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Abstract

Paroxysmahocturnal haemoglobinuria (PNH) is a rare haematological disorder characterised
by complementnediated intravascular haemolysis (IVH) due to the loss of CD59 on PNH
erythrocytes (E). IVH is inhibited by the ai@b antibody, eculizumab but ~30% of patgent

still require blood transfusions. This is associated with C3 fragment accumulation ek PNH
due to the loss of CD55, causing extravascular haemolysis (EVH) by erythrophagocytosis. C3b
accumulation and inactivation on PNHare regulated by binding of cphement receptor type

1 (CR1) to C3b with factor | (FI) forming a regulatory trimolecular complex (TMC),
C3b:CR1:FIl. We hypothesised that polymorphisms in C3 and CR1 could influence C3b/iC3b

inactivation and can dictate the risk for-@®diated EVH.

Thepercent of PNFE loaded with C3 was analysed in eiglotye eculizumaltreated 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 @&#sandCRZLL alleles.

To investigate this further, recombinant CR1 constructs were generated containing different
functional domains (CRL, CR111, CR%.11) and their interaction with C3b variant proteins
and convertases was analysed. Using surface plasmon resonange,@BICR1 11 bound

more weakly to C315 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 Fl wdsund to be slower from lysates derived from erythrocytes

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

These data support the hypothesis that th&@ad CRAL polymorphisms are potential risk
factors for C3mediated EVH. This may be due to weaker bindihGab-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 defenceagainst infectionComplanentactrapid and efficienin immune surveillance

that carfacilitate pathogen clearance by opsonisationlgeis, it is also critical fotheefficient
removal of damaged cells and immune compleft€s). It can also inducenflammatory
responsesind contributes to othephysiological proceses such athe maintenance ofissue

homeostasidutit may also target healthy cells if not regulatéd 2)

The complement system involves around 50 soluble proteitneiplasma and tissue fluids or

cell membrandound It involvesa proteolytic cascade that progresses due to changes in the
conformation of proteins which reveals new binding sites to allow regulatory and activating
proteins to bingdinitiating controlor the next step on the pathway, respectivEhere are three
activation pathways involved in the complement systetassical (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 casceldavage of C3where the
formation of C3b can form ne®3 convertases, drivingn amplification loop.This reaction

leads to further activation of the complement cascade to promote inflammation by the
geneation of anaphylatoxins (C3a and C5a), pathogen clearance by C3 fragment opsonisation

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

1.11 Classical and lectin pathways

The CPis antibodydependenandis activatedby bindingof a patern recognition molecule,
C1q, to the Fc region aheantibody(lgG clustersor IgM)-antigen on the surface of cel31lq
and twoserineproteases, C1r and C1s, form the C1 complex in a caldependent manner
(3). Conformational changesithin surface boundC1qlead to autoactivation of C1r, which
then activates C1s to cleave @4 C4a and nascent C4b, exposing a thioemtehydroxy
groups on cell surfaces attack the thioeidorm a covalent bond witG4b. C2 bind to C4b
andis cleaved by C1s, forming the CP convertase, C4b2a, and releasiiig)C2b

The LP is functionally similar ttheCP and is activatettirough the recognition @arbohydrate
signatures on cell surface$bacteria and fungi by mannebending lectin (MBL) or ficolin.

MBL forms complexes with MBtassociated serine proteases (MASPSs), which autoactivate



MASPs similarly to the autoactivation of C1r and C1s when bound to(®)14ctivation of
MASP-2 cleawesC4 to C4aand C4b, C4b covalently binds to the cell surface bthitester
group and C2 is cleaved by Cls to fo8fa and C2pgenerating thesameC3 convertase
(C4b2a) which is also formed the CP. Formation of the C4b2a C3 convertase from CP and
LP leads to C3 cleavage to generate C3a and C3b.

1.1.2Alternative pathway

Human complement componentC3, is the most abundant protein in the complement system,
with a concentration of-2 mg/ml in serum. The AP has a critical role amplifying the
complement response accounting for up te98&% of total complemeradivation. It also
maintainsa low level of activity by a ticlover mechanism where C3 molecules are
spontaneously hydrolysed weaterhydrolysis oftheir internal thioester bond, generating an
active C3blike moleculetermedC3(H:0) (6, 7). Hydrolysed C3 can bind téactor B £B) in a
magnesiurrdependent mannewhich is subsequently cleaved bgerineproteasefFactor D
(FD), to release Ba and Bb fragments. The Bb fragmenains bound to C3(H20) form the
initial shortlived fluid phase AP C3 convertase (Ei30)Bb), an enzyme able to cleave C3 into
C3a and C3brhese nasce@3b molecules bind to hydroxyl or amino groups on target surfaces
via the exposethioester domainTED) of C3b, initiating AP actity and amplification(8, 9).
Targetbound C3b interacts witkB and is cleaved byD to form surfacebound AP C3
convertaseC3bBh The C3bBb C3 convertase can amplify tegstem througlcontinuous
cleavage of C3where each C3b can further form a C3 convertase by bindifdg tahus
amplifying the AP (amplification loop). The AP can also be activated by the C3 convertase
formed by the CP and LLRC4b2a, which cleaves C3 to C3Wthough, considered to be an
initiating recognition moleculg€10) (still debated), [asma proteinproperdin can bind and

stabilisethe C3(and C5)convertas of the amplification loop by slowing their hdifie (11).

The association of multiple depited C3b molecules on the cell surface leadsdalusering

of C3h whereby the interaction of C3b into existiAg® C3 convertases generatd® C5
convertases (C3bBbC3h)he formationof covalentlylinked C3b dimersactsas a substrate
binding site for C5, where the twsite binding allows th€5 convertassto bind more strongly
to C5 than the surrounding monomeric C3b molec(&sl5). The CP/LP C5 convertase
consists of C4b2a and C3b complex where C3b bindglitovia an ester bond. When excess
C3b is deposited iae theCP C3 convertasd¢he enzyme becomes a C5 conver{dée 17) C5
convertases cleave C5 into C5a and C5b fragments wimdto the cell surface and initiate
MAC formation.



1.1.3Terminal pathway

All threeactivation pathwaysiggerthe terminal pathwalgadingto 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. Theglmhdmultiple

C9 molecules allows the formation of a Iytic pore, the terminal complement conjpeg;

C5b-9) or MAC causing lysis of foreign microorganisms or apoptotic ¢&B3. 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 resista@;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 activatiand together theyightly regulate complement
activation.Complement regulatorgroteins are eithdiuid phase regulators in the plasma
membranebound. Soluble complement regulatsush as factor HRH), factor | 1) and C4b
binding protein (C4BPtan be recruitetb surfaces or act in the fluid phase to regulate AP
activity and prevent convertase formation. Cell membfamend complement regulatory
proteinsinclude complement receptor type 1 (CR1; CD35), membrane cofactor protein (MCP;
CD46), decay accelerating factor (BACD55), andCD59 (also known asvMIAC-inhibitory
protein) (21, 22) Tables 11-2 list some of the important complement regulators in the

complement system, which are either soluble or membrane pr{ie2k)

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 convertalsg servingas cofactors

for the proteolytic cleavage of C3b and Clyp FI. Theseproteins are tandemly repeating
complement control protein (CCP) or short consensus repeats (SCRs) domains. Most of the
complement regulatory proteimaentioned above are part of the RCAnfly of proteins,
including C4BP which dissocisg€P convertase FH which dissociate AP convertaseand

DAF and CR1 which can dissociate conversageCP and AP
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Figure 1.1. Schematic overview of the complement syst

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 proteasksppntaneous hydrolysis of the C3 thioester
bond by -0oG3r it i cfko sOniCellgsurfac€E £8bHecan interact with factor B (FB),
subsequently activated by factor D (FD), generating Ba and Bb fragments and forming the fluid phase
AP C3 convertaséC3bBb). 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 sequentialy3db and C3ddy factor | (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/LPXa@3bBbC3b (AP), initiating the terminal pathway. C5 convertases
cleave C5 to fom C5a (anaphylatoxin) and C3hich binds to the surface and interact with the terminal
components in sequence from C6 through to C9, leading to the assembly of tAhec@ftiexes to

form the membrane attack complex (MAC/C8h Complement regulators are shown in red boxes.

C1 esterase inhibitor (C1NH), C4iinding protein (C4BP), membranefaator protein (MCP), decay
accelerating factor (DAF), CD59 (MA{hibitory protein)
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Tablel.1. Soluble complement regulatory proteins.

Displayed are the soluble regulators in the complement pathway including which pathway of the point
actionis and their function.

Classical pathway (CP)ltarnativepathway (AP),érminal pathway (TR)nannosebinding lectin
associated serine protedsASP), factor | (FI), membrane attack complex (MAC)
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preventing the unfol di ng(

Table1.2. Membranebound complement regulatory proteins.

Displayed are the membrane regulators in the complement pathway inchidittyC3 breakdown
fragmentthe pointof actionis and their function.

Complement resptor type 1 (CR1), membranefactor protein (MCP), decayceelerating factor

(DAF), CD59 (membrane attack compl@AC)-inhibitory protein).

1.2.2Dissociationof convertases (decay accelerating activity)

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

for FB resultig in effective homing to activated convertase and subsequent (#3;a34)

DAF and C4BP accelerate the dissociation of the CP C3 and C5 convertase by accelerating the
dissociation ofC2afrom the convertasg®5). 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 compl€6, 27) CR1 can dissociate both C3 and C5 convertasé® @nd AP



as it has binding sites for both C4b and C3b, allowing induction of accelerated decay of

convertasef28, 29)

1.23 Inactivation of C3b and C4b b¥l (cofactor activity)

Flis a serine protease fouimdplasma that can cleave C&bd C4b in the presence of cofactor,
leading to the gearation of downstream produci€3b and C3dg, which cannot bind k&,
inhibiting the formation of AP C3 convertaé&0). MCP, DAF and CR1 are cofactors féi-
mediated cleavage of both C4b and C3b, whiteonly induces C3b cleavage and CA4@ity
supportsC4b cleavagé€30). CR1 is able tsupportfurther cleavage of iC3by Fl, generating
C3c and C3dg fragments, wherdds, MCP and C4BP can only induce the first cleavage of
C3b to iC3b (oC4c/CAadfor C4b).

1.3 Complement in disease

The presence ofomplement regulatoren the surface of host celtntrols complement
activation, and in thir absence, such as pathogens or foreign surfaces, dwek of regulation
results in fultblown complement activation. Pathogens are coated with C3b, and since no
regulator ispresentthe complement cascade and C3b deposition are accelerated.tionaddi
the opsonisation of pathogens i©8b allows for their recognitiohy complement receptors
such as CR1/CR3ollowed by ingestion and ultimately elimination by phagocytic cells.
Complement activation must be regulated as uncontrolled activatiomgfi@ment has been
implicated in autoimmune, autoflammatory, neurodegenerative, ischaemic, haematological
and ageelated disease81-34). Genetic mutations and polymorphisms in the complement
genes can mediatee unbalanced activation of complement. Such polymorphisms can lead to

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

1.3.1 Complement deficiency

Lack of complement activity due to rare genetic deficiency or consumption of coemlem
proteinscanincrease predisposition tofection (35). Deficiency of complement components

such as C3FH or FI can increase susceptibility bacterial infectiordue to an inability to
effectively opsonise pathogens; in the casélfFl deficiency,C3 can be completely turned

over in the fluid phase leading to a secondary deficiency30f36, 37) Lack of C5C9 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 compleactenponenty36, 38)

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

mecharsm still remain unknow(39).

1.3.2Complement dysregulation

Excessive or prolonged complement activation can be a result of the presence of complement
activators such d€s, bacteria and damaged stffsue oby a decrease in levels or expression

of complement downregulatorBysregulation leads to complement activation by different
mechanisms that target tissues in different wags example, botl3 glomerulopathy (C3)5
andatypical leemolytic uremic syndrom (aHUS) can develogue toabnormal complement
regulationsuch as byFH (40). In C3G, complement activation dominates in the fluid phase
often leading to complement consumption and associatedeudtited C3 levslin the serum

and deposition of C3 fragments in the glomerular basement men{digneatientscould also
haveC3 nephritic factorandautoantibodies against AP convertaseher 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 cellsausing damageinflammation andtriggering other celt

activation event$43).

A more aggressive complement response can also be triggered by a high level of infectious
microorganisms in the blood, such as in sep$#y. Excessive complement activation and
release of C5a can contribute to organ damage,-ongjéin failure or even death as a result of
immure depletion, severe inflammation caused by a cytokine storm and uncontrolled
coagulation by C5anediated tumour factor expressidb). Complementissociated 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 se#fttack(46). The recogrtion 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 reatdr for MAC, CD59, on erythrocytes (E) of patients

lead to susceptibility to lysis. This disease is discussetbne detail inSection 1.7

Most complementelated diseases are commonly associated waithtations and/or
polymorphisms in more than one cplament component in addition to rganeticisk factors

and contribute taliseasalevelopment and progression. Studies of common polymorphisms in
C3,FH andFB arediscussedn Section 1.8.



1.4C3

The U -clmingdof ®3 are arranged in 13 domains Whiwlude eight macroglobulin
domains (MG18), linker domain (LNK) and anaphylatoxinfANA), C1r/C1s, Uegf, Bmp1l
(CUB), C345c and ED domaingFigure 1.2X47). The first step of proteolytic cleavage of C3
(185kDa) leads to the generation of C3b (176kBag tothe removal of the anaphylatoxin
domain(C3a9 k Da) t o @arnodchaits €14aamd Ka)(Figure 1.3) The structural
study by Jansseret al has shown significant conformational changes and domain
rear r angement €hain thal redults m expdsing binding sitésFBrand sevela
complement regulatorgroteins(9) (Figure 14). The orientation of the TED is supported by
interactions with MG2, MG8 and CUB. C3 cleavagmoves the ANA domain, which becomes
the C3a fragment, anattachnent of C3b onto a cell surface requires exposure and activation
of the thioester moiety within the TEMG8 which is now exposed from conformational
change of MG&47-49). Theconformational changehen C3 is cleawktonascenC3b results

in a highly reactive thioester thiacilitates C3b bindng covalently to nucleophiles osurfaces

and mediate C3 opsonisatiorf50). Additional cleavage in tha-chain of C3b iFI-mediated

in conjunction witha cofactor such &H, CR1 or MCP and involves the proteolytic release of
the C3f (3kDa) fragrant, disruphg the CUB domain that connects the C3c moiety to the TED,
generating iC3I§9, 51) The final cleavage of iC3b releases C3c (150kDa), leaving a surface
bound C3dg (39kDa) fragment; C3dg can be furtheaved by tryptic enzymes removing the
C3gfragment(52).

Breakdown fragments of C8n surfacesserve as ligands and are recognised by various
complemenreceptorsn phagocytic cells and in B cells and follicular dendritic c@B). Each
complement receptor has been characterised to recognise specific C3 opsonic fragments. As
such, CR1 on macrophages allows for the phgpsis of opsonised C3b targets, while CR1

on E binds to immune complex@st). CR2 on B cells can interact with G8dynergising with

the B cell receptorfor signalling, while &R2 on follicular dendritic cells can induce effector

and memory B cellé55). CR3 and CRAwhich are part of the Ritergrin family expressed on
macrophagesra monocytes can also bind iC3b fragmentso inducephagocytosis of iC3b

coated targets addition to its role tin leukocyte recruitment to inflammatory fH&s.



Thioester

Figure 1.2. Structure of C3.

Displayed is the representation of the crystal structure3dbyClanssest al, (44) highlightingthe
13 domains of the C3 molele. 8 Macroglobulin (MG), linker domain (LNK), complement C1r/(
UEGF, BMP1 (CUB), thioester domain (TED), C345C and anaphylatoxin (ANA). The thioe
shown black sphere and the location of the R102 is shown is shown in red sphere.

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

C3 mdecule is composed df andb -chain, which undergoes proteolytic cleavage either by the tick
over mechanism or C3 convertase, generating C3a and C3b fragiientssbciaiin). Cd is then

cleaved further by dactor activity of FH, CRIor MCP with FI, generating iC3b and rakng 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 akown inkiloDalton.lmage adapted from Thurmatal. (57)

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

Displayed is the representation of the crystal structure of C3lasgen et al.,, (9) highlightingthe 12
domains of the C3b molecul8; Macroglobulin (MG), linker domain (LNK), complement C1r/C1s,
UEGF, BMP1 (CUB), thioester domain (TED), and C345C.

The exposed thioester is shown black sphatktthe location of theB®2is shown in red sphericated

in the MGXTED interface.

Imagewasgenerated using Pymol.
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1.5C3 R102G variant

The change from arginine to glycine in the C3 is one of the most studied single nucleotide
polymorphismgSNPs) in C3rs2230199/R102G.) This also known as the Slow (R302/

S and Fast (C3 G10¥) allele, named after their difference in mobility bgarosegel
electrophoresis of seru(d8, 59)The polymorphism is a change in nucleotide posiégH (G

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 suffageare 1.2) A study by
Rodriguezet al. shows that in the C3b crystal structure, the M&itd 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 tHé@.3b
(Figurel.3).

The C3F variant has been strongly associaed disease riskith many diseases, including
dense deposit disease, kidney allograft dysfunction, systemic vasculiti|atgel macular
degeneration (AMD), and IgAephropathy(61-67). Experimental evidence of functional
differencedetween C3S and C3F usingin vitro assays remains inconclusive, and only a few
studies have been conducted to investigate the effect of this amino acid change. Anwahyrlier st
in the1970%ound that C3 showed greater rosetting with mononuclear cells than those coated
with C3-S, suggesting an influence on the immunological pro(&®s Using purified C3S

and C3F proteins, functional differences were examined by haemolytic assays using sheep E,
where Welchet al found C3S to be 1.dold more efficient than GF in haemolysis which

was shown to arise from a slighmore efficient deposition of CB on the cell surfac€9).
However, no differece was observed between the allotypes in the conversion of C3b to iC3b
by FH or CR1 withFI has been reported, and no difference in solubilisation of preformed ICs.
In a study by Heuriclet al, C3-F was found to have lower binding affinity &1 than C3S,
resulting in a higher AP activatidi0). It is no surprise that a difference in the affinity was
observed sincéhe subsequerdgtudy by Rodriguezt al determined the importance of the
R102Q1032 salt bridge fathe interaction 0€3b andFH SCRs 14, and the single change in
amino acid possibly has an effedth regardso theinteraction withcomplement regulatory
proteins.Figures 15-6 showthestructural overview of theinding of C3b to FH SCRs4 and

CR1 SCRs 14.7.
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- Thioester

Figure 1.5. C3bFH SCRs1-4 complex.

Displayed is the representation of the crystal structure ofbd@3korneriset al., (71) highlighting the
surface representati of the 3D structures of C3#H SCRs 14. The 12 domains of th@3b 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 splagi the locgon of the R104s shown in red sphere
located in the MGAITED interface.

Each SCR of FH is labelled with alternatiogjoursto separate each SCR.

Imagewasgenerated using Pymol.
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Displayed is the representation of the crystal structure of C3b by Foehexdis(71) highlighting the
surface representation of the 3D structures of-CBA SCRs 187. Thel2 domains of the C3b
molecule;8 Macroglobulin (MG), linker domain (LNK), complement C1r/C1ls, UEGF, BMP1 (CUB),
thioester domain (TED), and C345C.

The exposed thioester is shown in black sphere and the location of thesRh@®vn in red sphere
located in the MGAITED interface.

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

Imagewasgenerated using Pymol.

{

Figure 1.6. C3bCR1 SCRs 187 comple.
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1.6CR1

CR1 is a transmembrane glycoprot@ind in the circulation i€xpressed omrythrocytes,
monocytes, neutrophils, and B celldue to cell numbre around 90% of the total circulating
CR1 in humans is found on &2). Other cells that expressRQ include astrocytes and
glomerular podocyte§&3-76). The soluble form of CR1 is also present at a very low level,
ranging from 18 to 74ng/ml, and is produced by proteolytic cleafragethe surfacef cell
menbraneq77-80).

CRL1 is part of thdRCA cluster of proteins encodedthin a gene cluster on chromosome 1,
band g32. CR1, CR2, MCP, DAFH, and C4BP are examples of protetinat arepart of this
family (81). The extracellular domains of RCA proteins arestly (or entirely)compised of
short SCR®r sushi domains. Each SCRs contdiesveerb9-75 amino acids, and the number
of SCRs varies between these proteins, ranfgorg four in DAF and MCP to 44 in the longest

isoform of CR1.

The extracellular domain of CR1 is comprised of 30 S@Rs$posed of 576 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 homologgrimips of seven to form four

long homologous repeats (LHRsB) (Figure 1.7).There seems to be a mosaic conijms

of the LHRs, which may have risen through homologous recombination with unequal
crossoverThere is approximately a 39% difference in the amino acid sequence between the
SCRs 12 from its counterpartSCRs 89 and SCRs 146, which determines thaifictional
difference between these two sitgkile SCRs 8 and SCRs 136 are 99% identical28).

There are two idtinct functional sites in CRISCRs 13 of LHR-A (site 1) and two nearly
identical copies in LHRB 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 SER$§ IHR-A
containing a sitespecific for C4b and SCRs®8of LHR-B andSCRs 1516 of LHR- C are
specific fa C3b(28, 82)

1.6.1 Function of CR1

DAF, FH andCR1 activity exhibit decay accelerating activilpAA) which enhances the
irreversible dissociation of C3 convertases of CP, LP, and83P 84) Furthermore, this
prevents the binding of proenzymes and the formation of new convertases. A study by Krych

Goldberget al observed that site 1 is the major site forlAed of CR1 for AP C3 convertase,
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with no contribution fromSCRs 47. However, the optimal DAA of CR1 for C5 convertase
require sites 1 and 2 with no requirement from SCHsfér ligand bindingalthough these
SCRsare necessary for the decay of AP C5 convertase, as it provides space for the interaction
of C3b homdimers(29). CR1 can also regulate the formation of C3 and C5 convertases, both
of the CP/LP and AP, by its cofactor activity (CA) feékmediated C4b and C3b cleavage to
generate breakdown fragmer@dd and C4ciC3b, and further cleavage of iC3b to C3c and
C3dg(85, 86) MCP and~H also have this function t&ct as a cofactor for ttideavage ofC3b

to iC3hb however, both regulators cannot facilitate the last cleavhi§e3b 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 TE@7). CR1 is able to cleave iC3b efficiently sinceg it
binding does not depend on CUB arfD (Figure 1.6) The LHRD of CR1 contains binding

sites for C1g, MBL andicolin-2 on SCR24-25 (88-92). Site 3 in the LHRD contains the
binding sites for the Swaibhangleyand McCoy Knops blood group antigg®s8, 94)

LHR-A  —LHRB — LHR-C | —LHR-D

SCR

(o |

t

CR1*1 NH— — L

Site 1 Site 2 Site 2 —

e e it C1g/MBLIFicolin

(C3b) (C4b) (C4b)

DAA CA CA

Figure 1.7. Schematic overview of CR1.

The extracellular domain of CR1 is composed of 30 repeating short consensus repeats é6@Rs) th
arranged in groups of seven long homologous repeats (LHRs). The 4 LHRs have four types of SCRs,
represented by different colours. SCRgZ 8 HR-A) differ from SCRs 114 (LHR-B) at only one
position and SCRs-3 (LHR-A) differ from SCRs 1718 (LHR-C) at only 3 positions (orange). SCRs

8-9 (LHR-B) and SCRs 186 (LHR-C) are 99% identical (bluebCRs 1921 (LHR-C) are ~93%
identical to SCRs 228 (LHR-D) (green).SCRs 2-25 (LHR-D) are unique (yelloy

The functional sites are composed of SCR3 ih LHR-A for decay acceleratingf CR1 for C3
convertase and SCRsl® and SCRs 1%6 in LHR-B for C3b binding and cotor activitywith FI to

mediate C3b inactivation. Both sites 1 and 2 are required for decay of C5 convertases. The secondary
binding specitities are indicated by the parenthedibe LHRD has the site for Swdihangley,

McCoy Knops blood group polymorphism, MBL (Mannrlimding lectin), C1q and ficolin.

TM: transmembrane region; Cyt: cytoplasmic tail.

Figureadapted from Klicksteiet al (28)

1.6.2 CR1 and immune complex clearance
Aside from its role as a complement regulator, GR1E also has an important role in the
clearance otheseC3b/C4bopsonisedCs from the circulation(95). C3b and C4b on the

surface of opsonised cells can formsters to form dimers or polymers, which interact with
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the multiple liganebinding sites on CR1, leading to a synergism between the multiple sites
mediating a sufficient interaction with IC®psonised C4b/C3b complexes bind to CR1 on E,
where CR1 servess a ctactor forFl to cleave C3b, forming downstream fragment i@Bll

C3dg These complexeare subsequently transported to the spleen and dinddCs are
releasedrom the surface of Hue to the weaker interaction of CR1 to C3€6). TheiC3b-
coatedICs are then targeted for clearance by phagocytosis. This includes iC3b recognition by
CR3 (Cd11b/CD18,Mat , i ntegrin UMB2) and CR4 (2XD11c,
on myeloid cdbk such as macrophages, monocytes and dendritiord@li facilitateclearance
(97-99). CRIg on macrophages such as liver Kupffer cells also recognises iC3b and can
mediate phagocytosis @€3b-coatedcomplexes (100). In addition, Fegamma receptors and

CR1 occuron the same cell and synergige induce phagocytosis of C3b/Gépsonised
particles by neutrophils and macrophgg€3 opsonisationalone is unable to trigger
phagocytosis by CR1 and IgG complexes are essential for initiating uptake of particles by Fc
fragmentq101, 102)

1.6.3 CR1 polymorphisms

CR1 presents three types of polymorphisiksops blood group, length ardknsity. Single
nucleotide polymorphisms occur in the SCR 25 (LBRegment) of CR1 gene generating
group antigens of the Knops blood group which include several allelic pairs; Knops a and b,
McCoy a and b, Swathangley and Villien(93, 103, 104)

The four structural CR1 length variants are associated with different numlgt&stvarying

in molecular size from 160 to 250kDa. Godium dodecysulfate polyacrylamide gel
electrophoresi§SDSPAGE) under norreducing 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, respeci(¥65)(Figurel.8). Thenumber

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 h&tRs
Therefore, théongerisoforms that have extra LHR 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 @round0.89 for CR1*1 and 0.11 for CR1*@.07, 108) The long
isoform of CR1, CR1*2hasalso been associated with Alzheimer's diseaskis suggested
leadto a decrease in amyloid clearance, increasing skeofithe diseasdespite the presence

of additional functional domaing4, 109, 11Q)More functional studies are needed, however,
to determine the true impact of the CR1 length isoform on disease risk arodjigrgsion.
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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 Hindlll restriction fragment length polymorphism (RFLif) CR1 intron 27(111) The
methodto identify this polymorphic variaritvolves amplifying the region of the CR1 gene
where the base change occurs by polymerase chain reaction (PCR), followddirmiia
restriction digest of the PCR produevhich is then analysed by agarose gel electrophoresis
(112) The two codominant alleles, the comntdmnd rard., are associated with high and low
levels of CR1, respectivelfd1l, 113) Density polymorphism of CR1 leads to variouRLC
expression levels on the E surface ranging from-IZW CR1 moleculeper cell (112)
Interestingly, two studies have found that CR1 density genotype can influence eculizumab
treatment response based on blood transfusion requirement, whereby patehtbour the

high expression polymorphism of CR1 are better responders for eculiz(khidb 115) This

could be du¢o theCA of CR1with FI onconvertingC3kiC3b to C3dg, whereby high amount
CR1 on E can enhance conversionrC&biC3b opsoniron PNHE, regulating C3amediated
clearance of PNHE.

LHR-A LHR-B LHR-C LHR-D
| T 1

SCR

— Cyt  RC 220 kDa
* NH | ot
CR1™ Nh: ™ NR 190 kDa

Site 1 Site 2 Site 2 —
cab C3b C3b C1g/MBL/Ficolin
(C3b) (C4b) (Cab)
DAA CA CA
LHR-A LHRB LHR-B LHR-C LHRD
17 1l L] If 1
SCR
| -]
CR12 NH—| ™ YL RC 250 kDa
NR 220 kDa
LHR-A LHR-C LHR-D
1
SCR
Cyt RC 190 kDa
CR1*3 NH || ™ L R 160 koa
LHR-A LHR-B LHR-B LHR-B  —LHRC LHR-D
1T 11 1
SCR
-]
| _l Cyt  RC 280 kDa
*4 NH.
CR1™4 ’ ™ NR 250 kDa

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

In the most common form (CR1*1) there are 1 of each LHR. The CR1*2 isoform gresent
additional LHRB, CR1*3 has no LHRB and CR1*4 has 3 copies of the LHRR The sizes of each
isoform in kilodalton (kDa) are shown under reducing condition (R) andeudurcing condition (NR)
in an SDSPAGE analysis.

MBL (Mannanbinding lectin), C1qiad ficolin.

TM: transmembrane region; Cyt: cytoplasmic tail.

Figureadapted fronKisserliet al. (106)
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1.7PNH

PNH is a rare clonal haematological stem cell disorder first described by Paul Stribing in 1882.
PNH has an incidence of-@ 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 glycanptementéion class A gene

(PIGA) in a haematopoietic stem c€ll16, 117) PIGA is an Xlinked gene which is required

in the first step for the synthesis of glycosylphosphatidylinositol (GPI) links which is a
glycolipid maety that serves as a protein anchor to thernelinbrane. Mutations in tHGA

gene occur in the early stage of haematopoiesis, and subsequent clonal expansion of cells
lacking GPI proteinsgads to PNH. Interestingli?|GA mutations have also been digeced in

a small population of healthy individuals suggegtthatPIGA gene mutatioraloneis not

sufficient to cause the development of PS8, 119)

The pesence of several mutant PNH clones in a siijiH patient has been reported
previously showing the oligoclonal nature of PNH ath difference in the expansion among
mutant clone120-122) 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 rations and the fraction of Glékficient granulocyte€l23) These
mutations are usually point mutais that causaloss ofPIGA activity. The absence d?IGA

leads tathe complete or partial loss of key complement regulatory proteins, CD55 and CD59.
A typical feature of PNH is the presence of circulating haematopoietic sterthe¢Nsries in

GPI expression such as PNHthat has complete absence of GPI (type Il PRHnd partially
deficient (type Il PNHE), with some patients who still hasythrocytesvith normal expression

of GPI (type I).Type Il PNHE are more resistant to complememtdiatechaemolysis, while

type Ill PNHE are more vulnerable and have a shorter life span-@bldays(124, 125) A

study by Endeet 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 Il phenotype and mutations that cause complete loss of PIGA function, such
as deletions, insertions, or nonsense mutations, producing the typenibityyex(120). Other
factors include the number of mutations and proliferative properties of the affected
haematopoietic stem cell.

Flow cytometry analysis of GRinked membrane antigens (CD55 and/or CD59) is currently
used to diagnoseNH, with analysis of E and leukocytes determining complete or partial loss

of GPHinked antigensT h e me aostuarleod FINH c | o theepersentage s PNHe pr e
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cells expressing complete and partial loss of-BfRked antiges such as CD59Measuement

of PNH clone sizes (percentage of CD&ative cel) by flow cytometry inPNH patients is
valuable since there is a significant correlation between the clinical presentation of PNH
patients and their PNH clone si{&26) Large PNH clone size (>70%)associated with overt
haemolysis andnincreased risk of thrombosesd smaller PNH clones occur in patients who

have cytopenias and bone marrow failure without presentation of haemolysis.

The loss of CDS on E mediatethe pathogenic role of complement in PNH where there is an
uncontrolledMAC formation on the surface of PNH erythrocytes (REH This is also
enhanced since loss of CD55 leadsitiess regulatedmplification loopleading to increaske
generation of C5 convertassnd ultimately increased formation of MACD59 inhibits the
formation of theVIAC on the E surface, and its absence on HNEads to chronic intravascular
haemolysis (IVH), the main clinical manifestation of PNH. Other clinioanifestations
include renal failure, fatigue, thrombosis, anaemia and smooth muscle dystonia, though clinical
presentation and severity of these features vary between pétizntsrhrombosis is a leading

cause of death in PNH patisnparticularly thrombosis t¢iie hepatic and cerebral veii$iere

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

anaemia, which can often lead to PNH, and subsequently myelodysplastic sy(ibpiri3)

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 consideredlmérst
treatment, and only a minority of patients are suitable candidates due to donor limitations and
age constraintgl30, 131) Therefore, controlling the complication of PNH, such as preventing
thrombosis and providing lorgrm transfusion for severe haemolysis, were also provided.
Scarcity of treatmentesuledin approximately 50% of PNH patients dgi from the disease,

with a tenyear median survival after diagno§is82).

1.7.1.1Anti-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 (UltoimsE , 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@€8&hd thus inhibihg 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 witno signs of haemolys(435)

1.7.1.11 Eculizumab

The introduction of eculizumab in 200Yas been the gok$tandard treatment in patients
presenting IVH or thromboembolic complications that is administered intravgneusty
seven days for the first five weeks upon the start of treatment and biweekly theEzg8er
The clinical efficacy of eculizumab in reducing IVH was first demonstrated in a pilot Bjudy
Hillmen et al, that involved1l transfusiordependenpatients larger international studies
(TRIUMPH and SHEPIERD) weresubsequentlyonducted136-138). Overall, the studies
showed that eculizumab treatment was highly effective in inhibiting IVH, resulting inex low
risk of thrombosis, stabilised haemoglobin levels, and a reduced need for red cell transfusion.
There was also a reduction in diseaslated symptoms$ower lactate dehydrogenase level
(LDH) level as a result of reduced I\/lds well as an improvement 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 haltlife of approximately 11 day$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 theext infusion(140). Ravulizumab was developed

to address the limitations of eculizumab. It is an engineered eculizikealantiC5
monoclonal antibody that provides the same clinical benefits as eculizumbbsbabnger

half-life to provide patients with a more convenient dosing schedihis.was achieved by a
technology called, Recycling Antibg® that enables a single antibody molecule to bind to an
antigen multiple timeby engineering antibodies to digsate from the antigen at pH 5.8 within

the endosomél41) In the case of ravulizimaly5 is released for degradation and the antibody

is put back into the circulation to bind to another C5 moletukgddition to this, two additional

amino acid substitutiond428L/N4349 were introduced to enhance the affinity to neonatal

Fc receptor (FcRnhy 10-12-fold and increase the efficiency of FclRrediated recycling of

the antibody(142, 143) Phase Il clinical trials of Ravulizumaduggest it has similar safety
profiles to eculizumab, with less dosing frequency found to beblestensomdor patients

(144, 145)Since it has only been approved in 2018, lemgn data to assess safety ariitaty

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 havelevated LDHevels 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 patiébdy). 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 compeitisate f
loss of CD55, which is responsible for the inactivation of C3 converdaskthe amplification

loop. A seminalstudy by Risitanet al.reported thaC3 opsonisation of GPI negative PNH

was foundonly in patients receiving eculizumateatment btunot on PNH-E from untreated
PNH patients because these cells are likely to be destroyed rapidly by{fACe1.9) (148).
Theaccumulation of C3 levels by tiakver of the AP and C3 opsonised PI#-re recognise

by complement receptors on phagocytic cells such as macropleagasy tophagocytosis
(erythrophagocytosjsand an alternativeroute of clearance through the reticuloendothelial
system in the spleen and livarhis phenomenon ksnown asthe C3-mediatel extravascular
haemolysis (EVH)148). As a resultapproximately~35% of patients still continue to require

blood transfusions due to mild to moderate E\ZH6)
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Figure 1.9. C3 coating on erythrocytes of eculizumab treated patients only.

Erythrocytes of untreated (n=2BNH patientsnd receiving eculizumab treatment (n=41) were stained

with an antiC3 polyclonal antibody and analysed bgvil 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 Risitaebal (148)
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A study by Linet al found C3dg fragment is a major opsonin present on -ENiHiring
eculizumab treatment and that accumulation of C3dg deposition onEPdtielates with the
degree of erythrophagocytosis via the interaction of C3dg with CR3 on activateutytes,
implying that C3dg is likely tdbe involved in the risk for EVH149) However, this is
unexpecteads C3dg is not commonly recognised as a phagocytic opswhke C3b and iC3b,

which bind to relevantomplement receptors, CR1/CR3, to initiate phagocytédilsough it
remains unclear which fragment and receptor mediates the phenomenohietige, the
tendency for erythrophagocytosis may be determined by C3 fragment status dh RiNier

than leveland 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 EMpbssible The use ok

novel anttC3dg 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.@tmplotyp& or the pattern of
complement gene varianigherited by an individualcan affect disease risk by working
synergistically toalter activity of parts of the cascadas the effect of common variants is
usually smallther impact of polymorphisms is particularly relevant inaric diseas€150).

The term complotype was originally described by Alpeal after determining that genes for

C2, FB, and C4 were inherited as a single haplotypic unit found within the major
histocompatibility complex151, 152)

Inheritance of common variants in the AP, includingC3, FB, andin the complement
regulatory praginssuch as=H, Fl and MCP, can either lead to more or less AP activation and
inflammation. Harriset al havepreviously demonstrated that small changes in activity of
common protein variants can combine to have large downstream effects, particularly whe
those variants are in the amplification lo@mmmon variants in the population can be disease
associated, but the effect is considerably small, and mudipiel t s 6requiied to daese
diseasein addition topolymorphismsrisk factors include rarmutationsand environmental
factors For example, in aHUS, multiple genetic and/or environmental hits are necessary for the
manifestation of thediseaseand single complement gene mutatiarsially resuls in an
incomplete penetrance of aHUS. Multiple mwidns 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 expressio(i53, 154)

Biochemical and functional analyses can be used to determine how common polymorphisms
can increase predisposition to the disease. A study by Mehtdsinvestigated the effect of

the AMD-linked FB Q32 protective and=B R32 risk variants using complement functional
assays. ThéB R32variant was found to have enhanced lytic actiedynpared tahe FB Q32

variant due to its stronger affinity for C3b, leading to an enhanced formation of the C3bB
proenzyne and increased formation of active convert4488) The FH 162 variantconfers

strong protection to aHUSZ3G and AMD due to its higher affinity for C3tompared to the
commonFH V62 variant.FH 162 demonstrated increased CA whh leadirg to increased
formation of iC® and down regulation of the amplification 10¢J66, 157) As previously
mentioned, the CR102 variant, which has been associated with various diseases, including
AMD, was discovered to have a lower binding affinityRbl than C3G102, resulting in
increased AP activity70). The combination of risk C&102 FB R32 andFH V62 variants
resulted in ehigher haemolytic activity compared to the protectteenbination ofC3 R102

FB Q32 andFH 162 variantsFunctional analysis of diseaBaked polymorphic variants, such

as C3G102 FB R32 andFH V62, revealed that these small changes could affect complement
activity and, when cotyined, could have a larger effd@0). These studies provide evidence

for how polymorphisms in the ABould influence AP activity by influencing initiation and
control of the amplification loop leading to downstream effectsiants in the amplification

loop can work synergistically to have a profound effectonanindividb s susce-pti bi

driven disease

1.8.1 CR1 and C3 polymorphism in PNH
As previously mentioned, the response to eculizutrestiment differs between PNH patients.
A study by Rondellet al tested the hypothesis that complemretaited polymorphims such
as the C3S/F (R102G) and CR1 density polymorphisms might influence resfahde A
significant correlation was found between the CR1 density polymorphism and the transfusion
requirement of patients. Insaudy of 72 patients treated with eculizumab, it was discovered
that 18% of patients who are homozygous for the high expre€skdrH/H allele had the
lowest percentage of needing blood transfusion in comparison to other genotypes with
intermediate expreson, CRLIH/L (33%), and low CR1 expressiddR1-L/L (68%) Therefore,
patients with a low expression of CR1 were found to beogimal responders to eculizumab.
To test the effect of CR1 expression in C3 processing on-BPNRbndelliet al. performed a
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in vitro study by exposing GRiegative E from patients with known CR1 density
polymorphism with eculizumab containing sera and measuring C3 loading by flow cytometry
at different time pointgFigure1.10. TheC3 on GPInegative E was highest in patienwith

the CRLL/L genotype, followed by CRH/L and lowest for CR‘H/H. This suggests that the
density of CR1 has an effect on E, most likely controlling C3 deposition on-ENM
facilitating C3 convertase decay and/or inactivation of C3b by CA Rlithnother study in
Chinese patients with PNH found an association between the minor allele of the CR1 density
polymorphism ) and lower haemoglobin leve(¢15) Again, PNH patients with the minor

CRZLL/L allele wee considered suboptimal responders to eculizumab.
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Figure 1.10. Comparison ofC3 binding to GPinegative red cells in vitro in eculizumab
treated patientsvith different three CR1 Hindlll genotypes.

In astudy by Rondelletal. (114) to compare kinetics of C3 binding to PNH erythrocytes (E) from
three CR1 Hindlll genotypes, PNH were exposed with serum from patients on eculizumab and the
complement alternative pathway was activatgdmild acidification 0.016M HC). C3 loading was
measured using an ai@B3d antibody by flow cytometry. The rate of increase was highest forlPNH
with the CR1 L/L genotype and lowest for cells with the H/H genotype suggesting that CR1 on the E
surface an modulate C3 fragment deposition with more regulation on cells with high density of CR1.
Image take from Rondelét al.(114)

The study by Rondelbt al.also found no correlation between-S& (R102G) polyrarphism

and transfusion requirement. However, Kaudé&yal found the opposite observation by
analysing the G&/F polymorphism in 46 eculizumdfeated patients in the PNH National
Service in Leeds (147). Patients homozygous forGB< allele had a higer degree of C3
loading on PNFE (mean=33.7%) than patients with t68-S/F (mean=19%) anCC3-F/F
(mean=12.8%) allele@.58). Furthermore, patients homozygous for @&Sallele had higher
reticulocyte count and bilirubin levels, with haemoglobin levels slightly lower than the other
genotype with a much higher transfusion requiremeéheir findings showed an association
between the G&/F polymorphism and clinical haemolysis parameters, implying th&3i&

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

the C3S/F and CR1 density polymorphisimef great interest, given that the C3 variants differ
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in their interaction with another regulatéitd, and CR1 have critical functions in the overall

regulation of the complement system.

1.9Summary

It is evident from previously discussed functionaldsts the effect of common polymorphisms

in the complementelated 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 activityleading to pathway dysregulation and diseddthough the

effect of the C3 G10Rariant has been described to be associated with risk for various diseases,
its association with PNH and risk for EVH, specifically on C3 loading on #\Has not
previouslybeen investigated in depth. The variation in C3 loading observed in PNH patients
following eculizumab treatment is one reason complesreated proteins should be studied

in this diseasdn particular, the interaction of the C3 variants with its negategulator CR1

is of interest given that this regulator has basesociated previously with PNid terms of

eculizumab treatment response.

Although, the effect of CR1 density in regulating C3 loading on #N&hd the mechanism
underlying this remains gae. 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 riskf erythrophagogtosis 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 mechdaisthe

variation in the amount of C3 loading on PNHl affecting the security of EVH between
patients, remain uncertain. Given the previous observation of the potential effeeb(F @3d

CR1 density polymorphisms in response to eculizumab treatmdMiili) 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 complesiated

polymaphisms 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 commonS(E3 and CR1 density
polymorphisms on the risk of EVH in PNphtients receiving eculizumab. The relationship
between clinical haemolytic parameters and genotype for either the C3 or CR1 polymorphisms,
alone or in combination, will be investigatethe interaction of the GS and C3F variants

with CR1 andFl 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 RPEH

1.110Dbjectives

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'
haemolytc parameters, PNH clone size, and C3 loading on-ENE3 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. Tihetudy
functional effect of high/low CR1 expression on E on the breakdown of C3b, ebhsed
assay will be developed and optimised using flow cytometry. Sample generation from

genotyped donors will also be optimised.

1.12Hypothesis

The overall hypothesisf the project is that polymorphisms in C3 and CR1 influence not only
the ability of complement to activate on PNEbut 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 bloodsamples

2.1.1 PNH patient cohort

Blood samples were obtained from PNH patient donors treated in the Leeds centre of the UK
PNH NationalService andvere processed as described®ection2.2 Sampledor this study

were collected after patients signée@ tPNH Research Tissue Bank consent form, which was
approved by the Leeds East Research Ethical Committee (16/YH/0290). -Binghty
eculizumaktreated patients were included in this project. No exclusion criteria were applied in
the cohort, and all patientsad received eculizumab treatment for at least 12 months
immediately prior to sample collectioRlow cytometrywas used to determine the size of PNH
clones of granulocytes, monocytes, reticulocydesierythrocytes (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 atthematological malignancy diagnostic services (HMatS)
Leeds St. J ames 0 ddkenideiited anibivayiateHptots pfiforwaddatter E
(FSC) versusside scatter (SSC) with detectors set in logarithmic amplification mdde
bivariate plot of CD2358559944 Becton Dickinson(BD) Pharmingek ) versus CD59
(MAB501; Abnovg andPNH-E done sizes are quantitated from the CD59 histog@Bb9

and CD71(333551 BD PharmingeB) st ai ning all ow measur emen

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

FLAER (FL2S Tebubio), CD24 55428 BD Pharmingef) ,  C [338640 BD
Pharmingefkt ) , C3513%6 BD Pharmingef ) , C333932 BD Pharmingek ) and
CD14 (333951 BD Pharmingek ) . C3 on E are identified

monoclonal antibody (A207; QuidelMeasurement of C3 loading on Bsreported in this
study isthe percentage d£3d positiveE. C3 loading on PNHE is the percentage of C3d
positive PNHE over the total of CD59 negative E, including both typ@drtial loss of CD59
expressionand 11l (or cells with complete loss of CD59 expression) PEIH/ieasirement of
C3 loading on PNFE type Il excludes type || PNHE (C3d loading on type 11l PNHE over
total of type 1l PNHE).

Clinical haemolytic parameters were also recorded, including haemogldbih, bilirubin
levels and total reticulocyte count. Thember of transfusion events within the last 12 months
of data collection was alswllected These data were kindly provided by Miss Claire Mckinley
from the PNH Tissue Bank Manag@iype Il PNH clone sizes were provided by Mr. Daniel

Payne from the HMB team.
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2.1.2 Healthy cohort

Blood samples of volumes less than 50ml were collected ¢mmsentedhealthy donors under

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

633; Understanding MechanismsloimuneMediatedDisease Samples from healthy donors
were usedfor experimentsin Section 2.12.1. The National Institute for Health and Care
Research (NBR84) recalled healthy donors for experisngescribed irsection 2.9 based on

their C3 SNP (rs2230199) polymorpimsand 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).

2.2DNA extraction

Approximately 9ml of anticoagulated blood was drawn into ethylenediaminetetraacetic acid
(EDTA) vacutainer tubesnd the blood was centrifuged at 20009 for 20 minutes at 4°C. After
centrifugation, the buffy coat layer is visible as a whaiger above the E pellet. To remove E
contamination, leukocytes were collected using a pastette and incubated with 10ml of
ammonium chloridédased red blood cell (RBC) lysing buffer (0.15M ammonium chloride,
10mM potassium bicarbonate, 0.1mM EDTA; TONB®©dumiences) at room temperature (RT)

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

at 500g for 5 minutes and were washed once with phosphate buffer saline (PBS). Genomic
deoxyribonucleic acid (JQDNA) was eatted from isolated leukocytes usthg QIAamp blood

kit (Qi agen) , a c c or dinstrgctions ®NAt ghadity, podgiyn @¥.8a ct ur
A260/A280) and concentration were determined using a Nanodrop Spectrophotometer ND
1000 (Labtech Internationalfhe gDNA was stored aR0°C prior to use.

2.3 Genotyping for C3S/F and CR1 density polymorphisms

C3-S/F and CR1 density polymorphisms of subjects were analysed by polymerase chain
reactionrestriction fragment length polymorphism (P&RLP) (112, 159) The primer pair
sequenceand PCR condition used in the amplification for part of the C3 or CR1agefoaind

in Table 2.1. Approximately 100ng of gDNA was amplified by Mf forward and reverse
primers with 2X PCR master mi%48S Phusion Flash Higiridelity PCR Master Mix
Thermo Fisher Scientific i n a f i nal v ol ume wa asfolbvsgiritial T h e
denaturation at 98°C for 1€kconds (shollowed 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 aagkstor
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at 4°C The annealing temperature used for all RE&Rtions in this project was identified using

the Tm calculator from ThermoFisher Scientifit60).

For was3ad ) Reveré8é) (5
C3S/ F
pol ymor pfCCCTCGCACCTCCTCCTCTGGCTGGCAC
rsz22301

CR1 polym

ICCTTCAATGGAATGCCCTTGTAAGGCAA
rsi11118]

Table2.1. Primers used for genotyping GS/F and CR1 density polymorphism usi
the polymerase chain reactiemestriction fragment length polymorphism.

A volume of 10¢l from the amplifiedHa8 or C
or Hhal restriction enzyme, respectively, in Cutsmart buffer (New England Biolabs (NEB)) to

a final vol ume of 20c¢l and incubated at 37
genotyping weranixed with6X DNA loading buffer(NEB), and samples weranalysed by
agarose gel electrophoresis uskither 2% or 1.6% agarose gel (Ultrafirelnvitrogen)
supplemented with Gel Gredgi¢tium)to stain the DNADigested fragments were categorised

by length, as shown iRigure 2.1.

2.4 Determination of CR1 length isofom
2.4.1. Protein extraction and sample preparation

Approximately 1x16leucocyts from the isolated buffy coat, as described in Sectiom2;

lysed in 50ul ofNP-40 (100mM TrisHCI (pH 7.4), 300mM NacCl, 2% NRO, and 10mM
EDTA; J62805, Alfa Aesar)upplemented with 1% protease cocktail inhibitor cocktail solution
(P83401ml; AEBSF at 104 mM, Aprotinin at 80 uM, Bestatin at 4 mMGE at 1.4 mM,
Leupeptin at 2 mM and Pepstatin A at 1.5 piWerck) and incubate@on ice for 30 minutes,

the tubewas flikedevery 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, 50ul of
2X Laemmli buffer (Biorad) was added to the lysate and samples were heated &r980C

minutes.
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Figure 2.1. Genotyping for C3S/F and CR1 density polymorphism using polymerase
chain reactionrestriction fragment length polymorphism.

Donors were genotyped for their <G3F and CR1 density polymorphisms using PCR to amp
portion of theA. C3 (0.5kb or B. CR1gene (16kh). Negaive (neg) controls were also included
genomic DNA included). Amplified products were subjecte@tblhal enzyme digestion for GS/F
genotyping, cleaving at GCGC in tl@&-Sallele to give digestion products 0d.259kband 0.235kH
but not GGGC inhe C3-F allele (undigested) ob. Hindlll enzyme digestion for CR1 den:
polymorphism genotyping, where a single nucleotide change (A>T) iICRieL allele leads to
restriction site, giving digested products.Hb and ~0.5kh DNA products were visuigied in al
agarose gel.

Polymerase chain reaction (PCR)

Kilobase (kb)

2.4.2 Western blot analysis

To identify CR1 length isoforms rpteinsextracted from Section 2.4vere separated using
sodium dodecyl sulfatpolyacrylamide gel electrophoresis (SPBGE) Gels mad were 4%
polyacrylamide stacking gel (120mM T#4Cl, 0.1% SDS, 4% polyacrylamide, 0.1%
ammonium persulfatéAPS), 0.1% ¢tramethylethylenediamin@ EMED), pH 6.8) and 6%
polyacrylamide separating gel (375mM FHEI, 0.1% SDS, 6% polyacrylamide, 0.1% APS
0.1% TEMED, pH 8. 8) usi ng twere trahstemell entofan g e |
Amersham Hybond 0.22uM PVDF membrane (Cytiva) at 30A for 2 hours using the TE22 tank
(Hoefer Inc). The membrane was blocked with 5% milk in AB@hosphate buffered saé

with 0.1% v/v TweerR0) overnight at 4°C. After each incubation period, the membrane was
washed three times with PBISfor 10 minutes at RT. The membrane was incubated with an

in-house anthuman CR1 antibody (MBB8) at 1ug/ml at RT for at least 3 hsuThe
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membrane was washed three times every 10 minutes at RT and incubated with 1:1000 dilution
of Peroxidaseonjugated AffiniPure goat amnthouse IgG 115035003 Jackson
ImmunoResearcBuropelLtd) for 1 hour at RT. Prior to image development, finakhes were
performed again, three times with RBSvery 10 minutes. Bound antibody was detected by
chemiluminescent technique (SuperSignalTM West Pico Chemiluminescent Substrate,
ThermoFisher Scientific), and images were obtained using #@OR FC Odysey imaging
system

2.5 Generation of recombinant human CR1 proteins

2.5.1 Construct design

Recombinant human CR1 constructs containing SCR$CR 1,4y andSCRs 111 (CR4.11)
sequence were ordered fromargfins Genomic&nd were synthesised intestndard vector
pPEX-A258 (Figure 2.2). The ordered constructs included additional restriction sitelfand
Notltenzymes at the 56 and 36 ends, respective
a FLAG OYKDDDDK) sequence at the 30end.

2.5.2 Molecular cloning

The lyophilised plasmidDNA (pDNA) containing the CR1 construct sequena@s
reconstituted in diethylpyrocarbonate (DERCy eat ed wat er (I'nvitrog
concentration of 50ug/min a thinwalled PCRube. A25ul aliqud of NEB 5-alpha Competent

E. coli, a derivative of DH5a (C2987H, NEB), was transformed with 1pl (50ng) of plasmid
DNA. The bacteria were placed on ice for 10 minutes before incubation at 37°C for 45s to
facilitate theheat shock reaction, and the bacterée placed on ice for 2 minutes. For 25pl of
competent cells, 250ul of super optimal broth with catabolite repression (SOC) media was
added, and the mixture was incubated at 37°C for 1dwarshaker to allow the bacterial cells

to recover.

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

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 LEci#mp
(100ug/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 anga the manufacturer's protocol

using the Qiagen QIAprep Spin Miniprep kit (Qiagen). The DNA was eluted in EiERa¢d

water and stored a20°C until needed, with an aliquot sent for sequencing. It should be noted
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that all sequencing in this study wsent to Eurofins Genomics to ensure that no errors in the
CR1 sequence were introduced. The orign&l R 2 o EeRplession vector used in this project

was a gift from Dr |. Anegoiil61) The vector includes the eukaryotic Elongation Factor 1

al pha (EFI U) promoter, which initiates exp
(MCS), and ampicillin and hygromycin resistance genes which allow selection in bacteria and
eukaryotic cls, respectively. Additional cloning sites were added to the origifalR 2 @E F 1 U
termedp D R 2 op Enfmds3y Prof. K. Marchbank, which was used in this project (Figure 2.3).

MCS Xbal Nhel Ecorl

Mfel Sall Xhol Ascl

lac promoter

\

pUC ori

Ampicillin resistance
promoter ' pEX-A258
2446bp

Ampicillin resistance gene

Figure 2.2. The commercial pEXA258 vector map.

Shown is the schematic overview of the pBX58 vector map (Eurofins Genomics) illustrating the
various elements within the vector. The sequences of CR1 S@Rmd 111 were inserted into the
multiple cloning site (MCS), which is highligid in dark blue. The ampicillin resistance gene allowed
bacterial selection.

Vector sequence is found at this knkhttps://eurofinsgenomics.eu/media/1587669/pex
a258 map_gg v10.pdf

2.5.2.1 Restriction digests

The CR1 construct sequences within the pE268 plasmid was digested by single digestion
reactions, each containing 1ug of pDNA, 1pl of restriction enzyme (20 units) and 5ul of 10X
CutSmart buffer in a total reactiamolume of 50ul 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 50ul in DEPC water. To confirm the linearisation of the
pDNA at each step, 6ul dlution 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. ANetl digestion and purification of the reaction
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MCS

Xbal
Spel
Sall
Ampicillin resistance EF 1o promoter Acel
promoter — Xmal
L . Smal
Ampicillin resistance gene BamHI
Nhel
Bmtl
Not!
EcorV
HSV TK promoter pDR2AEF la nmes3
7072bp

SV40 poly (A) signal

Hygromycin resistance gene

HSV TK poly(A) signal

Figure23. The pDR2®@EF1U nmcs3 expression vect ol

The overview of the pDR2®@EF1U nmc3 vector ma p
including theeukaryotic translation elongation factor 1 alpfiaF ) pfomoter, ampicillin resistance

gene for bacterial deselection and hygromycin resistance gene for mammalian cell selection. The CR1
construct sequences were ligated betweeSd#tiandNotl sites within the multiple cloning site. (MCS).
Herpes simplex virus 1 thymidine kina@dSV TK), polyadenylation (ply(A)), simian vacuolating

virus 40(SV40).

mix for the CR1.11construct 46l of the elution was further digested wiRkiul (NEB) under

the same conditions. The D R 2 g EnfdsBexpression vector was also subjected tov@
sequentiakingle digestion reacti@with Sall and Notl containing the same reaction mix as
previously described and eluted in 50ul of DEPC water. The final purified digested products
were loa@gd 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

manufacturerdés protocol

2.5.2.2 Ligation

The digested products were ligat® thep D R 2 qp Enfds38xpression 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 @D R 2 E F 1 Uveatand s B4 DNA ligase, 2ul 10X T4 DNA
Ligase Buffer and DEPC water to make the final volume of 20ul. The ligation reaction mix was
incubated at 16°C overnight using a PCR machine. Multiple ligation reactions containing a

varying ratio ofinsert and constant amount pfD R 2 o ErfintsBvector were set up to
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maximise the chance of successful ligation. The ligated product was subjected to bacterial
transformation using 1pl of the ligated product in 25ul of NE&ftha Competent E. coli cells

in a thinwalled 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 808@C media (B9020,

NEB) and was incubated at 37°C for 1 hour in a shaker. The bacteria (100ul) were then plated
onto an ampicillin plate, and the remaining bacteria were spun at 6000RPM for 1 minute using
atabletopcentrifuge; 300ul supernatant wasadieded, and the bacterial pellet was resuspended
from the solution left in the Eppendorf tube and was plated omtharampicillin plate. All
ampicillin plates were incubated at 37°C overnight. As a positive control for the ligation, the
pUC19 vector wassed (NEB).

2.5.2.3 Generation of the CR1: construct

The construct containing the CR1 SCR4 B sequencedR1s.11) construct was generated by
amplifying the sequence from a plasmid containing the:GRRNA sequencevith aHindlll
restricionsitem t he 56end. The primer pair used is
as follows; initial denaturation at 98°C fordfollowed 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°@nplifeed

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
(Qi agen) according to t he elotiam thd anplified preducé s p
was digested with Hindlll and Notl enzymes (as described in Section 2.5.2.1) to facilitate
ligation to the Signal plgplus (Sigplg) expression ve¢iR&D System3 (Figure 2.4) which

had also beedigested with the same enzys(&igure 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 iraBle 22. A single colony was picked with a pipette tip, dipped

into 20l DEPC water, and mixed by pipetting up and down. A drop of 2pl of the mixture was
added to an ampicillin plate, and the remaining 18ul was boiled at 99°C for 2 minutes to lyse
the bateria and release pDNA. The mixture was spun at 12,000g for 3 minutes to collect the
supernatant, whictvasused as a template for the PCR screening. PCR products were loaded
onto a 1% agarose gel to confirm successful ligation in clones by detertfiaengrect sizes

of amplified PCR products.
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For wa-Bd) (5 Rever-3e) (5
AICCTCGTCTGTTCGGGCAICGGCCTTCGTATTTCACAT
GTTCGGAGTCTGTCACCIATGTCTGGATCGGTGCGGG

CICTAAGCTTGGACACTGTITGGCGGCCGCTCACCCTCC
CCTTGTCGTCATCGTCCTT

DIACTCACTATAGGGAGACWTGTGTGAGGTTTGTCACA

Table2.2. Primer used for molecular cloning.

w

A. Primers to check the correct DNA sequence of CR1 SGRarid 111 in the pEXA258
vector .

B. Primers used for bacterial screening and to check the correct DNA sequence for CR%
4 and 111 after ligation to theDR2yEF10Unmcs3 vector.

C. Primer pair used to amplify CR1 SCR4 8 sequence in a vector containing the CR1L1
sequence.

D. Primer pair used to confirm successful ligation of the CR1 SCRISBNA sequence into th
Sigplg plus expression vector.

For sequencing,aeh primer was used for two separate reactions

®Ti%
- - S S0
| | CD33 Signal peptide =R e
T7 promoter
CMYV promoter IeG1 Fe tail
MCS N
fl ori
AmpR \\
Signal pIgplus I V40 ori
6341bp
\
ColEl ori TK promoter

TK poly A
NeoR

Figure 2.4. The Signal plgplus expression vector

Shown is the expression Signal plgplus 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 pickedtv 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

presentwithin the CR1 sequence.
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2.6 Expression system

All Chinese hamster ovary (CH@Jhermo Fisher Scientifi@nd hybridoma cell lines used in

this project were incubated in a humidified incubator at 37°C supplemented with 5@@0O
handled in a flow cabirieinder sterile conditions. The cell culture medium used was Roswell
Park Memorial Institute (RPM)1640 (Sigma) for CHO cells, supplemented with 50U/L of
penicillin and 50pg/ml of Streptomycin, 2mM Glutamine and 10% foetal bovine serum (FBS)
(all from Signa). 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 Transfetion of CHO cells

One day prior to transfection, CHO cells were seeded at an amemorhmended by the
manufactur er 6s foprrcalttransfection depemaihgyon ftha side of the cell
culture plate used. On the day of transfection, cell caltmedia was changed prior to
transfection and cells were transfected with the JE¥WPBINA transfection reagenfThe
recommended amouaf DNA and JetPEM was diluted separately in 150mM sodium chloride
(NaCl). The diluted JetPEY solution was added ttv¢ DNA solution, and the mixture was
incubated for 30 minutes at RT. The DNA/JetPEmixture was added dropwise to the cells
and incubated for 3 hours at 37°C/5%L#éhd the media was changédnegative control was
included, which was cells not trdasted but treated with the same transfection reagents as the
samples. After 3 daysllowing transfection, the supernatant was collected to test for successful
transfection byWesternblot (see Section 2.4.2). The transfected cells were then subjected to
hygromycin B (ForeMediu) selection at 500ug/ml, and the media was changed every days.
After 3 days of hygromycin selection, ntnansfected cells usually die. Transfected cells were

then scaled up for single cell cloning and cryopreservation of bulkfereted cells.

2.6.2 Single cell cloning of transfected CHO cells

The best expressing cell clone was isolated by limiting dilutionw&6plates. A feeder layer

was set up in a 9@ell plate where suspension of wilgbe CHO cells was made at 2,000
cells/ml, and 100ul of this was aliquoted per well (200 cells per well). In a separatell96
plate, transfected cells were serially diluted 1:2 to give 100 to 1 cell per 50ul with enough
volume for triplicates. Serially diluted cells were added to thevéb plates containing the
feeder layer. After a day, the cells were treated with 50ul of 1600ug/ml hygromycin. An
additional 96well plate with a feeder layer but no transfected cells was created as a control.

Cell growth was monitored, and the selectinedia was changed every three days. Around 2
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weeks in culture, supernatant from wells containirgplbnywas screened for expression by

enzymelinked immunosorbent assay (ELISA).

2.6.3 Sandwich ELISA

Medisorp96-well plates (Therm&isherScientific) were coated with 50ul of 10pug/ml-mouse
anttCR1 antibody (MB135) in coating buffer (15mM sodium carbonate {8i@z), 35mM
sodium bicarbonate (NaHGpPH 9.6 and incubated overnight at 4°C. All wash steps between
incubation times were carried out withG@0 of PBST, and subsequent incubation steps were
carried out at 37°C for 1 hour. In brief, the plate was blocked with 100pl of 5% wi/v milk in
PBST, 50ul of sample (supernatant from 1 cell/well sample) or standards. The standards were
made up of dilutegurified CR1 constructs. The plate was incubated with 50ul detection
antibody (polyclonal rabbit an€R1; CSBPA822164ESR1HU, Cusabio) at 2ug/ml, followed

by the additi on horke rd&di8heperoxodselRP)eanjpigatddagoat anti

rabbit 011-035003; Jackson ImmunoResearch Europe Ltd.) secondary antibody at,1all000
diluted in blocking buffer Peroxidase activity was measured by adding 100ul -of o
Phenyl enedi amine dihydrochloride (OPD, S GI
hydrogen pasxide and 0.05M phosphat#rate, 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 covdo#d Trine reaction

was stopped by adding 50ul of 10%3®,, and absorbance was measured immediately at
492nm using the BMG Labtech Plate Reader.

2.6.4 Cryopreservation of cells

The bestexpressing clones were expanded to a T75 flask, and when cells eaele 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. @ellets were resuspended with 5ml
freezing media (10% dimethyl sulfoxide (DMSO)adell culture medig and resuspended cells
were aliquoted cryovials, stored-80°C for at least 24 hours in a freezing container (Corning
CoolCell), and transferred tmuid nitrogen for longterm 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 HYPERFIlask). For ralldasks, 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% £40th loosened lids. Roller flasks were transferred to an
electronic roller shelfta37°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% ¢énd 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 s20&@ antil needed

for CR1 purification.

2.6.6 Maintenance of hybridoma cells expressiagti-CR1 antibody

A hybridoma cell line secreting CR1 (MBB) antibodies that recognise SCR3 &f CR1 was
previously generateoly Prof. Claire Harris. Cells were thawed from a liquid nitrogen stock and
washed into a hybridoma medium (RPMI, 10% low IgBSE 0.05mM 2Mercaptoethanol
(Gibco), 50U/L of penicillin and 50ug/ml of streptomycin, 2mM Glutamine, 1mM sodium
pyruvate(Gibco)and transferred inta T25 flask incubated at 37°C and 5% @@ells were
scaled up to either a spinner or a CL1000 flasdr a&fhtibody secretion was confirmed by a dot
blot (Figure 25). 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 dgs after whichmedia 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 sepgirmeable membrane, one for the cé830 ml
volume)and the other for the hybridoma media (no FBditre). To inoculate the flasks, the

cell compartment was pngetted with 15ml media, which was then removed and inoculated
with cellspooled together from twelve 100% confluent T25 flasksentrfuging at 300g for
minutes and resuspending in 25ml of hybridoma cell culture mediaf 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 mestizhanged, leaving around 1ml of

cell culture in the cell compartment and topping up with another 24ml of hybridoma media.
The cells harvested from bothe spinner flaskand CL1000flask were centrifuged at 4,000g

for 30 minutes at 4°C, with the superndteollected immediately for antibody purification or

stored at20°C until further use.

2.6.6.1 Dot blot to screen for antibody production from hybridoma cells

Cell culture supernata@®pul) wasspottedon a nitrocellulose membramnvehichwas left to dry.

The membrane was blocked at RT with 5% milk in PBfr 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 Peroxidaseonjugated AffiniPure goat anthouse IgG 115035003 Jackson
ImmunoResearch Europe Ltd) for 1 hour at RT. Prior to image development, final washes were
performed again, three times with PBSvery 10 minutes. Bound antibody was detected by
chemiluminescent technique (SuperSignalTM West Pico Chemiluminescent Sajbstrat
ThermoFisher Scientific), and images were obtained using H@&OR FC Odyssey imaging
system.

o [ )
5u 1: 1
1 1: 1

®

Medi a MB35 wm@t/ n
Figure 2.5. Dot blot to confirm antibody secretion of hybridoma cells.

To confirm that the hybridomaells were secreting antibodies, supernatant from the hybridon
culture was collected and serially diluted in hybridoma medium. A nitrocellulose membrane we
with 5ul of each serial dilution. Negative (only media) and positive (purified-BB#tibody) control
were also included. A goat amtiouse IgG HRP probe was used to probe the membrane.

2.7. Protein purification

All collected cell culture supernatamas centrifuged at000gfor 30 minutes to remove cells.
The supernatantas either stored a20 C for purification at a later stage filtered through a
0.2uM hydrophilic polyethersulfone (PES) membrane filter (Millipo@pth A K T A Gtart
(Cytiva) at RT andA K T A Pure (Cytiva) at 4°Qvereused for protein purification in i

project.

2.7.1 Purification of MBI-35 (anttCR1 antibody) by Protein G chromatography

The inrhouse mouse monoclonal MBb (CR1) antibody was purified using a protein G
affinity column which contains Protein @nmobilised toresin that binds to eukario
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) A6 &hd
equilibrated with 8 CV of PBS, followed by loading of cell culture supernatairl/min flow

rate and washing with 20CV of PBS. The bound protein was eluted with 100% of 0.1M
glycine/HCI pH 2.7 insml fractions and was neutralised with 500ul of 1M Tris pH 9.0. An
example of a chromatogram for antibody purificatioshewn in Fgure 26. The concentration
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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 generai@®1 affinity column or dialysed in
PBS for use in assays suchVdssternblot and ELISA. Dialysis was performed overnight at

4°C using dialysis tubing (Medicell) with a molecular-ofit of 12-14kDa.

mAL

Absorbance at 280nm (mAU

1 12 13 kL]

Volume (ml)

Figure 2.6. Purification of anti-CR1 antibody using affinity chomatography.

Affinity chromatography of amCR1 antibody using a 5ml HiTrap Protein G HP (Cytiva) coll
Bound proteins were eluted with 0.1M glycine/HCI pH 2.7 in 5ml fractions. The UV trace (
is shown in the blue line, the conductivity decreasdherred line, and the elution buffer (10(

concentration in the pink line is displayed.

Loading of supernatant to the column and column wash are not shown.

2.7.2 Generation of CR1 affinity columns

In orderto capture target antigens by affinity chromatia HiTrap N-hydroxysuccinimide
(N-HS) -activated high performance (HP) prepacked columns (Cytiva) were used to covalently
couple ligands such as purified monoclonal antibodies. Approximat&iyng of MB35

antibody was used to couple a 1ml HiTrapHS-activated HP column, following the

manuf act ur énitiads theisomrdpanacl that the columns were stored in was washed

away with 6ml of ice cold 1mM HCIThen couplingbuffer wasinjected using a 10ml syringe

and at a flow rate of approximatelgnmin to equilibrate the columrA volume containing 5

7mg of the purified antibody wakenloaded onto the column and incubated for 30 minutes at

RT. The column was washed witiernating rounds @.5M ethanolamin®.5M NaCl, pH 8.3

and 0.1M sodium ataté0.5M NaCl, pH 4 to remove nospecifically bound ligands and

deactivate excess active groups not bound to the ligand. The efficiency of coupling was

measured after coupling accordinghema nuf act ur er 6 s

protocol

column was then stored in PBS containing 0.01% sodium azide until further use.
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2.7.3 Purification of recombinant CR1 constructs by affinity chromatography

To avoid crossontamination, separate a@R1 antibody affinity columns were generated for
each CR1 constatl (CRL.4, CR%11,and CR111). For the first use, the column was {elated
with 0.1M glycine pH 2.7until ~0-2mAU was reachedThe elution buffer used was changed
over time to diethylaminie PBS pH 11.5vhich improved the yield of purification. Tlelumn
was equilibrated with 8CV of PB&ontaininglM NaCl and fltered cell culture supernatant
was loaded into the column at 1ml/min by a peristaltic pumg ¢hT A Btart orAK T A E
Pure (Cytiva) The column was washed with 30CV of PBS 1M NaCl, and preteiare eluted
in 1ml fractions that were neutralised with 100ul IMs pH7. After use, the columns were
stored in PBS containing 0.01% sodium azide. Peak fractions were dialysed in{d G818
HEPES pH7.4, 140mM NaQl overnight at 4°C using dialysisibing (Medicell) with a
molecular cubbff of 12-14kDa. The purified CR1 proteins were loaded on a20%
polyacrylamideéSDS PAGE ge{XP10202BOXNo v e x E We d)dpeafovéen afteEbuffer
exchange, and gels were stained with Coom&ae R-250.

2.7.4 Rotein quantification

The concentration of purified proteins was measuregbisprption a280nmusing a Nanodrop

8000 (ThermoFisher). Protein concentrations were calculated by the equation: Concentration
(mg/ml) = A280¢éxtinction coefficientX), whereX is when thepathlength is 1cm. Tab23

shows the extinction coefficients for CR1 constructs.

CR1 Mol ar extinction .

o S U
cons (L}nol(aMc m) )
1-4 46410 1.38
811 37930 1.25
1-11 99810 1.23

Table2.3. The molar extinction coefficients of #1CR1 constructs purified in this project

The extinction coefficient of the proteins was determined from
https://www.novoprolabs.com/tools/protesmtinctioncodficient-calculation
Uis when pathlength is 1cm when measuring absorbance at 280nm

2.7.5 Concentréing 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 usedoncentrate the protesolutionswith cutoffs based

on the size of the proteiniOkDa for CR14 and CR3%11and 40kDa for CRili1.
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2.7.6 Size exclusion chromatography

After sufficient proteins had been concentrated, contaminants were removed using size
exclusion chromatogrdyy (SEC) on thé\ K T A Bure (Cytiva) SECseparates proteifmsed
onsize.A 24ml CV Superdex 75 10/3{Cytiva) column was usefbr CR1 CR1.4and CR}

11 and aSuperdex Increase 200 10/3@ytiva) column was usefdr CR1;-11 The volume of
protein typi@lly 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% TF2@es the running buffer.

This also allows the proteins to beffer-exchangedhto the buffer used for tHgiacore assays.

2.8 Characterisation of recombinant CR1 proteins

2.8.1 Deglycosylation of CR1 constructs using PNGase F

SDSPAGE analysis oftte purified CR14 and CRZ%11 constructs showed noticeable doublets
indicating that the proteins were possilglycosylated. To confirm this, all purified CR1
proteins were treated with PNGase (P0704S, NEB) to remoliekéd oligosaccharides
following the manufacturerdéds protocol. I n s
protein was incubated with 1uf denaturing buffer bringing the final volume to 10pl with
H2>0. The mixture was boiled at 100°C for 10 minutes and then chiledce before
centrifugation forlOs A total reaction volume of 21ul containing the following was made, 2l
of Glycobuffer 2,2 pl of NP40, 6 pl H20 and 1 pl of PNGase F was added to the initial 10 pl
reaction volume. As controls, a sample withtheCR1 construct added wagenerated and
sample containing only the PNGase (no CR1 const8EtyPAGE andVesterrblot analysis

were used to confirm protein deglycosylat{@®ection 2.4.2.).

2.8.2 Fluid phase cfactor assay

The efficacy of CR1 constructs for their CA wkhwas determined by incubating 1pg of C3b
(Comptech) with 100ngI (Comptech) and different concentratiofi€®1 constructs in a total
reaction volume of 10ul in PBS at 37°C for 10 minutes. To stop the reaction, 10ul of reduced
2X Laeml I b u f iasadded té\thefsamplése Thexsanip)e was loadedadifto

20% polyacrylamideSDSPAGE gel, which was #n stained withCoomassieBlue R-250.

Image Studio LitgLI-COR) was used to perform densitometry analyd®s eakdown of
chain in each sample was measurgdising the formula:

(density ofU-@hain (sample) d e n s i chain(saimple) / (density ¢ -dhdin (negative
control)/d e n s i «hain(oebative contro))* 100.Thi s gi ves the densit
that is left normalised to the negative control (C3b Bhdnly sample no C3b breakdown),
which has-chhif.0% of U
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2.8.3 Haemolyss assay

2.8.3.1 Preparation of sheep and rabbit erythrocytes

To assess the function of CR1 constructs in the CP regulatiofy/2)ef sheep erythrocytes

(shE) (TCS Biosciences) wepeepared for use the haemolysis assay. 2ml of shE was washed
three tmes in 10ml of£Pwash buffer (10mM HEPES, 140mM NacCl, pH 7.4)dentrifuging

at 8009 for 4 minutes in a bench top centrifuge with the nedkeced to7 (from a maximum

of 9) and carefully removing the supernatant to avoid disruptfoiine cell pelle After the

final wash of shE, most of the supernatant was removed, and 400ul of pelleted shE was
transferred to 10ml of wash buffer, which wasewarmed to37°C. Antisheep antibody
(1:1000) (Amboceptor, Behring Diagnostics) was addedgeparate vialf 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 minutewith regular inversiorto prevent ce#f from settling.
Following incubation, shBvere washed with theCP assay bffer (10mM HEPES, 140mM

NaCl, pH 7.4, 1mM MgGl 1mM CaC}) as described above, but with theakeset to full.
Following the final wash, the shE was resuspended in 20ml of assaytbuféarerat@% (v/v)

shEAfor use inthe haemolysiassay

To prepae 2%(v/v) rabbit E (rbE) to assess the function of CR1 construdteeiregulationof

the AP, 2ml of rbBwverewashed three times with A&saybuffer (10mM HEPES, 140mM

NaCl, 10mM EGTA, 7mM MgGCJ, pH 7.4) aslescribecabove. For the last wash, most oé th
supernatant was removed and approximately 400ul of pelleted rbE was transferred to 20ml of
AP wash buffer to maka2% (v/v) solutionof rbE.

To ensure that the cells were at the correct density for the subsequent assays, absorbance value:s
at 412nm of ells incubated in buffer only (0%) or completely lysed (100%) were first
determined. This enabled small adjustments to the cell density if reqUiredegative control

was compriseaf 100ul of assay buffer and 50ul of 2% of shEA or rbE, while the pesiti
controlwas compriseof 50l of assay buffer, 50ul of @M% Triton X-100 and 50l of ShEA

or rbE. The plate was centrifuged at 1200rpm for 3 minutes, and 100ul of supernatant was
transferred inta/5ul of waterin a flat bottom 96éwell plate. The absbance of haemoglobin

releasd into the supernatantas measured at 412nm using a BMG Labtech Plate Reader.
Typically, absorbance a412 of ~1.5 is desired, and if the measured Ad4&3 above this,

then the shEA or rbis diluted.
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2.8.3.2 Dilution of hunan serum

For inhibition assays, it is important that the dynamic range of the assaydstprmined. The

dilution of normal human serum (NHS) used in the assay should yiel@0%0ysis in the
absence of an inhibitor. For CP haemolysis assay, thisietasmined by an initial dilution in

the CP assay buffer of NHS starting from 1 in 20 in 100ul and 50ul 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 100ul and 50 pl of rbE isdaled. Each serum dilution was carried out in triplicate. Control
samples were included as follows:

i) the negative control sample (0% lysis) contains 100ul of CP or AP assay buffer and 50l of
shE or rbE.

i) the positive control (100% lysis) containsB@f CP or AP assay buffer, 50 pl of 0.01%

Triton and 50ul 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
foll ows: (A412 test sample well T A412 0% ¢
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 constits 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 ass@R1 constructs were diluted across an@8l roundbottomed

platein 50ul final volume, adding 50ul of NHS, which was previously determined to result in
70% lysis and 50ul of shEA or rbE. Samples were incubated at 37°C for 30 minutie and
plate was centrifuged300g 3 minutes), andhe absorbance of samples was meaduas
previously described?ercentage lysis of each sample was calculated by:

(A412 test sampl e wellAl4 112 A40102 0% nctwelotT0%one | wWe
lysis; no CR1 construct; only NHS) *100

Thepercentagénhibition of lysis by the CRtonstruct was calculated by:

(% of lysisfrom sample ~70% lysis; no CR1 construct; only NH% of lysis of samples) /

(% of lysisfrom sample ~70% lysis; no CR1 construct; only NHS) *100.

Using GraphPad Prism v9, the percentage inhibition of lyséxig) against the concentration

of CR1 (xaxis) is plotted and sigmoidal curves is generatedalculate thehalf 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 n t his project was adapt e
Characterization of Human and Mouse Compl e
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 pelleichwvas either stored €80°C until further

use or subjected to protein precipitation by adding 10% (weight/volume) of sodium sulphate
(Na&SQy, anhydrous) for example, 2.8igSQy was added t@5mlplasma. The protein solution

was left to stir at RT foR hours to allow the removal of high molecular weight compounds
such as fibrinogen and-globulins in the sample before applying them to chromatography
columns The precipitate was harvested by ultracentrifugation at 26,0009 for 30 minutes at 4°C,
and thesupernatant was collected and transferred to a dialysis tubing with 14kDa cut off
(Medicell). The supernatant was dialysed for 2 hours at 4°COithylaminoethyl cellulose
(DEAE) Buffer A (10mM potassium phosphate (KOs) and 5mM EDTA at pH 7.8) arttlen
overnightwith fresh buffer The dialysate was then filtered through a 0. R&Sfilter prior to

anion exchange chromatography.

2.9.1 Anion exchange chromatography

Following from dialysis of the filtrate into DEAE buffer A, the dialysate was injectén a
DEAE column Cytiva) via a 50ml Superloop using tie K T A Pure at a flow rate of
1ml/min. The column was washedtw4CV of DEAE buffer A to remove unbound proteins
and bound proteins were eluted with a linear gradient fre26% DEAE buffer B (10mM
potassium phosphate (KPIQs), 5mM EDTA, 1M NaCl at pH 7.§. Peak fractions were
analysed using SDBAGE to determine fractions containing C3 which were pooled together
and dialysed into Mono S Buffer ®0mM sodium phosphate (NaPQs) at pH § overnight

in preparatiorfor cation exchange chromatography.

2.9.2 Cation exchange chromatography

Hydrolysed C3wasremoved post anion exchange chromatography using a Mono S column
(Cytiva). The dialysate in Mono S Buffer A (Section 2.9xi3s loaded onto to thewlumn via

a 50mlSuperloop using th& K T A Bure at a flow rate of 1ml/min. The column was washed
with 10 CV of Mono S buffer ASOmM NaH.PQy at pH § and proteins were eluted in 1ml
fractions with a linear gradient from 80% MonoSoufferB (Mono S bufer A with 1M NaC).

Peak fractions were analysed using SEXSGE andC3-containingfractions were pooled
together to be dialysed into HBS &t4overnight. A280 of purified C3 was measured and was

storedat -80°C until further use.
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2.10 Generation and istation 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 MgCl in a final volume of 1ml in HBS. The mixture was
incubated at 37°C for 30 minutes and was dialysed to 10mMPRiHat 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&t€ T A Pure, and the proteins were
elutedusinglinear gradient elution,-80% of 10mM KHPQi, 1M NaClat pH 78. Residual
proteins and breakdown products were separated basedpirottibeproteins C3a (~9), C3b

(~5), FB (~7), Bb (~7), Ba (~6) and FD (~7) determineaiglysisof the amino acid sequence
using web.expasyrhe main elution peaks wewsualised bySDSPAGE/Coomassi8lue-
R250staining Fractions containinG3b 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 fracsomere allanalysebn an SDSPAGE by Coomassie

Blue R-250staining prior to loadingntothe next column. After SEC, main peak fractions were
storedat-80°C until further use.

2.11 Functional assay of G&/F variants with CR1 constructs using surface lasmon
resonance

All surface plasmon resonan@&PR 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 escidbed belowAn 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 l@&S3b.
running buffer used in the experiments was HB&1WiL01% TweefR20 and all buffers were
sterile filtered through a 0.p2n membrane filter. The running buffer was supplemented with
1mM MgCl for assays involving the accumulation of alternative pathway C3 convertases on
the chip surface. For manual or amtted runs, regeneration buffer (10mM sodium acetate,
1M NacCl at pH4.0) was injected for the 60s at the end of each cydmtve C3b ligands and

regenerat¢he 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 (Cytivanine coupling was used as the sole method

for each experiment or to immobilise a small nidus of C3b prior wesiter coupling (as

described below). The injectim of N-hydroxysuccinimide (NHS) and N(3-
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dimethylaminopropybN'-ethylcarbodiimide hydrochlorid€EDC) activated the chip surface

by modifying carboxymethyl group€3b was injected over the activated chipface 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, he remaining active sitesereblocked by njecting 1M ethanolaminklCl pH

8.5 to deactivateunreacted NHS 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), wHi€2 and 4 are immobilised with C3Reference 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
affectnon-specifc 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
acetite at pH 4.5 to a 5ug/ml concentration. A typical BIAcore sensorgram for amine coupling

of C3b is shown in Figure 2.

2.11.1.2 Immobilisation of C3b on a CM5 chip by thioester coupling

To create a C3b thioester surface, approximately 100 responsgRuhjtsf C3b proteins were

set up to bdirst 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 (40ug/ml)
and FD (1pg/ml) (Comptech) diluted in the runnibgffer supplemented with Mgghnd
injected at a flow rate of 20pl/min for 120s. Purified-83r C3F at a concentration of
500ug/mi1lmg/ml concentrations were injected straight after the fupldf surfacebound AP

C3 convertases which generates C3ld @8a). 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 remee any norcovalently bound proteins, regeneration buffer was injected for
60s. Figure 2.8 shows a BlAcore sensorgram for immobilisation of C3b by a manual thioester

coupling.
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In the initial step, the electrostatic interaction of C3b to the chip surface is tested at the sel
(50mM sodium acetate at pH 4.5). If the gradient is sufficient, the surface is cleaned with
hydroxide and the immobilisation continues. The surface is activated by injectk
hydroxysuccinimide (NHS) and N(3-dimethylaminopropybN éethylcarbodimide hydrochlorid
(EDC) to modify the carboxymethyl groups. C3b is injected in measured pulses until the ta
value is reached. The surface is blocked with the injection of ethanolamine, which deactiv
remaining active esters.

2.11.1.3Affinity analysis

The affinity of the CRZTonstructs for the C3b variants was assesseh@mine and thioester
coupled C3b surface, generated as described previouBhe CR1 constructs used in this
analysis were previously buffer exchanged into the Biacore running buffer. All CR1 constructs
were serially diluted Zold, 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 30ul/min. Regeneration buffer was flowed through for
60s after each injection of a construct to clean the chip suafémeeach cycle. Steadyate
binding responses were plotted as the RU on thrig and construct concentration (UM) on

the xaxis. The Biacore S200 Evaluation Software (Cytiva) was used to gener8tathbard

analysis and the affinity constant @§, Rmax (RU) and CRi(RU?) was calculated.

2.11.1.4Decay accelerating function

The ability of CR1 constructs to decay convertases was tested by forming -fateceAP

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

surfaceboundconvertasef?4, 70)
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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 sens
using an automated run in a Biae@®200. FB and FD (red arrow) were injected onto the chip s
at 40ug/ml and 1pg/ml, respectively, to initiate the generation of AP C3 convertase (C3bBkt
chip surface, resulting in an increase in RU. C3 (blue arrow) was injected immediatelyBARE
injection, resulting in the production of nascent C3b by the C3 convertase. Nascent C3b has i
ability to bind covalently to the chip surface due to a nucleophilic attack on the internal thioes
resulting in an ester link to the phsurface or ester/amide links to other C3b molecules on the s
This process is repeated until the value of 800RU is reached. Weakly bound proteins on tr
were removed by injecting 10mM sodium acetate, 1M NaCl, pH 4. (regeneration buieragraw)

2.11.1.5Trimolecular complexbuilding

A CM5 chip was initially coupled with C3b via amine or thioester immobilisation, as previously
described. The formation of the trimolecular complex (TMC), C3R1:Fl wasassessed by
injecting CR1 constructs and inactiv@ (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 1ImM Mdl# presence of Mg
enabled the formation of convertase at the stareaddf a series of injections or experiments

to check for any loss of C3b on the chip surface (by injectioRBbind FD as previously
described).
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2.12 Beadbased assay to investigate CR1 density polymorphism by flow cytometry

In order to study the effacy of C3b breakdown with different CR1 density polymorphisms,
the free thiol on hydrolysed C3b (Comptech) was biotinylated and capturedstreipgvidin
beads ( Dy na2rd Strapthsidin, INitrogen by Thernkisher Scientificto 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 polymorphisihs. breakdown
fragments of C3b are stained with a@8 antibodies and analysed using flow cytomdtACS

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 cytoeretsed in this projeavasthe FACS
SymphonyBD.

2.12.1 Preparation of erythrocytes

Blood samples from hé&hy donors were collected in EDTA tubes and were centrifuged at
1400g for 10minutes at 4°C,plasma and buffy coat layer were remowed E wassolated.
Approximately 2ml of E were washed in 20ml of FACS buffer and the E suspension was
centrifuged at 80g 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 tthis@8ate
pellet. A dilution of 20% E was made, and a further 500X dilugnar to an automted cell

count using thé-luidlab 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 QuarE
RPE MESF kit (Bangs. Laboratories, l nc) f
approximately 1x1DE were stained with 5ul of an aftuman CD35 antibody (Clone E11)
conjugated with PE (333405, Biolegend) for 30 minutes at RT. E were widshedimes 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
(QuickCaP) provided by Bangd.aboratories to genate 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. Figur@ ghows an example of the observed

fluorescence peakand Figure 2.10 shows arample of how CR1/E is calculated.
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2.12.3 Preparation of solubilised erythrocyte lysates

From the final suspension ofr&entioned in Section 2.12.1, 50®f 0.2% Triton %100 was
addedto 500pl of 1600x1@ cells/mlof E from all donorggiving approximagly 20x16 cells

per 25ul) E wasleft to rotate at RT for 10 minutes to lyse, and samples were sgs080g

for 5 minutes using a microcentrifuge and supernatant was collected, which was used for the

beadbased assay immediately orqaiots were alsaered 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 mi
standards with a different intensity that hdneen calibrated in MESF units. Beads were analys
flow cytometry,A. using the forward and side scatter (F&@nd SSGA) to gate around the sing
population, performed for every microbead populatiBn.Each bead population was analy
separatelyand distinct fluorescence peaks were observed, gated to acquire fluorescence med
as shown used to generate the calibration pgloEluorescence median intensity values were g
generate a calibration plot shown in Figure 2.10.
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A. Bead MESF Channel
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Bead #1 3067 42,55
Bead #2 19850 259.45
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Figure 2.10. Generation of a calibration plot from the QuickCaknalysis template to
calculate CR1 numbers per erythrocyte.

A. Fluorescence median values of each bead population are entered iQaitk€al® analysi:
template to generateB calibration plot (channel {&xis) against Molecules of Equivalent Solt
FluorochromgMESF) (y-axis).C. The calibration plot is usdd calculate CR1 per erythrocyte (B)
entering the median value (channelkt#inede measured by flow cytometry in the analysis temg

2.12.4 Biotinylation of C3b proteins

C3b (Comptech) proteins were biotinylated using theliglZ Maleimide PEG2Biotin kit

(Thermo Fisher Scientific accor di ng t o totokThimapproathaargetedr e r 6
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 assayangof biotin was reconstituted in 190ul of PBS, and 1.4pl of

this solution was added to 250ug of C3b. The mixture was incubated at 23°C for 2 hours. After

i ncubation, the mixture was purifi ekKsheusi ng

Scientific) witha molecular cubff of 7kDa. The columns were spun initially at 15009 for 1
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minute to remove the @tage buffer andvashed with 300ul of PBS. After the last wash, a
maximum of 100ul of the C3biotin mixture was added per column, with 15ul 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 steB8&Cauntil

further use.

2.12.5 Conjugation of antibodies

Primary antibodies were camjated using the Lightningink® Antibody Conjugation Kits

( Abcam) foll owing the manufacturero6s proto
mixed with 10ug of antibody (maximum volume 10ul) before being added to the lyophilised
powder. The mixture waincubated for 15 minutes at RT and kept in the dark. After incubation,
10pl of the Quencher solution was added, and the mixture was incubated for 5 minutes before

use.

2.12.6 Preparation of C3ibiotin coated streptavidin beads

Streptavidin beadat 6x10 beadéml concentration were diluted in FACS buffer in maximum
recovery tubes (Axygéh to give a final concentration dfOx1(P beads/ml.Beads were
magnetised and/ashed twicavith FACS bufferusing amagnetic separation microplaaed
resuspended ih0x10° beads/mIBiotinylated C3b was added to the suspension of beads at a
final concentration of 2.5ug/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 madbked
biotin (Ther melLi % &iEe n#d-Bidiiog lor 1& dhinutes at RT whilst

rotating. The beads were washed again 3 times and resuspe2@ed beads/ml.

2.12.7 Preparation of samples for the bebdsed assay

Samples were prepared in maximuetovery tubes and incubated in rotbwttomed low

binding 96well plates (Greiner Bi®ne). The optimaFl concentration for the assay was
determined to be 16ng/ul, and the optimal number of E useshpgsle was 20x£E. For each
sample, 50ul of bead2ppl Fl and 25pl 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. sminu
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 beadsaseed 3 times with 200ul

of FACS buffer. After the third wash, the beads were incubated with 1@@gheration buffer
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(10mM sodium acetate, 1M NaCl at gtD) for 3 minutes with the plate shaking at 800ram
remove norspecifically bound proteinThebeads were washed three times with FACS buffer
and stained with 100ul at 5pg/ml concentrations of monoclonal antibodies against iC3b (A209,
Quidel) and C3dgdoustomised antibody made by Bioyawnjugated with Alexa Fluor 488 and

647 fluorophores, resptvely, for 30 minute®n plateshakerin thedark. After incubation, the
beads were washed with FACS buffer 3 times and resuspended in 200ul of FACS buffer and

analysed by flow cytometry.

2.13 Generation ofin-houseanti-C3dg antibody

The antiC3dg antbody 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 antilody 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 (Figure2.11) and antibody was identified t@pecifically recogniseC3dg

(Ab424).
D3 C3dg iC3b
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Figure 2.11. Characterisation ofanti-C3dg (Ab424) antibody by @étern blot.

C3dg and iC3lproteinswere loaded on &0-20% polyacrylamide gel and speci€ity of Ab424 was
confirmed by Wésten blot analysishy only detecting C3dg protein and not iC3king 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

Complemenimediated IVH in PNH is inhibited by ant5 treatment with eculizumab, which
has been the gold standard treatment in pat(@8f&) Ravulizumab, an engineergdrsionof
eculizumab, was recently approved to reduce the treatment burden associaead vzitimab

by having a longer duration of action, resulting in less frequent administration of th@ 84ig
142) Ravulizumab was found to be namferior to eculizumab both in efficacy and safety for
PNH treatmat (144, 145) The initial phaseontrolled phase 3 trial of eculizumab in 2004 led
by Hillmenet al.showed a significant improvement in most clinical features of PNH, including
fatigue, pain, anaemia, and qualiof life measures(136) This was followed by two
international studies, TRIUMPH ai8HEFHERD, which found a decreasetimromboembolic

eventsand resulted in a significant improvement in patient sur{i/a¥, 138)

The inhibition of terminal complement at C5 prevatdsleavage antherelease of C5a and

C5b, thus the uncontrolled generation of MAC on PEHAt the same time, the upstream
complement cascade remaiastive, and PNHE become opsonised with C3 fragments
produced by C3 cleavagé48, 163) C3opsonised PNHE are targeted for clearance and
undergo EVH in the reticuloendothelial systét®4) The severit 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 transfugi@®167) Risitano

etal. have shown that the amount of C3 on RHIdorrelated significantly with the reticulocyte
count of PNH patients and their response to eculizumab treaff#8)t In addition, a larger
study involving 147 PNH peents who were treated in the UK PNH National Service in Leeds
was carried out where patiemgreobserved over a 48onth 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 influerargability in eculizumab respondetween patients
includingthe amaunt of C3 loading on PNHE, where complement activity and regulation in

an individual are likely to play a role. There have already been studies on the effect of
combinations opolymorphisms in complememnglated genes, known #se complotype,on
complenent activity,particularly of thoseariants foundn activators and regulators in the AP,

which have previously been discus¢8dction 1.8)70, 150) Complement regulators witheh
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function of processing C8n aythrocytesare of particular interestheseincludethe soluble
regulator FHand the membraneound regulatoiCR1, both of which hav€A for Fl-mediated

cleavage of C3b.

The CR1 density polymorphism on E has been linked to patient response toneahlizvith
patients with high CR1 surface density being identified as better responders (requiring fewer
transfusion events) than those with intermediate or low CR1 defisit) The C3S/F
(rs223019) polymorphismvas also determined in patients in the same study, with a gene
frequency of 0.8 for th€3-S allele and 0.2 for th€3-F allele in the Caucasian population
(168) There waso link observedetween the G3/F polynorphism and eculizumab response

in patients despite analysing 72 patiertswever,the genotype frequency limits tpewer of

this analysisnecessitating larger studyo confirm the findingHowever, a study conducted

by Kaudlay et al. found an assaation between the CS/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 hav€l58). Such haemolytic parameters are found to be associated with EVH,
and patients whare homozygous for theé3-Sallele had higher C3 loading on PNHas well

as increased reticulocyte numbers and bilirubin levels when compared to patients with either
C3-S/For C3-F/F allele (169).

When te terminal pathway is blocked by eculizumab, the loss of DAF on-BNkhich has

a DAA on convertases, causesiacrease in C3 loading on PNE CR1 primarily regulates
C3b inactivation on PNHE due toits CA via Fl-mediated cleavage to generate dowmstre
fragments iC3b and C3dg. It is worth noting that, while MCPRiidan inactivate C3VICP

is not expressed daandFH is a soluble regulatoAs a result, it should come as no surprise
that the density of CR1 on E can influence the regulation dfr€8down on PNHE, as well

as C3 loading on PN and, ultimately, the risk for EVH. Furthermore, as previously stated,
genetic variations in complemerglated genes between individuals may affect complement
activity and regulation. AE3-S/F variants hee been linked to diseases, their interactions with
other complement proteinsB, FH) have also been investigated and have been shown to affect
AP activation and regulation, as previously descriyj 153155). 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 thes@3and CR1 density
polymorphism with clintal 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 locatedNo exclusion criteria were applied in the analysis, and as such, patients with

bone marrow failure and aplastic anaemia are included.

Theclinical parameters presented ranged from 2RQB9 due to the access and availability of
patient clinical data, inading levels for LDH, haemoglobin and bilirubin, reticulocyte count

and transfusion requirement. Measurement for C3 loading on reticulocytes and E, specifically
PNH cells of type Il or 1ll, are also presented. The PNH clone sizes of granulocytes, mgnocyte
reticulocytes (type Il and 1), and E (type Il and Ill) 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 datactiotie 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 Kaud{a$4, 169) we hypothesised that common
variations in C3 (S/F) and CR1 (density polymorphiaffgctedEVH susceptibility by altering

the regulation of thAP, specifically the inactivation of C3b t63b/C3dgon PNHE. Although

it has been suggested that teied productof C3 degradation, C3dg, can also support
phagocytosi$149), the primary ligand for CR3 is iC3lC3b coated complexese recognised

by myeloid cells including macphages and monocytes that express CR3 and CR{j
receptorson macrophages such as liver Kupffer cellso recognise iC3b, and all mediate
phagocytosig53). It is highly likely thatin vivo, iC3b is rapidly processed @3dg;however,

the amount of iC3b present on a PiHhowever small, could dramatically alter the fate of the
cell and risk for EVH CRL1 is the only complement regulator that controls this process and
defines the relative proportions of the two ligandse Work described in this chapter describes
approaches to investigate this hypothelsisdeterminingwhether theravasany correlation
between the G%/F and/or CR1 density polymorphisms and haemolytic parameters in

eculizumaktreated patients.
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3.2 Reslis
3.2.1 Flow cytomeic analysis to measure PNH clone size and C3 loading on PRH

A definitive diagnosis of PNH is performed by flow cytonetanalysisfor the observed
deficiency of GPinked antigen®n granulocytes and monocytesnalysisof thegranulocyte
and monocyte cell populatismt HMDS involves using a sigolour combination staining for
GPHinked membrane proteingigure 3.1) Granulocytes are recognised by CBddsitive
staining while CD16and CD24negative staining furthadentifies PNH cells(Figure 3.1A

B). Positive CD33 staininglefinesmonocytes, while negative CD14 and FLAER staining
identifies PNH cells further(Figure 3.1GD). FLAER is a norysing, mutated form othe
protein aerolysin that binds specifically to @iPked aachors 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 GB38ukocytes providing a more
precise determination of GPI deficgnin PNH(170)
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Figure 3.1. Example of granulocyte and monocyte analysis in a PNH patient to detern
PNH clone size.

Peripheral blood sample from a patierdsastained with a combination of antibodies against C
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 arég
(P1) and was furthheanalysed foB. CD24 and CD16 expressio@. Monocytes were identified |
positive CD33 expression (P2) and variable $S@ere further analysed for CD14 and FLA
expression.

Images were taken from the HMDS laboratory protocol for immunophenotypigsenaf PNH Cell
Version 2.1 by Stephen Richards.

59



An example of a typical PNH case is showkigure 3.2Erythrocytes are stained wi@D235a

(a marker for E) an€D59to identify PNH clonesEither type Il (complete deficiay) and

type Il (partial deficiency) or type | (normal expression) REHre determinedrhe PNHE

clone size (10.95%) are calculated by a CD59 histograms (Figure 3.2D) by adding the type Il
(10.77%) and type 1l (0.18%) clone sizes.
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Figure 3.2. Example of erythrocytanalysis n a PNH patient to measure PNHE clone
size.

A-B. Erythroycytes (E) are gated $&d on forward and side scatter areas (RS&hd SSCA) anc
CD235a staining. (P1 and PE) E are stained for CD235a and CD%9. Percentage of type
(complete CD59 deficiency) and type Il (partial deficiency) PRItre determined by a CC
histogramE. Total percentage of the PNH clone is calculated by adding therpage of type Il ar
Il cells i.e total PNHE clone size is 10.77% (type IlI) plus 0.18% (type Il) to give a total of 1(
PNH-E clone size.

Images were taken from the HMDS laboratprgtocol for immunophenotypic analysis of PNH
Cells Version 2.1 by Stephen Richards
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Stainirg with CD71 can also be used to analyse the immature red cell population or
reticulocytes, which provides a morecarate representation of tiRNH clone size (Figure
3.3). Similarly to the calculation of PNHE clone sizePNH reticulocyte clone size (871.%)
canalso be calulated using a CD59 histogram by adding the type Ill (81.94%) and type Il

(5.17%)reticulocyte clone sizes.
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Figure 3.3. Example of reticulocyte analysis in a PNH patient for measuremenie biH
clone size.

Peripheral blood sample from a patient was stained with a combination of antibodies against
CD71 and CD59 and was analysed by flow cytometry.

A. Erythrocytes (E) are gated based on forward side scatter areaAjR8@ CD235a stainingP()
andB. side scatter area (SSX). C. Reticulocyte population was gated based on CD71 express
D. Percentage of type Il (complete CD59 deficiency) and type Il (partial deficiency)HEldke
determined by a CD59 histograk. Total percentage of tieulocyte PNH clonesizeis calculated Lt
adding the percentage of type lll andadticulocytes

Images were taken from the HMDS laboratory protocol for immunophenotypic analysis of PN
Version 2.1 by Stephen Richards.
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In most of the PNH patients treated with eculizun@®loading on PNFE is detected, which

is absent in untréad patients as PNH would lyse accumulation of C3 on PNH is only
observed with Cinhibition (Figure 1.9)Uponmeasurement of the PNH clone of E by staining
with CD235a and CD59, PNH (CD59 negative cells)C3 loadingare analysedrom C3d
staining.The percentage C3 loading measures the proportion of CD59 negative cells that are
positive for C3d staining. These arkt @3 fragments including C3b, iC3b, and C3d, are
recognised by a monoclonal antibody used to stain C3d onfPNHgure 3.4 demonstias

the measurementf PNH-E loaded with C3. C3d loading was characterised as either; a) C3d
loading on all E (total E) b) C3d loading on types Il and Ill REKIC3d PNHE) and c) C3d
loading on type Il PNFE (C3d type Il PNHE). The percentage C3 loadjron total E is the
proportion of E stained with C3dlhe percentage C3 loading d®NH-E measures the
proportion of cells that are positive for C3d on both types Il (total loss of CD59) and H PNH
E (partial of loss of CD59) while C3 loading on type INIR-E only calculates percentage of
PNH-E which has total loss of CD59.
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Figure 3.4. Analysis of C3oadingon PNH-E.

A. Erythrocytes (E) are gated based on forward scatter areaAF&@ CD235a staining (P.1)

B. Percentage of Ci®adingis calculated from a bivariate plot of CD59 and @3di.e. perentage ¢
type Il PNH-E C3dis ((Q1/(Q1+Q3))*100, percentage of PNHC3d includes type Il and IIl and tc
E C3d includes all cell population.

Images were taken from the HMDS laboratory protocol for immunophenotypic analysis of PN
Version 2.1 byStephen Richards.
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3.2.2 Analysis of the initial eculizumatreated 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
eculizumaktreated patients. In the initial cohort, there were 17 patients with/thallele and

10 patients with théH/L allele, with no patient identified as homygous for the. allele.
Analysis ofpercentageC3 loading on total E, PN, and type Ill PNHE between the H/H

and H/L genotypes showed a significant difference (p=0.0132, 0.0472, 00338 3.5

Table 31).
Type Ill PNH-E
Total E PNH-E &
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Figure 3.5. Compaison of C3 loading on PNHE between CRH/L genotypes in the
initial cohort of 27 eculizumakreated patients.

Displayed are the comparison pércentageC3 loading orA. total erythrocytes (Efjp=0.0132) B.
PNH-E (p=0.0472) andC. type Ill PNH-E (p=0.0318) between the CRH/H (n=17)and H/L(n=10
groups C3 loading was measured by flow cytometry which is the percentage of E positive 1
the calculation depends which population of E (total, FNét type Il PNHE) is analysedJsing the
MannWhitney testand ggnificant differencewasfound in all comparisong. indicates medians &
significantly different (p<0.05) between the CRI{H and H/L group.The median and interquar
ranges are shown by the box disscriptive statistics are shown iafle 3.1.

C3 loading (%)

Total E PNH-E Type Il 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

Table 3.1. C3 loading on PNHE population between CRH/L genotypes in the initic
cohort of 27 eculizumatireated PNH patients.

Displayed is the percentage C3 laaglion total erythrocytes (E), PNH and type 1ll PNFE in the
cohortaccording to patients CR1 density polymorphiSitne table shows the followingnterquartile
range, minimum and maximum value, median and mean, standard deviatiofo(Sfarh grou
Calculated pvalues from the Man#Vhitney test to determine significant difference between the
H/H (n=17)and HL (n=10) genotypes for C3 loading (%) in analysis of PRre 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 varthatsis associated with the
number of LHRs, only two of the length isoform were identified in the patietrtoimich 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 isofornR1*1/2 (heterozygous for short and long
isoform) and CR1*2/2 (homozygous for the long isoform). Tweantg patients were identified

to be homozygous for the short isoform (CR1*1/1), with 13 who have the CR1 defdity
allele and 8 who have the CR1 deynsil/L allele. Five patients were heterozygous for the short
and long CR1 isoforms (CR1*1/2), three with the CR1densii¥d allele and two with the
CR1densityH/L allele. Lastly, only one patient was identified to be homozygous for the long
CR1 isoform CR1*2/2) who also has the CRiensityH/H allele. There was a significant
difference in the percentage of C3 loading on PRENd type IIl PNHE between the patients
homozygous for the short isoform of CR1 (1/1) who either haveCiEH/H or H/L allele

(p=0.0353). (Figure 3.6, Tab&?2).
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Figure 3.6. Comparison of C3 loading on PNHE between CR1 length isoforms in the
initial cohort of 27 eculizumakreated PNH patients.

Displayed are theomparisonof percentage C®ading onA. total erythrocytes (Ejp=0.0660) B.
PNH-E (p=0.0353) andC. type Ill PNH-E (p=0.0353) between th@éR1-H/H 1/1 (n=13) and CRH/L
1/1 (n=8) groups using the MaiWihitney testC3 loading was measured by flow cytometry whic
the percentag of E positive for C3d, the calculation depends which population of E (total;EPbt
type Ill PNHE) is analysedStatistical test was not applied due to the very low number of patien
the following genotypes, CRHI/H 1/2 (n=3), H/L 1/2 (n=2) anti/H 2/2 (n=1). ns indicates ne
significant difference between medians and * denotes significant difference (p<th@5pox plc
shows the median and interquartile rand&sscriptive statistics are shown in Table 3.2.

1/1- homozygous for the short CRdoiform, 1/2i heterozygous for the short and long CR1 isof
2/27 homozygous for the CR1 long isoform
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C3 |l oading %

Tot al P N HE Type I-EI
1/ 1 1/ 212/ 1/ 1 1/ 212/ 1/ 1] 11/ 2|2/
Genoty
H/(H/H/[H/[H/H/H/HH[HHHHT (HT|HY
Mi ni myo.|15|2.|36 0.121|5.139 07|121|5.(40
25% Perld4.(16(2.[36 7.]125|5.139 7.125|5.140
Medi a|9.]26(32|39 17|133|40(41 17(33(40(54

75% Per27(52|53[43| [(43|58|55(44| |43|58(55(69
Maxi my7 0]6 2|5 3|4 3 72|85|55(44 72[85|55(6 9
Mean |19(31|]2939 2414113341 2441|3354
SD 22|18|25|5.]0124|22|25|3.|] 0 (242225200
p-val u| 0. 0€ 0. 03 0. 03

Table3.2. C3 loading on PNHE population between CR1 length isoforms in the initial
cohort of 27 eculizumatireated PNH patients

Displayed is the percentage C3 loading on total erythrocytes (E);EPhiktitype Ill PNHE in the
cohott with the different CR1 length isoforr@3 loading was measured by flow cytometry which is the
percentage of E positive for C3d, the calculation depends which population of E (totak BNtylpe

[l PNH-E) is analysedThe table shows the followingnterquartile range, minimum and maximum
value, median and mean, standard deviation (SD) for each group. Calculatieds from the Mann
Whitney test to determine significant difference betweenrtédians ofCR1-H/H 1/1 (n=13) and H/L

1/1 (n=8) genotypefor C3 loading (%) in analysis of PNElare also shown. Statistical test was not
applied due to the very low number of patients with the following genotypesHIR1/2 (n=3), H/L

1/2 (n=2) and H/H 2/2 (n=1).

1/1- homozygous for the short CR1 isoforii2 i heterozygous for the short and long CR1 isoform,
2/27 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, <&3F, in the cohort. In the il 27 patients analysed, there
were 19patients homozygous for ti&3-Sallele and 8 patients with th@3-S/Fallele and no
patients who were homozygous for flees commorC3-F allele There was no significant
difference between the €8S and C&/Fgroups in terms of the percentage of C3 loading on
total E, PNHE, and type Ill PNFE (Figure 3.7 Table 3). However, thee was a trend in the
percentage of C3 loadirag which theC3-S/S grouphas higher median C3 loadititan in the
C3-S/F group, withp values of 0.0914, 0.0914, andB60for comparison in total E, PN,

and type Ill PNHE, respectively
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Figure 3.7. Comparison of C3 loading on PNHE between C&/F genotypes in the initial
cohort of 27 eculizumattreated @tients.

Displayed are the comparisbetween CE/S (n=19) and G3$/F (n=8) groupsisingMannWhitney
statistical testor percentage C3 loading éntotal erythrocytes (Ep=0.0914)B. PNH-E (p=0.0914)
and C. type Ill PNHE (p=0.0560) C3 loading wasmeasured by flow cytometry which is
percentage of E positive for C3d, the calculation depends which population of E (totak BiNifo¢
Il PNH-E) is analysedns indicates nosignificant difference in media@3 loading (%) between t
groups.The box plot shows the median and interquartile ran@escriptive statistics are showr
Table 3.3.

C3 |l oading ( %)

Tot al P NHE Type I-EI

Genotyp  C3/ 1 C3/ ]| C3/§1C3/ | C3/ { C3S/ H
Minimumnm 2.0 0.2 2.0 0. 4 7.0 0.7
25 %r Pent 7.0 1.3 9.0 2.8 19. ( 2. 8
Medi an 22.( 4.5 25.( 8.0 33.79 17. 74
75% Perc| 36.( 21.( 44.( 26. 64. (¢ 36. 3
Maxi mum 58.( 52.( 70.( 62. 85. 0 62.(
Me a n 22.( 12.4{ 29.4{ 17. 38. 3 21. 7
SD 18. 1 17.4{ 21.( 20. 24. 33 21. 5
pval ue 0.09114 0.09114 0. 0560

Table3.3. C3 loading on PNHE population between G3&/F genotypes in the initial cohc
of 27 eculizumaktreated PNH patients

Displayed is the percentage C3 loading on total erythrocytes (E)-EPaitl type Il PNHE in eact
C3 genotype ithe cohortThe table shows the following: interquartile range, minimum and max
value, median and meastandard deviation (SD) for each group. Calculatedlpes from théMann
Whitney test to determine significant difference betweenrbdians ofC3-S/S (n=19 andS/F(n=8)
genotypes for C3 loading (%) in analysis of REHare also showrNo significart difference wa
determined between the medians of polymorphism groups in all analyses.
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Since there was a significant difference determined in the percentage of C3 loading-&n PNH
between the CR1 density polymorphism H/H and H/L genotypes in pafientsanalyses of

PNH-E and type Ill PNFHE (Figure 3.6, Table 3.2nd a trend was obsed with C3S/F
polymorphism(Table 33), it was of interest to determine if a combination of the genotype
would also show a trend. Although the comparison tests wersigoificant, the percentage

of C3 loading on all analyses of E was highest in theotype group of CRH/L C3-S/S,

which are the genotypes observed previously associated with higher C3 loading when compared
separately (Figure 3.8, Table 3.8iven that our initial cohort consisted of only 27 patients

and that PNH is a very rare diseabe, 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.
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Figure 3.8. Comparison of C3 loading on PNHE between combined GS/F and CR1H/L
genotypes in the initial ghort of 27 eculizumakreated patients.

Displayed are the comparisonpdrcentag€3 loading orA. total erythrocytes (EB. PNH-E, andC.
type Ill PNH-E of different combination of C3 (S/F) and CR1 (H/L) polymorphis@@3.loading wa
measured by flowytometry which is the percentage of E positive for C3d, the calculation d¢
which population of E (total, PN or type Ill PNHE) is analysedNo significant differencevas
found between thenedians of the&eombined genotype groupsing theKruskatwa | i s al
comparison test, but a trend shows highest C3 loading on tH&/SZ3CR1H/L groups in a
comparison of PNHE population The box plot shows the median and interquartile rarage
descriptive statistics are shown in Table 3.4.
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C3 |l oading %
Tot al B P N HE Type I-EI
C3 S/ S S/ F S/ S S/ F S/ S S/ F
CR1 H/H|H/L |HMH|HL [HH]|HL|HH|HL|HH]|HL|HH|HL
Mini mu|l.(12(O0. 2.|115(0. 7.121(0.
25% Per |(8.]21]0. 7.|1127(2. 10(26]2.
Medi an20(45]|8. 13|31]|7. 22|35(10
4 4 28 40
75% Per |45|65|25 43|52(23 64|166(25
Maxi mu|72|75([60 70(62(62 728562
Me an 274316 2413415 324418
SD 24122121 0 |23|18(21| 0 |25|22(21| O

Table3.4. C3 loading onPNH-E population between the combined €&3F and CR1H/L
genotypes in the initial cohort of 27 eculizumdteated PNH patients.

Displayed is the percentage C3 loading on total erythrocytes (E);EPhiktl type Ill PNHE in the
cohortwith different combintion of C3 (S/F) and CR1 (H/L) polymorphisms,-S8 CR1H/H (n=10),
C3-S/S CR1H/L (n=9), C3S/F CRXH/H (n=7) and C3&/F CRIH/L (n=1). The table shows the
following: interquartile range, mimum and maximum value, median, mean atahdad deviation
(SD) for each groupNo significant differencevas found between thenedians of thecombined

genotype groupsising theKruskatwa | | i s

and

Dunnos

comparison

median ofC3 loading on the G8/S, CR1H/L groups in allcomparison oPNH-E population
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3.2.3 Analysis of the 81 eculizumabeated 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 amdaB&sfe
averaging 57 years old. To guarantee that the parameters displagtabéeealues 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.

3.2.3.1PNH clonesize
All patients are classified with haemolytic PNH as only one patient had less than 20%
granulocyte PNH clon@=igure 3.9)and 2 patients with less than 20% type IIl Pidkiculocyte
clone size (Figure 3.10) The median value for the PNigranulocyte (range 1200%) and
monocyte (range 4000%) clones was 97% (Figure 3.9). In most patients, the proportion of
PNH granulocytes and monocyte clones is closely related and usually higher thaé PNH
clones because these cells are less susceptibtartplemenimediated haemolysis, with one
study showing that PNH granulocytes have a normal life apanvo (171) As a result,
leukocyte analysis is more commonly used to estimate the actual PNH clone size.
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Figure 3.9. Granulocyte and monocyte PNH clone size of the cohort.

Displayed are the individu&. granulocyte and. monocyte PNH clone sizé6) of 81 eculizumak
treated PNHpatients.PNH clone foreach cell population was measured by flow cytometry ¢
percentage of cells negative for @iPked proteins.The box plot shows the median and interquz
range Descriptive statistics are also shown in Table 3.5.

The total PNH reticulocyte (3B00%) clone size was 93@kigure 3.10) slightly smaller than
the granulocyte and emocyte clone sizes The smaller PNH clone size for reticulocytes may be
due to mildhaemolysisvhich could be due to a reduction of MCP expression as reticulocyte
matureg(172) The median value for the total E clone (range-@D0) was 62%, around 1.5
lower than the median value for the reticulocyte PNH clone (Figure 3.11).€fbenpage 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 complermeadliated haemolysis and/or
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transfusion because they are more susceptible to compleneelted lysis and have a shorter
half-life of 4-8 days(173) As a result, measuring PNHE 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 positiveCD59 expression. Table 3.5 summarises the PNH clone sizes in the cell

types mentioned.
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Figure 3.10. Reticulocyte PNH clone size of the cohort.
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Displayed are the individual A. total PNH reticulocyte, B. type Il and C. type Ill PNH reticu
clone sizes of 81 eculizumaieated PNH patients. PNH clof@ each cell population was meast
by flow cytometry as the percentage of CD¢lls (reticulocytes) that are negative for CD59.
calculation depends which population of reticulocyte (total (type Il and typelll), type Il or type
analysed Te box plot shows the median and interquartile range. The values are also shown

3.5.
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Figure 3.11. PNH erythrocyte clone size in the cohort
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Displayed are the individu&. total, B. type Il andC. type Ill PNH erythrocyte (E) clone sizes of
eculizumaktreated PNH patients. PNH clone for each cell population was measured by flow cy
as the percentage E that are negative for CD59. The calculation depends which population
E, PNHE o type Il PNHE) is analysed. The box plot shows the median and interquartile ran

values are also shown in Table 3.5
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PNH aone ( %)

Tot {TypelType Type Type

Gral Mon| pei| Ret| Ret | TO' @ PNH | PNHE

Minid 12.]1 39.]1 33.] 5.7 0.2 o.12 o.1 o.o0
0

25%| g5 | g9.| 76.| 52.] 2.5/ 25.] 19.] 1.5
Pemdae

Medi| 96.|] 96.| 93.| 80.| 5.5/ 61.] 38.] 7.1
0

5% 99 | 99.| 98.| 93.] 12.| 88.| s8.| 29.
Per c ¢

Maxin 99.| 99.] 100] 99.| 70.] 100] 92.] 90.

Mear 87.| 90.| 83.| 72.| 112.| s58.| a1.] 17.

sp | 19.] 14.] 19.l 30.] 16.] 312.] 26.] 22.

Table3.5. Summary otthe measuremendf PNH clone sizes in the cohort.

Displayed are the percentage of PNH clone sizes in the cohort (81 patients) of their gran(@oages
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 clongizes 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 Il PNH reticulocytes or E (Figure8.34.,2

Table 36). Sincepatients who needeat leasione event of transfusion had higher PNH clone,

this imply that these patients are likely to suffer from EVH toeatgr extent due to a larger

cell population of GRhegative cells that are prone to haemolysis.
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Figure 3.12. Comparison of the PNHyranulocyte and monocyte clone sizeaoulizumab
treated PNHpatients based otheir transfusionrequirement.

Displayed is the comparison of tie granulocyte and®. monocyte PNH clone size ettulizumak
treated PNH patientsho eitherdid not require any transfusion (rnansfused; n=42) aequiredai
least oneevent oftransfusiontransfused=3912 months prior to data collectiohhere was statistic
difference in the median granulocyte (p=0.0434) and monocyte (p=0.0369) PNH clone sizes
nontransfused and transfused patientedained using th&annWhitney test* denotes significal
difference (p<0.05) between median valuBEse box plot shows the median and interquartile ra
Descriptive statistics is also shown in Table 3.6.
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Figure 3.13. Comparison of the PNHeticulocyte clone size irculizumabtreated PN}
patients based otheir transfusionrequirement.

Displayed are the comparison of thetotal, B. type Il andC. type Ill PNH reticulocyte clone size
eculzumabtreated PNH patientsho eitherdid not require any transfusion (ntnansfused; n=42)

requiredat least onevent oftransfusiorn(transfused=39)2 months prior to data collectiofhere wa
statistical difference in the median of total (p=0.50dnd type Il (p=0.0.0068) PNH reticulocyte cl
sizes between netnansfused and transfused patients but not in the comparison for type

reticulocyte clone size determined using MannWhitney test ns denotes nesignificant and *
denotes sigificant difference (p<0.01) between median validse box plot shows the median .
interquartile rangedescriptive statistics is also shown in Table 3.6.
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Figure 3.14. Comparison of the PNH mythrocyte clone size ireculizumabtreated PNH
patients based otheir transfusionrequirement.
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Displayedarethe comparison of th&. total, B. type Il andC. type Il PNH erythrocyte (E¢lone size
of eculizumaktreated PNH patientsho eitherdid not equire any transfusion (ndgransfused; n=42)
or requiredat least onevent oftransfusiontransfused=39)2 months prior to data collectiofihere
was no statistical difference in the median of total (p=0.0529) and type Il (p=0.1670k Ritife
sizes letween notiransfused and transfused patients but there was significant difference in ty
PNH-E (p=0.0089) clone size using tivannWhitney test ns denotes nesignificant and *
denotes significant difference (p<0.01) between median valiesbx plot shows the median an
interquartile rangedescriptive statistics is also shown in Table 3.6.

PNH clone (%)
Total | Type lll | Type Il Type lll | Typell
Gran | Mon | pcoiic | Retic | Retic | " E | pNHE [PNHE
NT | T INT[TINT]TINT] TINT] T INT]TINT] T INT] T
Minimum| 25.6 | 12.1[39.978.6 35.0[33.d12.6/ 5.7| 0.2] 0.2] 0.1 [11.1 0.1| 5.3 0.2[0.1
0,
25% | 747 194.1/83.495.457.289.139.373.3 2.5| 2.4| 18.843.413.727.7| 2.5| 2.9
Percentild
Median | 91.7 | 98.0[92.497.d 81.3l95.d64.1]90.1] 5.9 5.5|49.1[71.422.451.6/ 5.0[11.1
0,
75% | 99.2|99.3l99.498.9 95.7|98.192.7/95.0{12.813.4 84.6|90.451.9 64.0]12.631.2
Percentild
Maximur 99.9 | 99.9]99.499.d100.d99.999.4/99.267.970.3100.d99.492.9/90.8/67.d81 2
Mean | 82.3|93.085.496.d 76.0l02.1646|81.311.710.6 51.6]66.436.1|47.7[11.710.4
sD | 22.1|15.6/18.d4.9{21.811.125.7[21.4116.915.5 34.2[27.428.9 22.7]16.d15 5
pvalue | 0.0434 | 0.0369] 0.0015 | >0.9999] 0.0068 | 0.0529 | 0.0089 | 0.1670

Table3.6. Summary of PNH clone sizdsased on the transfusion requirement of 81
eculizumabtreated PNH patients.

Displayed are the percentage of PNH clone sizes in the cohort (81 patients) of their grani@oagpjes
monocytes (Mon), reticdocytes (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 populatio€dculated pvalues from the ManhVhitney test to determe

significant difference between timeedians of PNH clone sizes from different analysed cell population

of eculizumaktreated PNH patientsho eitherdid not require any transfusion (ntnansfused; n=42)
or requiredat least onevent oftransfusiontransfused=39)2 months prior to data collecti@ne also
shown.p<0.05denotes significant difference.
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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 hehaemolytic clinical parameters for the entire cohort are summarised
in Table 3.7.

Haemogl| Reticuloc| Biliry LDH
(g/ dL (x1d) ( Omol /| ( U/ |
Number 81 8 1 76 8 1
pati e
M ( 1138.)%
Nor mal F (4B):° 2@8B0 <21 124
Mi ni mu 5. 6 16. 0 5.0 126.
25% Per 9. 4 125.5 16. 0| 322.
Medi at 10. 5 173.0 22.0 | 420.
75% Per 12.2 258. 0 42.0 | 519.
Ma Xx i mu 15. 4 914.0 158. 0/ 134
Me an 10. 7 213.0 32.3| 435,
SD 2.0 151. 8 29.0 | 199.

Table3.7. Summary otthe clinical parameters of theeculizumabtreated PNH patients.

Shown are the haemolytic clinical parametefsthe eculizumattreated PNH patients, including
haemoglobin, bilirubin and LDH levels and absolute reticulocyte cdtg table shows the normal
levels) for each clinical parametebtaned from the blood sciences reference range database at the
Leeds teaching hospita(d74) The table shows the followindnterquartile range, minimum and
maximum value, median, mean and standard deviation (SD). There were five patiems 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 (Figurd%. The median haemoglobin level in the cohort
was 10.5g/dL, whig 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 rettikel ocohoet coasat 188x109/ L, Wi
above the no#8xl1009dngd Foguze 3. 16A). I n 4
also elevated (>20.5 Omol /L), indicating he
cohort 3(EbBUreLastl vy, LDH, a marker for 1V}
decrease in | evel over time after starting
cohort was 420U/ L, which i s 2.4% Ut/ iLiersgn lttii hgpdatd
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patients were still experiencing I VH (Figur

than half of the cohort (42 patients)
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Figure 3.15. Haemoglobin level of PNH patients based on gender.

Displayed are the level of haemofin in A. male(n=42)andB. female(n=39) patients.The box plc
shows the median and interquartile rangdse median haemoglobin level in male patients is 10.
and in female patients, 10.5g/dbotted lines represent the average normal range afidglebin level
in males (13%-18g/dL) and females (18-16g/dL) obtained from the blood sciences reference

database at the Leeds teaching hosp(ter4).
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Figure 3.16. Clinical haemolyticparameters in the cohort.

500+

Displayed are thd. reticulocyte countB. bilirubin, andC. lactate dehydrogenase (LDH) level:
each eculizumaltreated PNH patient (n=85;patients with no recorded bilirubin levdihe box plc
shows the median and inteagtile range. The dotted lines represent the normal levels for each
parameter ) obtained from the blood sciences reference range datiatbeskeeds teaching hospi
(174).Reticulocytecount (2080x1C/L), bilirubin level (<2qumol/L) and LDHlevel (126246U/L).
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3.2.3.3 C3 loading

There isa wide range for C3 loading on either total E, RRIar type Ill PNHE with a higher
median value of C3 on type Il PNBH with a range from 0:85%, since these are the cells that
are loaded with C3 (Figure 3.17, Table 3.8). Analysis of total E has aoedtan C3 loading
because it includes cells that are not loaded with\®8reas PNHE has twice the median C3
loading (with respect to total Bjecause it includes analysis of type Il PlEHhat could be
loaded as well as type 11l PNB.
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Figure 3.17. C3 deposittn on PNH-E in the 81 eculizumakireated PNH patients
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Displayed is the percentage C3 loadingfomotal erythrocytes (EB. PNH-E andC. type 1l PNH
E in the cohor{n=81).C3 loading was measured by flow cytometry which is the percentage
positivefor C3d, the calculation depends which population of E (total, &N type 1l PNHE) is
analysedThe box plot shows the median and interquartile raDgscriptive statistics is show i
Table 3.8.

Cl oading %

Tot al | P N HE Ty pePNHEI

Mi ni mum 0. 2 0. 4 0.5
25% Perce 2.0 7.0 9.5
Medi an 9.0 20. 0 26. 0
75% Perce 28. 3 35. 5 42 .5
Ma x i mum 67.0 70. 0 85. 0
Me an 16. 8 23.0 28. 5
SD 17. 2 18. 8 21. 7

Table3.8. Analysis of C3 loading on PNHE in the cohort

Displayed is the analysis of C3 loading on total erythrocytes (E),-BMHd type Ill PNHE in the
81 eculizunabtreated patientsThe table shows the following: interquartile range, minimum
maximum value, median, mean and standard deviation (SD) for the analysis of each cell po
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3.2.3.4 Correlation between C3 loading aRiNH cell clone sizes andaemolytic

parameters

Since C3 loading on PNHE 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 ge (granulocyte, monocyte, reticulocyte, E) and the amount of C3 loading on
PNH-E (Figures 3.180). There was a slightly stronger correlation between type |li
reticulocyte size and type Il PNB only in comparison with analysing the comparison with
totd C3 loading on PNHE. The onlyexception was type || PNHE clone size, which was not
correlated with the amount of C3 loading on REHFigure 3.20B). Thre was a negative
correlationbetween type Il PNH reticulocyte clone size and C3 loading on-ENHHicating

that patients with lower type 1l PNH reticulocyte clone size are more likely to haker@$g
loading on their PNHE. This is most likely because patients with lower PNH reticulocyte type

Il clones have larger type Il clone sizes and, as atrdsigher C3 loading on PNH. The
variation in the regulation of C3 deposition on REHnay be due to loss of GPI expression or
CD59 deficiency on PNHE type Il cells which varies between patients rather than complete
loss as in type Il PNHE. This is ofen due to multiple mutations in tRéGA gene. According

to the findings, patients with a more clonal distribution of GPI deficiency cells have higher C3
loading on their PNFE. This could be explained by the effect of eculizumab treatment, which
resultsin a high amount of circulating PNH 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 and PNH clone sizes fc
granulocytes and monocytes.

Shown is thdinear correlation betweeA. granulocytePNH clone size and C3 loading on Pi#-bi
B. type Il PNH-E andC. monocyte PNH clonsize and C3 loading on PNHorD. type Ill PNHE.
The Spearmanés rank correlation test was
simple linear regression, and 95% confidence bands of thditdest are shown.
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Figure 3.19. Correlation between C3 loading on PNH and reticulocyte clone sizes.

Displayed is the linear correlation between C3 loadin&N#i erythrocyte (EandA. total orB. type
[l PNH reticulocyte clone sizer C. linear correlation betwedd3 loading on type Il PNHE andtype
[l PNH reticulocyte clone siz&l he Spear mands rank correl at
Graphs are fitted with a line for simple linear regression, and 95% confidence b#melbesfit line
are shown
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Figure 3.20. Correlation between PNFE clone sizes and C3 loading

Displayed is the linear correlation between C3 loading on PNH erythrocyte () &otdl orB. type
Il PNH-E clone size olC. linear correlation between C3 loading on type Ill REHKlone size. Tr
Spearmanés rank correlation test was wused
simple linear regression and 95% confidence bands of thefitbdisie is shown. There was

correlation between C3 loading on PN#Hand type Il PNH clone size.

However, it needs to be taken to account that these opsonisedt RiHprotected from IVH
butarestill 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 clones thait affected

by haemolysis, do show a correlation with C3 loading on f\lithis indicates a correlation

between PNH clone distribution and amount of C3 loading on-ENH

All clinical parameters except LDlgvelscorrelated with C3 loading on total PNEand type

[l PNH-E, indicating that IVH was not correlated with C3 loading (Figures-321 There

was no difference between the strength of correlation based vatues determined by
identifying a correlation between haemolytic parameters and @gipan PNHE or type lI

PNH-E. This implies that the haemolysis that causes an increase in serum LDH is not caused
by an increase in phagocytosis of opsonised N\l EVH. The low haemoglobin and increase
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in reticulocyte and bilirubin levels stronglypmelate with an increase in the amount of C3

opsonised PNHE, as these cells are more pronerythrophagocytosis
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Figure 3.21. Correlation between C3 loading on PNH and haemolytic
parameters.

Shown is he linear correlation between C3 loading on PNH erythrocytes (E)Aa
haemoglobinB. bilirubin, C. LDH levels, andD. reticulocyte count is. The Spearman's |
correlation test revealed no correlation between Glmgeon PNHE and LDH levels. Grap
are fitted with a ke for simple linear regressiamd the besfit line's 95% confidence ban
are shown
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Figure 3.22. Correlation between C3 loading on type IIl PNH and haemolytic
parameters.

Shown is he linear correlation between C3 loading type Ill PNH erythrocytes (E) and.
haemoglobinB. bilirubin, C. LDH levels, and. reticulocyte count is shown. The Spearman's
correlation test revealed no correlatioetween C3 loading on PNH and LDH levels. Graphs ¢
fitted with a line for simple linear regression, and the-liebhe's 95% confidence bands are shc
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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 tegor CR1-H/H allele, 27 patients heterozygous
for the CRLH/L allele and 1 patie homozygous for the min®@@RZXL/L allele. There was 1
patient whose genotyping was not performed as the patient was deceased, and no sample was
available In this cohort, th allelic frequency for the rateallele was 0.25, which is close to
what was observed before with the Caucasian populétios) The Kruskal Wallis test was
used to determine whether there were significant differences between genotypdé$/HCR1
H/L, and L/L, as well as haemolytic parameters and BMHe sizes. It is important to note
that since only onpatient wasliscovered to have tleRLL/L allele, the representation for the
CRI-L/L genotypaemains 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 paramets (Figure 3.23, Table 3.9). Patients with normal haemoglobin levels
were 19% and 15% in the CRY/H and H/L genotype group, respectively. The reticulocyte
count data in the CRH/H groupwas more skewetb lower levels, with a lower median
(169x10/L) than in the CRH/L (223x1F/L). For bilirubin levels,39% and 44% of patients

with theCRL1H/H or CRL:H/L alleles, respectively, were within the normal rarifee median
bilirubin levels in the CRH/H (22umol/L) and H/L (22.5umol/L) groups were similarpund

the normal level of 2T here is also a correlation between reticulocyte counbdingbin level

(Figure 3.24), implying that the EVH that causes an increase in bilirubin level matp laad
high level of reticulocyte count to compensate for tteegased in lysis of PNH. The median

LDH level in the CRIH/H (420U/L) group was slightly higher than in the CRA (407U/L)

group. Ten of the 52 patients (19%) in the &GRH group had LDH levels within normal
ranges, whereas only two of the 27 pasantthe CRIH/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 (173¥ILpand haemoglobin level (11g/dL) that are outside

of the normal rage kut with a bilirubin level of 2umol/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 inRike IH group

and 13 of 27 in the H/L group, but one patient withltheallele did not (Table 3.10).
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Figure 3.23. Comparison of hamolytic parameters between CR4/L genotypes.

Displayed are the comparison of thehaemoglobin leveB. reticulocyte countC. bilirubin, andD.
LDH levels. There was no significant difference found betweerCt&H/L polymorphism group
The KruskalWallis test was used to determine for significant differemegveen the median vall
between the genotype grougsormal levels of the parameter are indicated bydhashed line:
obtained from the blood sciences reference range database at the Ldedg tezspitals (174). Tl
box plot shows the median and interquartile ranges.ripgise statistics is shown inable 3.9.
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HaemogllReticulo|Bilirub
(g/dL (xIa) @mol s L| -PH Teve
Genot
(CRl)H/ H/ L/ |H/ |H/ L/ YyH/ [(H/ L/ |H/ FH/ L/
M ( 1138.)E
Nor mal ( 1 11.65 2380 <21 12246
Mi ni m| 5.8 65[(16 6.|5. 126217
0,
25 % 9.19. 1241 2§ 16(14 270341
Perce
Medi aj10]|10 1692 2 3 22122 420407
75 % I i
Percelz 12(1112324309173[(41(|45(21(52951468
Maxi mi15|14 9146 84 1541 4 3 118134
Mean |10(10 2092 27 32 .33. 426452
SD 2.11.]1 0 158143 O 29|30 0 (2192210 O
p-val u
( Kr us 0. 8414 0.5650 0.990 0.327¢C
Waltl €

Table 3.9. Summary of the clinical haemolytic parameters in the cohort based on
patient CRXH/L polymorphism.

Shown are the haemolytic clinical parametdrthe eculizumatireated PNH patients based on th
CR1 density polymorphisnejther CR1H/H (n=52), H/L (27) or L/L (n=1)including haemoglobin,
bilirubin and LDH levels and abhuite reticulocyte counf he table shows the normal levéds each

clinical parameteobtained from the blood sciences reference range database Laeids teaching
hospitals (17% The table shows the followingiterquartile range, minimum and maximwalue,

median, mean and standard deviation (%I2)culated pvalues from KruskalVallis determined no
significant differencein any clinical parameterbetween the three CR1 density polymorphi:
groups MannWhitney test waslsoused to determine sidiuant differencebetween CRH/H and

H/L groups since there was only 1 patient in the L/L group, but no significant difference was
(data not shown).

There were five patients with no bilirubin level recordddimale), F(female)
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Figure 3.24. Correlation between bilirubin level and reticulocyte couritthe patients.

The linear correlation between bilirubin level and reticulocyte coliié eculizumakreated patien
is shown. The Spearman's rank retation test revealegbositive correlation between the t
haemolytic parameters. Graphs are fitted with a line for simple linear regression, and-thdires
95% confidence bands are shown.

Requi
Genottrans
Ye{ No

H/' H n| 25 27
H/ L n| 13| 14
L/ L n O 1

Table3.10. Number of tansfusion requiremenbf patientsbetween CRAH/L genotypes

Information based on whether a patient had at least one event of transfusion within the last 1
of data collection
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3.3.2 C3 loading

There was no significant difference in C3 loading between each genotype group for CR1
density polymorphis (Figure 3.25, Table 31 However, there is a trend in which the median
and mean in the CRH/H group were slightly lower than in the H/L grodijis was most
noticeable in the analysis of C3 loadingtbe analysis ofotal E, where the CRH/H group
has a median of 7.5% and the H/L group has a median of(Tae 3.11) In all E analyses,
the C3 loading for the single patient with the L/L genotype was the lolvesalso important

to note that since there is only 1 patient with the €R1genotype,the determination for a
difference in the mediaof percentag€3 loading on E and PNH betweerthe CR1genotype
can beinaccurate. Therefore, analysis using the M#imtney test to compare the median
percentage C3 loadirgetween the CRH/H and H/L goups were also performexh total E
(p=1659, PNHE (p=0.4827% and type Ill PNHE (p=0.33723 but no significant diffeence

between the median values were found.
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Figure 3.25. Comparison C3 loading from analysis of different PNH population
between CRH)/L genotypes.

Displayed are the comparisontbt percentage @3 loadingon A. total erythrocytes (EB. PNH-E,
andC. type Ill PNHE between eculizumatbeated patients with either CR4/H (n=52), H/L (n=27
or L/L (n=1) genotypeC3 loading was measured by flow cytometry which is the percentag
positive for C3d, the calculation depends which population of E (total,-EMHtype 1ll PNHE) is
analysedNo significant differencevasfound between themedians of thgenotype groupasing the
KruskatWa l | i's and Dunnds compar i mealianC3laading ontHERT
H/L groupin all comparison of PNHE population.The box plot showthe median and interqua€
rangesDescriptive statistics is shown in Table 3.11.
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C3 Il oading (%)
Tot al P N HE Type I-EI
Genotype|H/ |H/ JLL|{H/ YH/ {L/|H/ HH/ Y L/ L
Mi ni mum 0.]0. 0.]0. 0.4 0.}
25% Percen2.|6. 6.|11. 7.120.
Medi an 7.117)] 19120, 24 . 28.
3. 4 . 22
75% Percef23)]31)] 35]39)] 44.41.
MaXxi mum 67 {58, 706 2| 78.185.
Me an 15.120 . 22 (24| 27.131.
SD 17170 (19|17 ] 0(22./]21.] O
(Krpli’w";('la‘flﬁ’s 0.2934 0.4300¢% 0.6012

Table3.11 Summary of C3 loading from analysis of different PNH population between
CRI1-H/L genotypes

Displayed is the peentage C3 loading on total erythrocytes (E), PRlldnd type Il PNFE in the
cohortdepending on their CR1 density polymorphism, either-€GIR1 (n=52), H/L (27) or L/L (n=1
The table shows the followingnterquartile range, minimum and maximum valomedian and mee
standard deviation (SDfor each groupCalculated pvalues from KruskaWallis determined n
significant differencen percentage C3 loadirigetween the three CR1 density polymorphism grt
MannWhitney test waalsoused to determinaegificant differencébetween CRH/H and H/L group
since there was only 1 patient in the L/L group, but no significant difference was found (data nof

3.3.3 PNH clone size

There was no significartifference between the CR1 density polymorphianterms of the
patient® granulocytes and monocyteNH clone siz€Figure 3.26, Table 32). The median
difference between the CR4/H and-H/L groups is only two values, and the values are
negatively skewed to higher values, since npasients have nearly 100% PNH clones for
granulocytes and monocytds.addition, using the ManWhitney test to compare the median
values of CR4H/H and H/L groups for granulocyte (p=0.1897) and monocyte (p=0.F3%8)

clone sizdound no significant difference.
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Figure 3.26. Comparison of the granulocyte and monocyte PNH clone size between tr
CR1 density polymorphism genotypiasthe cohort.

Displayed are the comparison Af granulocyte an®. monocyte PNH lone sizes between the Ci
H/H (n=52), H/L (n=27) and L/L (n=1) genotype®NH clone (%) for each cell population \
measured by flow cytometry as the percentage of cells negative féin&E proteins.The Kruska
Wallis test was used to demeine significant difference between the mediarPdfH clone size «
granulocyte (p=0.1391) and monocyte (p=0.16#8)veen the CR1 densitplymorphism groupslhe
box plot shows the median and intergilamangesDescriptive statistics is shown in Table 3.12.

PNH cl one ( %)
Granul ocy Monocyt e
Genotype H/ H H/ L] L/ Ll H Hl H/ L] L/ L
Mi ni mum 12. 25. 39. 53.
25% Percen| 85. 9 2. 89. 9 3.
Medi an 95. 97. 95. 98.
75% Percen| 99. 99. 49. 99. 99. 4.
Ma x i mum 99. 99. 99. 99.
Me an 86 . 90. 89. 93.
SD 20. 17. 0 16. 11. 0
-val ue
(Krpu-\ﬂ/eklallis | 0.1391 0.1626

Table3.12. Summary of the granulocyterel monocyte PNH clone sizeased orthe CR1
density polymorphism genotype$ the eculizumaktreated patients.

Displayed are the percentage of PNH clone sizesancthort (n=8) of their granulocytesand
monocytesThe table shows the following: intergpile range, minimum and maximum value, mec
mean and standard deviation (SD) for thelysia of each cell populatiorCalculated pvalues fron
KruskalWallis determined naignificantdifference in PNH clone sizes betwabe three CR1 dens
polymarphism groupsMannWhitney test waslsoused to determine significant differenisetwee!
CR1-H/H and H/L groups since there was only 1 patient in the L/L group, but no significant dif
was found (data not shown).
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In the PNH clone of reticulocytes, however, a trend was observed between ti#/ICRAd-

H/L genotypes (Figure 3.27, Table 3)1The initial KruskalWallis test resulted in p=0.0731

and p=0.0363 for differences in the median between groups for total and type Il PNH
reticulocytes, respectivel y. The Dunnos m
(p=0.0464) difference in the size of type Ill PNH reticulocyte clones between thdéHER

(76%) and-H/L (93%). Since there is only one patient with the CRILL genotype, Mann

Whitney test was also performed to compare theiameldNH reticulocyte clone sizmtween

CRI-H/H and H/L groups which identified significant difference in median total

reticulocytes and type Ill PNH reticulocytes (Table 3.13).

A . Total reticulocytes B. Type Il PNH reticulocytes C . Typelll PNH reticulocytes
100 100+
-~ 804 . 80- 1007 oggme
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2 607 2 60- g
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Figure 3.27. Comparison of PNH reticulocyte clone size between the CR1 density
polymorphism genotypes the cohort.

Displayed is the comparison Af total, B. type llandC. type Ill PNH reticulocyte clone sizes betw
eculizumaktreaed patients with either CRA4/H (n=52), H/L (n=27) or L/L (n=1) genotyp®NH
clone for each cell population was measured by flow cytometry as the percentage 6fc€lx
(reticulocytes) that are negative for CD59. Initial Krusédllis test revealed statistically significar
difference in the medianf PNH clone sizefor total (p=0.0731) and type Ill PNH (p=0.03
reticulocytes FurtherDunn's multiple comparison test revealed a significant difference in the r
size of PNH type Il PNH reticulogte beween the CRH/H and H/L genotype group (p=0.0464).
* denotes statistically significant diThefbe
plot shows the median and interqilartanges. Descriptive statistics are shown in Table 3.13.
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PNH c(®)pne
Tot al Type 11 Type |11
reticul reticul q reticul o
Genotypg H/ HH/ | L/ YH/ R H/ L/ UH/HH/IYL/L
Mi ni mun 33.|44 0. 0. ] 5. 17135
25% Percl 72.(81 2. 2. 44,1609
Medi an| 90.|97 63 5. 4.\11. 75.] 92. 59
75% Perc 96.(99 14 7. 91./95.
Maxi mun 99 .]10( 70020 99./ 98
Me an 82./88 13, 6. 1 68.|] 81
SD 19.|/18 0 19| 5 5 0 26.1 20 0
p-val ue
(Kt usWad Il i) 0.0731 0.3957 0.0363
p-val ue
(ManWhi tne 0. 04( 0. 278 0.014
(H/I H & |

Table3.13. Summary of PNH reticulocyte clone size based on the CR1 density
polymorphism genotype of the eculizumateated patients.

Displayed are the percentage of PNH clone sizes in the cohort (81 atiktiteir total, type Il ar
type Il reticulocytes based gqna t i @R1 dehsty polymorphisnGCR1-H/H (n=52), H/L (n=27) ¢
L/L (n=1). The table shows the following: interquartile range, minimum and maximum value, n
mean and standard deviati¢8D) for the percentage PNH clone from the analysis of reticulo
Calculated pralues from KruskaWallis was used to determine any significant difference in the i
between the three CR1 density polymorphism groups whioWed significant differere (p<0.05) fron
the analysis of type Ill PNH reticulocytes. Mann Whitney test was used to determine sic
difference between the medians of PNH clone 992€R1-H/H and H/L group which found significe
difference in total reticulocytes and tygerketiculocytes (p<0.05).

When comparing the percentage of PNH clones in E, a similar trend was observed, which
reflected the obseation of PNH clone sizes in reticulocytes. In all types of E, the-BR1
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
clonein patients with the CRH/H genotype were much more widespread, whereas 41% of
the 27 patients in the CR4/L group had a PNH clone of more than 92Pe percentage of

type Ill PNHE clones was higher in the CRIIL (54%) than in the CRH/H (34%) group,
reflecting the trend from the total E analygithough Dunn's multiple comparison test found

no significant difference, the initial iiskalWallis test for comparison between the three
groups had initial p values of 0.0982 and 0.0800 for total E andItypRH-E, respectively.
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Figure 3.28. Comparison of PNHE clone size between the CR1 density polymorphisn
genotypesn the cohort.

Displayed is the comparison Af total,B. type II, andC. type Ill PNH-E clone sizes between the C
density polymorphism genotype3R1-H/H (n=52), H/L (n=Z) or L/L (n=1) PNH clone for each ct
population was measured by flow cytometry as the percentage E that are negative for Cl
calculation depends which population of E (total E, PRIr type Ill PNHE) is analysed. N
significant difference waofind between the median percentage PNH clone sizes between ei
genotype in all analysed PNE cell population using the Krusk&allis test.The box plot shows tl
median and interquartile rang&sescriptive statistics are shown in Table 3.14.

PNH cl one ( %)

Total-Ef Type IHB|[Type I-E

Genotype H/ {H/ L/ |{H/ |H/ |L/|H/ ITH/ L/
Mi ni mum 6.[0. 0.[0. 5.10.
25% Percent|26|28)| 1.(1. 18]22

Medi an 54 77.10 70| 7. 4-33 54 6
75% Percent|85|95)| 22|37 55171
Ma x i mum 99(100 90(61 9292
Me an 56[66 ., 17117 38]50

SD 29(33]01(23[18] 024129/ 0

p-val Kirru gWad Il i) s 0. 098 0.811 0.080
(ManWhiptVnaelyuetes) 0. 15 0.66 0.10

Table3.14. Comparison of PNHE clone size between the CR1 density polymorphism
genotypes

Displayed are the percentage of PNH clone sizes in the col®1) (of theirtotal, type Ill and typ
Il erythrocytes (Epased omp a t i @R1 dehsty polymorphisnGR1-H/H (n=52), H/L (n=27) ¢
L/L (n=1). The table shows the following: interquartile range, minimum and maximum value, r
mean and standard deviation (SD) the percentage PNH clone size analysi€alculated pralue:
from KruskatWallis testwas used to determine any significant difference in the median betw:
three CR1 density polymorphism growp=l nosignificant difference from the analysisaif cell type:
were determinedMann Whitney test waalsoused to determine significant difference betweel
medians of PNH clone size$ CR1-H/H and H/L group which foundo significant differene.
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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 ag@ allele, 26 are heterozygous for
the C3-S/F allele, andthree are homozygous for the minGB-F allele. The minor allele
frequency of C3S/F polymorphism was 0.25, which is close to what has been fougehiome
wide association studie&WAS) studies most of which have been related to ANILY6-180).
The KruskalWallis test was used to examine the relationship betwee®/Eolymorphisms
and clinical haemolytic parametensludingPNH clone size and C3 loading on PN

3.4.1. Haemolytic clinical parameters

Therewas no difference between the different C3 genotypes in any clinical parameter (Figure
3.29, Table 3.3). However, theravasa trend in the mediamalues where patients who are
homozygous for th€3-S/Sallele have lower haemoglobin levels and higher ritae count,
bilirubin level, and LDH levels when compared to patients who are either heterozygous for the
C3-S/For homozygous for th€3-F/F allele. Interestingly, although only three patients were
identified as having both copies of t8&-F allele, two of them had haemoglobin levels within

the normal range of 125¢g/dL, and one had a value of 9.5g/dL. These three pateuts
bilirubin levels within the normal range, which may imply that thaglless EVH because two

of themhadLDH levels within the nrmal range. One of the patients with a 1.6x higher LDH
level than the normal range alsadithe highest reticulocyte count (190R40 and the lowest
haemoglobin level (9.5g/dL) in the group (E&). The same patient was also the only one

who required afeast one transfusion in the previous 12 months.

The amount of C3 loading, as previously demonstratechrielated to the size of the PNH
clone andchaemolytic parametefgigure 3.1822). The amount of C3 loadinig patients with
theC3-F/F alleleranged 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, REHor type Ill PNHE, respectivelyThe
patient with the highest C3 loading measured on total E,-ENbt type 11l PNHE had darger

PNH clone sizen comparison to the other two patients with the same genoijyxe finding

could indicate that the other two patients, who had normal haemoglobin, bilirubin, and LDH

levels but a slightly elevated reticulocyte count, were anaentiadbone marrow failure.

It is also worth noting that some patients have elevated reticulocyte counts, such as the two
patients in the GB/F group with reticulocyte counts of 914 and 722°%41,Gcould be due to
anaemiaor other reason unrelated to PN&dcomparison of the C3 loading on PNEHIn both
patients shoed that the patients with the diier reticulocyte count (914x¥0) had 0.1%

loading on PNHE, normal haemoglobin levels, and did not require transfusion. Whereas the
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patient with 72810%L reticulocytes had 62% C3 loading on PNE low haemoglobin
(5.6g/dL), elevated bilirubin (53umol/L), and LDH (778U/L) levels, and had required
transfusioreventyTable 3.5).

A comparison of bilirubin levels between genotype gragyealsan extreme pasive skew
(skewness=1.9) in the €3/S group, where 28 of 49 patiehtallevels above the normal value
of O mo | falling outside the 75% percentilEigure 3.29C) The skewness of the data for the
C3-S/F group is still positiv€l.3), but less so thahe C3S/S group, with only patients out
of 24 falling outside the 75% percent{leigure 3.29C)In contrast, bilirubin levels in all C3
F/F patiems are within the normal range which may imtiigt patients with extreme EVH are

more common in th€3-SSallele homozygous group based solely on bilirubirels
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Figure 3.29. Comparison of haemolytic parameters between®8 genotypes.
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Displayed are the comparison of thehaemoglobin leveB. reticulocyte countC. bilirubin, andD.
LDH levelsin patiers based on thei€3-S/FpolymorphismeitherC3-S/S(n=52),S/F (2§ or F/F (n=3.
The KruskalWallis test was used to determine for significant differdretereen median levels in ei
clinical parameter ando significant differencevasfound between #1C3-S/F polymorphism groug
Normal levels of the parameter are indicated by the dashes) l¢ained from the blood scien
reference range database at the Leeds teaching hospitals (174pXThket shows the median ¢
interquartile rangedescriive statistics are shown in Table 3.15.
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Haemogl/Reticulo Biliru
(g/dL (x1a) (OGmol /| -PH T evag
Genoty|S/|S/|F/|S/|SI| FI HS/|S/I|FI/| S/ |S/|F/
M ( 118) i
Nor mal F (45) 2@8B0 <21 12246
Minim|6.]]5.]19.|37(16|110|5.|11|12]|126{17832175
0,
25 % 9.110]19.11121284110|16(16(12]3433092 115
Perce
Medi a/10(10(121(188164128(23(20]15(43339((21 7
0,
75 % 1111211228421 1190|53(|29(17]|556460455+5
Perce
Maxi m{15|14112(684914190(115454 |17 1134|77845F5
Mean |10(11(111)2148214142(37|24|14(46 239 71295
SD 1.]2.(1.11321929.| 42.{34(12|2.]22014741 3§
pval u
( Kr us 0.123] 0.5469 0.131 0. 144:
Wal | i s

Table3.15. Summary of clinical haemolytic parameters in the cohort based on the patier
C3-S/F polymorphisn.

Shown are the haemolytic clinical parametdrthe eculizumatireated PNH patients based on ti@&$S/F
polymorphismeitherC3-S/S(n=52),S/F (2§ or F/F (n=3, including haemoglobin, bilirubin and LDH level:
and absolute reticulocyte couiihe talte shows the normal leveligr each clinical parametebtained from
the blood siences reference range databasehe Leeds teaching hospitals ().7#hterquartile range,
minimum and maximum value, median, mean and standard deviation (SD). There svpadifints with no
recorded bilirubin level recorde@alculated prvalues from KruskaWallis testwas used to determine
any significant differenceni the median of clinical parameters between theSE3polymorphism
groupsand nosignificant differencevere determined

M (male), F(female)

Required t
Genot )y

Ye s N o
S/'S n-: 28 2 4
S/ F n-: 12 14
F/ F n 1 2

Table3.16. Number of tansfusion requiremenbf patientsbetween C3S/F genotypes.

Information based on whether a patient had at least one event of transfubiarthve last
12 months of data collection.
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For LDH levels, which measure IVH, the dan the C3S/S groupwerestill positively skewed
(skewness=1.8), this wastributed to the highest values in the-SA group, 1341 and 1182
U/L, respectively, with C3 lading on PNFE of 21% and 1.2Z% (Figure 3.29D). These extreme
LDH values may indicate minor breakthrough haemolysis, suggesting failure of eculizumab
treatmentAs a esult, these E are susceptible to IVH; alternatively, becauseEPhivelow

C3 opsonisation, these cetfgghtlyse via MAC formation instead.

In terms of transfusion requirements, a trend was also observed in which a slightly higher
percentage of patiemwith theC3-S/Sallele (54%; 28 out of 52) were found to have at least
one event of transfusion. Patients with B8 S/F allele had 12 out of 26 (46%) patients
requiringtransfusion, with 1 out of 3 (33%) patidrdaving only one event of transfusiontime
C3-F/Fgroup(Table 3.5).

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 PNE between the C3 genotypes. The®$8 group had a
higher median, folwed by S/F and F/F, all observed in the analysis of total E,-BNkhd

type 1l PNH-E (Figure 3.30, Table 37). Furthermore, in all analyses, the maximum values of
C3 loading were higher in the €3S group than in the GBS and F/F groups, while the
minimum value was close between the-8% and S/F groups. Despite having only three
patients who were homozygous for & F/F allele, this group had the lowest median when

compared to other genotype groups.
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Figure 3.30. Comparison of C3 loading from analysis of different PNH population between G
S/F genotypes.

Displayed are the comparison of C3 loadmmgA. total erythrocytes (EB. PNH-E, andC. type Il
PNH-E between eculizumatbeated patients wit3-S/S (n=52), S/F (26) or F/F (n=8gnotype. C
loading was measured by flow cytometry which is the percentage of E positive for C3d, the ca
depends which population of E (total, PNEHr type Ill PNHE) is analysed. No significant differei
was found between the medians of C3 loading (%) on total E (p=0.2269)ERNED.2377) and ty)
[l (p=0.0748) between the genotype groups using thekatw/a | | i s and Dunnd
a trend shows highest median C3 loading on th&(S3group in all comparison of PNEIpopulatior
The box plot shows the median and interquartile ranges. Descriptive statistics are shown in T
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C3 | oading (%)

Tot al P N HE Typk P-EH
Genotype S/ |S/|FI|S/I|S/I|F/I| SIS/ HK FI/H
Minimum |0.]0.]2./]0.]1]0.]7.]10.%30.79./(
(
(

25% Perce|3.(2.12.1]19.(4.|7.112.] 5.4 9.
Medi an 11)10(2.]122({20)8.]129.[]23.] 9.
75% Percel32(2049.(/40f27 (15 (50.[{32.|]17.
Maxi mum (6752 (9.|70(62)|15(85.]62.l17.
Me an 19)13(4.(25)]19(10)32.[{22.]11.
SD 18)13(4.(20)]16 (4. |23.[17.] 4. ¢

pval ue 0.226¢ 0. 2377 0.0748

Table3.17. Summary of C3 loading from analysis of different PNH population betweer
C3-S/F genotypes.

Displayed is the percentage C3 loading on total erythrocytes (E);EPhiitl type Il PNHE in the
cohort dependingn their C3 polymorphism, either €8S (n=52), S/F (26) or F/F (n=8&notypeC3
loading was measured by the percentage of E that are positive for C3d staining, the calculatio
which population of E (total, PN or type lll PNHE) are analysed.he table shows the followir
interquartile range, minimum and maximum value, median and mean, standard deviation (SD
group. Calculated pvalues fromthe KruskalWallis test was used to determine any signifi
difference in the median o3 loading (%)between the G3/F polymorphism groups and
significant difference were determined.

3.4.3 PNH clone size

There was no significant diffence found in PNH clone sizes of granulocytes, monocytes and
reticulocytes (total and type Il) and PNH (total, type Il or Ill) except for type Il PNH
reticulocytes between the C3 genotypes (p=0.0219) (Figures33,3Tables 3.8-20).
However, in all RIH clone sizes, a trend was observedimch theC3-S/S group had a higher
median than the GS/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 11l PNH
reticulocytes), the main Kruskal Wallis test was significant up@tyars of PNH clone sizes

for monocytes (p=0.0323), total (p=0.0342), and type Il reticulocytes (p=0.0102).
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Figure 3.31. Comparison of the granulocyte and monocyte PNH clone size between C
S/F genotypes.

Displayed are the comparisonffgranulocyte an®8. monocyte PNH clone sizes between theSEk
genotypesC3-S/S (n=52), S/F (26) or F/F (n=8)NH clone (%) for each cell population was meas
by flow cytometry as the percentage of cells negative forl@kéd proteins. The Kruskalallis tes
was used to detenine for significant differencenithe median PNH clone sizes between the genc
and found no significant difference in the PNH clone size of granulocyte (p=0.1064) but a si¢
difference was found for the monocyte (p=0.0323)e median and interquartile ranges are shov
thebox plot.Descriptive statistics are shown in Table 3.18.

PNH cl one ( %)
Granul ocyt Monocyt e
Genotyp S/ S S/ F FI F S/ S S/ F FI F
Mi ni mu 12.1 25.4¢ 46.3 39.84 40.9 45. 7§
25% Per 89.4% 80.1 46.3 91.3 83.4 45. 71
Median 97.7%9 95.949 77.4 97.§ 94.§ 89. 3
75% Per 99. 3 99.1 91.1 99.4 98.49 92. 7
Ma x i mu 99. 9 99.9 91.1 99.9 99. 1 92. 72
Me an 89.4 85. 797 71.4 93.4 87.4 75. 17
SD 19.4 20.9 229 12.1 17.3 26. 2
pval ue 0.1064 0.0323

Table3.18 Summary of the granulocyte and monocyte PNH clone size betweeS/E3
genotyps in the colort.

Displayed are the comparison &f granulocyte andB. monocyte PNH lone sizesthe C3S/F
genotypesC3-S/S (n=52), S/F (26) or F/F (n=3)he table shows the following: interquartile rai
minimum and maximum value, median, mean and standard a@em{&D) for the analysis of each
population.The KruskalWallis test was used to deteine for significant difference in the median P
clone between the CR1 density polymorphism groups and found significant difference in the
of monocyte PNHlone size.
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Figure 3.32. Comparison of reticulocyte PNH clone size between$IB genotyps in the
cohort.

Displayed is the comparison Af total,B. type Il,andC. type Ill PNH reticulocyte clone sz betwee
the C3S/F polymorphism genotype€3-S/S (n=52), S/F (26) or F/F (n=3)NH clone for each ct
population was measured by flow cytometry as the percentage of'€BIEL(reticulocytes) that ¢
negatve for CD59.The box plot shows the median and interquartile ranigessinitial KruskalWallis
test revealed a statistically significant difference in the meafi#@NH clone sizdor total (p=0.342
and type Il PNH (p=0.002 reticulocytesbetween thegenotype groups. Furth&unn's multipl
comparison test revealed a significant difference in the median siggeflll PNH reticulocyt
between the CRH/H and H/L genotype group (p=0.0219).* denotes statistically significant diffe
(p<0.05). Desciyitive statistics are shown in Table 3.19.

PNH cl one ( %)

Tot al Type 11 Type |11

reticul o reticul o reticul o
Genoty S/ S/ F/' R S/ SI}H F/I H S/ § S/ K F/ H
Minimdq33./[]35./]50.] 0.4 0.3 6.%12.] 5.737.
25% Per{81./58.50.] 2.1 3.(Q 6.7166.,37.| 37
Media|94./]88.]55.] 4.4 7.412.[90.[]69.[]40.
75% Per{98.]95.{87.] 8.419.]14.195.189.|81.
Maxi mu100/,99.]87.|67.l70.] 14.{/99.[]99.[81.
Me a n 87./!79.!64.] 8.415.| 11./78.[]63.[]52.
SD 17./21.{20.]13.]20.] 4.2322.]26.|24.
p-val u 0. 0342 01078 0.0102

Table3.19. Summary of reticulocyte PNH clone size between®8 genotype# the
cohort.

Displayed are the percentage of PNH clone sizes in the cohoraf@htp)of their total, type llanc
type lll reticulocytes based gna t i @3mpdlythaphismC3-S/S (n=52), S/F (26) or F/F (n=3J)he
table shows the following: interquartile range, minimum and maximum value, median, m«
standard deviation (SD) for the pentage PNH clone from the analysis of reticulocy@edculated f
values from KruskalWallis was used to determine any significant difference in the median b
the threeC3-S/Fpolymorphism groupand determined significant differentem the analys oftotal
and type lllreticulocyteqp<0.05).
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Figure 3.33. Comparison of PNHE clone size between €3/F genotypes.

Displayed is the comparison Af total, B. type Il, andC. type Ill PNHE cloneC3-S/F polymorphistr
genotypesC3-S/S (n=52), 8 (26) or F/F (n=3)PNH clone for each cell population was measure
flow cytometry as the percentage E that are negative for CR&Significant difference was fou
between the median percentage PNH clone sizes between each C3 genotype in tiseobtatigsE
(p=0.2177), type Il (p=0.7731) or type Ill (p=0.3671) PIEHIsing the KruskaWallis test.The box plc
shows the median and interquartile randpescriptive statistics are shown in Table 3.20.

PNH cl one ( %)

Tot al
E

Genoty S/ 4 S/ | F/ R S/ § S/ F/I'R S/ § S/ § FI/ R
Minimg 0. 113.]17.{0.0 0. 0.4 0.1 7.1 9.
25% Per|{26./22.017.] 1.3 1.30.4921.]16.[ 9.

Medi al|72.[54.]20.| 7.3 6.1 7.5[39.]35.] 20.
75% Per[ 92 88.|57.138.|]16.|15.[65.[56.[41.

Maxi muyl100[{98.{]57./82./]90.]15.{/93.]91.|] 41.
Me a n 61.]55.]31.]18.]16.] 7.8§43.]37.] 23.
SD 32./30.122.121.{24.| 7. 427.125.] 16.
p-val u¢{ 0.2177 0. 7731 0. 3671

Table3.20. Summary of PNH clone size between-S& genotype# the cohort.

Type IH [ Type |-EI

Lol T

(N

(N

Displayed are the percentage of PNH clone sizes in the cohora{8atg) of their total, typel lanc
type lll reticulocytes based gna t i @ pdlythaphismC3-S/S (n=52), S/F (26) or F/F (n=3)he
table shows the following: interquartile range, minimum and maximum value, median, me
standard devi@n (SD) for he percentage PNH clone.Calculated pralues from KruskaWallis
was used to determine any significant difference in the median between the ClBu®fE
polymorphism groupsnd determined no significant differendeom the analysisll analysis of |
popuation.
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3.5Analysis of the @mbined C3-S/F and CR1 density polymorphismsn haemolysis, C3

loading and clone size in PNH

There arer groups with the combination of €3F and CR1H/L genotypes. The number of
patients in each combined genotype groughiswn in Table 32 There was no patient
identified to have the CRIU/L genotype with C3S/F or C3F/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 ffiicult to interpret.

Cien(étR){ Number of
S/ S H/ H 29
S/ S H/L 21
S/ S L/ L 1
S/ Fl H/ H 21
S/ F H/ L 5
F/ F| H/ H 2
F/ F|l H/ L 3

Table3.21. Number of PNH patients in each combined genotype for&8 and CR1
density polymorphisnin the cohort.

There is a total of 80 patients analysed as there is no CR1 density polymorphism data for 1

3.5.1 Haemolytic parameters

When the groups with the most patients were compared (S/S H/H, S/F H/H, ahtiL$/%,

trend was observed in which reticulocyte count, bilirubin, and LDH levels were relatively
higher in the C35/S, CR1H/L group (Figure 3.34, Table 225). The median haemoglobin
levels between the combined groups were arourtilfdL for the grop with aC3-S/Sallele,

while those patients with th€3-S/F or -F/F allele had higher median haemoglobin levels
ranging from 10.812.5g/dL. Interestingly, the three rare combination groups, S/S L/L, F/F
H/H, and S/F H/L, all had median bilirubin levelstiwn 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 collecfi@ble 3.29.
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Figure 3.34. Comparison of haemolytic parameters between the combine®&E3and
CRI1-H/L genotypes in the cohort.

Displayed are the comparison of thehaemoglobin leveB. reticulocyte countC. bilirubin, andD.
LDH levels in patients based on their combined genotypes for C3 and CRhopphisms The
KruskalWallis test was used to determine for significant difference between median levels
clinical parameter and found no significant difference betwemtidians in each combingenotyp:
group in any of the clinical parameter. Normal levels of the parameter are indicated by the das
obtained from the blood sciences reference range database at the Leeds teaching hospitals
box plot show the median and interquartile ranges. Descriptive statistics are shown in Tabi2s
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Haemogl obin (g/dL)

C3 SIS S/ F F/ F
CR1 H/ H/ Ll L/ Ll H/H H/ L H/ H H/ L
Mi ni mu|6. 8. 8 5.6/ 10. 9.5
25% Per (8. 9. 3 9. 7/ 10. | 9.5

Medi anl10]| 10. 10. 12. 10. 9
75% Per (11| 11. tt 12.| 12.| 12.2 L2
Maxi muill5]| 14. 14. 13. 12. 2

Me an 10| 10. 11. 11. ] 10. 9

SD 2 . 1.5 0 2. 2 1.2 1.9 0
p-val ue 0.4306

Table3.22. Summary ofhaemoglobin levels in the cohocomparing each combined G3

S/F and CR1H/L genotypes.

Displayed is the haemoglobin levels for each combined C3 and CR1 genotypeTgreupble shov
the following: interquartile range, minimum and maximum value, median, mean and standard (
(SD) of haemoglobin levels for each genotype groOplculated prvalues from KruskaWallis was
used to determine any significant difference in the median between the combiféd &81 CRH/L
polymorphism groups and determined no significant difference was found.

Reticulocygtle)count (X

C3 S/ S S/ F FI F
CR1 H/ §H H/ Ll L/ Ll H/H H/L H/ H H/ L
Mi ni mu|65. 37. 86 . 16. 110.
25% Per (102 185 138| 58. 110.

Medi anl57 254 173 134, 150.
75% Per (237 339 173 247 141 190. 128
Maxi mu|497 685 914| 143, 190.

Me an 189 261 242| 106. 150.

SD 117/ 144 0 205| 53. 56. 6 0
pval ue 0.0795

Table3.23. Summary ofreticulocyte countn the cohortcomparing each combiad C3S/F
and CRXH/L genotypes.

Displayed is theeticulocyte countor each combined C3 and CR1 genotype grdine.table shows the
following: interquartile range, minimum and maximum value, median, raednstandard deviatior
(SD) of reticulocyte count for each genotype groGplculated pralues from KruskaWallis was used
to determine any significant difference in the median between the combir8&Céd CRHI/L
polymorphism groups and determinedangnificant difference was found.
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Bilirubin Ilevel (Omo
CcC3 S/'S S/ F F/ F
CR1 H/ H H/ L| L/ L| H/ H| H/L| H/H| H/L
Minimu|l 6.0 5.0 11.] 13.| 12.
25% Per( 17.| 14. 16.| 14.| 12,
Medi an 22.| 29. 22.| 19.| 14.
75% Per{ 61.| 528 21 35.| 21.| 17. 128
Maxi mul158| 143. 54.| 24.| 17.
Me an 38.| 38. 26.| 18.| 14.
SD 36.| 33. 0 13. 4.1 3.5 0
pval ue 0.3754

Table3.24. Summary ofbilirubin level in the cohortcomparing each cmbined C3S/F
and CRXH/L genotypes.

Displayed is thailirubin level for each combined C3 and CR1 genotype grdine table shows the
following: interquartile range, minimum and maximum value, median, mean and standard de'
(SD) of bilirubin level far each genotype grou@alculated pvalues from KruskaWallis was used to
determine any significant difference in the median between the combin&IFC8nd CRH/L

polymorphism groups and determined no significant difference was found.

LDH | evel (U/L)
C3 S/'S S/ F F/ F
CR1 H/ H| H/ L| L/ L| H/ H| H/L| H/ H| H/L
Mi ni mu| 126| 230 175) 325 215,
25% Per| 324 346. 254 | 339 215.
Medi arff 433 442. 393|387 335
75% Per 569.529.687'462.456.455.217'
Maxi mu| 1182 134040 778)| 487 455.
Me an 453 | 395, 397 395 335
SD 214] 63. 0 162) 63.| 169 0
pval ue 0. 1876

Table3.25. Summary ofLDH level in the cohortcomparing each combined C3/F and
CRI1-H/L genotypes in the cohort.

Displayed is théactate dehydrogenase (LDkevel 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)f LDH level for eab genotype groupCalculated pvalues from Kruskal

Wallis was used to determine any significant difference in the median between the combis#éd C3
and CR1H/L polymorphism groups and determined no significant difference was found.
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C3 SIS SIF FIF
Genotype
CR1 H/H H/L L/L H/H H/L H/H H/L
Required Yes 11 | 13 | o | 13 1 1 0
transfusion? No 18 8 1 8 4 1 1

Table 3.26. Transfusion requirement between the combined-8& and CR1H/L
genotypes.

Shown are the nunalp of eculizumakreated patients in each combined &% and CRIH/L
polymorphism group that required leasibneevent of transfusion within the last 12 months

of data collection

3.5.2PNH clone size
The initial KruskalWallis test determined a stdical 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 3.278). However, further Dunndés mul t

recognise statistical differences betw the combined genotype groups

Monocyte
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Figure 3.35. Comparison of the granulocyte and monocyte PNH clone size between
combined C3S/F and CR1 density polymorphism genotypeshe cohort.

Displayed are the comparison Af granulocyte an®. monocyte PNH clone sizes between the
S/F and CRH/L polymorphism genotype.PNH clone (%) for each cell population was meas
by flow cytometry as the percentage of cells negative forl@ked proteinsCalculated pvalues
from KruskatWallis was used to determine any significant differeheeveenthe median of tr
combined groups for PNH granulocyte (p=0.0433) and monocyte (p=0.0411) clone size
significant di fference (p<0.05) but furt
combined genotype group with significant differendee Box plot shows the median and interquz
ranges. Descriptive statistics are shown in Table-287

102



Granul ocyte PNH cl one
C3 S/ S S/ F FI F
CR1 H/ H H/ L L/ L H/ H| H/L H/ H H/ L
Minimyg 12. 65. | 50. 25. 46 .
25% Pert 85. ] 96. 8 8. 39. 46.
Medi a|] 94. 98. 96. 8 3. 6 8.
49 . 77 .
75% Perl 92. 99 . | 99. 96. 91.
Maxi my 99. 99. 99. 99. 91.
Me an 85. 95. 89. 70. 6 8.
SD 2 2. 7.9 0 16. 30. 31. 0
p-val u
( Kr u-W«klg 0.0433
test ]

Table3.27. Summary of granulocyt®NH clone size between the combined-84- and CR:
density polymorphism genotypes

Displayed are the granulocyte PNH clone for each combine8/Eand CR1H/L polymorphisn
genotype groupThe table shows the following: interquartile range, minimum and maximum
median, mean and standard deviation (SD}HerpercentaggranulocytePNH clone.Calculated
values from KruskaWallis was used to determine any significant difference in the median b
the combined G&/F and CRI/L polymorphism groups and determined significant differ
(p<0.05). FurtherDunnds mul ti pl e comparison test in
aranulocyte PNH clone sizes between the combined aenotwesu@s not shown).

Monocyte PNH clone (%
C3 S/ S S/ F FI/ F
CR1 H/ H H/ L L/ L| H/ H| H/L H/ H H/ L
Minimyg 39. 8 82. 40 . 53. 46.
25% Perl 88. 96. 89. 57. 46.
Medi a|] 96. 98. 95. 79. 6 9.
7 4. 89.
75% Perl 99. 99. 98. 96. 92.
Maxi my 99. 99. 99. 99. 92.
Me a n 90. 97. 89. 77 . 6 9.
SD 15. 4.0 0 16. 19. 32. 0
p-val u
( Kr u-Wxklg 0.0411
t est ]

Table3.28. Summary ofmonocytePNH clone size between the combined-64- and CR1
density polymorphism genotypes.

Displayed are themonocytePNH clone for each combine@3-S/F and CRH/L polymorphism
genotype groupThe table shows the following: interquartile range, minimum and maximum vz
median, mean and standard deviation (SD) for the percemtaygcytePNH clone.Calculated pvalues
from KruskatWallis was usedo determine any significant difference in the median between
combined C35/F and CR4H/L polymorphism groups and determined significant differgipe®.05).
Furt her Dunndés multiple compar i s orngtaruBdye PINH (
clone sizes between the combined genotypesijoes not shown).
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In all analysesthe PNH clone size of E ihe C3S/F CRXH/L group had the highest median
value when compared to the other combined genotype groups (Figure 3.36, Téii#)3.2
Therewas no significantlifference in clone size betwe&stal and type Il PNH reticulocytes
when the genotypes were compared (Figure 3.37, TalB234). However, there was a
significant difference in type Ill PNH reticulocyte clone size between th8/S3TR1H/L and
C3-S/F CRXH/H genotypes (p=0.0134) This trend was consistent even when t{8éSCGihd
C3-S/F genotypes or the CR4/H and CR1H/L genotypes were compared separately, as
previously presented(Figure 3.27, Table 3.13, Figure 3.32, Table93.1However, no
significant difference was found between treup(C3-S/S CR1H/L and C3S/F CR1H/H)
when comparingheir type Ill PNHE clone size (Figure 3.36C)uggesting an effect of

haemolysis and/or transfusiofmature E
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Figure 3.36. Comparison of PNHE clone size betven the combined G&/F and CR1
density polymorphism

Displayed is the comparison Af total, B. type I, andC. type Ill PNH-E between the combined ¢
S/F and CRH/L polymorphism genotypes. PNH clone for each cell population was measured
cytomety as the percentage E that are negative for CD59. Significant difference was found
the median percentage PNH clone sizes between each C3 genotype in the analysis of t&
(p=0.0411) but not for type Il (p=0.7731) or type Il (p=0.3671) PRIksing the KruskaWallis test
The median and interquartile ranges are shown by the box plot. Descriptive statistics are show
3.2931.
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TotPaNlHE c |l one (%

C3 S/ S S/ F FI F

CR1 H/ Hl H/ L L/ L H/ H| H/ L| H/ H| H/L
Mi ni mul 6.9 0.1 13. 13. 17.
25% Per| 26. 21 66. 26. 18. 17.

1 ¥

Medi a| 51. 8 3. 10 57. 2 8. 37. 20 .
75% Per| 84.9% 97. 8 8. 86. 57.
Maxi mu 99. 7 100. 98. 94 . 57.

Me a n 56 . 7 3. 57. 4 7 . 37.

SD 30. 31. 0 29. 36. 2 8. 0
p-val ucé
(Kr u sWad | 0.0411

t e)st

Table3.29. Summary oftotal PNH-E clone sizebetween the combined €3/F and CR1
density polymorphism

The table shows the following: interquartile range, minimum and maximum value, median,
standard deviation (SD) for the percent&®H-erythrocyte (Exlonefor each combined CS/Fanc
CRI-H/L polymorphism genotype grougKruskalWallis was used to determine any signific
difference in the mediamotal PNHE clone sizebetween the combined €3F and CRHI/L
polymorphism groups and determined significant differe(@ee0.05). Fur t h e r miitipls
comparison test did not determine significant differeincgranulocyte PNH clone sizes betweer
combined genotypes{lues not shown).

Typ@®@NH cl one ( %)

C3 S/ S S/ F F/ F

CR1 H/ H| H/ L L/ L| H/ H| H/L| H/ H|l H/L
Mi ni mu 0. 1] 0.0 0.1 0.4 7.5
25% Per|{ 0.8 5.2 2.2 0.8 7.5
Medi a 6. 1] 12. 41 6.5 1.7 11. 0. 4
75% Per| 39. 39. 17. 17. 15.
Maxi mul] 82. 6 1. 90. 28. 15.

Me an 18. 21. 18. 7.8 11.

SD 2 2. 19. 0 26 . 11. 5.8 0
p-val u g 0.5659

Table3.30. Summary of type Il PNHE clone sizes betwedhe combined C&/F and

CR1 density polymorphism.

The table shows the following: interquartile range, minimum and maximum value, median,
and standard deviation (SD) for the percentage type Il-Biythrocyte (E) clonéor each combined
C3-S/F and CRH/L polymorphism genotype groufKruskalWallis was used to determine ar
significant difference in the median type Il PNHclone size between the combined-&8 and
CR2-H/L polymorphism groups and there was no significant difference.
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Type I-ElcPdie ( %)

C3 S/ S S/ F F/ F

CR1 H/ H H/ L L/ L| H/ Hl H/ L| H/ H|[ H/L
Mini mu 5.9 0.1 7.1 12. 9.5
25% Per| 21. 28. 16. 17. 9.5
Medi a| 33. 56 . 6 3 4 3. 27 . 25. 50 .
75% Per| 53. 79. 57. 6 8. 41 .
Maxi mul 9 2. 92. 91. 8 6 . 41 .

Me an 38. 53. 39. 39. 25.

SD 24 . 29. 0 25. 29. 22. 0
p-val ué 0. 2165

Table3.31. Summary of typelll PNH-E clone sizes between the combined8§B8 and CR1
density polymorphism in the cohort.

The table shows the following: interartile range, minimum and maximum value, median, mean and
standard deviation (SD) for the percentagee Il PNH-erythrocyte (EXxlonefor each combined G3
S/Fand CR1H/L polymorphism genotype grouldruskalWallis was used to determine any significant
difference in the mediatype Il PNHE clone sizebetween the combined €3F and CRHI/L
polymorphism groups arttiere was naignificant difference
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Figure 3.37. Comparison of PNH reticulocyte clone size between the combine&(E3
and CR1 density polymorphisimn the cohort.
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Displayed is the comparison Af total,B. type Il, andC. type lll PNH reticulocytelone sizes betwe
the combined G&/F and CRH/L polymorphism genotype®NH clone for each cell population v
measured by flow cytometry as the percentage of CR&lls (reticulocytes) that are negative
CD59. Significant difference was found beten the median percentage total (p=0.0344) and ty
(p=0.0166) PNH reticulocyte clone sizes between each C3 but not for type Il (p=0.357) u
KruskatWa | | i s t est . Further Dunnds multiple
median type lll PNH reticulocyte clone size of patients between tHe/EER1H/H and C3S/S CR:
H/L genotypes (p=0.0134). denotes statistically signif
comparison test.The box plot shows the median and igteartile ranges. Descriptive statistics
shown in Table 3.324.
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Tot al PNH reticulocyte

C3 S/ S S/ F FI F

CR1 H/ Hf H/ L L/ L] H/ Hl H/L| H/ H| H/L
Mi ni my 33. 4 4 . 35. 46 . 50.
25% Perl 75.] 93. 67 . 50. 50.
Medi al 92. 9 8. 63 89. 7 2. 68 . 55
75% Per| 97. 99. 95. 97. 87.
Maxi mu 99. 100. 99. 99. 87.

Me an 8 3. 9 3. 80 . 7 3. 68 .

SD 18. 12. 0 2 1. 2 3. 2 &. 0
p-val u
(Kr u sWad | 0. 034414

t gst

Table3.32. Summary oftotal PNH reticulocyte clone size between the combined%B
and CR1 density polymorphism genotypeshe cohort

The table shows the following: interquartile range, minimum and maximum value, median,
standard deviation (SD) for tipercentage total PNH reticulocyte clone $tmeeach combined GS/F
and CR1H/L polymorphism genotype groupruskalWallis was used to determine any signific
difference in the mediatotal PNH reticulocyte clone sitetween the combined €3F and CRH/L

polymorphism groups and significant differerweas determined (p<0.05).Fur t her

Dut

comparison test didot determine significant differende granulocyte PNH clone sizes betweer
combined genotypes{lues not shown).

Type |11 PNH reticulocyte
C3 S/ S S/ F F/ F
CR1 H/ H| H/ L L/ L| H/ H| H/ L| H/ H| H/L
Minimy 0.3 0.2 0.2 2.4, 6.7
25% Perl 1.8 2. 3 3.4, 2.7 6.7
Medi a 4 . 4 4 . 3 11, 9.5 3.2 9. 8 14
75% Peal 10. 6. 3 22. 15. 12.
Maxi mud 67. 18. 70. 20. 12.
Me a n 11. 5.3 17. 7.9 9. 8
SD 17. 4. 6 0 2 2. 7.6 4.4 0
p-val u 0. 3757

Table3.33. Summary oftype Il PNH reticulocyte clone size betwedmetcombined CS/F
and CR1 density polymorphism genotypes in the cohort.

The table shows the following: interquartile range, minimum and maximum value, median, me:i
standard deviation (SD) for theercentage type Il PNH reticulocyte clone dimeeachcombined C3
S/Fand CR1H/L polymorphism genotype grouldruskalWallis was used to determine any significa
difference in the mediatype Il reticulocyteclone sizebetween the combined €3F and CRH/L
polymorphism groups anb significant differene was determined.
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Type |11 PNH reticul ocyt
C3 S/ S S/ F F/ F
CR1 H/ H H/ L L/ L| H/ Hl H/L H/ Hl H/ L
Mi nimyg 12. 3 8. 5.7 35. 37.
25% Perl 58. 88. 37. 4 3. 37.
Medi a| 8 3. 9 3. 6 8. 6 9. 59.
52. 40.
75% Perl 94. 9®. 90. 85. 81.
Maxi md 99. | 98. 99. 96 . 81.
Me an 73. 87. 6 2. 65. 59.
SD 25. 14. 0 27. 23. 31. 0
Kr u sWad |
test 0.0166
(wal u

Table3.34. Summary of type Il PNH reticulocyteclone size between the combined-S&~
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 thpercentage type 11l PNH reticulo@ytlone sizéor each combined G3
S/Fand CR1H/L polymorphism genotype grouidruskalWallis was used to determine any significant
difference in the mediatype 11l reticulocyteclone sizebetween the combined €3F and CRH/L

polymorphism groups andggiificant differencevas determined (p<0.05).Fur t her

Dunnos

comparison test determigisignificant differencen type Ill PNH clone sizes between the combined
genotypes CGB/F CRIH/H and C3S/S CR1H/L (p=0.0134).

3.5.3 C3 loading

Similar © the initial results observed with the percentage of C3 loading from the analysis of 21

patients(Figures 3.5 and 3.7Tables 3.1 and 3.3 similar trend is observed in the analysis of

a larger cohort of 80 patients (one patient who was not genotyp&eRfbrpolymorphism)

where patients have been separated based on their combinationSiF @8d CRIH/L

genotypes. Although the comparison test determined no significant differences between the 7

combinations of groups, the €3S and CRH/L genotype group had thehighest median

percentage of C3 loadin§igure 3.38, Table 3.387). This was observed in all theapses

of the PNHE populationInterestingly patients with two copies of the rare allele, eithé¥

or L/L, had a low percentage of C3 loaglin
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Figure 3.38. Comparison of C3 loading on PNHE between the combined €3/F and CR1
H/L genotypes in the cohort.

Displayed are the comparisonercentag€3 loading orA. total erythrocytes (EB. PNH-E, andC.
type Il PNHE between eculizumatreated based on patients combined-SIB and CRH/L
polymorphism genotype£3 loading was measured by flow cytometry which is the percentag
positive for C3d, the calculation depends which population of E (total,-BMHtype Il PNHE) is
analysé. No significant difference was found between the medians of C3 loading (%) on

(p=0.3691), PNFE (p=0.4957) and type Il (p=0.3795) between the genotype groups using the ¥
Walllis test but a trend shows highest median C3 loading on #8SI3R1-H/L group in all comparisc
of PNH-E population. The box plot shows the median and interquartile ranges. Descriptive stat
shown in Tables 3.387.

C3 |l oading on total
C3 S/ S S/ F FI F
CR1 H/ H H/ L L/ Ll H/H H/ L H/ H H/ L
Mi ni mu 0.3 0.5 0.2 1.0, 2.0
25% Per 2.0/ 8.5 2.0 1.5 2.0
Medi anq 7. 0] 23. 11. 6.5 5.5
3.0 2.0
75% Per| 32. 38. 20. 21. 9.0
Maxi mu| 67. 58. 52. 23. 9.0
Me an 17. 2 3. 13. 10. 5.5
SD 19. 17. 0 14. 10. 5.0 0
pval ueg 0.3691

Table3.35. Summary of C3 loading ototal erythrocytedetween the combed C3S/F and
CRI1-H/L genotypesn the cohort.

The table shows the following: interquartile range, minimum and maximum value, median, m
standard deviation (SD) fdhe percentage C3 loading on total erythrocytes (E) in the cfivceacl
combinedC3-S/F and CR/L polymorphism genotype grouilC3 loading was measured by fl
cytometry which is the percentage of E positive for C3d, the calculation depends which popula
(total, PNHE or type Ill PNHE) is analysedCalculated pralues from te KruskatWallis test was ust
to determine any significant difference in the median of C3 loading (%) between the combiBék
and CR1H/L polymorphism groups and no significant difference were determined.
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C3 |l oadi+g (&) PNH
C3 S/ S S/ F FI F
CR1 H/ Hl H/ L| L/ L| H/ H[f H/ L| H/ H|l H/L
Mi ni mu 0.5 0.5 0.4 4.0 7.0
25% Per 7.0 13. 4 . 3 6.5 7.0
Ma i an 18. 26 . 20. 12. 11.
4.0 3.0
75% Per| 41. 41 . 30. 2 4. 15.
Maxi mu| 70. 6 2. 6 2. 2 8. 15.
Me an 25. 2 7. 20. 14. 11.
SD 21. 18. 0 17. 9.4 5.7 0
p-val ue€ 0.4957

Table3.36. Sumnary of C3 loading onlPNH-E between the combined €3/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) fdhe percentage C3 loading BiNH-erythracytes (E) in the cohofor each

combined C35/F and CRI/L polymorphism genotype groufC3 loading was measured by flow
cytometry which is the percentage of E positive for C3d, the calculation depends which population of E

(total, PNHE or type Ill PNHE) is analysedCalculated pvalues from the Kruskalvallis test was

used to determine any significant difference in the median of C3 loading (%) between the combined C3

S/F and CRH/L polymorphism groups and no significant difference were determined.

C3 loadnntypke (I%)] PNH

C3 SIS S/ F FI F
CR1 H/ H H/ L L/ L| H/H H/ L H/ H H/ L
Mi ni mufl 0.5 0.5 0.7/ 4.0/ 9.0
25% Per 8. 5/ 23. 5.5 7.0 9.0
Medi arf 26. 32. 17 25 . 20. 13. 9.0
/75% Per| 54, 51. 33. 30. 17.
Maxi mu|l 78. 85. 6 2. 4 . 17.

Me an 31. 35. 2 3. 19. 13.

SD 2 4. 2 2. 0 18. 13. 5.7 0
p-val uce 0.3795

Table 3.37. Summary of C3 loading otype Ill PNH-E between the combined €3/F and
CRI1-H/L genotypes in the cohort.

The table shows the following: interquartile range, minimum and maximum value, median, mei
standard deviation (SD) fahe percentage C3 loading type Il PNH-erythrocytes (E) in the cohor
for each combined GS/F and CRH/L polymorphism genotype grou@3 loading was measured b

the percentage dype Ill PNH-E that are positive for C3d #téng. Calculated pvalues from the

KruskalWallis test was used to determine any significant difference in the median of C3 loadin
between the combined €3F and CRH/L polymorphism groups and no significant difference we

determined.
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3.6 Discussion

Eculizumab treatment only targets C5 and blocks the terminal complement pathway, preventing
chronic IVH in PNH patients caused by uncontrolled MACegation on the surface of PNH

E due to a lack of the CD59 complement reguladdir PNH patients respond to eculizumab,
which has been shown to prevent IVH, reduce transfusion requirements, prevent thrombosis,
and improve quality of life. The treatment calso protect patients from haemolyssated
complications such as thromboembolism, pulmonary hypertensmh dateriorating renal
function(165, 181183). Despite most patients having a good response to aoudilz 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 suiptimal blockade of C5 or, more commonly, opsonisation of #ENH

with C3 fragments, which can be detected using flow cytometrppas8nised PNHE are only
detected in patients receiving eculizumab because these opsonisel BidHlestroyed in
untreategaients by IVH. However, this is now inhibited by eculizumab, apsonised PNH

E are detectabl@ 46, 148, 167)This chapter presentdide haemolytic parameters, PNH clone
size, and C3 loading on the PNHof 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 ger@3 andCR1to eculizumab response and EVH, the effect of

these variants were investtgd further in the cohart

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 levdReticulacytosis or high reticulocyte count
such as observed in most patients in this study intpdy erythropoiesis was elevated to
replenish lysisof PNH-E. Elevated bilirubin leveltn nearly 50% of our cohoihdicatean
ongoing level of eitheEVH or IVH.. Only 16 patients in our cohort had LO&lvels within the
normal rangeimplying that 80% of patients still had residual IVRurthermore, as previously
described, a high number of patients remained transfusion depef@®atjt of 81 patienjs
requiring at least one transfusion event during the period of data collection in this project.
Whether this is a recurring or ofiene event in some patientsdifficult to capture but is an
important information in determining whether a patient is truly "depehdentransfusion;
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 loeniaglobin levelswhich was treatedby

regular red bld 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 requiredn our cohort, 70% of patients have haemoglobin levels outside of the
normal leve] while 30% of patientsvith normal levelspnly 4 in 24 patients had an event of
transfusion, implying that there is indeed a reduction in haemolysis. It is also importatg to

that the response of haemoglobin to eculizumab varies greatly between patients and may be
influenced by bone marrow failure or PNEHclone sizeThis shows that heterogeneity of the
haematological benefit of eculizumab treatment in patients andetiffeesponse categories

can be identified as good (complete normalisation of haemoglobin), suboptimal (experience
some degree of anaemia) or poor (requiring regular blood transf(s8))

Because only the termal pathway is inhibited by eculizumab, the proximal complement
cascade remains active, and even with excessive C5 inhibitors, the terminal pathway is not
completely blocke@147). Due to the constitutiview-level C3 tick over othe AP, complement
activation on PNFE generates C3b, which binds covalently to the E surface and generates C3
convertases, which amplify C3 activation and surface deposition. Lack of CD55 HERPddds

to impaired complement regulatiopsiream of C5, such as dissociation of C3 convertases,
resulting in PNHE loaded with C3 fragments. The downstream C3 fragments onEENH
including C3b, iC3b, and C3d, are recognised by complement receptors on phagocytic cells in

the liver and s@en, leathg to their clearance, probably outside of the vascular system.

Opsonisation of PNHE with C3 fragments is only observed on REKFigurel.9),the amount

of C3 loading on PNHE in our cohort varied between 074%, with a very slight difference

in typelll PNH-E (complete deficiency of GPI expressipmhich is between 0-B5% (Table

3.8). The increase in C3 loading was also associated with haemolytic parameters such as
elevated bilirubin levelgFigure 3.21B and 3.22B) arah increase in absolute reticayte
count(Figure 3.21D and 3.22DIt also correlated with PNH clone sizes, more so witke tyip
reticulocytes than with Erigures 3.120) (146, 148) The factors influencing the quantity of

C3 binding and Wwich C3 breakdown fragment predominantly leads to erythrophagocytosis
remainsunclear Since complement activation regulates the deposition dfida8ing, it is

likely, that one of the key determinants of the variability in the amount of C3 loadingdretw

patientsarecomplement protein/s that can regulateb@@akdown
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3.6.2 Analysis of CR1 density polymorphism in the cohort

The study by Rondelgt al.was the first tim¢hata complement regulator, CR1, was associated
with response to eculizumab ANH, with best responders (who remained transfusion
independentpeinghomozygous for the CRH/H density polymorphism (10). In their cohort

of 72patientsthe polymorphism was not associated with significantly different clinical features
such as LDH leel, implying that the polymorphisiwas not associated with how patients
respondedo eculizumab but as it affe@d thenumber of transfusi@requiredafter treatment

stared, the polymorphismvasmorelikely to be associated with EVidstead

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 theHZHR 1

group (420U/L) than in the H/L group (407U/L) and one patient withLtheallele having

lower levels than the other group, 687Mable 3.9) However, transfusion requirements did

not differ between patients with CR4/H and H/L genotypes, with 50% of each group
requiring at least one transfusion event. It is important to note, hovesvpreviously 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 transfuliis.
additional information would provid@ore defintive information regarding whether there was

a differencan requirement for transfusedd blood cellgor each genotype group.

The findings from then vitro assay by Rondelkt al, (Figure 1.10 in which they observed
the highest rate of C3 loadj on PNHE from patients with the CRI/L genotype after
treatment with serum from eculizum#eated patients, prompted us to investigate C3 loading
differences in the Leed®NH cohort.At the start of the projectithe analysis of total E, PNH

E, andtype Ill PNH-E, a smaller cohort of 27 eculizumtieated patients showed a significant
difference in C3 loading between the CRM and H/L groupsKigure 3.5, Table 3.1)

In addition to the CR1 density polymorphism, at the start of this prejecalsoanalysed 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 tledeadincoding the short CR1. The
comparison showed that C3 loading wassigantly differenton PNHE and type Il PNHE,

with less C3 loading on cells from H/H patients (Figure 3.6, Table 3.2). Beside these patients,
there were also five individuals wittne or two copies of the long isoform. The number of

these patients was too low to make any conclusion regarding C3 lpadittigho obvious
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difference was observed in C3 loading between patients carrying two copies of the short

isoform and one copy of trghort and long isoform (Figure 3.6).

In the initial cohort of 27 patients, 11 were included in the PEGASUS phase Il trial for the C3
inhibitor pegcetacoplan, and therefore, these patients were condigetezicliniciango have

severe EVHThe C3 loding of these patients presented in the thesis were recorded prior to the
start of the clinical trialAs 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 analysisudemolore patients.

An additional 53 patients were genotyped and included in the analysis, disappointingly, the
additional data diminished th&ignificant difference in C3 loading between the genotype
groups, leaving only a trend demonstrating that the-BRIgroup had a slightly higher median

for C3loading (Figure 3.25, Table 3.1ITherewas one patient with the CRIL genotype

who did not have the highest C3 loading as would have been predicted based on the assay by

Rondelliet al

The overall functia of CR1 within the complement system, including it8itgtXo inactivate

C3b as a dactor of FI-mediated cleavage and accelerate the decay of C3 and C5 convertases,
as well as its role in the clearancelG6 and phagocytosjsndicate that it is @aeguator that

can affectC3mediated EVH.Despite losing significance with the wider cohort, the data
described above demonstrated a trendhigih CR1 expression ondSsociating withower C3
loading The role of CR1 on E is twimld, it controls activity & the C3 convertaseand it
modulatedormation ofthedownstream fragment&C3b and C3dgwhich differentially ligate
phagocytic receptordhe C3 loading data do not distinguish the identity of the C3 fragment
present on the erythrocytebo furtherexpore the association of the CR1 polymorphism in
C3b regulation, further functional studie®rerequired, which will be discussed in the next
chapters.

3.6.3 Analysis of the G&/F polymorphism in the cohort

The ealier data from Kaudlagt al, demonstreed potentiabssociation of EVH and the €3
S/F polymorphisnfl158). AsC3 is the most abulant protein in plasma and is ttentralprotein

in both opsonisationand phagocytosi®f PNHE, the hypothesis that C3 variants were
associated witlthe severityof EVH was strongTo investigate this further,agbients were
genotyped for their G®/F poymorphism in addition to the CR1 density polymorphigmthe
initial cohort of 27 patientgnly a trend was observablegith patients with theC3-S/Sallele
having a higher median of C3 loadiogtotal E, PNHE, and type Il PNHE than patients with

theC3-S/Fallele (Table 3.3).
114



To validate the hypothesithe number of patients genotyped was increased, with 81 patients
examinedin total Although the resultdrom the wider cohorshowedthat there was no
statistically significant difference between thenotype groups, a trend was observed, similar
to thatobservedy Kaudlayet al, with a higher median of C3 loading in patients with@3e
S/Sallele thanS/F (Figure 3.30, Table 3.17Therethree patients who were homozygous for
the rareF allele, irterestingly had low levelsof C3 loading varying between®/% on type Il
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 indicatsgy le
haemolysis in the grou@verall, there was a trend in haemolytic parameters whereby patients
with the C3-S/Sallele had higher median levels of bilirubin and LDH, as well as higher
reticulocyte count than those with thi&8-S/F allele (Figrue 3.29, Tala 3.15) There was no
difference in transfusion requirements between th&S(S3and S/F groups; with 50% in both
groups, requiring at least 1 event of transfusion, but 2pati@ntswith the C3-F/F alleledid

not. Clearly it would be of interest to analy further patients with the €3 variant to test
significance and validate the hypothesis.

Interestingly, patients with th€3-S/Sallele had a higher median type Ill PNH reticulocyte
clone size than those with tis#F allele, (Figure 3.32, Table 3.19This is the first time that
PNH reticulocyte clone size is associated with any protein. Giverttiaaize of type Il
reticulocyteclone sizes associated with C3 loading on type Il PNEH(Figure 3.19D), it is
likely that patients who have th@3-S/F alele would have more mature PNH that are
susceptible to IVH and EVH.

There was no significant difference in type Ill PNElone size between the &3S and S/F
groups(Figure 3.33, Table 3.20Yhis is likely due to the effect of transfusion, whiclewk

the PNH clone size toward higher CD59 positive E from the donor. Furthermore, eculizumab
treatment can increase the size of PRIdlones in patients by inhibiting the terminal pathway,
allowing more PNHE to surviveand accumulaten the peripheryvertime. However, EVH

has an additional effect that may affect the actual PNH clone of patients. As a result, it is
possible that the actual PNEIclone size that must be considered is the one measured prior to

the start of eculizumab treatment.

3.6.4 Analis of the combined effect of the €E¥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 hypathbss f

the combined effect of thaoth variants togethavas also analysed in the coh@R1 and C3
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work in concert, with CR1 controlling C3 activation and processing, thus it is possible that
variants will havea synergistic effect as described inityalbr the complotype(70). Analysis

of the initial cohortwas extremely promisingeveaing nearly four times higher C3 loading on
PNHE C3S/S CR1H/L compared to its opposite genotype combinatior5/ECRIH/H
(Figure 3.8, Table 3.4However, when the coharimbers were expanded during my PHi2
difference diminished, with approximatetwo-fold difference beveen the two combined
genotype. Ahough the trend remained that patients with the&S CR1H/L genotype had

the highest median level for C3 loading amongsien genotype combinatiorisllowed by

either C3S/F CRXH/H or C3S/S CR1H/H combined genotypes (Figure 3.38, Table 3.35).

This trend was maintained even when analysing haemolytic parametesre patients with
the combinedC3-S/S CRAH/L alleles had the highest reticulocyte count, bilirubin, and LDH
levels (Figure 3.34, Tables 3.225), excludingfrom the comparison those groups with less
than 3 patients in each group. The significantedénce in type Il reticulocytes is observed
again between the different €&3F polymorphisms but this time with the addition of the CR1
polymorphism(Figure 3.37C) Patients with th€€3-S/S CRIH/L alleles have a significantly
higher median of type IlIIIRH reticulocyte clone than patients with t88-S/F CR1H/L alleles
(Figure 3.37C, Table 3.34Interestingly,this was observed irh¢ comparison between the
CR1-H/H andi H/L density polymorphisniFigure 3.27C) an€3-S/S and S/polymorphism
(Figure 3.3Z). The trend in type llreticulocytePNH clone sizealsoreflects the sae trend

in C3 loading on PNHE (Figure 3.19C).

Although the significance diminished as the patient numbers included in the analysis were
increased, werall, therewasa trenddemorstrating thapatients with thgotentialrisk alleles,
C3-SandCRZL, have a higher amount of C3 loadifitable 3.35) Although the difference
wasminimal, it is intriguing that inthe initial analysis of our cohgrthere werel1 patients in

the PEGASUSrial receivingthe C3 inhibitoypegcetacoplannine of those were homozygous

for the C3-Sallele, 6 had theCRX-H/L allele,and6 patientscarriedthe combinedC3-S/Sand
CRZIH/L allele.

This represents a high proportion of patients, particularlyes€8-Sallele, 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, thé3-S variant has a different affinity to another regulake,

which is associated with a more regulated AP by having a higher affinity than{he&&nt

(70). Because G3 was discovered to be a possiblé& afiele for EVH in this study, which is
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contrary to what has been observed in other diseases, its interaction with other regulators, such

as CR1, should be considered, as will be discussed follbeing chapters.

3.7 Future work

It is important to nte that the C3 loading measured in this study does not identify a specific C3
fragment that igpresent on the cells and might associated with EVHIn this study, C3
fragments measured on PNHare a combination of all C3 breakdown fragments, C3b, iC3Db,
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 EVHA small amount of iC3b on a background of high levél§2dg could

have dramatic effects although it would not significantly alter the flow cytometry profile.
Therefore, using specific ari3 antibodies to stain for C3 fragments, ideally in all eculizumab
patients in the cohort, could allow the determinatbrvhich 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 thegemic, 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
measurementsf haemolytic paametes to identify patients with mild, moderate, or severe
EVH would bebeneficial It remains to be conclusively determined whettmer C3S/F and

CR1 density polymorphisnmeuld form part of this scoring system to determine risliEfdH.

3.8 Limitations of study and effect of Covid

Although 81 patients have already been investigated in this study, genotyping $¢F Gad
density polymorphism, as well as identifying the CR1 isoform of the entire set of patients
(n=54)receiving eculizumab treatmenttime 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 studyhe longterm effect of eculizuntatreatment on PNH clone size

and C3 loading in patients to sedetherthere are any changes throughout their treatment

(including before treatment). Given that the-S/F genotypes differ in type Il reticulocyte

clone size both when analysed alone whenanalysed in combinatiowith the CR1 density

polymorphism, analysing patient data from diagnosis to the presgnshould provide

information on how the disease progresses in each patient and whether the polymorphisms have
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an effect. However, for mogtatients, this will require going back years, and a significant

amount ofdetailedanalysis will be required

3.9 Summary

In summary, the data show that despite eculizumab treatment to inhibit IVH in PNH patients,
most patientstill have residual haemysis, most likely due to EVH, regardlessvdfich C3-

S/F and CR1 densityariantsthey express Although a trend has been observed in which
patients with theC3-S/Sand CRLH/L alleles, either separately or together, have higher C3
loading on PNHE and areassociated with larger type Il PNH reticulocyte clone size, the
underlying mechanisms remainclear Given the number of proteins involved in complement
activation and regulation, it is highly liketizat other gene varianssich as FB, FH, and Bre

also associated with eculizumab response and regulation/inactivation of C3 loading-& PNH
A better understanding of eculizumadaluced changes in PNH biology, such as clone size and
the role of common polymorphisms in complement genes in the regutdtid® loading and
EVH, may aididentification ofpatients at higher risk for EVHlItimately, these PNH patients

at higher risk for EVH may benefit from artomplement therapy that modulates C3 deposition
on PNHE, such as the C3 inhibitggegcetacoplamrather than modulators of C5 and MAC.
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Chapter 4 Functional assessmenvf C3-S and C3F proteins with CR1

4.1 Introduction

C3is a central protein of theomplemensystem in all three of its activation pathways. The
C3-S/F polymorphism (rs2230199) is a commwariant characterised by the change of an
amino acid at position 102 of the C3 protein from arginine to glycine (R102G). The terms
ASIl owo for R102 and fAFasto for G102 were
electrophoretic mobility, whereby ahé translational level, the substitution of an arginine
residue (positive) for a glycine residue (neutral) results in th& @ftein that can migrate
more quickly through agarose gel electrophorgsis 59) TheC3-S/F polymorphism has been
associated with risk for AMD61) and the mechanism behind this has been assessed by looking
at interaction of the C3B/F variants with the complement regulator, GH). This study
identified that FH had a weaker affinity to the-E¥ariant, 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 eculizumakireated PNH patients who are homozygous for@Be5S/Sallele and
heterozygousH/L) for the CR1 density polymorphism, we wanted to explore the interaction

of the C3 variants witiCR1

C3 is the most abundant complement protein in ftasnpa 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 hevasderived from this paper including use

of protein precipitation and ion exchange chromatograpBg)techniques, both anion and
cation exchange. Classical chromatography methods are preferred for C3 purificthieseas
yield active C3 using conditions of near physiological pH; use of low or high pH solutions,
such as those typically used in affinthromatography, can cause partial denaturation of C3
resulting in hydrolysis of the internédioesterbond, this can affect its ability to bind surfaces

in complement functionadssays

Anion and cation exchange is used for C3 purification and-esuit 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, whichelieson the pH of the buffer in which the sample is solubilised. By
adjusting the pH, the charge of th@tgin can be altered; the pl is the pH at which a protein
carries no charge, and this is important in IEX. Therefiwe pH of the buffer to be used for

IEX is importantas selection of pHabove the pl of the protein will result in a negative charge
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and a pH below the pl 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 satteatration such aNacCl

where positively charged proteins bound to the cation exchanggisplaced by Naions and
negatively charged proteins on the anion exchanger are displaced iop<CIDuring IEX,
proteins bound to the column matrix are elubgdncreasing the ionic strength over a linear

salt gradienaind 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 spdfic ionic strength. Using the described classical chromatography techniques,
we have successfully purified €3F variant C3 proteins from donors who have been
genotyped for the G3/FSNP.

Interaction of C3 variants and CR1 was assessed by genét&ti§jand C3bF 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 CH@éll lines expressing the proteins which were purified

by anttCR1 affinity chromatography. These CR1 constructs were comprised of different
number of SCRs as shownhkigure4.1. It is known that SCRs-2 of CR1 (site 1) have a strong

C4b binding abilly but bind very weakly to C3b; this site also has DAA for C3 and C5
convertases. On the other hand, SCH® & CR1 (site 2) have no DAA bbasCA and this

region binds strongly to C3b. We also generated a CR1 construct comprising-2CRehich

had oth sites and all the function mentioned above, including DAA for C5 convertases.

C R CRg,, CRi,
LHR-A
— - LHR-A LHR-B
LHR-B | y 1
SCR SCR SIQR
7 g Q : NH - QIII
NH, —p4 - NH, b 2T N
- ! | SR
: Site 2 Site 1 Site 2
Site 1

Figure 4.1. A sclematic diagram showing the functional domains of recombinant CR1
constructs generated for the study.

Functional sites of CR1 are composed of thsteart consensus repea®JR9 such as, B (site 1) fo
decay accelerating activitypAA) of CR1 for C3 conertase and-80 (site 2) for C3b binding a
cofactor activity with FI to mediate C3b inactivation and both sites 1 and 2 for DAA for C5 conv
Figureadapted from Kisser#t 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 specdimfaht assays. These
included haemolysiassays using whole serum, flpplase cofactor assays to measure the Fl

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 aed to investigate the interaction of CR1

with C3b variants, including affinitgnd formation of the AP regulator trimolecular complex
(TMC), comprising one molecule each of C3b:CR1:FI. SPR allows us to obsentaneal
interaction of ligands and analgtsuch as C3b ardR1(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 ini@maof 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 proportal to the mass of protein (analyte) bound to the ligand.

The chapter aims include:

1 Use of classical chromatography to purify C3 from human plasma of donors who have been
genotyped for their G8/F polymorphism and generation of C3b variants
generatiorof three CR1 constructs by recombinant technology (GR1R .11 and CR111)
purification of recombinant CR1 proteins

functional analysis of the CR1 constructs for DAA and CA

= =4 4 -

use of SPR to study the interaction between th&E3proteins and CR1 by @suring affinity,
assessing DAA and determining TMC formation of €3B variants with CR1 and FI.
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4.2 Results

4.2.1 Purification of C3S and C3F proteins from human plasma

Human C3S and C3F proteins were purified from human plasma of donors wiece
genotypeand shown to be homozygous for either@3eS or C3F 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 isolatgothema promptly or store it at

-80°C 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 store808C. Freezg¢hawing of

plasma was also avoided as this may tead3 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.

4.2.1.1Sodium sulphate precipitation

The first step in C3 pification involvescrude enrichment of the protein by precipitation with

a high concentration of salt (also known as salting out) such as sodium sulph&@;j\ais
removes high molecular weight molecules prior to protein purification. The mixtur@%f

(w/v) of N@SQuin plasma was stirred for 2 hours at RT, and the precipitate was spun at 26,0009
for 30 minutes to remove insoluble material. The supernatant was filtered using a 0.22um PES
membrane followed by dialysis againdtiege volumeof anionexchange buffer to remowalt
through diffusionuntil the concentration o$alt in dialysate and buffer are the same. The
concentration of dialysate prior to IEC wa$5mg/mlin a volume of 25ml, giving 14mg of
protein. We found that 25ml volume ofplasma 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.

4.2.1.2Anion exchange chromatography

The purpose of the ani@xchange chromatography is to isolate C3 and remove contaminants.
The anion exchange column that was used for this step was the HiPrep EFEAB/10
(Cytiva). DEAE resin is a weak positively charged anion exchangerbthds negatively
charged proteinwithin the matrix. The following buffer was used to equilibrate the column,
10mM KH.PQs 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 chela calcium and magnesium to prevent complement activation and to inhibit activation
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or degradation by metalloproteases in plasma. Since the pl of human C3 is ~6, C3 proteins will

be negatively charged in this buffer solution at pH 7.8 and are able taliimel tesin.

The dialysate from section 4.2.2.1. was loaded into the DEAE column via a 50ml Superloop
usingA K T A Bure. The proteins were separated by using a linear gradient of DEAE buffer
B, from 0-25% over 14 CV 5ml fractions were collected (Figdt2A). The C3containing
fractions were analysed by SBPRAGE (Figure 4.2B). The pool of peak fractions (25ml) had a
concentration 00.9mg/m| which give ~22.5mg of proteins from 25ml plasma. Further 45ml

of dialysate was loaded into the DEAE column tddage C3 and a total of 50ml &®ntaining
fractions from the separate runs were dialysed into Mono S buffer A (50mMPXaldt pH

6) overnight at 4°C for cation exchange chromatography.

4.2.1.3Cation exchange chromatography
Spontaneous hydrolysis afd thioester bond within C3 by.8 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 alik&Slmolecule, C3(KO).
Removal of C8H20) 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 Fl, is
haemolytic inactive as the thioester is hydrolysed and therefore cannot bind coualémdy
surface of target cell§l86) In order to remove C3@®d) from the protein preparation, the
dialysate was subjected to a strong cation exchanger, Mono S, which is a negatively charged
MonoBeadsES resin. The column was equilibr
dialysatevas | oaded into the Mono S column via a
Bound proteins were eluted with a linear gradient fread0®% 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() is also indicated as previously descrilf#62) 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 conoantrati
of C3 in plasma is ~1mg/ml and the total volume of sample used in the anion exchange
chromatography wag0ml. A possible reason for this was taetended time required for 3
separate anion exchange chromatography runs, increasing the possibilityhgti©B/sis.
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 rgklii rapid method to achieve high yield
in theend
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Figure42Pur i fication of human C3 from 25m
chromatography.

A. Anion exchange chromatogram showing isolation of C3 uairgml HiPrep DEAE FF 16/.
column by linear gradient elution;Z5% of 10mM KHPO,, 5SmM EDTA, 1M NaCl at pH 7.8. Tl

UV trace (mAU) in blue line and increased of conductivity (mS/cm) in orange line and bi
concentration in green line are display8dEluted fractions (3ABC3) were subject to SDBAGE
analysis under reducing conditiansa 1620%polyacrylamide geto confirm C3containing fraction:
The gel was stained with Coomasie€2B0 to visualise the bandd(123kDa)andb-chain (75kDa) ¢
C3are also indicatednd confirmed using the Thermo Scient®agRuler Prestained Protein Lad
shown in kilodalton (kDa)Eluted fractions 3B23B6 were pooled together for cation exche
chromatography.
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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 act®&e Qi si ng a Mono
by linear gradient elution using4D% of 10mM NaHPO,, 1M NaCl at pH 6. The UV trace in bl

line and increased of conductivity in orange line and buffarcentration(%) in green line al
displayed. The active C3 and €BQ) peaks are also indicate8. Eluted fractions (1E3F4) wer:

subjected to SD®AGE analysis using@ 10-20% polyacrylamide geWhich was stained wit
CoomasieBrilliant Blue R-250 to visualise the bandg(123%Da) andb-chain (75kDa) of C3 are al
indicated and confirmed using the Thermo Scientific PageRuler Prestained Proteindtexdeir
kilodalton (kDa) Eluted fractions 1E3E8 were pooled together for further use.

Pooled C3 fractions from cation exchange chromatography was either subjected to gel
filtration/SECor dialysed into storage buffer such as HBS owgrnat 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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4.2.2 Generation of C3b proteins
After thesuccessful purification of GS and C3 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 cleavagenah€®resence
of FB/FD in the reaction mix, which is a Mfgdependent reaction; thus, Mg@ added as a
source of Md@" ions (187) The mixture was then incubated at 37°C for 30 minutes and C3
cleavage was confirmed by SEPRAGE analysis (Figure 4.4).
c3 ,Eg FB
ey Uchain(123)

250 L U-chain(114)

130
100
70

FB (90)

b-chain(75)

Bb (60)
55

35 Ba(33)

25

15
C3a(10)

Figure 4.4. Generation of C3b proteins by C3 cleavage.

SDSPAGE analysis confirming C3 cleavage from the mixture of C3, FB, FD, MgEIBS. Protein

were loaded on 40-20% polyacrylamide gel under reducing conditions and the gel was stain
Coomassie Brilliant Blue 250 to visualise the protein ban@eakdown fragments were confirn
using the Thermo Scientific PageRuler Prestained Protein Lathdevn in kilodalton (kDa)The
proteins weréndicated as showrlJ (12%Da) andb-chain (75kDa) of C3U6 ( 11 4 k D &B
(90kDa), Bb (60kDa), Ba (33kDa) and C3a (10kDa).

The reaction mixture was then dialysed to 10mM R at pH 7.8 overnight at 4°C for anion
exchange chromatography. Proteins were separated with a linear gradient elutior3f&m O

of 10mM KH.PQs and 1M NaCl at pH 7.8 (Figure 4.5). Peak fractions were subjézt8DS

PAGE analysis under reduced and smeduced 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 SDAGE under nomeducing conditions. Under reducing cdrahs, the C3b
dimers disappeared indicating that disulphide bonds mediated their formatienoaming
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 dlesio remove aggregates and to buffer

exchange the protein in preparation for Biacore experiments
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Fractions from anion exchange chromatogragtigure 45) analysed by SD®AGE underA. non
reduced (NR)and B. reduced (R)conditions using a 320% polyacrylamide gel stained w
Coomassie Brilliant Blue 250 to visualise the protein bands. Sizes of ®@8le confirmedising th
Thermo Scientific PageRul@restained Protein Laddshown in kilodalton (kDa) Ub(114kDa) an
b-chain (75kDa) of C3lare indicated with C3b dimers (>250kDa) and monomers (189kDe
highlighted under NR condition. 127
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Figure 4.7. Size exclusion chromatography of isolated monomeric C3b proteins post ¢

exchange chromatograp

hy.

A. Fractions from anion exchange chromatography (8B8 1E4 Figure 4. containing C3
monomers were subjected size exclusion chromatography (SE@ing a Superdex 200 10/:
column equilibrated in HBSB. Peak fractions were analysed by SBAGE under reduced (Rnhé
nonreduced (NR) conditions usirgl320% polyacrylamide gel and stained with Coomassie Bri
Blue R-250 to visualise the protein bands. Protein sizes were confirmedthsifithermo Scientif
PageRuler Prestained Protein Ladsleown in kilodalton (kDa)U (114kDa) and-chain (75I0a) of
C3bunder R condition and C3b (189kDa) under NR condition are indicated.
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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 vedained 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 CRiland CR111 constructs, keeping theozak and signal peptide
sequencesemoving thecarboxyl terminal end sequence to generate soluble forms oa@iR 1
inserting an iframe stop codon. A series of serine and glycine residue repeats, containing 7
amino acids in CR1 and CR111, respectively, was also added after the final amino @icid

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 fun¢1i8a) A

FLAG sequence (DYKDDDDK) was also added before the stop codon intienthus. This
allowedus to have an alternative method for purification of the CR1 constructs such as by
affinity chromatographysingan anttFLAG column. Protein expression levels from stable
expressing cell lines can also be detected using antibodies specific to FLAGELER#gor
Westernblott Rest ri cti on siteanaed énordentd elathe thedNA he !
encoding CR1 into an expression vector. FiguresD4dBows amino acid and DNA of CRil

and CR1.11 constructs.

The DNAs containing the CR1 construefgsiences were synthesised in a commercial vector,
pPEX-A258 (Figure 2.2) which includes an ampicillin resistance gene to allow bacterial selection
for further cloning. The CRL DNA sequence from the pEX258 was digested witBall and

Notl and the CRi11 DNA sequence from the pEX258 vector was digested withal Notl
andPvul. (Figure 4.10AB). ThePvulwas necessary because 8#&l andNotl digestion of the
pEX-A258 CR.11 plasmid gives digestion products with sizes 2416bp (containsi-ZR1
sequenceand 2429bp (vector backbone) which cannot be separated very well on an agarose
gel thus, extraction of the digestion product containing thei@Rskequence was impossible.
Thus, thePvul digests the 2416bp vector backbone further to allow extractiomea2413bp
CR11.11digested product.

The digested products were separated on an agarose gel in order to extract the CR1 DNA
sequence (Figure 4.100)he digested product containing the CR1 DNA sequence was ligated
into thep D R 2 glhmds3expression vector, which had also been digestedSaittandNotl

to allow ligation as describe in Sections 2.5.2.5.2.2.
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gic gacgtg gatactctg tgg gccagaagtacgatgatt ggg

cattcctacttt cggtaagccttt ccactc ataagcgtg ttc ttc gagataaagagcgga

ctgtagatgtgt ctt ggc cgt atgggcgcectct tct cct agatct cccgaaccagtg gga
M G ASSPRSPEPV G
ccaccagct ccaggcctg ccctte tgt tgt ggcggt tee cte ctg gt gtagtg gtg ttg
PPAPGLPFCCGGSLLAVYVYVL
ctt gcactg cct gtt gcttgg ggc cagtgt aacgct cct gaatgg ctc cegttt gcaagg
LAL PV AWSG
cctactaacctg accgatgaattt gagttt ccgatt gggacgtat ctg aactacgaatgt

agacctggctattcaggccgacctttc agcatcatctgce ctg aagaacagtgtc tgg act

ggtgccaaagacaggtgt cgt cgcaagtcatge cggaatccacct gatcccgtc aacggg

atggtacacgtc atcaaaggcatt cagttc ggttcacagatcaagtacagctgc accaag
ggttacaggctg att ggt agcagctcagcgacatgc atcatctcc ggggataccgtg ata
tgg gacaatgagacacccatctgt gacagaatt ccgtgt gggctt ccacccacaatcaca

aatggggacttc atcagcactaatcgggagaacttc cactat ggaagcgtagtg acctat

cggtgt aatccaggcagtggagggaggaaggtg ttc gagttg gtt ggcgagcecttct atc
tactgc accagtaacgacgatcaagtc ggcatt tgg tcc ggacccgcacct cagtgc att
atccccaataagtgc acacct cccaacgtg gagaacggaatactc gtt agcgacaatcge

tcc ctg ttc tcc ctg aatgaggtt gtg gagttt cgatgce caaccaggattt gtc atgaaa

gggccaagaagggtc aaatgc caggcactg aacaaatgg gaacccgaattg cccteetge

tct cgcagtggcggagggtct ggaggt gactacaaggatgatgacgacaa
SG G G SG GDYK DDD D K

gcggccgce
Figure 4.8. DNA and amino acid sequenagf the CR1.4 construct.

gccgec

The DNA and amino acid sequenaieCR1 short consensus repeats (SCR4)slshown. Position for

the following sequences are highlightesignal peptide (gray), alternateghlight of green and teal
corresponds to the sequence of an SCR, glycine/serine linker (yellow), FLAG (blue) and stop codon
(red). Restrictions sites are shov@all (GTCGAC) in blue andNotl (GCGGCCGC) in orange text
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gtc gacgta gac aca ctg tgg gct aga tca acc atg atc gga cac tcc tac ttc
ct ttt cct ctg atc agt gtg ttc gag atc aaa agc ggc ctc tga atg tgt clpaga

atg ggc gct age tct cct aga tct ccc gag cca gtc ggce cct cct gca cce gge
M GASSPRSPEPVGPPAPGL
cct ttt tgc tgt gga gga age ctg ctg gec gtc gtg gta ctg ctg gea ttg cca g
PFCCGGS LLAVYVV LLALUZPVA
tgg ggt cag tgc aat gca cca gag tgg ctg cca ttc gca agg cca acc aac ¢
W G

iaﬁ ttt ﬁaﬁ ttc cct att ﬁﬁc aca tac Ctﬁ aac tac ﬁaa tﬁt Cﬁﬁ CccC ﬁﬁc tat e

cgg cca ttt agc atc att tgc ctg aag aat tcc gta tgg act ggg get aaa gat «

aga cgg aag tca tgt aga aac cct cct gat cca gtc aac ggg atg gtc cac g

ggc atc cag ttt ggc agc cag atc aaa tac tca tgc aca aag ggg tat cgg ct

tca tcc tcc gca aca tgc att att agc ggt gac act gtg atc tgg gac aac gag

atc tgt gat cga atc cca tgc gga ctt cct cca act att act aat ggg gac ttc a

acc aac aga gag aac ttc cac tat ggg agt gtc gtt act tat cgc tgc aat cct

gga ggc agg aag gtg ttc gag ttg gta gga gaa ccc tcc att tac tgc aat gg

gat cag gtc ggc ata tgg tct ggc cca gct cce cag tgce ata ata ccc aat aag

Cccg ccc aac gtg gaa aat ggg atc ctc gtc agc gat aac cga agt ctg ttc tc

gaa gtt gtc gag ttc aga tgt caa ccc ggc ttc gtg atg aag ggg cct agg cgt
EVVEFRCQPGFVMKGPRRYVK

tgt caa gcc ttg aat aaa tgg gaa cct gag ctt cct tct tge tcc cga gtt tgc ca

cca ccc gat gtg ctc cat gcc gaa cgg aca cag aga gac aag gac aat ttc 1

caagag gtg ttc tac agc tgt gaa ccc ggc tat gat ctc cga ggt gcc gec tee

tgt acc cct cag gga gat tgg agc cca get gec cca aca tgt gag gtt aag tc

gat ttt atg ggt cag ctc ttg aat ggc cgt gtc ctc ttc cca gtt aac ctg cag ctg

gcc aag gtt gac ttt gtc tgt gac gag gga ttc cag ctc aag ggt tct tct get ag

tgt gtg ctg gca ggg atg gag tca ctg tgg aac tcc agce gta ccc gtg tge gfi\g
CVLAGMESLWNSSVPVCERQ

ttc tgt ccc tct cca cca gta atc ccg aac gga agg cat acc ggt aag cct ctg

ttt ccc ttt ggg aaa acg gtc aac tac acc tgt gac cca cat cca gac cgc ggc

Figure 4.9. DNA and amino acidsequencef the CR%.11 construct.

The DNA and amino acid sequence is sh@R1 short consensus repeats (SCRE).Position for the
following sequences are highlightedignal 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 shov8all (GTCGAC) in blue andNotl (GCGGCCGC) in orange text.

DNA and amino ad sequence isontinuedn next page

131



ttt gac ctg att gga gaa tcc acc atc cge tgc acg tcc gat cca caa ggc aat g

tgg tcc agt ccg geg ccc aga tgt ggce att ctg gga cac tgt cag gca ccc gat ¢

ctg ttt gcc aaa ctc aaa acc cag acc aac gcc tca gac ttc ccg ata ggg acg
aag tac gag tgc agg ccc gaa tac tat gga cgg ccc ttt tct atd atpdge aac

ttg gtg tgg tca tct ccc aaa gac gtg tgc aaa agg aag agc tgt aag aca cca

cct gtg aat ggg atg gta cac gtg ata act gat ata cag gtg ggc tct cga atc ac
tct tgc acc aca ggt cat cgc ctt att ggg cac agt tct gcc gaa tgc atc ctt tca ¢
aat gca gcc cac tgg tct act aag cct ccg att tgt cag cgt att cca tgc ggt ttg

P
ccc aca atc gcg aat gge gac ttc atc agc act aac agg gag aac ttt cac tat ¢

gtg gtc acc tat cgc tgc aac ccc gga age ggt ggt agg aag gtg ttt gaa ctt gi
gaa cct tcc atc tac tgc acc tcc aat gat gac cag gtt ggc ata tgg agt ggt cc
ccg cag tgc att atc cct aat aag tgc acc cct ccc aac gtg gag aac ggg atc «

tcc gat aat cgc agc ctg ttc agc ctg aat gag gtc gtt gag ttt cgt tgt cag ccg

ttt gtg atg aaa ggc ccc agg cgg gtg aag tgc caa gct ctg aac aaa tgg gaa

ctc ccc agt tgt age cgt agc gga ggt gga agt gga gga gat tat aag gac gat
S GG G SGGDYKDDD D
aagtaa gct gccocg gcogc

i

A

FigdrBNA and amegoeacedofonshter CRL.
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Digestion Ligation

A.
Notl
CR1,, Notl
CR1;,
1063 bp Sall
Sall PEX-A258 pDR2AEF1
CR1y4 B a nmes3
Sall 3516bp CRI1;,
8115bp
2429bp
Notl
B.
2413bp

PEX-A258

4866bp

Sall Sall
24bp
C PEX-A258 pEX-A258
. CR1;4 CR1,

Sall/NotI Sall/NotI /Pvul
digestion digestion

v

kb
32 2413bp
2= - []
T ]
0.5 M— 1063bp

Figure 4.10. Overview of the cloning of DNA encoding CR1 sequence into the
pDR2@@EF1U nmcs3 expression vector.

A. The pEXA258 containing the DNAegjuence for CR1, construct (3516bp) was digested wiall
andNotl enzymes resulting in the digested products; vector backbone (24 and 2429bp) apy

sequence (1063bp) which was ligated intogh® R 2 gdEnfds3 expression vector
B. The pEXA258 montaining the DNA sequence for CR]construct (4866bp) was digested wiall,

Notl, Pvulenzymes resulting in the digested products; vector backbone (24, 806, 1623bp) an

sequence (2413bmhich wasligated into thep D R 2 ¢dE fnts3expressiorvector.
C. The digestion reaction was loaded on an agarose gel and the blue boxes indicate the dige
products that were extracted to be ligated intqpth2 R 2 gd'Enfds3 expression vector.
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The CRZ%.11 construct was generated separateljonise by a series of cloning steps which was
describedn Section 2.5.2.3 and the overview of the cloning steps are shokigure4.11.

The SCRs 8.1 £quence was amplified by PCR from a plasmid containing CR1 SARs 1
DNA sequence. The PCR product was inserted into the Si&xpligession 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 contaldedl !l andNotl 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 preaiiseparated on an
agarose gel and the 810bp product was subjected to gel extraction. This pDNA was cloned into
Signal plgplus expression vector that was digested MiitldIll andNotl restriction enzymes.

The DNA and amino acid sequence of the €Rtonstruct is shown ifrigure4.12.

Notl
A.
kb
Amplified 3 :
CRls_‘“ 2 | —
810bp PDR2AEF1a 1.5
Hindlll—y. ames3 1

9465bp 0.5 ) < 310bp

-
Amplified i
B. Cng ) NotI CRly,, Notl
810bp

CD33 HindIIl

signal peptide pDR2AEFla

Sall nmes3

CRl1gyy
7962bp

Figure 4.11. Overview of the cloning of DNA encoding CRik into the expression vector
pDR2®pEF1IU nmcs 3.

A.TheCR],, DNA sequence was ampl i fi ed,,veaon Tinef@rwa

and reverse primers containetisdIll andNotli n t h e %5l &espectikly, 3o'enablenligati
into the multiple cloning site of the SiGplg vector. The right image shows an agarose gel shc
810bp amplified PCR product of the CR1DNA sequenceB. The CD33 signal peptide with

CR1;,, DNA sequence in th8iGplg vector were amplified with forward and reverse primers tha

SallandNotli n t he 56 end, respectivel vy, to enal
vector.
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gtc gactca gac atg ccg ctg ctg cta ctg ctg ccc ctg ctg tgg gca

M P L LLLLUPLTULWA
ggg gcc ctg get atg gatg citgga cac tgt cag gca ccc gat cat ttc ctg ttt gcc
G A LAMDKIL
aaa Ctc aaa acc cag acc aac gcc tca gac ttc ccg ata

ggg acg tca ctg aag tac gag tgc agg ccc gaa tac tat gga cgg ccc ttt tct at

tgt ctg gac aac ttg gtg tgg tca tct ccc aaa gac gtg tgc aaa agg aag agc tg

aca cca cct gagct gtg aat ggg atg gta cac gtg ata act gat ata cag gtg ggc

cga atc aac tac tct tgc acc aca ggt cat cgc ctt att ggg cac agt tct gcc gaa

atc ctt tca ggc aat gca gcc cac tgg tct act aag cct ccg att tgt cag cgt att ¢

tgc ggt ttg cct ccc aca atc gcg aat gge @ atc age act aac agg gag aac ttt

cac tat ggt agt gtg gtc acc tat cgc tgc aac ccc gga age ggt ggt agg aag g

gaa ctt gtc ggg gaa cct tcc atc tac tgc acc tcc aat gat gac cag gtt ggc ata

agt ggt ccc get ccg cag tge att atc cct aat aag tgc acc cct ccc aac gtg gag

ggg atc ctg gtg tcc gat aat cgc agc ctg ttc agc ctg aat gag gtc gtt gag ttt ¢

tgt cag ccg ggg ttt gtg atg aaa ggc ccc agg cgg gtg aag tge caa get ctg a

tgg gaa cca gag ctc ccctagt agc cgt agc gga ggt gga agt gga gga gat tat
S GG GSG GD YK
gac gat gac gac aag gga tct ggt ggajggg

DDDDK GSGGG
gct gccgcyg gec ga

Figure 4.12. DNA and amino acidsequence of the CR11 construct.

The DNA and amino acid sequermeCR1 short consensus repeats (SG&shown. Position for the
following sequences are highlightesignal 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 shov8all (GTCGAC) in blue,Hindlll (AAGCTT) in green, andNotl
(GCGGCCGCQ) in orange text.

gat (D) aag (K) ctt (L) sequence not highlighted as these sequence was added due to cloning.
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Successful ligation of CR1 DNA sequence intogh® R 2 qanFds3expression 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 aniplified C
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 CRaxpressing cell lines.

A. p DR 2 g8rnts3i CR1,,

15 i 'n— 1063bp

Fp—— .

B. p DR2 @rts3i CR1,,,

k
2 <+—2413b
11_5 .. H.H . g P
0.5
C. - nirol
D R 2 pHrimts3i CR1, R2 -ve O

) p @ 811 D . pD (0 pDNA
b kb
3 - 3
1% 2

! «—810bp T
o - . ove P o
LS . . N . -

Figure 4.13. Screening of bacterial colonies using polymerase chain reaction to confir
insertion of the CR1 DNA sequence intbe multiple cloning site of the pDR#E F 1 U
nmcs3expression vector.

Plasmid DNA was released from the bacteria by boiling the cells in water and the supernatant
as a template for PCR. The primer pair that were used amplified the CR1 DNA segitaicéhe
multiple cloning site to allow the identification of the bacterial colonies which has the correc
Each lane on the agarose gel represents one bacterial colony to screen for successful inse
following constr b thncs3exptessiontvéctmA. OR1 R(20688B0),B. CRL

(2413bp) andC. CRL,,, (810bp).D.Cont r o | samples for PCR

expression vector and no plasmid DNA (pDNA) sample, are also shown. Bacterial colon
amplified produts were subjected to DNA sequencing to confirm no errors were introduced wi
CR1 DNA sequence.

bp (base pair)
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4.2.3.2 Transfectionof CHO cells to express CR1 construct
The pDR2®@EF1U nmcs3 expression vector cont a
constructs was transfected into CHO cells using the J&{RPblyplus) DNA transfection
reagent as described under Section 2.6litee days podtansfection, the supernatant was
collected to confirm expression of CR1 Westernblot analysis (Figure 4.14). Hygromycin
selection was used to generate stable cell lines. The optimal dose of hygromycin was identified
by treating wildtype/nontransfected cells with different concentrations of hygromycin at
concentrations between 20000ug/ml. For CHO cells, the optimal hygromycin concentration
was 500ug/ml, at which concentration all cells were dead after 4 days. Single cell cloning
peformed in transfected CHO cells in order to isolate faghressing single cell clones as
described in Section 2.6.2 and identified best expressing single cell clones were expanded for

large-scale purification.

A. B.
kDa 1d 2d 3d kDa 1d 2d 3d

N

2504
130

- -
-a
C-e- CR1,4(32) 10f -”i|cml_,,(82)
-
25 CHO

C. kDa A W\ D A\ AN \
_q.\\ A\L\\' a\e . kDa Q- A\L\\..\L\sf\
e O 250jE
130 130/ -
100 - 100 4
55 .- 5548

s am (™l cricy 38

= 25L§

Figure 4.14. Western blot analysis of supernatant collected fr@hlO cells transfected
with CR1 constructs

Supernatants were harvested each day up to day-&aastection from CHO cells expressing
A. CR1 ,(~32kDa) andB. CR1 ,, (~82kDa) and were subjected 8DSPAGE and Westerblot

analysisby loading the samples on a 7.5% polyazmyide gel and proteins were transferred ol
PVDF membrane. The membranes were probed using-lanuise antiCR1 antibody (MBI35) anc
antr-mouse IgG HRPQC. Expression of CR1, (~34kDa) was also detected similarly by Western

analysis using supeatant from transfected CHO cells expressing each CR1 construct. Membr.
probed with primary artFLAG antibody and secondary amtiouse IgG HRPO antibodf. As &
control, a membrane (with same samples from C.) was incubated with secondary amtilgcaty
nonspecific binding was detectedouble protein bands observed in GRand CR3%11 constructs au
due to the glycosylation of the proteins. This is not observed in-GRae to the different separat
of proteins with higher molecular weigsizes in a 7.5% polyacrylamide gelll protein sizes wet
confirmed usinghe Thermo Scientific PageRuler Prestained Protein Ladder shown in kilodaltor
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4.2.3.3 Purification of CR1 by affinitchromatography

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. Elutiorfdsgfused in this project was either
0.1M glycineHCI 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 chromalygeap
shown in Figures 4.157.

A .

mAU

I kDa 14 T5.6T7-9
zo ‘./ \ { 250 «
§ |
Y \ | 130
\ |
,\ ; 100 o
’\ \ ( 70 -
|\ | '
| 55
{. .\\ | -
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/I \ "' % -

/ N 25 g s B W} CR1_,(32)

4 i .
.
3 / \\\ 15“
o~ T AN

2 [e—— —_— e N R . -
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bl rpe EEYEREO SRR & k
o colesweEpeFErcEFrErFcER =
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Volume (ml)

Figure 4.15. Purification of CR114 by affinity chromatography

v e~ ®m ® B —~ 8B F O

Absorbance at 280nm (mAU

2 28 28 an

A .Chromatogram from the affinity chromatography to purify CR#32kDa) from the celtulture

supernatant of airggle CHO cell clone expressing the construct. The column was washed
minutes with 1M NaCl in PBS and proteins were eluted by 100% 0.1M gh{iat pH 2.5. The U’
trace(mAU) is shown in blue, the conductivity in red, and the concentration dclthien buffer it
pink. The traces for the loading of supernatant and washing of the column are notBhohaelute:
fractions (T4, combined F6 and T79) were analysed onan SDSPAGE under noseducing
conditionsusing a 1€20% polyacrylamide gel arotein bands were visualised using with Coom:
Brilliant Blue R-250. CR1;.4 protein size (32yvasconfirmed usinghe Thermo Scientific PageRL

Prestained Protein Ladder shown in kilodalton (kxuble protein bands observed are duent
glycosyation of the CR14 protein
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Figure 4.16. Purification of CR1.11 by affinity chromatography.

A. Chromatogram from the affinity chromatography to purify ¢RTrom the cell culture supernatan

a single GO cell clone expressing the construct. The column was washed for 30 minutes with 1
in PBS and proteins were eluted by 100% 0.1M gly¢ia at pH 2.5. The UV trace is shown in blue,
conductivity in red, and the concentration of the elution bsffe pink. The traces for the loading
supernatant and washing of the column are not shBwrhe eluted T4 fractiowas analysed on an SE
PAGE under nomeducing conditions using a-BD% polyacrylamide gel and protein bands were visu
using wih Coomassie Brilliant Blue 250. CR1s.11 protein size (34) was confirmed usititge Therm
Scientific PageRuler Prestained Protein Ladder shown in kilodalton (kRdfiple protein bands observ
are due to the glycosylation of the GRiprotein.

A.

o B.

. © koa T3 T4 T5
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Figure 4.17. Purification of CR%.: by affinity chromatography.

A. Chromatogram from the affinity chromatography to purify CRfrom the cell culture supernatant ¢

single CHO cell clone expressing thenstruct. The column was washed for 30 minutes with 1M N&
PBS and proteins were eluted by 100% 50mM diethylamine in PBS (pH 11.5). The UV trace is ¢
blue, the conductivity in red, and the concentration of the elution buffers in pink. Theftrattessloadin
of supernatant and washing of the column are not shBwfhe eluted T35 fractions were analysed
SDSPAGE under nomeducing conditions on a 40% polyacrylamide gel stained with Cooma
Brilliant Blue R-250 to visualise the protebandsCR1;.11 protein size (82) was confirmed usithg Therm:
Scientific PageRuler Prestained Protein Ladder shown in kilodaltor).(kDa
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The S-PAGE analysis of purified CR% and CR3%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 SEXSGE gel, adoublet is not vidile for the CR1

11 construct, unlike the CR% and CRZ%11 constructs, as the proteins around10@kDa are

not separated very well. The CRIlnd CR%.11 constructs have 34glycosylation sites, while

the CR1.11 construct has .8This was based on theumber of amino acid sequences with
asparagine-serine/threonine, where X is not a proliheorder to confirm that the doublets

we observed were due to glycosylation, CR1 constructs were treated with PNGase F, an enzyme
that removes Ninked oligosacchrides from glycoproteinfl89) SDS PAGE analysis of the

CR1 constructs after PNGase treatment revealed a single band with decreased molecular
weight, indicating the removal of oligosaccharides (Figure 418).molecular weighdf an

N-linked glycosylation site is around4kDa(190)giving the expected deglycosylated sizes of

the constructsCR11.4 (23kDa), CR%11, (25kDa) and CRi11 (58kDa).

kDa 1-11 811 14

250

130
100
70

55

I

L Y
R
\

35
25

=
[6)]

Figure 4.18 SDSPAGE analysis of CR1 constructs purified by a1@iR1 affinity
chromatography.

Purified CR1 constructs were analysedSIySPAGE in a 1620% polyacrylamide gel stained w
Coomasie Brilliant Blue R250 All samples were prepareahder norreducing conditionsThe
expected protein sizes of each CR1 construct are as felloR&-11 (82kDa), CR11:1 (34kDa) an
CR11.4 (32kDa). Due to glycosylation of the CR1 proteins, there are multiple bands praseait
sizeswereconfirmed wingthe Thermo Scientific PageRuler Prestained Protein Ladder shown in Kilc

(kDa).
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Figure 4.19. Deglycosylation of CR1 proteins by PNGase F.

. ' ~ “4— PNGase F

(36)

CR1 constructs were incubated with PNGase F to initteeremoval of Ninked oligosaccharid
from the proteins. The letter "D" denotes deglycosylated samples. Negative control samples
made, which contained CR1 constructs but no PNGase F enzyme (not deglycosylated (I
samples were loaded @n1320% polyacrylamide gel and stained with Coomassie Brilliant Bh
250 for SDSPAGE analysisA. SDSPAGE analysis demonstrates that all constructs were succe
deglycosylated based on the decrease in protein size after PNGase treatment. tHosvEBMNEase
and deglycosylated protein CR] protein seem to overlap in size. Thus, samples were also ar

by B. Western blot, confirming deglycosylation of CRland CR. ,, constructs an€. CR1 ,. The

expected sizes of the deglycosylatedtg@ires are as followsCR1:.4 (23kDa), CR%11, (25kDa) an
CR1:.11 (58kDa).Theproteins transferred to a PVDRembrane was probed with arlinuse antCR1
antibody (MBF35) and antimouse IgG HRPOAII protein sizes were confirmed usinige Therm:
Scientfic PageRuler Prestained Protein Ladsgleown 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%
viv Tween20). Following elution of CR1 constructs, the purifiedtpnos were dialysed to

HBS and stored aBOC 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 colun8eparation of prified CR1 constructs from contaminants

by SECwas successful as shown in Figures £220The eluted fractions of CR4, CR1s.11

and CR1;.11 proteins showexpected sizes at 32, 34 anckB2, respectively, with apparent

glycosylation of the CRls and (R1s.11 proteins, shown as double protein bands.

A. B. A8 A9 Al0 All A12
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— 250 v
N | s T 130 =
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Figure 4.20. Size exclusion chromatography of purified CRiconstruct.

A. Chromatogram o$ize exclusion chromatograpby CR1,_, construt using a Superdex 75 10/:

column equilibrated in HBS with 0.01% Tween 20. The UV trace (mAU) in blue line and incre
conductivity (mS/cm) in orange line are displayBdPeak fractions AA12 were subjected to SE
PAGE under nomeducing conditia using a 120% polyacrylamide gelndproteinswere visualise
by Coomassie Brilliant Blue R50staining The expected size of ti@&R1 , constructis 32kDa an

due to glycosylation of the protein, there is an additional protein band with a highém piztethat i
observedProtein size wasonfirmed usinghe Thermo Scientific PageRuler Prestained Protein L
shown in kilodalton (kDa).
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Figure 4.21. Size exclusion chromatography of purified CR{L construct.

A. Chromatogram osize exclusion chromatograpby CR1, , construct using a Superdex 75 10/

column equilibrated in HBS with 0.01% Tween 20. The UV trace (mAU) in blue line and incre
conductivity (mS/cm) in orange line are displayBdFractions A4A9 were subjected to SDIBAGE
under norreducing conditiorusing a 1e20% polyacrylamide gehnd proteinswere visualised
Coomasie Brilliant Blue R-250 stainingThe expected size of th&R1, ,, constructs 34kDa and dt

to glycosylaion of the protein, there are additional protein bands with a higher protein size
observedProtein size wasonfirmed usinghe Thermo Scientific PageRuler Prestained Protein L
shown in kilodalton (kDa).
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Figure 4.22. Size exclusion chromatography of purified CR{ construct.

A. Chromatogram adize exclusion chromatograpbCR1 _, construct using a Superdex 200 Incr

10/300 column equilibrated in HBS with 0.01% Tween 20. The UV t(ao®U) in blue line an
increased of conductivity (mS/cm) in orange line are displaedPeak fractions ALB2 were
subjected to SD®AGE under nomeducing conditiomsing a 120% polyacrylamide gelndprotein:
were visualised by Coomas Brilliant Blue R250 stainingThe expected size of tH&R1 , construc

is 82kDa which wasonfirmed usinghe Thermo Scientific PageRuler Prestained Protein Ladder sh
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 CR14, CR1s.11,and CR111 constructgo inhibit CP and AP were perimed in
addition with the full length CR1 (CR3o AVANT Immunotherapeutics This was to highlight

the importance of each functional domain/s present on readmbinantonstructgenerated

for lysis inhibition in each pathwa{CP and AP)The recombinant€R1;.30(TP10)used in the
assayis a soluble form of the full length CR1 which is a C3 and C5 convertase inhibitor
developedas a potential treatment of reperfusion injury following surgery such as ischemic
disease and organ transplantaifb®i).

4.2.4.1.1 Classicgbathway

Inhibition of CP was assessed by comparing the lysis inhibition of shE coated wighaeap
antibodies, as described in Section 2.7Bh& concentration of CRdonstructrequired to cause
50% inhibition (IC50) was caldated by plotting the percentage inhibition of lysis against the
concentration of CR1, as shown kigure 4.23. There is around #0ld difference in the
activity of CR4%.11 and CR14implying loss of one single site can lead to a decrease in efficacy
in lysis inhibition. CR14was more potent than the CR1 that even at 1um concentration of
CR1s11 complete inhibition was not observed unlike the other construct, thus a higher
concentration of the construct is required. The IC50 fordgGRdannot le calculated accurately
since the top concentration at 1uM only inhibited 67% lysis, use of higher concentration of the
construct should allow a more accurate calculation. The presence of two functional sites in CR
11 construct whichhavea function to deay both C3 and C5 convertas&asd to inactivate
C3b/C4h results in a more efficient inhibition of lysis in comparison with CRind CR3 14,

since full length CR1 contains site 1 and two sites 2, it inhibits lysis most effectively.

4.2.4.1.2 Alternate pathway

The ability of CR14, CR1311 and CR111constructs 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 &80l 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 Eb thus, requiring more CR1 to inhibit lysis. The GRl
construct was still the most effective in inhibiting lysis with an IC50 of 5.4n®ldb more

than in CP assay. The CRlconstruct was-3old less effective than the CR&but was 3.5

fold moreeffective than CRils. The same range of concentrations were used for-C&tid
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