polymorphism groups and determined no significant difference was found. 

 
  

 Bilirubin level (Õmol/L) 
C3 S/S S/F F/F 
CR1 H/H H/L L/L H/H H/L H/H H/L 

Minimum 6.0 5.0 

21.0 

11.0 13.0 12.0 

128.0 

25% Percentile 17.0 14.5 16.0 14.5 12.0 
Median 22.0 29.0 22.0 19.0 14.5 

75% Percentile 61.0 52.8 35.0 21.5 17.0 
Maximum 158.0 143.0 54.0 24.0 17.0 
Mean 38.5 38.4 26.1 18.2 14.5 
SD 36.1 33.4 0 13.3 4.1 3.5 0 
p-value 0.3754 

Table 3.24. Summary of bilirubin level in the cohort comparing each combined C3-S/F 

and CR1-H/L genotypes. 

Displayed is the bilirubin level for each combined C3 and CR1 genotype group. The table shows the 

following: interquartile range, minimum and maximum value, median, mean and standard deviation 

(SD) of bilirubin level for each genotype group. Calculated p-values from Kruskal-Wallis was used to 

determine any significant difference in the median between the combined C3-S/F and CR1-H/L 

polymorphism groups and determined no significant difference was found. 
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Table 3.26. Transfusion requirement between the combined C3-S/F and CR1-H/L 

genotypes. 

Shown are the number of eculizumab-treated patients in each combined C3-S/F and CR1-H/L 

polymorphism group that required at least one event of transfusion within the last 12 months 

of data collection. 

 

3.5.2 PNH clone size 

The initial Kruskal-Wallis test determined a statistical difference between the median of the 

combined groups for PNH clone size for granulocyte and monocyte (p=0.0433 and p=0.0411) 

(Figure 3.35, Table 3.27-28). However, further Dunnôs multiple comparison test did not 

recognise statistical differences between the combined genotype groups.  
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Figure 3.35. Comparison of the granulocyte and monocyte PNH clone size between the 

combined C3-S/F and CR1 density polymorphism genotypes in the cohort. 

Displayed are the comparison of A. granulocyte and B. monocyte PNH clone sizes between the C3-

S/F and CR1-H/L polymorphism genotypes. ). PNH clone (%) for each cell population was measured 

by flow cytometry as the percentage of cells negative for GPI-linked proteins. Calculated p-values 

from Kruskal-Wallis was used to determine any significant difference between the median of the 

combined groups for PNH granulocyte (p=0.0433) and monocyte (p=0.0411) clone size and was 

significant difference (p<0.05) but further Dunnôs multiple comparison test did not determine 

combined genotype group with significant difference. The box plot shows the median and interquartile 

ranges.  Descriptive statistics are shown in Table 3.27-28. 
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 Granulocyte PNH clone (%) 
C3 S/S S/F F/F 
CR1 H/H H/L L/L H/H H/L H/H H/L 

Minimum 12.1 65.4 

49.7 

50.7 25.6 46.3 

77.4 

25% Percentile 85.4 96.3 88.2 39.4 46.3 
Median 94.1 98.6 96.8 83.4 68.7 

75% Percentile 99.2 99.4 99.2 96.2 91.1 
Maximum 99.7 99.9 99.9 99.6 91.1 
Mean 85.8 95.9 89.2 70.9 68.7 
SD 22.9 7.9 0 16.4 30.9 31.7 0 
p-value  

(Kruskal-Wallis 

test) 

0.0433 

 Monocyte PNH clone (%) 
C3 S/S S/F F/F 
CR1 H/H H/L L/L H/H H/L H/H H/L 

Minimum 39.8 82.6 

74.5 

40.9 53.5 46.5 

89.3 

25% Percentile 88.1 96.2 89.2 57.4 46.5 
Median 96.8 98.2 95.5 79.9 69.3 

75% Percentile 99.3 99.7 98.6 96.3 92.2 
Maximum 99.9 99.9 99.7 99.5 92.2 
Mean 90.8 97.1 89.6 77.4 69.3 
SD 15.0 4.0 0 16.3 19.8 32.4 0 
p-value 

(Kruskal-Wallis 

test) 
0.0411 

Table 3.28. Summary of monocyte PNH clone size between the combined C3-S/F and CR1 

density polymorphism genotypes. 

Displayed are the monocyte PNH clone for each combined C3-S/F and CR1-H/L polymorphism 

genotype group. The table shows the following: interquartile range, minimum and maximum value, 

median, mean and standard deviation (SD) for the percentage monocyte PNH clone. Calculated p-values 

from Kruskal-Wallis was used to determine any significant difference in the median between the 

combined C3-S/F and CR1-H/L polymorphism groups and determined significant difference (p<0.05). 

Further Dunnôs multiple comparison test did not determine significant difference in granulocyte PNH 

clone sizes between the combined genotypes (p-values not shown). 

 

Table 3.27. Summary of granulocyte PNH clone size between the combined C3-S/F and CR1 

density polymorphism genotypes 

 
Displayed are the granulocyte PNH clone for each combined C3-S/F and CR1-H/L polymorphism 

genotype group. The table shows the following: interquartile range, minimum and maximum value, 

median, mean and standard deviation (SD) for the percentage granulocyte PNH clone. Calculated p-

values from Kruskal-Wallis was used to determine any significant difference in the median between 

the combined C3-S/F and CR1-H/L polymorphism groups and determined significant difference 

(p<0.05). Further Dunnôs multiple comparison test did not determine significant difference in 

granulocyte PNH clone sizes between the combined genotypes (p-values not shown). 
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In all analyses, the PNH clone size of E in the C3-S/F CR1-H/L group had the highest median 

value when compared to the other combined genotype groups (Figure 3.36, Table 3.29-31). 

There was no significant difference in clone size between total and type II PNH reticulocytes 

when the genotypes were compared (Figure 3.37, Table 3.32-34). However, there was a 

significant difference in type III PNH reticulocyte clone size between the C3-S/S CR1-H/L and 

C3-S/F CR1-H/H genotypes (p=0.0134) This trend was consistent even when the C3-S/S and 

C3-S/F genotypes or the CR1-H/H and CR1-H/L genotypes were compared separately, as 

previously presented (Figure 3.27, Table 3.13, Figure 3.32, Table 3.19). However, no 

significant difference was found between the group (C3-S/S CR1-H/L and C3-S/F CR1-H/H) 

when comparing their type III PNH-E clone size (Figure 3.36C), suggesting an effect of 

haemolysis and/or transfusion of mature E.   

F/F
 H

/L

S/S
 L

/L

F/F
 H

/H

S/F
 H

/L

S/S
 H

/H

S/F
 H

/H

S/S
 H

/L

0

20

40

60

80

100

Total  PNH-E

P
N

H
 c

lo
n

e
 (

%
)

F/F
 H

/L

S
/S

 L
/L

F/F
 H

/H

S
/F

 H
/L

S
/S

 H
/H

S
/F

 H
/H

S
/S

 H
/L

0

20

40

60

80

100

Type II PNH-E

P
N

H
 c

lo
n

e
(%

)

F/F
 H

/L

S
/S

 L
/L

F/F
 H

/H

S
/F

 H
/L

S
/S

 H
/H

S
/F

 H
/H

S
/S

 H
/L

0

20

40

60

80

100

Type III PNH-E

P
N

H
 c

lo
n

e
 (

%
)

A. B. C. 

Figure 3.36. Comparison of PNH-E clone size between the combined C3-S/F and CR1 

density polymorphism. 

Displayed is the comparison of A. total, B. type II, and C. type III PNH-E between the combined C3-

S/F and CR1-H/L polymorphism genotypes. PNH clone for each cell population was measured by flow 

cytometry as the percentage E that are negative for CD59. Significant difference was found between 

the median percentage PNH clone sizes between each C3 genotype in the analysis of total PNH-E 

(p=0.0411) but not for type II (p=0.7731) or type III (p=0.3671) PNH-E using the Kruskal-Wallis test. 

The median and interquartile ranges are shown by the box plot. Descriptive statistics are shown in Table 

3.29-31.  

 

. 
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 Total PNH-E clone (%) 
C3 S/S S/F F/F 
CR1 H/H H/L L/L H/H H/L H/H H/L 

Minimum 6.910 0.1 

10.4 

13.7 13.7 17.1 

20.5 

25% Percentile 26.23 66.4 26.6 18.1 17.1 

Median 51.50 83.7 57.3 28.0 37.0 

75% Percentile 84.51 97.3 88.5 86.3 57.0 

Maximum 99.74 100.0 98.3 94.1 57.0 
Mean 56.7 73.3 57.6 47.3 37.0 
SD 30.2 31.4 0 29.3 36.3 28.2 0 
p-value  

(Kruskal-Wallis 

test ) 

0.0411 

 
 

 

 

 

 

 

 

 

 
 Type II PNH-E clone (%) 

C3 S/S S/F F/F 
CR1 H/H H/L L/L H/H H/L H/H H/L 

Minimum 0.1 0.0 

4.1 

0.1 0.4 7.5 

0.4 

25% Percentile 0.8 5.2 2.2 0.8 7.5 

Median 6.1 12.7 6.5 1.7 11.6 

75% Percentile 39.5 39.0 17.8 17.9 15.7 

Maximum 82.3 61.0 90.9 28.5 15.7 
Mean 18.0 21.0 18.0 7.8 11.6 
SD 22.7 19.7 0 26.7 11.9 5.80 0 
p-value  0.5659 

 

Table 3.29. Summary of total PNH-E clone sizes between the combined C3-S/F and CR1 

density polymorphism. 

The table shows the following: interquartile range, minimum and maximum value, median, mean and 

standard deviation (SD) for the percentage PNH-erythrocyte (E) clone for each combined C3-S/F and 

CR1-H/L polymorphism genotype group. Kruskal-Wallis was used to determine any significant 

difference in the median total PNH-E clone size between the combined C3-S/F and CR1-H/L 

polymorphism groups and determined significant difference (p<0.05). Further Dunnôs multiple 

comparison test did not determine significant difference in granulocyte PNH clone sizes between the 

combined genotypes (p-values not shown). 

 

Table 3.30. Summary of type II PNH-E clone sizes between the combined C3-S/F and 

CR1 density polymorphism. 

The table shows the following: interquartile range, minimum and maximum value, median, mean 

and standard deviation (SD) for the percentage type II PNH-erythrocyte (E) clone for each combined 

C3-S/F and CR1-H/L polymorphism genotype group. Kruskal-Wallis was used to determine any 

significant difference in the median type II PNH-E clone size between the combined C3-S/F and 

CR1-H/L polymorphism groups and there was no significant difference.  
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 Type III PNH-E clone (%) 
C3 S/S S/F F/F 
CR1 H/H H/L L/L H/H H/L H/H H/L 

Minimum 5.9 0.1 

6.3 

7.1 12.0 9.5 

20.2 

25% Percentile 21.8 28.9 16.8 17.0 9.5 

Median 33.1 56.4 43.7 27.9 25.4 

75% Percentile 53.7 79.6 57.1 68.4 41.3 

Maximum 92.9 92.7 91.7 86.9 41.3 
Mean 38.7 53.7 39.8 39.7 25.4 
SD 24.2 29.0 0 25.2 29.8 22.5 0 
p-value  0.2165 

Table 3.31. Summary of type II I PNH-E clone sizes between the combined C3-S/F and CR1 

density polymorphism in the cohort. 

The table shows the following: interquartile range, minimum and maximum value, median, mean and 

standard deviation (SD) for the percentage type III PNH-erythrocyte (E) clone for each combined C3-

S/F and CR1-H/L polymorphism genotype group. Kruskal-Wallis was used to determine any significant 

difference in the median type III PNH-E clone size between the combined C3-S/F and CR1-H/L 

polymorphism groups and there was no significant difference.  

 

  
  

Figure 3.37. Comparison of PNH reticulocyte clone size between the combined C3-S/F 

and CR1 density polymorphism in the cohort. 

Displayed is the comparison of A. total, B. type II, and C. type III PNH reticulocyte clone sizes between 

the combined C3-S/F and CR1-H/L polymorphism genotypes. PNH clone for each cell population was 

measured by flow cytometry as the percentage of CD71+ cells (reticulocytes) that are negative for 

CD59. Significant difference was found between the median percentage total (p=0.0344) and type III 

(p=0.0166) PNH reticulocyte clone sizes between each C3 but not for type II (p=0.357) using the 

Kruskal-Wallis test. Further Dunnôs multiple comparison test identified significant difference in the 

median type III PNH reticulocyte clone size of patients between the C3-S/F CR1-H/H and C3-S/S CR1 

H/L genotypes (p=0.0134). * denotes statistically significant difference (p<0.05) from Dunnôs multiple 

comparison test.  The box plot shows the median and interquartile ranges.  Descriptive statistics are 

shown in Table 3.32-34.  
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 Total PNH reticulocyte clone size (%) 
C3 S/S S/F F/F 
CR1 H/H H/L L/L H/H H/L H/H H/L 

Minimum 33.0 44.7 

63.9 

35.0 46.9 50.1 

55.0 

25% Percentile 75.4 93.5 67.4 50.7 50.1 

Median 92.5 98.0 89.7 72.1 68.9 

75% Percentile 97.6 99.4 95.7 97.2 87.8 

Maximum 99.7 100.0 99.4 99.9 87.8 
Mean 83.9 93.2 80.6 73.6 68.9 
SD 18.6 12.9 0 21.6 23.5 26.7 0 
p-value 

(Kruskal-Wallis 

test) 
0.0344 

 
  

 Type II PNH reticulocyte clone size (%) 
C3 S/S S/F F/F 
CR1 H/H H/L L/L H/H H/L H/H H/L 

Minimum 0.3 0.2 

11.3 

0.2 2.4 6.7 

14.8 

25% Percentile 1.8 2.3 3.4 2.7 6.7 

Median 4.4 4.3 9.5 3.2 9.8 

75% Percentile 10.6 6.3 22.4 15.5 12.9 

Maximum 67.9 18.1 70.3 20.0 12.9 
Mean 11.0 5.3 17.6 7.9 9.8 
SD 17.5 4.6 0 22.1 7.6 4.4 0 
p-value 0.3757 

Table 3.33. Summary of type II PNH reticulocyte clone size between the combined C3-S/F 

and CR1 density polymorphism genotypes in the cohort. 

The table shows the following: interquartile range, minimum and maximum value, median, mean and 

standard deviation (SD) for the percentage type II PNH reticulocyte clone size for each combined C3-

S/F and CR1-H/L polymorphism genotype group. Kruskal-Wallis was used to determine any significant 

difference in the median type II reticulocyte clone size between the combined C3-S/F and CR1-H/L 

polymorphism groups and no significant difference was determined. 

Table 3.32. Summary of total PNH reticulocyte clone size between the combined C3-S/F 

and CR1 density polymorphism genotypes in the cohort. 

The table shows the following: interquartile range, minimum and maximum value, median, mean and 

standard deviation (SD) for the percentage total PNH reticulocyte clone size for each combined C3-S/F 

and CR1-H/L polymorphism genotype group. Kruskal-Wallis was used to determine any significant 

difference in the median total PNH reticulocyte clone size between the combined C3-S/F and CR1-H/L 

polymorphism groups and significant difference was determined (p<0.05). ). Further Dunnôs multiple 

comparison test did not determine significant difference in granulocyte PNH clone sizes between the 

combined genotypes (p-values not shown). 
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 Type III PNH reticulocyte clone size (%) 
C3 S/S S/F F/F 
CR1 H/H H/L L/L H/H H/L H/H H/L 

Minimum 12.6 38.3 

52.6 

5.7 35.8 37.2 

40.2 

25% Percentile 58.2 88.9 37.0 43.7 37.2 

Median 83.7 93.3 68.4 69.7 59.2 

75% Percentile 94.0 96.0 90.0 85.6 81.1 

Maximum 99.4 98.6 99.2 96.7 81.1 

Mean 73.3 87.9 62.6 65.7 59.2 

SD 25.2 14.9 0 27.6 23.2 31.0 0 
Kruskal-Wallis 

test 
(p-value) 

0.0166 

Table 3.34. Summary of type III  PNH reticulocyte clone size between the combined C3-S/F 

and CR1 density polymorphism genotypes in the cohort. 

The table shows the following: interquartile range, minimum and maximum value, median, mean and 

standard deviation (SD) for the percentage type III PNH reticulocyte clone size for each combined C3-

S/F and CR1-H/L polymorphism genotype group. Kruskal-Wallis was used to determine any significant 

difference in the median type III reticulocyte clone size between the combined C3-S/F and CR1-H/L 

polymorphism groups and significant difference was determined (p<0.05). ). Further Dunnôs multiple 

comparison test determined significant difference in type III PNH clone sizes between the combined 

genotypes C3-S/F CR1-H/H and C3-S/S CR1-H/L (p=0.0134). 
 

 

3.5.3 C3 loading 

Similar to the initial results observed with the percentage of C3 loading from the analysis of 21 

patients (Figures 3.5 and 3.7, Tables 3.1 and 3.3) a similar trend is observed in the analysis of 

a larger cohort of 80 patients (one patient who was not genotyped for CR1 polymorphism) 

where patients have been separated based on their combination of C3-S/F and CR1-H/L 

genotypes. Although the comparison test determined no significant differences between the 7 

combinations of groups, the C3-S/S and CR1-H/L genotype groups had the highest median 

percentage of C3 loading (Figure 3.38, Table 3.35-37) . This was observed in all the analyses 

of the PNH-E population. Interestingly, patients with two copies of the rare allele, either F/F 

or L/L, had a low percentage of C3 loading.  

 

  



 

109 
 

 
  

 C3 loading on total E (%) 

C3 S/S S/F F/F 
CR1 H/H H/L L/L H/H H/L H/H H/L 

Minimum 0.3 0.5 

3.0 

0.2 1.0 2.0 

2.0 

25% Percentile 2.0 8.5 2.0 1.5 2.0 
Median 7.0 23.0 11.0 6.5 5.5 

75% Percentile 32.0 38.0 20.0 21.4 9.0 
Maximum 67.0 58.0 52.0 23.0 9.0 
Mean 17.3 23.8 13.6 10.5 5.5 
SD 19.2 17.8 0 14.5 10.3 5.0 0 
p-value 0.3691 

F/F
 H

/L

S/S
 L

/L

F/F
 H

/H

S/F
 H

/L

S/S
 H

/H

S/F
 H

/H

S/S
 H

/L

0

20

40

60

80

100

Total  E

C
3

 l
o

a
d

in
g

 (
%

)

F/F
 H

/L

S/S
 L

/L

F/F
 H

/H

S/F
 H

/L

S/S
 H

/H

S/F
 H

/H

S/S
 H

/L

0

20

40

60

80

100

C
3

 l
o

a
d

in
g

 (
%

)

PNH-E

F/F
 H

/L

S/S
 L

/L

F/F
 H

/H

S/F
 H

/L

S/S
 H

/H

S/F
 H

/H

S/S
 H

/L

0

20

40

60

80

100

Type III PNH-E

C
3

 l
o

a
d

in
g

 (
%

)

A. B. C. 

Figure 3.38. Comparison of C3 loading on PNH-E between the combined C3-S/F and CR1-

H/L genotypes in the cohort. 

Displayed are the comparison of percentage C3 loading on A. total erythrocytes (E), B. PNH-E, and C. 

type III PNH-E between eculizumab-treated based on patients combined C3-S/F and CR1-H/L 

polymorphism genotypes. C3 loading was measured by flow cytometry which is the percentage of E 

positive for C3d, the calculation depends which population of E (total, PNH-E or type III PNH-E) is 

analysed. No significant difference was found between the medians of C3 loading (%) on total E 

(p=0.3691), PNH-E (p=0.4957) and type III (p=0.3795) between the genotype groups using the Kruskal-

Wallis test but a trend shows highest median C3 loading on the C3-S/S CR1-H/L group in all comparison 

of PNH-E population. The box plot shows the median and interquartile ranges. Descriptive statistics are 

shown in Tables 3.35-37. 

 

 

Table 3.35. Summary of C3 loading on total erythrocytes between the combined C3-S/F and 

CR1-H/L genotypes in the cohort. 

The table shows the following: interquartile range, minimum and maximum value, median, mean and 

standard deviation (SD) for the percentage C3 loading on total erythrocytes (E) in the cohort for each 

combined C3-S/F and CR1-H/L polymorphism genotype group. C3 loading was measured by flow 

cytometry which is the percentage of E positive for C3d, the calculation depends which population of E 

(total, PNH-E or type III PNH-E) is analysed. Calculated p-values from the Kruskal-Wallis test was used 

to determine any significant difference in the median of C3 loading (%) between the combined C3-S/F 

and CR1-H/L polymorphism groups and no significant difference were determined. 
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 C3 loading on PNH-E (%) 
C3 S/S S/F F/F 
CR1 H/H H/L L/L H/H H/L H/H H/L 

Minimum 0.5 0.5 

4.0 

0.4 4.0 7.0 

3.0 

25% Percentile 7.0 13.5 4.3 6.5 7.0 
Median 18.0 26.0 20.0 12.8 11.0 

75% Percentile 41.7 41.5 30.0 24.0 15.0 
Maximum 70.0 62.0 62.0 28.0 15.0 
Mean 25.1 27.5 20.0 14.8 11.0 
SD 21.7 18.6 0 17.4 9.4 5.7 0 
 p-value 0.4957 

Table 3.36. Summary of C3 loading on PNH-E between the combined C3-S/F and CR1-

H/L genotypes in the cohort. 

The table shows the following: interquartile range, minimum and maximum value, median, mean and 

standard deviation (SD) for the percentage C3 loading on PNH-erythrocytes (E) in the cohort for each 

combined C3-S/F and CR1-H/L polymorphism genotype group. C3 loading was measured by flow 

cytometry which is the percentage of E positive for C3d, the calculation depends which population of E 

(total, PNH-E or type III PNH-E) is analysed. Calculated p-values from the Kruskal-Wallis test was 

used to determine any significant difference in the median of C3 loading (%) between the combined C3-

S/F and CR1-H/L polymorphism groups and no significant difference were determined. 

 

Table 3.37. Summary of C3 loading on type III PNH-E between the combined C3-S/F and 

CR1-H/L genotypes in the cohort. 

The table shows the following: interquartile range, minimum and maximum value, median, mean and 

standard deviation (SD) for the percentage C3 loading on type III PNH-erythrocytes (E) in the cohort 

for each combined C3-S/F and CR1-H/L polymorphism genotype group. C3 loading was measured by 

the percentage of type III PNH-E that are positive for C3d staining. Calculated p-values from the 

Kruskal-Wallis test was used to determine any significant difference in the median of C3 loading (%) 

between the combined C3-S/F and CR1-H/L polymorphism groups and no significant difference were 

determined. 

 

 C3 loading on type III PNH-E (%) 
C3 S/S S/F F/F 
CR1 H/H H/L L/L H/H H/L H/H H/L 

Minimum 0.5 0.5 

17.0 

0.7 4.0 9.0 

9.0 

25% Percentile 8.5 23.5 5.5 7.0 9.0 
Median 26.0 32.0 25.0 20.2 13.0 

75% Percentile 54.0 51.0 33.5 30.5 17.0 
Maximum 78.0 85.0 62.0 40.0 17.0 
Mean 31.0 35.5 23.1 19.0 13.0 
SD 24.9 22.1 0 18.3 13.7 5.7 0 
 p-value 0.3795 



 

111 
 

3.6 Discussion 

Eculizumab treatment only targets C5 and blocks the terminal complement pathway, preventing 

chronic IVH in PNH patients caused by uncontrolled MAC generation on the surface of PNH-

E due to a lack of the CD59 complement regulator. All  PNH patients respond to eculizumab, 

which has been shown to prevent IVH, reduce transfusion requirements, prevent thrombosis, 

and improve quality of life. The treatment can also protect patients from haemolysis-related 

complications such as thromboembolism, pulmonary hypertension, and deteriorating renal 

function (165, 181-183). Despite most patients having a good response to eculizumab treatment, 

many patients in our cohort who have been receiving treatment for at least a year still show 

signs of persistent haemolysis.  

 

The poor or incomplete response to eculizumab of most PNH patients can result from either 

residual IVH due to suboptimal blockade of C5 or, more commonly, opsonisation of PNH-E 

with C3 fragments, which can be detected using flow cytometry. C3-opsonised PNH-E are only 

detected in patients receiving eculizumab because these opsonised PNH-E are destroyed in 

untreated patients by IVH. However, this is now inhibited by eculizumab, and opsonised PNH-

E are detectable (146, 148, 167). This chapter presented the haemolytic parameters, PNH clone 

size, and C3 loading on the PNH-E of PNH patients receiving eculizumab treatment in the 

Leeds centre of the UK PNH National Service. Based on preliminary findings linking common 

variants in the complement genes C3 and CR1 to eculizumab response and EVH, the effect of 

these variants were investigated further in the cohort. 

 

3.6.1 Clinical signs of residual haemolysis based on haemolytic parameters in patients 

Most patients who receive eculizumab show signs of residual haemolysis, such as 

reticulocytosis, elevated bilirubin, and LDH levels. Reticulocytosis or high reticulocyte count 

such as observed in most patients in this study imply that erythropoiesis was elevated to 

replenish lysis of PNH-E. Elevated bilirubin levels in nearly 50% of our cohort indicate an 

ongoing level of either EVH or IVH.. Only 16 patients in our cohort had LDH levels within the 

normal range, implying that 80% of patients still had residual IVH.  Furthermore, as previously 

described, a high number of patients remained transfusion dependent, (42 out of 81 patients) 

requiring at least one transfusion event during the period of data collection in this project. 

Whether this is a recurring or one-time event in some patients is difficult to capture but is an 

important information in determining whether a patient is truly "dependent" on transfusion; 

moving forward, those data would be useful. In addition, the number of packed red blood cell 

units that the patients received during transfusion would also be informative. Before eculizumab 
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treatment, most patients had anaemia with low haemoglobin levels, which was treated by 

regular red blod cell transfusions. One of the most important therapeutic effects of eculizumab 

treatment was the stabilisation of haemoglobin levels, as well as a reduction in the number of 

transfusions required. In our cohort, 70% of patients have haemoglobin levels outside of the 

normal level, while 30% of patients with normal levels, only 4 in 24 patients had an event of 

transfusion, implying that there is indeed a reduction in haemolysis. It is also important to note 

that the response of haemoglobin to eculizumab varies greatly between patients and may be 

influenced by bone marrow failure or PNH-E clone size. This shows that heterogeneity of the 

haematological benefit of eculizumab treatment in patients and different response categories 

can be identified as good (complete normalisation of haemoglobin), suboptimal (experience 

some degree of anaemia) or poor (requiring regular blood transfusion) (184). 

 

Because only the terminal pathway is inhibited by eculizumab, the proximal complement 

cascade remains active, and even with excessive C5 inhibitors, the terminal pathway is not 

completely blocked (147). Due to the constitutive low-level C3 tick over of the AP, complement 

activation on PNH-E generates C3b, which binds covalently to the E surface and generates C3 

convertases, which amplify C3 activation and surface deposition. Lack of CD55 in PNH-E leads 

to impaired complement regulation upstream of C5, such as dissociation of C3 convertases, 

resulting in PNH-E loaded with C3 fragments. The downstream C3 fragments on PNH-E, 

including C3b, iC3b, and C3d, are recognised by complement receptors on phagocytic cells in 

the liver and spleen, leading to their clearance, probably outside of the vascular system. 

 

Opsonisation of PNH-E with C3 fragments is only observed on PNH-E (Figure 1.9), the amount 

of C3 loading on PNH-E in our cohort varied between 0.4-70%, with a very slight difference 

in type III PNH-E (complete deficiency of GPI expression), which is between 0.5-85% (Table 

3.8). The increase in C3 loading was also associated with haemolytic parameters such as 

elevated bilirubin levels (Figure 3.21B and 3.22B) and an increase in absolute reticulocyte 

count (Figure 3.21D and 3.22D). It also correlated with PNH clone sizes, more so with type III 

reticulocytes than with E (Figures 3.19-20) (146, 148). The factors influencing the quantity of 

C3 binding and which C3 breakdown fragment predominantly leads to erythrophagocytosis 

remains unclear. Since complement activation regulates the deposition of C3 (loading), it is 

likely, that one of the key determinants of the variability in the amount of C3 loading between 

patients are complement protein/s that can regulate C3 breakdown. 
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3.6.2 Analysis of CR1 density polymorphism in the cohort 

The study by Rondelli et al. was the first time that a complement regulator, CR1, was associated 

with response to eculizumab in PNH, with best responders (who remained transfusion-

independent) being homozygous for the CR1-H/H density polymorphism (10). In their cohort 

of 72 patients, the polymorphism was not associated with significantly different clinical features 

such as LDH level, implying that the polymorphism was not associated with how patients 

responded to eculizumab, but as it affected the number of transfusions required after treatment 

started, the polymorphism was more likely to be associated with EVH instead. 

 

Indeed, in our cohort of 80 patients, we found similar median levels of haemoglobin and 

bilirubin levels between each genotype group, with LDH levels slightly higher in the CR1-H/H 

group (420U/L) than in the H/L group (407U/L) and one patient with the L/L allele having 

lower levels than the other group, 687U/L (Table 3.9). However, transfusion requirements did 

not differ between patients with CR1-H/H and H/L genotypes, with 50% of each group 

requiring at least one transfusion event. It is important to note, however, as previously stated, 

the number of packed red blood cell units received by the patients is far more informative than 

the more subjective information of whether or not they have received a transfusion. This 

additional information would provide more definitive information regarding whether there was 

a difference in requirement for transfused red blood cells for each genotype group. 

 

The findings from the in vitro assay by Rondelli et al.,  (Figure 1.10) in which they observed 

the highest rate of C3 loading on PNH-E from patients with the CR1-L/L genotype after 

treatment with serum from eculizumab-treated patients, prompted us to investigate C3 loading 

differences in the Leeds PNH cohort. At the start of the project, in the analysis of total E, PNH-

E, and type III PNH-E, a smaller cohort of 27 eculizumab-treated patients showed a significant 

difference in C3 loading between the CR1-H/H and H/L groups (Figure 3.5, Table 3.1) 

 

In addition to the CR1 density polymorphism, at the start of this project, we also analysed the 

initial cohort for C3 loading based on CR1 length isoforms. As the long isoform of CR1 

contains an additional functional site (a duplication of LHR B), this comparative analysis was 

performed only with patients that were homozygous for the allele encoding the short CR1. The 

comparison showed that C3 loading was significantly different on PNH-E and type III PNH-E, 

with less C3 loading on cells from H/H patients (Figure 3.6, Table 3.2). Beside these patients, 

there were also five individuals with one or two copies of the long isoform. The number of 

these patients was too low to make any conclusion regarding C3 loading, and no obvious 
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difference was observed in C3 loading between patients carrying two copies of the short 

isoform and one copy of the short and long isoform (Figure 3.6). 

  

In the initial cohort of 27 patients, 11 were included in the PEGASUS phase III trial for the C3 

inhibitor pegcetacoplan, and therefore, these patients were considered by the clinicians to have 

severe EVH. The C3 loading of these patients presented in the thesis were recorded prior to the 

start of the clinical trial. As the selection of patients was not representative of the cohort as a 

whole, one of the goals of this project was to expand the initial analysis to include more patients. 

An additional 53 patients were genotyped and included in the analysis, disappointingly, the 

additional data diminished the significant difference in C3 loading between the genotype 

groups, leaving only a trend demonstrating that the CR1-H/L group had a slightly higher median 

for C3 loading (Figure 3.25, Table 3.11). There was one patient with the CR1-L/L genotype 

who did not have the highest C3 loading as would have been predicted based on the assay by 

Rondelli et al. 

 

The overall function of CR1 within the complement system, including its ability to inactivate 

C3b as a cofactor of FI-mediated cleavage and accelerate the decay of C3 and C5 convertases, 

as well as its role in the clearance of ICs and phagocytosis, indicate that it is a regulator that 

can affect C3-mediated EVH. Despite losing significance with the wider cohort, the data 

described above demonstrated a trend for high CR1 expression on E associating with lower C3 

loading. The role of CR1 on E is two-fold, it controls activity of the C3 convertases and it 

modulates formation of the downstream fragments, iC3b and C3dg, which differentially ligate 

phagocytic receptors. The C3 loading data do not distinguish the identity of the C3 fragment 

present on the erythrocytes. To further explore the association of the CR1 polymorphism in 

C3b regulation, further functional studies were required, which will be discussed in the next 

chapters. 

 

3.6.3 Analysis of the C3-S/F polymorphism in the cohort 

The earlier data from Kaudlay et al., demonstrated potential association of EVH and the C3-

S/F polymorphism (158). As C3 is the most abundant protein in plasma and is the central protein 

in both opsonisation and phagocytosis of PNH-E, the hypothesis that C3 variants were 

associated with the severity of EVH was strong. To investigate this further, patients were 

genotyped for their C3-S/F polymorphism in addition to the CR1 density polymorphism. In the 

initial cohort of 27 patients, only a trend was observable, with patients with the C3-S/S allele 

having a higher median of C3 loading on total E, PNH-E, and type III PNH-E than patients with 

the C3-S/F allele (Table 3.3). 
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To validate the hypothesis, the number of patients genotyped was increased, with 81 patients 

examined in total. Although the results from the wider cohort showed that there was no 

statistically significant difference between the genotype groups, a trend was observed, similar 

to that observed by Kaudlay et al., with a higher median of C3 loading in patients with the C3-

S/S allele than S/F (Figure 3.30, Table 3.17). There three patients who were homozygous for 

the rare F allele, interestingly, had low levels of C3 loading varying between 9-17% on type III 

PNH-E. These patients also had lower median levels in all haemolytic parameters (reticulocyte 

count, bilirubin and LDH levels), with a higher median haemoglobin level indicating less 

haemolysis in the group. Overall, there was a trend in haemolytic parameters whereby patients 

with the C3-S/S allele had higher median levels of bilirubin and LDH, as well as higher 

reticulocyte count than those with the C3-S/F allele (Figrue 3.29, Table 3.15). There was no 

difference in transfusion requirements between the C3-S/S and S/F groups; with 50% in both 

groups, requiring at least 1 event of transfusion, but 2 in 3 patients with the C3-F/F allele did 

not. Clearly it would be of interest to analyse further patients with the C3-F variant to test 

significance and validate the hypothesis. 

 

Interestingly, patients with the C3-S/S allele had a higher median type III PNH reticulocyte 

clone size than those with the S/F allele, (Figure 3.32, Table 3.19). This is the first time that 

PNH reticulocyte clone size is associated with any protein. Given that the size of type III 

reticulocyte clone size is associated with C3 loading on type III PNH-E (Figure 3.19D), it is 

likely that patients who have the C3-S/F allele would have more mature PNH-E that are 

susceptible to IVH and EVH. 

 

There was no significant difference in type III PNH-E clone size between the C3-S/S and S/F 

groups (Figure 3.33, Table 3.20). This is likely due to the effect of transfusion, which skews 

the PNH clone size toward higher CD59 positive E from the donor. Furthermore, eculizumab 

treatment can increase the size of PNH-E clones in patients by inhibiting the terminal pathway, 

allowing more PNH-E to survive and accumulate in the periphery over time. However, EVH 

has an additional effect that may affect the actual PNH clone of patients. As a result, it is 

possible that the actual PNH-E clone size that must be considered is the one measured prior to 

the start of eculizumab treatment. 

 

3.6.4 Analysis of the combined effect of the C3-S/F and CR1 density polymorphisms 

The data described above indicate that both C3 and CR1 protein variants might impact risk for 

EVH, albeit only a trend in the data were evident. In order to investigate the hypothesis further, 

the combined effect of the both variants together was also analysed in the cohort. CR1 and C3 
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work in concert, with CR1 controlling C3 activation and processing, thus it is possible that 

variants will have a synergistic effect as described initially for the complotype (70). Analysis 

of the initial cohort was extremely promising, revealing nearly four times higher C3 loading on 

PNH-E C3-S/S CR1H/L compared to its opposite genotype combination, C3-S/F CR1-H/H 

(Figure 3.8, Table 3.4). However, when the cohort numbers were expanded during my PhD, the 

difference diminished, with approximately two-fold difference between the two combined 

genotype. Although, the trend remained that patients with the C3-S/S CR1-H/L genotype had 

the highest median level for C3 loading among the seven genotype combinations, followed by 

either C3-S/F CR1-H/H or C3-S/S CR1-H/H combined genotypes (Figure 3.38, Table 3.35). 

 

This trend was maintained even when analysing haemolytic parameters, where patients with 

the combined C3-S/S CR1-H/L alleles had the highest reticulocyte count, bilirubin, and LDH 

levels (Figure 3.34, Tables 3.22-25), excluding from the comparison those groups with less 

than 3 patients in each group. The significant difference in type III reticulocytes is observed 

again between the different C3-S/F polymorphisms but this time with the addition of the CR1 

polymorphism (Figure 3.37C). Patients with the C3-S/S CR1-H/L alleles have a significantly 

higher median of type III PNH reticulocyte clone than patients with the C3-S/F CR1-H/L alleles 

(Figure 3.37C, Table 3.34). Interestingly, this was observed in the comparison between the 

CR1-H/H and ïH/L density polymorphism (Figure 3.27C) and C3-S/S and S/F polymorphism 

(Figure 3.32C). The trend in type III reticulocyte PNH clone size also reflects the same trend 

in C3 loading on PNH-E (Figure 3.19C). 

 

Although the significance diminished as the patient numbers included in the analysis were 

increased, overall, there was a trend demonstrating that patients with the potential risk alleles, 

C3-S and CR1-L, have a higher amount of C3 loading (Table 3.35). Although the difference 

was minimal, it is intriguing that in the initial analysis of our cohort, there were 11 patients in 

the PEGASUS trial receiving the C3 inhibitor, pegcetacoplan - nine of those were homozygous 

for the C3-S allele, 6 had the CR1-H/L allele, and 6 patients carried the combined C3-S/S and 

CR1-H/L allele. 

 

This represents a high proportion of patients, particularly of the C3-S allele, implying a possible 

mechanism involving the protein for EVH risk, specifically how it is inactivated by regulators, 

with a greater effect than the density polymorphism in CR1, which could be an additive effect. 

As previously discovered, the C3-S variant has a different affinity to another regulator, FH, 

which is associated with a more regulated AP by having a higher affinity than the C3-F variant 

(70). Because C3-S was discovered to be a possible risk allele for EVH in this study, which is 



 

117 
 

contrary to what has been observed in other diseases, its interaction with other regulators, such 

as CR1, should be considered, as will be discussed in the following chapters. 

 

3.7 Future work 

It is important to note that the C3 loading measured in this study does not identify a specific C3 

fragment that is present on the cells and might be associated with EVH. In this study, C3 

fragments measured on PNH-E are a combination of all C3 breakdown fragments, C3b, iC3b, 

and C3dg, using an antibody against the C3d domain of C3. Because these fragments are 

recognised by different complement receptors on macrophages, they may have varying effects 

on the severity of EVH. A small amount of iC3b on a background of high levels of C3dg could 

have dramatic effects although it would not significantly alter the flow cytometry profile. 

Therefore, using specific anti-C3 antibodies to stain for C3 fragments, ideally in all eculizumab 

patients in the cohort, could allow the determination of which fragments are most associated 

with EVH. During my PhD, such antibodies were generated in the group. These could 

distinguish C3d and C3dg from iC3b. These antibodies have been used in chapter 5 of this 

thesis but due to restrictions during the pandemic, including closure of the PNH clinic, we could 

not work directly with the patient cells as originally planned at the start of the project. 

 

Due to the heterogeneity of PNH, establishing a scoring system for EVH based on 

measurements of haemolytic parameters to identify patients with mild, moderate, or severe 

EVH would be beneficial. It remains to be conclusively determined whether the C3-S/F and 

CR1 density polymorphisms could form part of this scoring system to determine risk for EVH. 

 

3.8 Limitations of study and effect of Covid 

Although 81 patients have already been investigated in this study, genotyping for C3-S/F and 

density polymorphism, as well as identifying the CR1 isoform of the entire set of patients 

(n=54) receiving eculizumab treatment in the Leeds centre, will be advantageous. Because the 

PNH clinic remained closed during the pandemic, genotyping of newly diagnosed patients was 

halted, limiting the expansion of the cohort. 

 

It will be interesting to study the long-term effect of eculizumab treatment on PNH clone size 

and C3 loading in patients to see whether there are any changes throughout their treatment 

(including before treatment). Given that the C3-S/F genotypes differ in type III reticulocyte 

clone size, both when analysed alone or when analysed in combination with the CR1 density 

polymorphism, analysing patient data from diagnosis to the present day should provide 

information on how the disease progresses in each patient and whether the polymorphisms have 
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an effect. However, for most patients, this will require going back years, and a significant 

amount of detailed analysis will be required. 

 

3.9 Summary 

In summary, the data show that despite eculizumab treatment to inhibit IVH in PNH patients, 

most patients still have residual haemolysis, most likely due to EVH, regardless of which C3-

S/F and CR1 density variants they express. Although a trend has been observed in which 

patients with the C3-S/S and CR1-H/L alleles, either separately or together, have higher C3 

loading on PNH-E and are associated with larger type III PNH reticulocyte clone size, the 

underlying mechanisms remain unclear. Given the number of proteins involved in complement 

activation and regulation, it is highly likely that other gene variants such as FB, FH, and FI are 

also associated with eculizumab response and regulation/inactivation of C3 loading on PNH-E. 

A better understanding of eculizumab-induced changes in PNH biology, such as clone size and 

the role of common polymorphisms in complement genes in the regulation of C3 loading and 

EVH, may aid identification of patients at higher risk for EVH. Ultimately, these PNH patients 

at higher risk for EVH may benefit from anti-complement therapy that modulates C3 deposition 

on PNH-E, such as the C3 inhibitor, pegcetacoplan, rather than modulators of C5 and MAC. 
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Chapter 4 Functional assessment of C3-S and C3-F proteins with CR1 
 

4.1 Introduction 

C3 is a central protein of the complement system in all three of its activation pathways. The 

C3-S/F polymorphism (rs2230199) is a common variant characterised by the change of an 

amino acid at position 102 of the C3 protein from arginine to glycine (R102G). The terms 

ñSlowò for R102 and ñFastò for G102 were adapted based on the variantsô difference in 

electrophoretic mobility, whereby at the translational level, the substitution of an arginine 

residue (positive) for a glycine residue (neutral) results in the C3-F protein that can migrate 

more quickly through agarose gel electrophoresis (58, 59). The C3-S/F polymorphism has been 

associated with risk for AMD (61) and the mechanism behind this has been assessed by looking 

at interaction of the C3b-S/F variants with the complement regulator, FH (70). This study 

identified that FH had a weaker affinity to the C3-F variant, which affected AP activity due to 

decreased in regulation.  

 

Given the trend that we observed in Chapter 3, showing higher percentage of C3 loading on 

PNH-E of eculizumab-treated PNH patients who are homozygous for the C3-S/S allele and 

heterozygous (H/L) for the CR1 density polymorphism, we wanted to explore the interaction 

of the C3 variants with CR1. 

 

C3 is the most abundant complement protein in the plasma with a concentration of around 

1mg/ml. The purification of C3 from human plasma has been described previously by Ruseva 

and Heurich (162) and the protocol described here was derived from this paper including use 

of protein precipitation and ion exchange chromatography (IEC) techniques, both anion and 

cation exchange. Classical chromatography methods are preferred for C3 purification as these 

yield active C3 using conditions of near physiological pH; use of low or high pH solutions, 

such as those typically used in affinity chromatography, can cause partial denaturation of C3 

resulting in hydrolysis of the internal thioester bond, this can affect its ability to bind surfaces 

in complement functional assays.  

 

Anion and cation exchange is used for C3 purification and can result in a high degree of C3 

purity. Protein adsorption to an ion exchange matrix is dependent on the net charge of the 

protein of interest, which relies on the pH of the buffer in which the sample is solubilised. By 

adjusting the pH, the charge of the protein can be altered; the pI is the pH at which a protein 

carries no charge, and this is important in IEX. Therefore, the pH of the buffer to be used for 

IEX is important as selection of pH  above the pI of the protein will result in a negative charge 
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and a pH below the pI will generate a net positive charge. Protein charges allows binding to the 

column matrix when it carries a net charge opposite to that of the ion exchange column. Bound 

proteins can then be displaced by using a buffer with high salt concentration such as NaCl 

where positively charged proteins bound to the cation exchanger are displaced by Na+ ions and 

negatively charged proteins on the anion exchanger are displaced by Cl- ions. During IEX, 

proteins bound to the column matrix are eluted by increasing the ionic strength over a linear 

salt gradient and proteins are eluted based on their net charge at a predetermined pH. Therefore, 

use of IEX can be optimised for target proteins to avoid contaminants and have a high purity 

elution at a specific ionic strength. Using the described classical chromatography techniques, 

we have successfully purified C3-S/F variant C3 proteins from donors who have been 

genotyped for the C3-S/F SNP.  

 

Interaction of C3 variants and CR1 was assessed by generating C3b-S and C3bïF proteins from 

purified C3, purified using a series of classical chromatography techniques in order to isolate 

the monomeric C3b proteins. The three soluble CR1 constructs were generated by recombinant 

DNA technology, generating stable CHO cell lines expressing the proteins which were purified 

by anti-CR1 affinity chromatography.  These CR1 constructs were comprised of different 

number of SCRs as shown in Figure 4.1. It is known that SCRs 1-3 of CR1 (site 1) have a strong 

C4b binding ability but bind very weakly to C3b; this site also has DAA for C3 and C5 

convertases. On the other hand, SCRs 8-10 in CR1 (site 2) have no DAA but has CA and this 

region binds strongly to C3b. We also generated a CR1 construct comprising SCRs 1-11, which 

had both sites and all the function mentioned above, including DAA for C5 convertases. 
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Figure 4.1. A schematic diagram showing the functional domains of recombinant CR1 

constructs generated for the study. 

Functional sites of CR1 are composed of three short consensus repeats (SCRs) such as, 1-3 (site 1) for 

decay accelerating activity (DAA) of CR1 for C3 convertase and 8-10 (site 2) for C3b binding and 

cofactor activity with FI to mediate C3b inactivation and both sites 1 and 2 for DAA for C5 convertases. 

Figure adapted from Kisserli et al.(106)). 
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The ability of CR1 to decay C3/C5 convertases and to support the cleavage of C3b/C4b 

fragments by FI was assessed for all CR1 constructs using specific functional assays. These 

included haemolysis assays using whole serum, fluid phase cofactor assays to measure the FI 

CA of CR1 and SPR using Biacore S200 to test the ability of the CR1 constructs to accelerate 

decay of the AP C3/C5 convertases. SPR was also used to investigate the interaction of CR1 

with C3b variants, including affinity and formation of the AP regulator trimolecular complex 

(TMC), comprising one molecule each of C3b:CR1:FI. SPR allows us to observe real-time 

interaction of ligands and analytes such as C3b and CR1 (185). The data collected from SPR 

are measured in response units (RU) which represent the binding of proteins to the chip surface 

composed of a gold surface coated with dextran. The interaction of analytes to ligands 

immobilised on the chip generates a change in mass close to the surface that alters the refractive 

index and causes a change in RU when SPR is measured. Thus, the interaction of proteins alters 

the RU readout and this is proportional to the mass of protein (analyte) bound to the ligand. 

 

The chapter aims include: 

¶ Use of classical chromatography to purify C3 from human plasma of donors who have been 

genotyped for their C3-S/F polymorphism and generation of C3b variants  

¶ generation of three CR1 constructs by recombinant technology (CR11-4, CR18-11 and CR11-11) 

¶ purification of recombinant CR1 proteins 

¶ functional analysis of the CR1 constructs for DAA and CA 

¶ use of SPR to study the interaction between the C3-S/F proteins and CR1 by measuring affinity, 

assessing DAA and determining TMC formation of C3b-S/F variants with CR1 and FI. 
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4.2 Results  

4.2.1 Purification of C3-S and C3-F proteins from human plasma 

Human C3-S and C3-F proteins were purified from human plasma of donors who were 

genotyped and shown to be homozygous for either the C3-S or C3-F  allele (Section 2.3). Whole 

blood from each donor was collected in EDTA tubes, and plasma was prepared as described in 

Section 2.9. To preserve activity, it is important to isolate the plasma promptly or store it at  

-80ºC for C3 purification. Since the concentration of C3 in the plasma is very high, we were 

able to acquire a good yield of purified C3 from plasma stored at -80°C. Freeze-thawing of 

plasma was also avoided as this may lead to C3 inactivation via hydrolysis of the thioester. All 

purification steps were carried out at 4°C to minimise activation of complement and protein 

degradation during the purification steps.  

 

4.2.1.1 Sodium sulphate precipitation 

The first step in C3 purification involves crude enrichment of the protein by precipitation with 

a high concentration of salt (also known as salting out) such as sodium sulphate (Na2SO4); this 

removes high molecular weight molecules prior to protein purification. The mixture of 10% 

(w/v) of Na2SO4 in plasma was stirred for 2 hours at RT, and the precipitate was spun at 26,000g 

for 30 minutes to remove insoluble material. The supernatant was filtered using a 0.22µm PES 

membrane followed by dialysis against a large volume of anion exchange buffer to remove salt 

through diffusion until the concentration of salt in dialysate and buffer are the same. The 

concentration of dialysate prior to IEC was 0.55mg/ml in a volume of 25ml, giving 14mg of 

protein. We found that a 25ml volume of plasma for C3 purification avoided saturation of the 

10ml DEAE column and prevented flow through of unbound protein; the binding capacity of 

this column is approximately 100mg of protein.     

 

4.2.1.2 Anion exchange chromatography 

The purpose of the anion exchange chromatography is to isolate C3 and remove contaminants. 

The anion exchange column that was used for this step was the HiPrep DEAE FF 16/10 

(Cytiva). DEAE resin is a weak positively charged anion exchanger that binds negatively 

charged proteins within the matrix. The following buffer was used to equilibrate the column, 

10mM KH2PO4 and 5mM EDTA at pH 7.8 (DEAE buffer A), and this same buffer was used 

for elution, supplemented with 1M NaCl (DEAE buffer B). Addition of EDTA in the buffer 

can chelate calcium and magnesium to prevent complement activation and to inhibit activation 
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or degradation by metalloproteases in plasma. Since the pI of human C3 is ~6, C3 proteins will 

be negatively charged in this buffer solution at pH 7.8 and are able to bind to the resin.   

 

The dialysate from section 4.2.2.1. was loaded into the DEAE column via a 50ml Superloop 

using AKTAÊ Pure. The proteins were separated by using a linear gradient of DEAE buffer 

B, from 0-25% over 14 CV 5ml fractions were collected (Figure 4.2A). The C3-containing 

fractions were analysed by SDS-PAGE (Figure 4.2B). The pool of peak fractions (25ml) had a 

concentration of 0.9mg/ml, which give ~22.5mg of proteins from 25ml plasma. Further 45ml 

of dialysate was loaded into the DEAE column to isolate C3 and a total of 50ml C3-containing 

fractions from the separate runs were dialysed into Mono S buffer A (50mM NaH2PO4 at pH 

6) overnight at 4°C for cation exchange chromatography.   

 

4.2.1.3 Cation exchange chromatography 

Spontaneous hydrolysis of the thioester bond within C3 by H2O can occur throughout the 

purification steps.  The thioester bond within C3 is labile and subject to hydrolysis by water, 

this affects the conformation of native C3 and generates a C3b-like molecule, C3(H2O). 

Removal of C3(H2O) is important for the use of the purified C3 for complement functional 

assays such as haemolytic assays as hydrolysed C3, although can be cleaved by FH and FI, is 

haemolytic inactive as the thioester is hydrolysed and therefore cannot bind covalently to the 

surface of target cells (186). In order to remove C3(H2O) from the protein preparation, the 

dialysate was subjected to a strong cation exchanger, Mono S, which is a negatively charged 

MonoBeadsÊS resin. The column was equilibrated with Mono S buffer A and the 50ml 

dialysate was loaded into the Mono S column via a 50ml Superloop using the AKTAÊ Pure. 

Bound proteins were eluted with a linear gradient from 0-40% of Mono S buffer B (Mono S 

buffer A with 1M NaCl) over 30 CV, collecting 2ml fractions. The main peak for active C3 is 

shown in Figure 4.3 and eluted C3(H2O) is also indicated as previously described (162). The 

fractions indicated were pooled together with a protein concentration of 9mg/ml in a volume of 

6ml giving a yield of ~17.5mg. The yield was lower than expected given that the concentration 

of C3 in plasma is ~1mg/ml and the total volume of sample used in the anion exchange 

chromatography was 70ml. A possible reason for this was the extended time required for 3 

separate anion exchange chromatography runs, increasing the possibility of C3 hydrolysis. 

When the same methods as described previously were repeated to purify C3 from a 15ml 

plasma, with no additional extra runs, the final yield for C3 purification was 11.5mg. Therefore, 

it is important that C3 purification is prepared in a relatively rapid method to achieve high yield 

in the end.  
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Figure 4.2 Purification of human C3 from 25ml of plasma by anion exchange 

chromatography. 

A. Anion exchange chromatogram showing isolation of C3 using a 20ml HiPrep DEAE FF 16/10 

column by linear gradient elution, 0-25% of 10mM KH
2
PO

4
, 5mM EDTA, 1M NaCl at pH 7.8. The 

UV trace (mAU) in blue line and increased of conductivity (mS/cm) in orange line and buffer B 

concentration in green line are displayed. B. Eluted fractions (3A2-3C3) were subject to SDS-PAGE 

analysis under reducing conditions in a 10-20% polyacrylamide gel to confirm C3-containing fractions. 

The gel was stained with Coomasie R-250 to visualise the bands. Ŭ (123kDa) and ɓ-chain (75kDa) of 

C3 are also indicated and confirmed using the Thermo Scientific PageRuler Prestained Protein Ladder 

shown in kilodalton (kDa). Eluted fractions 3B2-3B6 were pooled together for cation exchange 

chromatography. 
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Pooled C3 fractions from cation exchange chromatography was either subjected to gel 

filtration/SEC or dialysed into storage buffer such as HBS overnight at 4°C to be stored at  

-80°C until further use. This was dependent on the subsequent use of the purified C3. For some 

assays, higher purity of C3 was required and removal of aggregates by SEC was essential.  
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Figure 4.3 Isolation of human C3 by cation exchange chromatography from pooled 

fractions eluted from the DEAE column. 

A. Cation exchange chromatogram showing elution of active C3 using a Mono SÊ 5/50 GL column 

by linear gradient elution using 0-40% of 10mM NaH
2
PO

4
, 1M NaCl at pH 6. The UV trace in blue 

line and increased of conductivity in orange line and buffer concentration (%) in green line are 

displayed. The active C3 and C3(H
2
O) peaks are also indicated. B. Eluted fractions (1E3-1F4) were 

subjected to SDS-PAGE analysis using a 10-20% polyacrylamide gel which was stained with 

Coomassie Brilliant Blue R-250 to visualise the bands. Ŭ (123kDa) and ɓ-chain (75kDa) of C3 are also 

indicated and confirmed using the Thermo Scientific PageRuler Prestained Protein Ladder shown in 

kilodalton (kDa). Eluted fractions 1E3-1E8 were pooled together for further use. 
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4.2.2 Generation of C3b proteins 

After the successful purification of C3-S and C3-F proteins from human plasma, C3b variants 

were generated for future assays. The protocol for this was previously optimised by Dr. Ruyue 

Sun in the Harris laboratory. C3b proteins are generated by the cleavage of C3 in the presence 

of FB/FD in the reaction mix, which is a Mg2+-dependent reaction; thus, MgCl2 is added as a 

source of Mg2+ ions (187). The mixture was then incubated at 37°C for 30 minutes and C3 

cleavage was confirmed by SDS-PAGE analysis (Figure 4.4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The reaction mixture was then dialysed to 10mM KH2PO4 at pH 7.8 overnight at 4°C for anion 

exchange chromatography. Proteins were separated with a linear gradient elution from 0-30% 

of 10mM KH2PO4 and 1M NaCl at pH 7.8 (Figure 4.5). Peak fractions were subjected to SDS-

PAGE analysis under reduced and non-reduced conditions (Figure 4.6). The smaller peak 

fractions (E8 and E9) contained C3b dimers with a molecular weight higher than 250kDa as 

shown in the SDS-PAGE under non-reducing conditions. Under reducing conditions, the C3b 

dimers disappeared indicating that disulphide bonds mediated their formation. C3b-containing 

fractions, E3 and E4 were pooled together and subjected to SEC in HBS with 0.1% v/v Tween-

20 buffer (Figure 4.7). The SEC procedure served a dual role to remove aggregates and to buffer 

exchange the protein in preparation for Biacore experiments. 
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Figure 4.4. Generation of C3b proteins by C3 cleavage.  

SDS-PAGE analysis confirming C3 cleavage from the mixture of C3, FB, FD, MgCl
2
 in HBS. Proteins 

were loaded on a 10-20% polyacrylamide gel under reducing conditions and the gel was stained with 

Coomassie Brilliant Blue R-250 to visualise the protein bands. Breakdown fragments were confirmed 

using the Thermo Scientific PageRuler Prestained Protein Ladder shown in kilodalton (kDa). The 

proteins were indicated as shown- Ŭ (123kDa) and ɓ-chain (75kDa) of C3, Ŭô (114kDa) of C3b, FB 

(90kDa), Bb (60kDa), Ba (33kDa) and C3a (10kDa).  
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Figure 4.5. Anion exchange chromatography to isolate C3b proteins. 

Anion exchange chromatogram using a Mono QÊ 5/50 GL column showing separation of proteins 

from the reaction mixture (Figure 4.4) by linear gradient elution, 0-30% of 10mM KH
2
PO

4
, 1M NaCl 

at pH 7.8. The UV trace (mAU) in blue line and increased of conductivity (mS/cm) in orange line and 

concentration of elution buffer in green line are displayed. Peak fractions containing C3b monomers 

and dimers are also indicated. 

 

Figure 4.6. Eluted fractions from anion exchange chromatography of C3b monomers. 

Fractions from anion exchange chromatography (Figure 4.5) analysed by SDS-PAGE under A. non-

reduced (NR) and B. reduced (R) conditions using a 10-20% polyacrylamide gel stained with 

Coomassie Brilliant Blue R-250 to visualise the protein bands. Sizes of C3b were confirmed using the 

Thermo Scientific PageRuler Prestained Protein Ladder shown in kilodalton (kDa).  Ŭô (114kDa) and 

ɓ-chain (75kDa) of C3b are indicated with C3b dimers (>250kDa) and monomers (189kDa) also 

highlighted under NR condition. 
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Figure 4.7. Size exclusion chromatography of isolated monomeric C3b proteins post anion 

exchange chromatography. 

A. Fractions from anion exchange chromatography (1E3 and 1E4; Figure 4.6) containing C3b 

monomers were subjected to size exclusion chromatography (SEC) using a Superdex 200 10/300 

column equilibrated in HBS. B. Peak fractions were analysed by SDS-PAGE under reduced (R) and 

non-reduced (NR) conditions using a 10-20% polyacrylamide gel and stained with Coomassie Brilliant 

Blue R-250 to visualise the protein bands. Protein sizes were confirmed using the Thermo Scientific 

PageRuler Prestained Protein Ladder shown in kilodalton (kDa). Ŭ' (114kDa) and ɓ-chain (75kDa) of 

C3b under R condition and C3b (189kDa) under NR condition are indicated. 

C3b (189) 
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4.2.3 Generation of recombinant human soluble CR1 protein 

4.2.3.1 Cloning strategy 

The DNA sequence for human CR1 was obtained from the NCBI the reference, NM_000573.4, 

and the amino acid sequence with the reference, NP_000564.2. The DNA sequence was used 

to generate a vector for CR11-4 and CR11-11 constructs, keeping the Kozak and signal peptide 

sequences, removing the carboxyl terminal end sequence to generate soluble forms of CR1 and 

inserting an in-frame stop codon. A series of serine and glycine residue repeats, containing 7 

amino acids in CR11-4 and CR11-11, respectively, was also added after the final amino acid of 

the final SCR in each construct. The short glycine/serine sequences repeats act as a linker or 

spacer that adds flexibility to the protein without affecting its folding and function (188). A 

FLAG sequence (DYKDDDDK) was also added before the stop codon in the C-terminus. This 

allowed us to have an alternative method for purification of the CR1 constructs such as by 

affinity chromatography using an anti-FLAG column. Protein expression levels from stable 

expressing cell lines can also be detected using antibodies specific to FLAG using ELISA or 

Western blot. Restriction sites were added to the 5ô- and 3ô ends in order to clone the DNA 

encoding CR1 into an expression vector. Figures 4.8-9 shows amino acid and DNA of CR11-4 

and CR11-11 constructs.  

 

The DNAs containing the CR1 construct sequences were synthesised in a commercial vector, 

pEX-A258 (Figure 2.2) which includes an ampicillin resistance gene to allow bacterial selection 

for further cloning. The CR11-4 DNA sequence from the pEX-A258 was digested with SalI and 

NotI and the CR11-11 DNA sequence from the pEX-A258 vector was digested with Sal, NotI 

and PvuI. (Figure 4.10A-B). The PvuI was necessary because the SalI and NotI digestion of the 

pEX-A258 CR1-11 plasmid gives digestion products with sizes 2416bp (contains CR11-11 

sequence) and 2429bp (vector backbone) which cannot be separated very well on an agarose 

gel thus, extraction of the digestion product containing the CR11-11 sequence was impossible. 

Thus, the PvuI digests the 2416bp vector backbone further to allow extraction of the 2413bp 

CR11-11 digested product. 

 

The digested products were separated on an agarose gel in order to extract the CR1 DNA 

sequence (Figure 4.10C). The digested product containing the CR1 DNA sequence was ligated 

into the pDR2ȹEF1Ŭ nmcs3 expression vector, which had also been digested with SalI and NotI 

to allow ligation as describe in Sections 2.5.2.1- 2.5.2.2. 
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Figure 4.8. DNA and amino acid sequence of the CR11-4 construct. 

The DNA and amino acid sequence of CR1 short consensus repeats (SCRs) 1-4 is shown. Position for 

the following sequences are highlighted- signal peptide (gray), alternate highlight of green and teal 

corresponds to the sequence of an SCR, glycine/serine linker (yellow), FLAG (blue) and stop codon 

(red). Restrictions sites are shown, SalI (GTCGAC) in blue and NotI (GCGGCCGC) in orange text. 

 
 

  

gtc gac gtg gat act ctg tgg gcc aga agt acg atg att ggg  

  

cat tcc tac ttt cgg taa gcc ttt cca ctc ata agc gtg ttc ttc gag ata aag agc gga  

 

ctg tag atg tgt ctt ggc cgt atg ggc gcc tct tct cct aga tct ccc gaa cca gtg gga  

         M   G    A   S   S   P    R   S    P    E    P   V    G   

cca cca gct cca ggc ctg ccc ttc tgt tgt ggc ggt tcc ctc ctg gct gta gtg gtg ttg  

 P    P    A    P   G    L    P   F   C   C   G   G    S   L   L    A   V   V   V   L   

ctt gca ctg cct gtt gct tgg ggc cag tgt aac gct cct gaa tgg ctc ccg ttt gca agg  

 L   A   L    P   V   A  W   G    Q   C   N   A   P    E   W   L   P    F   A    R   

cct act aac ctg acc gat gaa ttt gag ttt ccg att ggg acg tat ctg aac tac gaa tgt  

 P   T   N    L   T    D    E   F   E    F   P    I   G     T   Y   L   N   Y    E   C   

aga cct ggc tat tca ggc cga cct ttc agc atc atc tgc ctg aag aac agt gtc tgg act  

 R    P   G   Y   S    G    R    P   F   S    I     I    C   L    K   N    S   V   W  T   

ggt gcc aaa gac agg tgt cgt cgc aag tca tgc cgg aat cca cct gat ccc gtc aac ggg  

 G    A   K    D    R   C   R   R    K   S    C   R    N   P    P   D    P   V   N    G   

atg gta cac gtc atc aaa ggc att cag ttc ggt tca cag atc aag tac agc tgc acc aag  

 M   V   H   V   I    K    G   I    Q   F   G    S   Q    I    K   Y    S    C    T   K   

ggt tac agg ctg att ggt agc agc tca gcg aca tgc atc atc tcc ggg gat acc gtg ata  

 G   Y   R    L   I    G    S    S    S   A    T    C    I    I    S    G    D   T   V    I   

tgg gac aat gag aca ccc atc tgt gac aga att ccg tgt ggg ctt cca ccc aca atc aca  

 W   D   N   E    T    P    I    C   D    R    I   P    C   G    L   P    P    T    I    T   

aat ggg gac ttc atc agc act aat cgg gag aac ttc cac tat gga agc gta gtg acc tat  

 N   G    D   F    I    S    T   N   R    E    N   F    H  Y   G    S    V   V    T   Y   

cgg tgt aat cca ggc agt gga ggg agg aag gtg ttc gag ttg gtt ggc gag cct tct atc  

 R   C   N   P    G    S    G    G    R    K    V   F   E   L   V   G    E     P   S   I   

tac tgc acc agt aac gac gat caa gtc ggc att tgg tcc gga ccc gca cct cag tgc att  

 Y   C   T    S   N    D    D   Q   V   G    I   W   S    G   P    A    P    Q   C   I   

atc ccc aat aag tgc aca cct ccc aac gtg gag aac gga ata ctc gtt agc gac aat cgc  

  I    P   N   K   C    T    P    P   N    V   E    N    G    I    L   V   S    D    N   R   

tcc ctg ttc tcc ctg aat gag gtt gtg gag ttt cga tgc caa cca gga ttt gtc atg aaa  

 S    L  F    S   L   N    E   V   V   E    F   R   C    Q    P   G    F  V   M   K   

ggg cca aga agg gtc aaa tgc cag gca ctg aac aaa tgg gaa ccc gaa ttg ccc tcc tgc  

 G     P   R    R    V   K   C    Q    A   L   N    K   W   E    P    E    L   P    S   C   

tct cgc agt ggc gga ggg tct gga ggt gac tac aag gat gat gac gac aaa tga gcc gcc  

 S   R    S   G    G    G    S   G    G   D   Y   K    D   D   D    D    K    -         

gcg gcc gc 
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Figure 4.9. DNA and amino acid sequence of the CR11-11 construct. 

The DNA and amino acid sequence is shown CR1 short consensus repeats (SCRs) 1-11. Position for the 

following sequences are highlighted- signal peptide (gray), alternate highlight of green and teal 

corresponds to the sequence of an SCR, glycine/serine linker (yellow), FLAG (blue) and stop codon 

(red). Restrictions sites are shown, SalI (GTCGAC) in blue and NotI (GCGGCCGC) in orange text. 

DNA and amino acid sequence is continued in next page. 
  

gtc gac gta gac aca ctg tgg gct aga tca acc atg atc gga cac tcc tac ttc aga tag  

 

ct ttt cct ctg atc agt gtg ttc gag atc aaa agc ggc ctc tga atg tgt ctg gga  aga  

 

atg ggc gct agc tct cct aga tct ccc gag cca gtc ggc cct cct gca ccc ggg ctt  

M   G    A   S    S   P    R   S   P     E    P    V   G    P    P   A    P    G    L   

cct ttt tgc tgt gga gga agc ctg ctg gcc gtc gtg gta ctg ctg gca ttg cca gtg gcg  

 P   F   C   C   G   G    S     L   L   A    V   V   V    L   L   A   L    P    V   A   

tgg ggt cag tgc aat gca cca gag tgg ctg cca ttc gca agg cca acc aac ctc acg gac  

 W   G   Q   C   N   A    P    E    W   L   P   F    A    R    P    T    N   L   T    D   

gag ttt gag ttc cct att ggc aca tac ctg aac tac gaa tgt cgg ccc ggc tat agc ggc  

 E    F   E   F    P   I    G    T   Y   L   N   Y    E    C   R    P    G   Y   S    G   

cgg cca ttt agc atc att tgc ctg aag aat tcc gta tgg act ggg gct aaa gat cgc tgt  

 R    P    F   S    I    I   C    L   K   N   S   V   W   T   G    A    K   D    R   C   

aga cgg aag tca tgt aga aac cct cct gat cca gtc aac ggg atg gtc cac gtg att aaa  

 R    R    K   S   C    R   N    P   P    D   P   V   N    G    M   V   H   V   I    K   

ggc atc cag ttt ggc agc cag atc aaa tac tca tgc aca aag ggg tat cgg ctt atc ggg  

 G    I    Q   F   G    S    Q    I    K   Y   S   C    T    K    G   Y   R    L   I    G   

tca tcc tcc gca aca tgc att att agc ggt gac act gtg atc tgg gac aac gag act cct  

 S   S    S   A    T   C    I    I    S   G    D   T   V    I    W   D   N    E    T   P   

atc tgt gat cga atc cca tgc gga ctt cct cca act att act aat ggg gac ttc att agt  

 I    C   D   R    I    P    C   G    L   P   P    T    I   T   N   G    D    F   I    S   

acc aac aga gag aac ttc cac tat ggg agt gtc gtt act tat cgc tgc aat cct ggc agt  

 T    N   R    E    N    F   H  Y    G   S    V   V  T   Y   R   C   N   P    G    S   

gga ggc agg aag gtg ttc gag ttg gta gga gaa ccc tcc att tac tgc act agc aac gat  

 G   G     R    K   V   F   E    L   V   G    E    P     S   I   Y   C    T   S    N    D   

gat cag gtc ggc ata tgg tct ggc cca gct ccc cag tgc ata ata ccc aat aag tgt aca  

 D   Q   V   G     I   W   S   G    P    A   P    Q    C   I     I    P    N   K   C   T   

ccg ccc aac gtg gaa aat ggg atc ctc gtc agc gat aac cga agt ctg ttc tcc ctg aat  

 P     P   N   V    E    N   G    I    L   V   S    D    N    R   S    L   F   S    L   N   

gaa gtt gtc gag ttc aga tgt caa ccc ggc ttc gtg atg aag ggg cct agg cgg gtg aaa  

 E    V  V   E    F    R   C   Q    P   G    F   V   M   K   G    P    R    R    V   K   

tgt caa gcc ttg aat aaa tgg gaa cct gag ctt cct tct tgc tcc cga gtt tgc cag ccg  

 C   Q   A    L   N   K   W   E   P    E    L   P   S   C   S    R   V   C   Q    P   

cca ccc gat gtg ctc cat gcc gaa cgg aca cag aga gac aag gac aat ttc tct cct gga  

 P    P    D   V   L   H    A   E    R    T    Q    R    D   K    D   N   F   S   P    G   

caa gag gtg ttc tac agc tgt gaa ccc ggc tat gat ctc cga ggt gcc gcc tcc atg agg  

 Q   E    V   F   Y    S   C    E    P    G   Y   D   L   R   G    A    A   S    M   R   

tgt acc cct cag gga gat tgg agc cca gct gcc cca aca tgt gag gtt aag tcc tgc gac  

 C   T   P    Q    G   D   W   S    P    A   A    P    T    C   E   V   K    S   C   D   

gat ttt atg ggt cag ctc ttg aat ggc cgt gtc ctc ttc cca gtt aac ctg cag ctg ggc  

 D   F  M  G    Q   L   L   N   G    R   V   L   F   P   V   N    L   Q    L    G   

gcc aag gtt gac ttt gtc tgt gac gag gga ttc cag ctc aag ggt tct tct gct agc tac  

 A   K    V   D   F   V  C   D    E    G   F    Q   L    K   G   S   S   A   S    Y   

tgt gtg ctg gca ggg atg gag tca ctg tgg aac tcc agc gta ccc gtg tgc gag caa att  

 C   V   L   A    G    M   E    S   L   W  N    S    S    V   P    V   C    E    Q    I   

ttc tgt ccc tct cca cca gta atc ccg aac gga agg cat acc ggt aag cct ctg gaa gtg  

 F   C   P   S    P    P   V    I    P    N   G     R   H    T   G   K    P    L   E    V   

ttt ccc ttt ggg aaa acg gtc aac tac acc tgt gac cca cat cca gac cgc ggc aca tca  

 F   P   F   G   K    T    V   N   Y   T   C    D   P    H   P    D    R    G    T   S   
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ttt gac ctg att gga gaa tcc acc atc cgc tgc acg tcc gat cca caa ggc aat ggg gtt  

 F   D   L   I    G    E    S   T    I     R   C    T    S   D    P   Q    G   N    G   V   

tgg tcc agt ccg gcg ccc aga tgt ggc att ctg gga cac tgt cag gca ccc gat cat ttc  

 W  S    S   P     A    P    R   C   G    I    L   G    H   C   Q    A    P   D   H   F   

ctg ttt gcc aaa ctc aaa acc cag acc aac gcc tca gac ttc ccg ata ggg acg tca ctg  

 L   F   A   K    L   K   T    Q    T    N   A    S   D   F    P     I    G    T    S   L   

aag tac gag tgc agg ccc gaa tac tat gga cgg ccc ttt tct atc acc tgt ctg gac aac  

 K   Y   E    C    R    P     E   Y   Y   G   R    P    F  S    I    T   C   L    D   N   

ttg gtg tgg tca tct ccc aaa gac gtg tgc aaa agg aag agc tgt aag aca cca cct gac  

 L   V   W  S   S   P    K    D   V    C   K    R    K    S   C   K    T    P    P   D   

cct gtg aat ggg atg gta cac gtg ata act gat ata cag gtg ggc tct cga atc aac tac  

 P   V   N   G    M   V   H   V    I    T   D    I   Q   V   G     S   R     I   N   Y   

tct tgc acc aca ggt cat cgc ctt att ggg cac agt tct gcc gaa tgc atc ctt tca ggc  

 S   C   T    T    G   H   R    L   I   G    H   S    S   A    E   C    I    L   S   G   

aat gca gcc cac tgg tct act aag cct ccg att tgt cag cgt att cca tgc ggt ttg cct  

 N   A   A    H   W   S  T    K    P   P     I   C   Q   R    I    P   C   G   L   P   

ccc aca atc gcg aat ggc gac ttc atc agc act aac agg gag aac ttt cac tat ggt agt  

 P    T    I    A    N   G    D   F    I    S    T   N    R    E    N   F   H   Y  G    S   

gtg gtc acc tat cgc tgc aac ccc gga agc ggt ggt agg aag gtg ttt gaa ctt gtc ggg  

 V   V   T   Y    R   C   N    P    G    S    G   G    R    K   V   F   E   L   V   G   

gaa cct tcc atc tac tgc acc tcc aat gat gac cag gtt ggc ata tgg agt ggt ccc gct  

 E   P    S    I    Y   C   T   S    N   D    D   Q   V   G    I    W   S   G    P   A   

ccg cag tgc att atc cct aat aag tgc acc cct ccc aac gtg gag aac ggg atc ctg gtg  

 P    Q    C   I    I    P   N   K   C    T    P    P    N   V   E    N    G     I    L   V   

tcc gat aat cgc agc ctg ttc agc ctg aat gag gtc gtt gag ttt cgt tgt cag ccg ggg  

 S   D   N   R    S    L   F    S    L   N   E    V   V   E   F   R   C   Q    P    G   

ttt gtg atg aaa ggc ccc agg cgg gtg aag tgc caa gct ctg aac aaa tgg gaa cca gag  

 F   V  M   K   G    P     R    R   V    K   C   Q   A    L   N    K   W   E    P    E   

ctc ccc agt tgt agc cgt agc gga ggt gga agt gga gga gat tat aag gac gat gac gac  

 L    P   S   C    S    R   S    G    G    G    S   G    G   D   Y   K   D    D   D    D   

aag taa gct gcc gcg gcc gc 

 K    -               

Figure 4.9. DNA and amino acid sequence of the CR1
1-11 
construct.  
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  Figure 4.10. Overview of the cloning of DNA encoding CR1 sequence into the 

pDR2ȹEF1Ŭ nmcs3 expression vector. 

A. The pEX-A258 containing the DNA sequence for CR1
1-4

 construct (3516bp) was digested with SalI 

and NotI enzymes resulting in the digested products; vector backbone (24 and 2429bp) and  CR1
1-4

 

sequence (1063bp) which was ligated into the pDR2ȹEF1 hnmcs3 expression vector.  

B. The pEX-A258 containing the DNA sequence for CR1
1-11

 construct (4866bp) was digested with SalI, 

NotI, PvuI enzymes resulting in the digested products; vector backbone (24, 806, 1623bp) and CR1
1-11

 

sequence (2413bp) which was ligated into the pDR2ȹEF1 h nmcs3 expression vector.  

C. The digestion reaction was loaded on an agarose gel and the blue boxes indicate the digested DNA 

products that were extracted to be ligated into the pDR2ȹEF1 hnmcs3 expression vector. 
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The CR18-11 construct was generated separately in-house by a series of cloning steps which was 

described in Section 2.5.2.3 and the overview of the cloning steps are shown in Figure 4.11. 

The SCRs 8-11 sequence was amplified by PCR from a plasmid containing CR1 SCRs 1-11 

DNA sequence. The PCR product was inserted into the SiGpIg expression vector (Figure 2.4) 

to provide a CD33 signal peptide since the native CR1 signal peptide is found prior to the SCRs 

1-4 sequence. The primers used contained HindIII  and NotI restriction sites for the forward and 

reverse primers, respectively. The reverse primer also included a sequence for FLAG and 

additional glycine/serine repeats before a stop codon. The PCR product was separated on an 

agarose gel and the 810bp product was subjected to gel extraction. This pDNA was cloned into 

Signal pIgplus expression vector that was digested with HindIII  and NotI restriction enzymes. 

The DNA and amino acid sequence of the CR18-11 construct is shown in Figure 4.12.  

 

 

  

Figure 4.11. Overview of the cloning of DNA encoding CR18-11 into the expression vector 

pDR2ȹEF1Ŭ nmcs3. 

A. The CR1
8-11

 DNA sequence was amplified from a pDR2ȹEF1Ŭ nmcs3 CR1
1-11

 vector. The forward 

and reverse primers contained a HindIII  and NotI in the 5ô and 3' end, respectively, to enable ligation 

into the multiple cloning site of the SiGpIg vector. The right image shows an agarose gel showing the 

810bp amplified PCR product of the CR1
8-11

 DNA sequence. B. The CD33 signal peptide with  

CR1
8-11

 DNA sequence in the SiGpIg vector were amplified with forward and reverse primers that have 

SalI and NotI in the 5ô end, respectively, to enable C. ligation into the pDR2ȹEF1Ŭ nmcs3 expression 

vector. 
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Figure 4.12. DNA and amino acid sequence of the CR18-11 construct. 

The DNA and amino acid sequence of CR1 short consensus repeats (SCRs) is shown. Position for the 

following sequences are highlighted- signal peptide (gray), alternate highlight of green and teal 

corresponds to the sequence of an SCR, glycine/serine linker (yellow), FLAG (blue) and stop codon 

(red). Restrictions sites are shown, SalI (GTCGAC) in blue, HindIII  (AAGCTT) in green, and NotI 

(GCGGCCGC) in orange text.  

gat (D) aag (K)  ctt (L) ï sequence not highlighted as these sequence was added due to cloning. 

 
  

gtc gac tca gac atg ccg ctg ctg cta ctg ctg ccc ctg ctg tgg gca  

                          M   P    L    L   L   L   L    P    L    L   W  A   

ggg gcc ctg gct atg gat aag ctt gga cac tgt cag gca ccc gat cat ttc ctg ttt gcc  

 G    A    L   A   M   D   K   L   G    H   C   Q   A    P    D   H   F   L   F   A   

aaa ctc aaa acc cag acc aac gcc tca gac ttc ccg ata  

 K    L   K   T    Q    T   N    A    S   D   F    P    I   

ggg acg tca ctg aag tac gag tgc agg ccc gaa tac tat gga cgg ccc ttt tct atc acc  

 G    T    S    L   K   Y    E    C   R     P    E   Y   Y  G     R    P   F   S   I    T   

tgt ctg gac aac ttg gtg tgg tca tct ccc aaa gac gtg tgc aaa agg aag agc tgt aag  

 C   L   D   N   L    V   W   S   S   P    K   D    V   C   K    R    K    S   C    K   

aca cca cct gac cct gtg aat ggg atg gta cac gtg ata act gat ata cag gtg ggc tct  

 T    P    P    D   P   V   N   G    M   V   H   V    I    T   D   I    Q   V     G   S   

cga atc aac tac tct tgc acc aca ggt cat cgc ctt att ggg cac agt tct gcc gaa tgc  

 R    I   N    Y   S   C   T    T    G   H   R   L   I    G    H    S   S   A    E   C   

atc ctt tca ggc aat gca gcc cac tgg tct act aag cct ccg att tgt cag cgt att cca  

 I    L   S   G    N   A   A    H   W   S   T   K    P   P    I    C   Q   R   I    P   

tgc ggt ttg cct ccc aca atc gcg aat ggc gac ttc atc agc act aac agg gag aac ttt  

 C   G   L   P    P    T   I     A   N   G    D   F    I    S    T    N    R    E   N   F   

cac tat ggt agt gtg gtc acc tat cgc tgc aac ccc gga agc ggt ggt agg aag gtg ttt  

 H   Y  G    S   V   V   T    Y   R   C   N    P    G    S    G    G   R    K   V   F   

gaa ctt gtc ggg gaa cct tcc atc tac tgc acc tcc aat gat gac cag gtt ggc ata tgg  

 E   L   V   G     E    P   S   I    Y   C    T    S   N   D   D   Q    V   G    I   W   

agt ggt ccc gct ccg cag tgc att atc cct aat aag tgc acc cct ccc aac gtg gag aac  

 S   G    P    A   P    Q   C    I    I    P   N   K   C    T    P    P    N   V   E    N   

ggg atc ctg gtg tcc gat aat cgc agc ctg ttc agc ctg aat gag gtc gtt gag ttt cgt  

 G    I     L  V    S   D   N   R    S     L   F   S    L   N    E   V   V   E   F   R   

tgt cag ccg ggg ttt gtg atg aaa ggc ccc agg cgg gtg aag tgc caa gct ctg aac aaa  

 C   Q    P   G    F   V  M    K   G    P    R    R    V   K   C    Q   A    L   N   K   

tgg gaa cca gag ctc ccc agt tgt agc cgt agc gga ggt gga agt gga gga gat tat aag  

 W   E   P    E     L   P    S   C   S     R   S    G    G    G   S    G    G   D   Y   K   

gac gat gac gac aag  gga tct ggt gga ggg tga 

 D   D    D   D    K     G   S   G    G   G    - 

gct gcc gcg gcc gca  
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Successful ligation of CR1 DNA sequence into the pDR2ȹEF1Ŭ nmcs3 expression vector was 

confirmed by bacterial screening by amplifying the CR1 DNA sequence using PCR as 

described in Section 2.5.2.4. (Figure 4.13). Positive clones were grown and the pDNA was 

extracted and the sequence was confirmed. Bacterial clones which resulted in an amplified CR1 

product were expanded in culture and pDNA was extracted and sent for sequencing. Clones 

with the correct sequence were expanded to generate sufficient pDNA for cell transfection and 

generation of stable CR1-expressing cell lines. 

  pDR2ȹEF1Ŭ nmcs3 ï CR1
1-4
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pDR2ȹEF1Ŭ nmcs3 ï CR1
1-11

 

pDR2ȹEF1Ŭ nmcs3 ï CR1
8-11

 

810bp 

Figure 4.13. Screening of bacterial colonies using polymerase chain reaction to confirm 

insertion of the CR1 DNA sequence into the multiple cloning site of the pDR2ȹEF1Ŭ 

nmcs3 expression vector. 

Plasmid DNA was released from the bacteria by boiling the cells in water and the supernatant was used 

as a template for PCR. The primer pair that were used amplified the CR1 DNA sequence within the 

multiple cloning site to allow the identification of the bacterial colonies which has the correct insert. 

Each lane on the agarose gel represents one bacterial colony to screen for successful insertion of the 

following construct into the pDR2ȹEF1Ŭ nmcs3 expression vector A. CR1
1-4

(1063bp), B. CR1
1-11

 

(2413bp) and C. CR1
8-11

 (810bp). D. Control samples for PCR run, including empty pDR2ȹEF1Ŭ 

expression vector and no plasmid DNA (pDNA) sample, are also shown. Bacterial colonies with 

amplified products were subjected to DNA sequencing to confirm no errors were introduced within the 

CR1 DNA sequence.  

bp (base pair) 
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4.2.3.2 Transfection of CHO cells to express CR1 construct 

The pDR2ȹEF1Ŭ nmcs3 expression vector containing the DNA encoding for the different CR1 

constructs was transfected into CHO cells using the JetPEITM (Polyplus) DNA transfection 

reagent as described under Section 2.6.1. Three days post-transfection, the supernatant was 

collected to confirm expression of CR1 by Western blot analysis (Figure 4.14). Hygromycin 

selection was used to generate stable cell lines. The optimal dose of hygromycin was identified 

by treating wild-type/non-transfected cells with different concentrations of hygromycin at 

concentrations between 200-1000µg/ml. For CHO cells, the optimal hygromycin concentration 

was 500µg/ml, at which concentration all cells were dead after 4 days. Single cell cloning 

performed in transfected CHO cells in order to isolate high-expressing single cell clones as 

described in Section 2.6.2 and identified best expressing single cell clones were expanded for 

large-scale purification. 

  

Figure 4.14. Western blot analysis of supernatant collected from CHO cells transfected 

with CR1 constructs. 

Supernatants were harvested each day up to day 3 post-transfection from CHO cells expressing  

A. CR1
1-4 

(~32kDa) and B. CR1
1-11

 (~82kDa) and were subjected to SDS-PAGE and Western blot 

analysis by loading the samples on a 7.5% polyacrylamide gel and proteins were transferred onto a 

PVDF membrane. The membranes were probed using an in-house anti-CR1 antibody (MBI-35) and 

anti-mouse IgG HRPO. C. Expression of CR1
8-11

 (~34kDa) was also detected similarly by Western blot 

analysis using supernatant from transfected CHO cells expressing each CR1 construct. Membrane was 

probed with primary anti-FLAG antibody and secondary anti-mouse IgG HRPO antibody. D. As a 

control, a membrane (with same samples from C.) was incubated with secondary antibody only and 

non-specific binding was detected. Double protein bands observed in CR11-4 and CR18-11 constructs are 

due to the glycosylation of the proteins. This is not observed in CR11-11 due to the different separation 

of proteins with higher molecular weight sizes in a 7.5% polyacrylamide gel.   All protein sizes were 

confirmed using the Thermo Scientific PageRuler Prestained Protein Ladder shown in kilodalton (kDa). 
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4.2.3.3 Purification of CR1 by affinity chromatography 

All CR1 constructs were purified by affinity chromatography as described under Section 2.7.3. 

The method was optimised over time to improve elution of the proteins, remove albumin 

contaminants and increase yield of purification. Elution buffers used in this project was either 

0.1M glycine-HCl at pH 2.5 or 50mM diethylamine diluted in PBS (pH 11.5). Example of 

chromatograms to show purification of the CR1 constructs by affinity chromatography are 

shown in Figures 4.15-17. 

 
  

Figure 4.15. Purification of CR11-4 by affinity chromatography 

A. Chromatogram from the affinity chromatography to purify CR1
1-4

 (~32kDa) from the cell culture 

supernatant of a single CHO cell clone expressing the construct. The column was washed for 30 

minutes with 1M NaCl in PBS and proteins were eluted by 100% 0.1M glycine-HCl at pH 2.5. The UV 

trace (mAU) is shown in blue, the conductivity in red, and the concentration of the elution buffer in 

pink. The traces for the loading of supernatant and washing of the column are not shown. B. The eluted 

fractions (T4, combined T5-6 and T7-9) were analysed on an SDS-PAGE under non-reducing 

conditions using a 10-20% polyacrylamide gel and protein bands were visualised using with Coomassie 

Brilliant Blue R-250. CR11-4 protein size (32) was confirmed using the Thermo Scientific PageRuler 

Prestained Protein Ladder shown in kilodalton (kDa). Double protein bands observed are due to the 

glycosylation of the CR11-4 protein. 
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Figure 4.17. Purification of CR11-11 by affinity chromatography. 

A. Chromatogram from the affinity chromatography to purify CR1
1-11

 from the cell culture supernatant of a 

single CHO cell clone expressing the construct. The column was washed for 30 minutes with 1M NaCl in 

PBS and proteins were eluted by 100% 50mM diethylamine in PBS (pH 11.5). The UV trace is shown in 

blue, the conductivity in red, and the concentration of the elution buffers in pink. The traces for the loading 

of supernatant and washing of the column are not shown. B. The eluted T3-T5 fractions were analysed by 
SDS-PAGE under non-reducing conditions on a 10-20% polyacrylamide gel stained with Coomassie 

Brilliant Blue R-250 to visualise the protein bands. CR11-11 protein size (82) was confirmed using the Thermo 

Scientific PageRuler Prestained Protein Ladder shown in kilodalton (kDa).   

CR1
1-11 

(82) 

Figure 4.16. Purification of CR18-11 by affinity chromatography. 

A. Chromatogram from the affinity chromatography to purify CR1
8-11

 from the cell culture supernatant of 

a single CHO cell clone expressing the construct. The column was washed for 30 minutes with 1M NaCl 

in PBS and proteins were eluted by 100% 0.1M glycine-HCl at pH 2.5. The UV trace is shown in blue, the 

conductivity in red, and the concentration of the elution buffers in pink. The traces for the loading of 

supernatant and washing of the column are not shown. B. The eluted T4 fraction was analysed on an SDS-

PAGE under non-reducing conditions using a 10-20% polyacrylamide gel and protein bands were visualised 

using with Coomassie Brilliant Blue R-250. CR18-11 protein size (34) was confirmed using the Thermo 

Scientific PageRuler Prestained Protein Ladder shown in kilodalton (kDa).  Multiple protein bands observed 

are due to the glycosylation of the CR18-11 protein. 
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The SDS-PAGE analysis of purified CR11-4 and CR18-11 constructs showed two single bands, 

likely due to glycosylation of CR1 protein as it is known to be a glycoprotein with abundant N-

linked carbohydrates (Figure 4.18). On an SDS-PAGE gel, a doublet is not visible for the CR11-

11 construct, unlike the CR11-4 and CR18-11 constructs, as the proteins around 70-100kDa are 

not separated very well.  The CR11-4 and CR18-11 constructs have 3 N-glycosylation sites, while 

the CR11-11 construct has 8. This was based on the number of amino acid sequences with 

asparagine-X-serine/threonine, where X is not a proline. In order to confirm that the doublets 

we observed were due to glycosylation, CR1 constructs were treated with PNGase F, an enzyme 

that removes N-linked oligosaccharides from glycoproteins (189). SDS PAGE analysis of the 

CR1 constructs after PNGase treatment revealed a single band with decreased molecular 

weight, indicating the removal of oligosaccharides (Figure 4.19). The molecular weight of an 

N-linked glycosylation site is around 3-4kDa (190) giving the expected deglycosylated sizes of 

the constructs- CR11-4 (23kDa), CR18-11, (25kDa) and CR11-11 (58kDa).     
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Figure 4.18. SDS-PAGE analysis of CR1 constructs purified by anti-CR1 affinity 

chromatography. 

Purified CR1 constructs were analysed by SDS-PAGE in a 10-20% polyacrylamide gel stained with 

Coomassie Brilliant Blue R-250. All samples were prepared under non-reducing conditions. The 

expected protein sizes of each CR1 construct are as follows- CR11-11 (82kDa), CR18-11 (34kDa) and 

CR11-4 (32kDa). Due to glycosylation of the CR1 proteins, there are multiple bands present. Protein 

sizes were confirmed using the Thermo Scientific PageRuler Prestained Protein Ladder shown in kilodalton 

(kDa).   
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Figure 4.19. Deglycosylation of CR1 proteins by PNGase F. 

CR1 constructs were incubated with PNGase F to initiate the removal of N-linked oligosaccharides 

from the proteins. The letter "D" denotes deglycosylated samples. Negative control samples were also 

made, which contained CR1 constructs but no PNGase F enzyme (not deglycosylated (ND)). All 

samples were loaded on a 10-20% polyacrylamide gel and stained with Coomassie Brilliant Blue R-

250 for SDS-PAGE analysis. A. SDS-PAGE analysis demonstrates that all constructs were successfully 

deglycosylated based on the decrease in protein size after PNGase treatment. However, the PNGase F 

and deglycosylated protein CR1
8-11

 protein seem to overlap in size. Thus, samples were also analysed 

by B.  Western blot, confirming deglycosylation of CR1
8-11

 and CR1
1-11

 constructs and C. CR1
1-4

. The 

expected sizes of the deglycosylated proteins are as follows- CR11-4 (23kDa), CR18-11, (25kDa) and 

CR11-11 (58kDa). The proteins transferred to a PVDF membrane was probed with an in-house anti-CR1 

antibody (MBI-35) and anti-mouse IgG HRPO. All protein sizes were confirmed using the Thermo 

Scientific PageRuler Prestained Protein Ladder shown in kilodalton (kDa) 
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For SPR assays (Biacore), it is desirable to subject proteins to SEC to remove contaminants and 

buffer exchange the proteins to the same buffer as the Biacore running buffer (HBS with 0.01% 

v/v Tween-20). Following elution of CR1 constructs, the purified proteins were dialysed to 

HBS and stored at -80C for further use. For SPR, multiple aliquots of purified proteins were 

combined and concentrated using Amicon ultrafilration (Section 2.7.5) to have sufficient 

proteins to load onto a SEC column. Separation of purified CR1 constructs from contaminants 

by SEC was successful as shown in Figures 4.20-22. The eluted fractions of CR11-4, CR18-11 

and CR11-11 proteins shows expected sizes at 32, 34 and 82kDa, respectively, with apparent 

glycosylation of the CR11-4 and CR18-11 proteins, shown as double protein bands.  

 

 

 

  

Figure 4.20. Size exclusion chromatography of purified CR11-4 construct. 

A. Chromatogram of size exclusion chromatography of CR1
1-4 

construct using a Superdex 75 10/300 

column equilibrated in HBS with 0.01% Tween 20. The UV trace (mAU) in blue line and increased of 

conductivity (mS/cm) in orange line are displayed. B. Peak fractions A8-A12 were subjected to SDS-

PAGE under non-reducing condition using a 10-20% polyacrylamide gel and proteins were visualised 

by Coomassie Brilliant Blue R-250 staining. The expected size of the CR1
1-4 

construct is 32kDa and 

due to glycosylation of the protein, there is an additional protein band with a higher protein size that is 

observed. Protein size was confirmed using the Thermo Scientific PageRuler Prestained Protein Ladder 

shown in kilodalton (kDa).   
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Figure 4.21. Size exclusion chromatography of purified CR18-11 construct. 

A. Chromatogram of size exclusion chromatography of CR1
8-11 

construct using a Superdex 75 10/300 

column equilibrated in HBS with 0.01% Tween 20. The UV trace (mAU) in blue line and increased of 

conductivity (mS/cm) in orange line are displayed. B. Fractions A4-A9 were subjected to SDS-PAGE 

under non-reducing condition using a 10-20% polyacrylamide gel and proteins were visualised by 

Coomassie Brilliant Blue R-250 staining. The expected size of the CR1
8-11 

construct is 34kDa and due 

to glycosylation of the protein, there are additional protein bands with a higher protein size that is 

observed. Protein size was confirmed using the Thermo Scientific PageRuler Prestained Protein Ladder 

shown in kilodalton (kDa).   

 

Figure 4.22. Size exclusion chromatography of purified CR11-11 construct. 

A. Chromatogram of size exclusion chromatography of CR1
1-11 

construct using a Superdex 200 Increase 

10/300 column equilibrated in HBS with 0.01% Tween 20. The UV trace (mAU) in blue line and 

increased of conductivity (mS/cm) in orange line are displayed. B. Peak fractions A11-B2 were 

subjected to SDS-PAGE under non-reducing condition using a 10-20% polyacrylamide gel and proteins 

were visualised by Coomassie Brilliant Blue R-250 staining. The expected size of the CR1
1-11 

construct 

is 82kDa which was confirmed using the Thermo Scientific PageRuler Prestained Protein Ladder shown in 

kilodalton (kDa).   
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4.2.4 Functional characterisation of recombinant human CR1 proteins 

4.2.4.1 Haemolytic assay 

The ability of CR11-4, CR18-11, and CR11-11 constructs to inhibit CP and AP were performed in 

addition with the full length CR1 (CR11-30, AVANT Immunotherapeutics). This was to highlight 

the importance of each functional domain/s present on each recombinant construct generated 

for lysis inhibition in each pathway (CP and AP). The recombinant CR11-30 (TP10) used in the 

assay is a soluble form of the full length CR1 which is a C3 and C5 convertase inhibitor 

developed as a potential treatment of reperfusion injury following surgery such as ischemic 

disease and organ transplantation (191).  

 

4.2.4.1.1 Classical pathway 

Inhibition of CP was assessed by comparing the lysis inhibition of shE coated with anti-sheep 

antibodies, as described in Section 2.8.3 The concentration of CR1 construct required to cause 

50% inhibition (IC50) was calculated by plotting the percentage inhibition of lysis against the 

concentration of CR1, as shown in Figure 4.23. There is around 10-fold difference in the 

activity of CR11-11 and CR11-4 implying loss of one single site can lead to a decrease in efficacy 

in lysis inhibition. CR11-4 was more potent than the CR18-11, that even at 1µm concentration of 

CR18-11 complete inhibition was not observed unlike the other construct, thus a higher 

concentration of the construct is required. The IC50 for CR18-11 cannot be calculated accurately 

since the top concentration at 1µM only inhibited 67% lysis, use of higher concentration of the 

construct should allow a more accurate calculation. The presence of two functional sites in CR1-

11 construct which have a function to decay both C3 and C5 convertases and to inactivate 

C3b/C4b, results in a more efficient inhibition of lysis in comparison with CR11-4 and CR18-11, 

since full length CR1 contains site 1 and two sites 2, it inhibits lysis most effectively. 

 

4.2.4.1.2 Alternative pathway 

The ability of CR11-4, CR18-11 and CR11-11 constructs to regulate the AP was tested using rbE 

as described in Section 2.8.3. The plot of the concentration of CR1 construct against the 

percentage of inhibition lysis is shown in Figure 4.24 and IC50 was calculated as shown in 

Table 4.2. In contrast to the CP haemolysis assay, higher concentrations of the construct were 

required to inhibit lysis. This is because additional lysis inhibition from FH is absent as this 

regulator is unable to bind to rbE, thus, requiring more CR1 to inhibit lysis. The CR11-30 

construct was still the most effective in inhibiting lysis with an IC50 of 5.4nM, 5-fold more 

than in CP assay. The CR11-11 construct was 3-fold less effective than the CR11-30 but was 3.5-

fold more effective than CR11-4.  The same range of concentrations were used for CR11-4 and 








































































































































































