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Understanding the Role of the Complement System in Ebola Virus and 
SARS-CoV-2 Pathogenesis 

 
Jack Mellors 

 

Abstract  
 

The role of the complement system in viral infections is often complex, with 

significant implications for pathogenesis and disease. The complement system can 

form part of the early innate immune response through the binding of glycosylated 

viral proteins, or through spontaneous activation on viral surfaces. The complement 

system can also be activated by antibodies in complex with viral antigens. These 

mechanisms have the potential to inhibit virus interactions with host proteins, 

mediate opsonisation, promote inflammation and chemotaxis, cause the 

agglutination of virions, lyse virions, and lyse virus-infected cells. Despite the diverse 

and significant roles of the complement system in viral infection, it is a relatively 

under-researched aspect of antiviral immunity. The complement system has been 

associated with more severe symptoms and fatal outcomes of Ebola virus (EBOV) 

disease (EVD) and Coronavirus disease (COVID)-19. However, the underlying 

mechanisms of the complement system in response to EBOV and SARS-CoV-2 (the 

causative agent of COVID-19), and the wider implications for immunity, are poorly 

understood. We first investigated the antibody-independent mechanisms of the 

complement system in response to Ebolavirus and Coronavirus glycoproteins (GPs), 

to better understand the underlying mechanisms of complement activation in the 

early stages of infection. Using novel ELISAs and western blot assays, we identified 

MBL binding to a range of Ebolavirus and Coronavirus GPs, and demonstrated their 

potential to activate the complement system, eventuating in formation of the 

membrane attack complex (MAC). We also utilised PCR assays, next-generation 

sequencing, and LC-MS/MS, to identify potential differences in the structure and 

expression of complement proteins in EVD survivors. We found broad diversity in the 

SNPs of several complement proteins but were restricted by the sample size to 

determine significance. These findings showed potential mechanisms for antibody-
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independent complement activation that could influence the pathogenesis of EBOV 

and SARS-CoV-2 in the early stages of infection. Next, we evaluated the antibody-

dependent mechanisms of the complement system. We developed novel flow 

cytometry assays to assess the ability of EVD convalescent, COVID-19 convalescent, 

and SARS-CoV-2 vaccinated plasma to mediate antibody-dependent complement 

deposition (ADCD) in response to the respective Ebolavirus and Coronavirus GPs. We 

found a differential response in ADCD between EVD plasma that was influenced by 

neutralisation titre, IgG titre, and/or the Ebolavirus GP present. For SARS-CoV-2, we 

found that ChAdOx1 nCoV-19 vaccine-induced antibodies could mediate ADCD, and 

that levels of ADCD correlated with disease severity in COVID-19 convalescent 

individuals. These findings are important for understanding the variability of 

responses in mediating the complement system, with particular relevance to 

recrudescence, re-infection, infection post-vaccination, and cross-reactivity. Lastly, 

we evaluated the significance of these antibody-independent and antibody-

dependent complement mechanisms on wild-type EBOV and SARS-CoV-2 

neutralisation. Independent of antibodies, the complement system did not influence 

virus neutralisation. However, in the presence of low-neutralising, virus-specific 

antibodies, we observed an enhancement in neutralisation of both EBOV and SARS-

CoV-2 when the complement system was present. Neutralisation assays are a 

fundamental aspect of identifying therapeutic antibodies and determining correlates 

of protection, with further implications for vaccine licensure. Our observed effect of 

the complement system on neutralisation has implications for the initial assessments 

of therapeutic candidates, evaluating vaccine-induced immune responses, defining 

correlates of protection, and could be a consideration for the therapeutic use of 

complement inhibitors.  
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ECL Enhanced chemiluminescence 

EDTA Ethylenediaminetetraacetic acid 

ELISA Enzyme-linked immunosorbent assay 

ELISpot Enzyme-linked immunosorbent spot 

ER Endoplasmic reticulum 

ERGIC Endoplasmic reticulum - Golgi intermediate compartment 

EVD Ebola virus disease 

Fc Fragment crystallisable  

FCN Ficolin 
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FCS Fetal calf serum 

FDC Follicular dendritic cell 

GALT Gut-associated lymphoid tissue 

GI Gastrointestinal tract 

GP Glycoprotein 

HBSS Hanks balanced salt solution 

HCMV Human cytomegalovirus 

hCoV Human coronavirus 

HCV Hepatitis C virus 

HEK Human embryonic kidney 

HIV Human immunodeficiency virus 

HRP Horseradish peroxidase 

HSV Herpes simplex virus 

HUJV Huángjiāo 

IC50 Half maximal inhibitory concentration 

IFN Interferon 

Ig Immunoglobulin 

IL Interleukin 

LC Liquid chromatography 

LLOV Lloviu 

M Membrane protein 

MAC Membrane attack complex 

MA-EBOV Mouse-adapted Ebola virus 

MAF Minor allele frequency 

MALV Měnglà virus  

MARV Marburg Virus 

MASP Mannose-binding lectin-associated serine proteases  

MBL Mannose binding lectin 

MCP Membrane cofactor protein 

MERS Middle eastern respiratory syndrome 

MS Mass spectrometry 

MSD Meso Scale Discovery 

MuV Mumps virus 

MVA Modified Vaccinia Ankara 

N Nucleocapsid 

NGS Next generation sequencing 

NHP Non-human primate 

NiV Nipah virus 

NK Natural killer 

NP Nucleoprotein 

NPC Niemann Pick 

PAMP Pathogen associated molecular pattern 

PBMC Peripheral blood mononuclear cell 

PBS Phosphate buffered saline 

PCA Principle component analysis 
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PCR Polymerase chain reaction 

PHP Pooled human plasma 

PRM Patter recognition molecule 

PRR Pattern recognition receptor 

RAVV Ravn virus 

RBD Receptor binding domain 

RNA Ribonucleic acid 

RT Room temperature 

S Spike protein 

SARS Severe acute respiratory syndrome 

SDS Sodium dodecyl sulfate 

SDS-PAGE Sodium dodecyl sulfate - polyacrylamide gel electrophoresis 

SNP Single nucleotide polymorphism 

SUDV Sudan virus 

SV5 Simian virus 5 

TAFV Taï Forest virus  

TED Thioester domain 

Th T helper 

TLR Toll-like receptor 

TMPRSS2 Transmembrane serine protease 

VP Viral protein 

WHO World Health Organization 

WNV West Nile virus 

XILV Xīlǎng virus  

YFV Yellow fever virus 

YMH Yambuku Mission Hospital 

ZIKV Zika virus 
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Chapter 1: Introduction 

The complement system can have both complex and significant implications for viral 

pathogenesis, yet its antiviral role in innate immunity is relatively under-researched. 

From the opsonisation and lysis of viruses, to the enhancement of antibody-mediated 

neutralisation, to the development of a robust adaptive immune response, the 

complement system orchestrates a broad area of immunity against viral pathogens 

(1). Whilst the Ebola virus (EBOV) and severe acute respiratory syndrome coronavirus 

(SARS-CoV)-2 are distinct in many of their characteristics such as transmission, 

morphology, and virulence, both of these viruses activate the complement system 

with profound implications for pathogenesis and disease. This thesis explores the 

underlying molecular mechanisms of complement activation with EBOV and SARS-

CoV-2 proteins; the variability of complement-mediated immune responses in 

convalescent and vaccinee plasma; and the implications of these mechanisms on viral 

pathogenesis in the context of virus neutralisation. 

 

The primary focus of this project was on EBOV, but I was able to repurpose many of 

my research assays in response to the COVID-19 pandemic to support the global 

research efforts towards understanding SARS-CoV-2 pathogenesis. For this reason, 

the emphasis of this thesis will be on the complement system and EBOV, with the 

appropriate references to my SARS-CoV-2 research where relevant. 

 

1.1 Complement System Overview 

This section will provide a general overview of the complement system, followed by 

its impact on pathogenesis and disease for a range of viruses.  

 

The complement system is a heat-labile component of plasma involving both 

extracellular and cell surface membrane-associated proteins to form a major 

constituent of the innate immune response. The system comprises over 30 proteins 

which have the potential to react via an enzymatic cascade in response to various 

stimuli, such as pathogen-associated molecular patterns (PAMPs) and abnormal or 

damaged host cells. Activation of the complement system occurs via three distinct 
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target recognition pathways (the classical, lectin, and alternative pathways) which 

converge at a single point: the cleavage of complement component C3. Each pathway 

has its own unique protease zymogens which recognise and respond to different 

antigens, but all pathways primarily work to: lyse pathogens through formation of 

the membrane attack complex (MAC); promote inflammation and chemotaxis 

through the production of anaphylatoxins (C3a and C5a); opsonise pathogens for 

phagocytosis; clear soluble immune complexes from the circulation; and enhance the 

development of adaptive immunity (1–5).  

 

The importance of each pathway during infection can vary depending on the types of 

PAMPs presented by the pathogen (6–8), the complement evasion mechanisms 

exhibited by the pathogen (9–11), and the presence or absence of IgM/IgG-specific 

antibodies to activate the classical pathway (12,13). 

 

1.1.1 Classical Complement Pathway 

The classical complement pathway is typically activated when hexameric C1q 

proteins bind to the fragment crystallisable (FC) CH2-domains of antigen-bound IgM 

and/or IgG immune complexes (5,12,14). The binding affinity of C1q to IgG is 

dependent on the IgG isotype. C1q has the greatest affinity for IgG-3, followed by 

IgG-1, with only a weak association with IgG-2, and no interaction with IgG-4 (15). 

C1q is a versatile pattern recognition receptor (PRR) and in rare instances can activate 

the complement system in the absence of antibodies by directly binding apoptotic 

cells (16,17), viral proteins (18–20), or host plasma proteins such as C-reactive protein 

(21,22), fibronectin (23,24), decorin (25), lactoferrin (26), pentraxin-3 (13), and serum 

amyloid P component (27). 

 

The C1q molecule is an assembly of six heterotrimers, each containing three chains 

(C1qA, C1qB, and C1qC) with a central collagenous stem and a globular head at the 

C-terminus.  The C1q molecule forms a calcium-dependent complex with two C1r and 

two C1s serine proteases to form the C1q complex (28). Ligand recognition and 

binding via the C1q molecule in the C1 complex induces a conformational change and 
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autoactivation of the C1r2s2 tetramer to activate the classical complement pathway 

(5,14). The activated C1s cleaves complement proteins C4 and C2 into active 

fragments C4b and C2a, along with two small inactive fragments (C4a and C2b). Non-

covalent binding of C4b and C2a forms the classical pathway C3 convertase, C4bC2a, 

responsible for the cleavage of C3 into C3a (anaphylatoxin) and C3b (active 

component of the convertase). The newly formed complex, C4bC2aC3b, is a C5 

convertase which can be formed from either the classical or lectin complement 

pathway and cleaves the C5 molecule into C5a (anaphylatoxin) and C5b (active 

component of the convertase). C5 proteolysis and the successive steps are then the 

same for each of the three complement pathways, resulting in the deposition of C5b 

onto the activating surface and subsequent irreversible binding of C6, C7, C8, and 

multiple copies of C9 to form the MAC capable of penetrating lipid membranes 

(Figure 1) (1,5,14,29). 

 

1.1.2 Lectin Complement Pathway 

The lectin complement pathway follows the same enzymatic cascade as the classical 

pathway but is distinct in the antigens and proteases required for its activation. The 

lectin pathway is typically activated via the direct binding of PAMPs by lectins 

complexed with mannose-binding lectin-associated serine proteases (MASPs)-1/2/3. 

These activators include mannose-binding lectin (MBL), ficolin-1 (FCN-1, M-ficolin), 

ficolin-2 (FCN-2, L-ficolin), ficolin-3 (FCN-3, H-ficolin), and collectin-11 (CL-11) (30–

33). In humans, MBL is typically present as a trimer, tetramer, pentamer, or hexamer 

and these oligomeric structures influence its carbohydrate binding properties 

(34,35). Each monomeric subunit in the complex is a homotrimer with each 

polypeptide containing a cysteine-rich region at the N-terminus, followed by a 

collagen-like domain, a neck region, and a carbohydrate recognition domain capable 

of binding specific sugars present on pathogenic surfaces, i.e. N-acetyl-D-

glucosamine and D-mannose (36,37). 

 

Similar to MBL, multimeric ficolin complexes are assembled through homotrimer 

subunits with cysteine-rich N-terminal segments which form interchain disulphide 
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bonds followed by collagen-like regions, but they are unique in their ability to bind 

distinct carbohydrates via their C-terminal fibrinogen-like domains (38,39). The 

functional activity of the three ficolins can vary, but they all complex with MASP-2 to 

activate the lectin complement pathway (40). FCN-1 is predominantly synthesised in 

monocytes and granulocytes where it can be found present on their surface or 

extracellularly in native human plasma. FCN-2 is synthesised in the liver and secreted 

into the bloodstream where it can bind to various acetylated structures and sugars 

via three inner binding sites (41). FCN-3 is synthesised in the liver and lungs and is 

present in plasma at a higher concentration than FCN-1/2, although less is known 

about its functional capabilities (42). CL-11 can form heterotrimeric complexes with 

collectin liver 1 (CL-10) in serum and can associate with MASPs to activate the lectin 

complement pathway (43).  

 

Once a lectin is in complex with MASP-2 and has bound its target, MASP-2 then 

cleaves C4 and C2 to form the C3 convertase (C4bC2a complex). Following the 

proteolytic cleavage of C3, the lectin complement pathway follows the same catalytic 

process as the classical complement pathway (Figure 1) (44). The roles of MASP-1 and 

MASP-3 in this pathway are relatively ambiguous (31,45). MASP-1 is capable of 

cleaving complement component C2 and, to a much lower extent, components C3 

and C4 (31,46), whilst MASP-3 may have a negative regulatory role of the lectin 

pathway through the downregulation of MASP-2 cleaving activity (1,47,48). 

 

1.1.3 Alternative Complement Pathway 

The alternative pathway does not require the specific protein-protein or protein-

carbohydrate interactions seen with the other two pathways. Under normal 

physiological conditions, ~1% of complement component C3 per hour undergoes 

spontaneous hydrolysis to produce C3(H2O). Factor-B can then associate with 

C3(H2O) to induce a conformational change which enables factor-D mediated 

cleavage of factor-B into two components: Ba (which dissociates from the complex) 

and Bb (which remains bound in the complex). The protein complex C3bBb is the 

alternative pathway C3 convertase, which is stabilised through the binding of 
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properdin to produce C3bBbP, and can cleave further C3 molecules through the 

serine protease activity of fragment Bb. The alternative pathway therefore has the 

potential to both activate and enhance complement activity through an amplification 

loop: cleaved C3 components produce C3 convertases which cleave further C3 

molecules (49). Cleavage of C3 also yields C3a and C3b, where C3b remains bound in 

the complex to form the alternative pathway C5 convertase, C3bBbPC5b, and C3a 

acts as an anaphylatoxin; the rest of the complement cascade is then identical for all 

pathways (Figure 1) (1,50,51).  

 

The activity of the alternative pathway is relatively non-specific and must be 

controlled through complement regulatory proteins expressed extracellularly or on 

cell surface membranes. Therefore, this mechanism can effectively target various 

pathogens which lack specific complement proteins (52), but the absence of such 

regulatory proteins on host cells may predispose individuals to certain autoimmune 

diseases (53,54). A less conventional means of alternative pathway activation via the 

direct binding of properdin to pathogens (55,56) and apoptotic and necrotic cells 

(57,58) has also been reported.  
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Figure 1: An overview of the complement system 

The complement system is a collection of plasma and membrane-bound proteins that 
form part of the innate immune response against viruses. The system can be divided 
into three pathways: classical, lectin, and alternative. The classical pathway is 
typically antibody-mediated and requires the binding of the C1q protein. The lectin 
pathway is antibody-independent and is activated by the binding of lectins such as 
mannose-binding lectin (MBL) or ficolin-1 (FCN-1) to viral glycoproteins. The 
alternative pathway is spontaneously activated through hydrolysis of the C3 protein. 
Once activated, the complement system results in the formation of the membrane 
attack complex through a proteolytic cascade, and the formation of anaphylatoxins 
(C3a and C5a). This figure was previously published by Mellors et al., 2022. 
Abbreviations: Ag = antigen; Ab = antibody; DC = dendritic cells; FB = factor B; FD = 
Factor D; FCN-1 = ficolin-1; Inf = infected; MBL = mannose-binding lectin; P = 
properdin. 

 

1.1.4 Complement Protein Expression and Regulation 

Most complement proteins are primarily synthesised in the liver and secreted into 

the bloodstream. Complement proteins can also be produced by epithelial cells (59–

61), endothelial cells (62,63), and circulating immune cells such as granulocytes, 

monocytes, macrophages, and dendritic cells (64,65). The plasma concentrations and 

functionality of these proteins may vary greatly between individuals; influenced by 

factors such as age, gender, and genetics (66–68). Such genetic variances often occur 

in the form of single nucleotide polymorphisms (SNPs) in the promoter and structural 

regions, which influence protein expression and functionality, respectively. The 
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frequency of such SNPs can vary significantly between ethnic groups and can 

influence an individual’s susceptibility to infection and disease severity (66–70). 

Functional SNPs, such as those identified in the MBL gene, are reportedly common in 

certain populations (7,71,72) and can increase susceptibility to certain pathogens 

(69,70,72–76), although these associations are not always consistent in other studies 

(70) (77). Similarly, functional SNPs in the FCN-1 gene have been shown to influence 

the functional activity and serum levels of FCN-1 (78), and have been associated with 

fatal outcomes for patients with systemic inflammation (79).  

 

During infection, complement proteins are rapidly upregulated to try and 

control/eliminate the invading pathogen (80). Excessive activation of the 

complement system or lack of regulatory molecules can cause damage to the host 

through: excessive/chronic inflammation; recruitment of other pro-inflammatory 

immune cells; immune complex and cell debris accumulation; and autoimmunity 

(66,81–83). Alternatively, lack of stimulation of the complement system can increase 

susceptibility to certain pathogens (84–86). Multiple regulation points exist within 

the complement system in the form of extracellular proteins and cell-surface 

membrane receptors to either promote or impede the proteolytic cascade (Table 1). 

The complement system can influence multiple aspects of the immune response and 

must therefore be tightly regulated (Figure 2). 
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Figure 2: Complement system overview with regulatory proteins and receptors 

Overview of the complement system and the regulatory points mediated by host 

membrane-bound and soluble proteins (blue boxes). Abbreviations: C1-inhibitor (C1-

INH); C4-binding protein (C4bp); C8-binding protein (C8bp); carboxypeptidase-N 

(CPN); complement receptor 1 (CR1); decay-accelerating factor (DAF); membrane 

cofactor protein (MCP). This figure was adapted from previously published figures by 

Mellors et al., 2020 and Mellors et al., 2022. 
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Complement Receptors 

Complement 

Receptors 

Presentation 

on Circulating 

Cells 

Host Target 

Complement 

Protein(s) 

Role(s) in the 

Complement 

System 

References 

Α2β1 integrin Mast cells C1q 

1) Mast cell 

activation and 

cytokine 

secretion 

(87) 

cC1qR/CR or 

calreticulin 

Most cell 

types 

excluding 

erythrocytes 

C1q collagen-

like region, 

CD91 

1) Complex with 

CD91 to 

enhance 

phagocytosis of 

C1q-coated 

particles 

(88–91) 

CD91 (LRP-1) 

or α2 

macroglobulin 

receptor 

Monocytes, 

astrocytes, 

fibroblasts, 

dendritic 

intestinal cells 

C1q and 

cC1qR/CR 

(calreticulin) 

1) Complex with 

cC1qR/CR 

(calreticulin) to 

enhance 

phagocytosis of 

C1q-coated 

particles 

(89,92,93) 

gC1qR 

Mast cells, 

neutrophils, 

platelets, B 

cells, 

immature DCs 

C1q globular 

heads 

1) Mediate 

neutrophil and 

immature DC 

chemotaxis 

(94–96) 

C1q-Rp or 

C1qR1 or 

CD93 

Monocytes, 

neutrophils, 

DCs 

C1q 

1) Potentially 

modulate C1q-

dependent 

phagocytosis 

(97–99) 

CR1 or CD35 

B cells, 

basophils, 

follicular 

dendritic cells, 

erythrocytes, 

monocytes, 

neutrophils, 

renal 

epithelium, 

C1q, C3b, C4b 

1) Bind 

opsonised C3b 

particles to 

enhance 

phagocytosis 

2) Removal of 

immune 

complexes via 

erythrocytes 

(100–108) 
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CD4+ and 

CD8+ T cells 

3) Enhance B-

cell activation, 

production of 

antigen-specific 

antibodies 

proliferation, 

and 

4) Protect host 

epithelial cells 

from 

complement 

activity 

CR2 or CD21 

B cells, T cells, 

follicular 

dendritic cells 

Polymerized 

iC3b, C3dg, 

C3d 

1) Enhance B-

cell maturation 

through 

recognition of 

C3d-coated 

antigens and co-

ligation with B-

cell receptors 

(109–111) 

CR3 or 

CD11b/18 

Basophils, 

macrophages, 

monocytes, 

neutrophils, 

dendritic cells, 

NK cells 

iC3b 

1) Mediate 

phagocytosis of 

C3b-bound 

targets 

2) Supress 

dendritic cell 

stimulation 

(105,111–

113) 

CR4 or 

CD11c/18 

Basophils, 

macrophages, 

neutrophils, 

monocytes, 

dendritic cells 

iC3b 

1) Mediate 

phagocytosis of 

C3b-bound 

targets 

(105,111,11

3) 

C3aR 

Astrocytes, 

basophils, 

dendritic cells, 

eosinophils, 

mast cells, 

monocytes, 

neutrophils 

C3a 

1) Enable broad 

biological 

functions of C3a 

(114–120) 
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C5aR or CD88 

Basophils, 

dendritic cells, 

eosinophils, 

mast cells, 

monocytes, 

neutrophils 

C5a 

1) Enable broad 

biological 

functions of C5a 

(105,115–

117,121) 

GPR77 or 

C5L2 

Leukocytes, 

adipose tissue 
C5a 

1) Generally 

considered to be 

a non-signalling 

receptor 

(122) 

CRIg Kupffer cells C3b, iC3b 

1) Phagocytosis 

of C3-opsonised 

particles in 

circulation 

(123) 

Complement regulators 

Complement 

regulators 
Location 

Host target 

complement 

protein(s) 

Role(s) in the 

complement 

system 

References 

Membrane 

cofactor 

protein (MCP) 

or CD46 

All major 

peripheral 

blood cells 

except 

erythrocytes 

C3, C3b, and 

C4b 

1) Cofactor for 

factor-I 

mediated C3b 

and C4b 

inactivation 

2) Possible 

protection 

against 

unwanted C3 

activation 

3) Inhibit C3b 

deposition 

(105,124–

126) 

Decay-

accelerating 

factor or CD55 

All major 

peripheral 

blood cells 

and 

endothelial 

and epithelial 

cells 

C3b, C4b, 

CD97 (EMR1) 

1) Destabilise C3 

and C5 

convertases 

2) Negatively 

regulate T cell 

immunity 

(127–131) 

CD59 or 

protectin 

Erythrocytes, 

leukocytes, 

and broad 

C5b-8 and C9 
1) Prevent MAC 

formation 
(132–137) 
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tissue 

expression 

2) Signal 

transduction 

molecule to 

disrupt T cell 

activation and 

proliferation 

C8 binding 

protein 

Peripheral 

blood cells 

and muscle 

cells of 

myocardial 

tissue 

C8 
1) Prevent MAC 

formation 
(138) 

C1-inhibitor Plasma 

C1r, C1s, 

MASP-1, 

MASP-2, C3b 

1) Inhibit C1r 

and C1s of the 

classical 

pathway 

2) Inactivate 

MASP-1 and 

MASP-2 of the 

lectin pathway 

3) Bind C3b to 

inhibit factor B 

binding 

4) Regulate 

coagulation 

factors and 

plasma kallikrein 

(45,139) 

Factor H Plasma C3b 

1) Accelerates 

decay of 

alternative 

pathway C3 

convertase 

(C3bBb) 

2) Factor I 

cofactor for 

cleavage and 

inactivation of 

C3b 

3) Prevents 

further C3b 

(140–142) 
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deposition on 

cell surface 

membranes 

Factor I Plasma 
C3b, iC3b, and 

C4b 

1) Cleavage of 

C3b and C4b 

components 

(143,144) 

Properdin Plasma 

C3bBb, some 

microbial 

surfaces 

1) Stabilise 

alternative 

pathway C3 

convertase 

(C3bBb) 

2) Pattern 

recognition 

molecule from 

complement 

activation 

(55,145) 

C4-binding 

protein 
Plasma 

C4b and C-

reactive 

protein 

1) Bind and 

sequester C4b 

2) Accelerate 

the decay of the 

classical C3 

convertase 

3) Act as a 

cofactor for 

factor I 

inactivation of 

C4b 

(140,146,14

7) 

Clusterin Plasma C7, C8, C9 

1) Prevent lytic 

activity of the 

MAC 

(148) 

Vitronectin or 

S protein 
Plasma C5b-7 

1) Block 

membrane 

binding of C5b-7 

2) Prevent C9 

polymerization 

(149) 

α(2) 

macroglobulin 
Plasma 

MBL, MASP-1, 

MASP-2 

1) Inhibit MASP-

1/2 
(150) 

Carboxypeptid

ase-N/R 
Plasma C3a, C5a 

1) Inhibit C3a 

and C5a through 

cleavage of 

(151) 
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carboxy-

terminal 

arginine 

residues 

Table 1: Overview of the key complement regulatory proteins and receptors 

A summary of the functions and locations of key complement regulatory proteins 
and receptors. Table previously published by Mellors et al., 2020. 

 

1.1.5 Antiviral Activity of the Complement System 

One primary function of the complement system is to assist in the killing and 

containment of invading pathogens, including bacteria (152), fungi (153), protozoa 

(154), and viruses (155). In turn, many viruses have developed mechanisms to 

manipulate or evade this system (Figure 3). Knowledge of this interplay enables a 

better understanding of the viral pathogenesis which can be exploited for the 

development of antivirals, therapeutics, and vaccines (1). 

 

Complement activity can achieve virus neutralisation through various immune 

mechanisms which work together. I have divided these mechanisms into four main 

discussion points to highlight the complement-virus interplay. Initially, complement 

proteins may bind or be deposited onto virions to prevent host-cell receptor 

interactions, to aggregate virus particles, or to induce an antiviral state if internalised 

(156–158). Complement deposition may then progress to the formation of the MAC. 

The MAC can lyse the lipid membranes of infected host-cells expressing viral antigens 

(159) or the lipid membranes of enveloped viruses (160). Activation of the 

complement system also produces pro-inflammatory anaphylatoxins (C3a and C5a) 

which can promote chemotaxis and phagocytosis, and even contribute to disease 

pathology (161). Finally, activation of the complement system can play an important 

role in the development of adaptive immunity against a virus, including: promotion 

of the Th1 response (162); modulation of the Treg and Th17 responses (163); 

extension of B-cell memory; and enabling a drastic increase in antigen-specific 

antibody titres (164). 
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Figure 3: Overview of the complement system and the points of manipulation by 
viruses 

Overview of the complement system and the target points for viral manipulation 

(green boxes), either through the expression of viral proteins or the acquisition of host 

proteins. Abbreviations: chikungunya virus (CHIKV); dengue virus (DENV); hepatitis C 

virus (HCV); human immunodeficiency virus-1 (HIV-1); herpes simplex virus-1/2 (HSV-

1/2); Kaposi’s sarcoma-associated herpesvirus (KSHV); mumps virus (MuV); simian 

virus 5 (SV5); vaccinia virus (VACV); variola virus (VARV); West Nile virus (WNV); 

yellow fever virus (YFV); Zika virus (ZIKV). This figure was adapted from previously 

published figures by Mellors et al., 2020 and Mellors et al., 2022. 

 

1.1.5.1 Complement Opsonisation and Deposition 

Complement opsonisation and deposition can occur on virions following activation 

via the classical, lectin, and alternative complement pathways. These mechanisms 

can supress or enhance viral infection depending on the composition of complement 

proteins, the viral evasion mechanisms, and the virus tropism. 

 

MBL is capable of directly binding glycoproteins on the surface of virions to promote 

virus opsonisation and/or prevent their interactions with host cell receptors for cell 

entry, which has previously been shown for HIV-1 (155,165) and SARS-CoV-1 

(77,166). The binding of MBL can also activate the complement system via the lectin 
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pathway, resulting in complement deposition. The deposition of complement 

proteins on a viral surface can assist neutralisation in a MAC-independent process, 

through the aggregation of virions and restriction of their interactions with host cells 

(6,20,167,168). Alternatively, the complement components deposited on a viral 

surface can promote viral infection by providing an alternative cell-entry mechanism 

using host cell complement receptors, as described for HIV (169) and herpes simplex 

virus (HSV)-2 infection of dendritic cells (DCs) (170). Some viruses, such as Kaposi’s 

sarcoma virus (171), vaccinia virus (172), and variola virus (173), encode viral proteins 

which inhibit complement activation through the accelerated decay of C3 and use of 

host protein factor I. 

 

Once the virion has been internalised by the host cell, complement proteins 

deposited on the viral surface can exhibit intracellular functions (158). This effect has 

only been described for non-enveloped viruses where complement deposition on the 

viral capsid can prevent viral entry into the cytosol (174), trigger proteasomal virion 

degradation, and induce an antiviral state in uninfected cells (158). Therefore, some 

viruses have evolved evasion mechanisms to promote their survival. For example, 

rhinoviruses and polioviruses produce a 3C protease which cleaves C3. In turn, the 

antiviral drug Rupintrivir inhibits the action of viral 3C protease which renders the 

virus susceptible to intracellular complement sensing again (158). For enveloped 

viruses, these intracellular complement mechanisms are likely avoided as the cell 

entry processes such as membrane fusion or endocytosis involves the removal of the 

lipid membrane, preventing it from interacting with intracellular host proteins (158). 

 

1.1.5.2 Complement-Mediated Lysis 

As the complement system progresses, complement deposition can eventuate in the 

formation of the MAC. The MAC has been shown to reduce viral load in vitro via lysis 

of lipid membranes on enveloped viruses and/or the infected host cell expressing 

viral antigens (19,159,160,175). Formation of the MAC begins with the cleavage of C5 

to release the C5b thioester domain (TED) and the ‘C1r/C1s, Uegf, Bmp1’ domains 

which extend along the protein scaffold. C6 then wraps around the TED to facilitate 
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C7 binding, which anchors the C5b6 complex to the lipid bilayer and reduces the 

energy required for the membrane to bend. The heterotrimeric C8 complex (C8ɑ, 

C8β, C8γ) is then incorporated into the membrane-bound assembly, and the β-

hairpin structures of the C8 molecules interact with the lipid membrane, bending and 

piercing the bilayer to create an arc pore. The C8γ subunit then facilitates the 

oligomerisation of eighteen C9 molecules to the C5b8 complex and insertion into the 

lipid membrane, causing the membrane to stiffen. The final MAC is a flexible, 

asymmetric pore that resembles a ‘split-washer’ formation (29,176,177). 

 

Formation of the MAC on a virion surface can neutralise some viruses, as 

demonstrated for HIV-1 (178) and ZIKV (19) in vitro. Various viral evasion mechanisms 

therefore exist to evade this immune response. The NS1 protein of some Flaviviruses 

regulates complement activity through the recruitment of host proteins (C4 binding 

protein (179), factor H (180) and vitronectin (11)) and the direct binding and 

antagonism of C4 (9). Other viruses such as Nipah virus (NiV) and Chikungunya virus 

(CHIKV) exhibit factor I-like activity to cleave C3b into iC3b and prevent complement-

mediated neutralisation (181,182). Evasion of the MAC has also been described for 

MuV, SV5, and HIV-1 through the acquisition of host membrane-bound regulatory 

proteins into the viral lipid membrane during the budding process (183,184).  

 

Virus-infected host cells which express viral antigens may also be neutralised via 

complement dependent cytotoxicity. Broadly neutralising antibodies can recognise 

viral proteins on the surface of infected cells and initiate complement deposition to 

prevent viral dissemination (185) or lyse the virus-infected cell (159). Some viruses 

protect infected cells from complement activation. For example, HSV-1 and HSV-2 

express the viral glycoprotein C-1 which interacts with deposited C3, C3b, and C3c to 

prevent subsequent binding of properdin and C5 (175,186). 

 

1.1.5.3 Inflammation and Chemotaxis 

Activation of the complement system results in the production of C3a and C5a 

anaphylatoxins which mediate chemotaxis and inflammation (187). This response 
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helps to coordinate the immune response against invading pathogens (188,189). 

However, excessive or sustained complement activation in response to viral 

infections (including DENV, Ross River virus, SARS-CoV-1, MERS-CoV-1) is often 

associated with more severe disease symptoms and pathology (190–196). 

 

SARS-CoV-1 infection studies in mice have shown that wild-type mice experience a 

loss in respiratory function and weight, and a greater level of lung pathology and 

inflammatory chemokines and cytokines compared to C3-deficient mice (195). In 

humans, SARS-CoV-1 patients show an elevated acute-phase response and 

complement activation compared to non-SARS-CoV-1 patients (197). Similarly, MERS-

CoV infection of hDPP4-transgenic mice resulted in elevated levels of C5a (in sera) 

and C5b-9 (in lung tissue). Lung and tissue damage could be alleviated with the use 

of a C5aR inhibitor to reduce local and systemic inflammation (196). These studies 

show that sustained or heightened activation of the complement system during viral 

infection is associated with more severe disease pathology. By preventing 

complement-mediated anaphylatoxin activity using gene knockouts or protein 

inhibitors, pathology was reduced, demonstrating a direct mechanism of C3a/C5a 

activity and disease severity.  

 

1.1.5.4 Complement and Adaptive Immunity 

The complement system bridges the gap between innate and adaptive immune 

responses that are important for the clearance of, and protection against, viral 

infections. This activity is most commonly mediated by intracellular complement 

components, the local production of complement proteins, and the activation of 

complement receptors on immune cells. 

 

Immune and non-immune cells can internalise and process C3(H20) from the 

extracellular space, of which ~80% is recycled back to the cell exterior, and together 

with TCR and CD46 activated T cells, can alter cytokine production and increase IL-6 

production (198). T cells also contain intracellular and endosomal stores of C3 which 

are cleaved by cathepsin L in active T cells to produce C3a and C3b. These products 
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are shuttled to the cell surface and C3aR is upregulated. C3a and C3b can then engage 

the receptors C3aR and CD46/MCP respectively, to promote T cell survival, enhance 

cell viability, and promote IFNγ secretion (199,200). C3aR/C5aR signalling also 

promotes CD4+ T cell expansion (201), prevents T cell switching to Foxp3+ induced 

regulatory T cells (202), and is required for proliferation, survival, and Th1 

differentiation (203,204). The presence of C3 and the stimulation of C5aR is 

important for T cell production, priming, migration, and clearance of Influenza virus 

infections in mice (205,206). T-cell complement activity is inhibited by the HCV core 

protein during infection, as it disrupts C9 promoter activity internally through T-cell 

factor-4 transcription factor inhibition (10) and interacts with the complement 

receptor gC1qR to reduce IFN-γ and IL-2 production and proliferation (207).  

 

C3 and C3 cleavage products deposited on a virion surface also interact with the B-

cell receptor and B-cell co-receptor complex (CR2/CD21 ligated with CD19 and CD81) 

to reduce the activation threshold by several orders of magnitude. This response 

drastically increases antibody titres, modulates the proliferation of mature B cells, 

and protects the B cells from CD95-mediated elimination (164,208). The deposition 

of C3 and its cleavage products on immune complexes can also bind complement 

receptors on follicular DCs (FDCs), which are then presented to B cells in the germinal 

centre. This interaction can optimise B cell responses, including: antibody production; 

somatic hypermutation; class switching; and affinity maturation (107,209). The C3-

coated complexes can then be retained by the FDCs within the lymphoid to promote 

memory B cell generation and survival (210). In the context of HCV infections, the 

core protein has been shown to interact with gC1qR on monocyte-derived DCs to 

inhibit IL-12 production and promote Th2 cytokine production, limiting their 

differentiation into Th1 cells (211). 

 

In summary, the role of the complement system in antiviral immunity is complex, 

with significant implications for coordinating the innate immune response; 

promoting the opsonisation and neutralisation of viruses; and developing a robust 

adaptive immune response. However, some of these mechanisms can exacerbate the 
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severity of disease, which typically occur due to excessive and sustained 

complement-mediated inflammation. Before we begin to understand the role of the 

complement system in EBOV pathogenesis, I will provide an overview of the 

Filoviridae family. 

 

1.2 Filovirus Overview 

The Filoviridae family is comprised of five genera (Ebolavirus, Marburgvirus, 

Cuevavirus, Striavirus, and Thamnovirus) with the proposal of a sixth genus, 

Dianlovirus (Table 2) (212,213). The Ebolavirus genus contains five species and a 

putative sixth member, Bombali virus (BOMV). Four of the five officially accepted 

Ebolavirus species (Bundibugyo virus (BDBV), Ebola virus (EBOV), Sudan virus (SUDV), 

and Taï Forest virus (TAFV)) have been shown to cause disease in humans, where case 

fatality rates (CFR) reportedly range from 25 – 90% (214). The fifth member, Reston 

virus (RESTV), can infect humans but does not reportedly cause overt symptoms 

(215–217). The final member and latest proposed addition, BOMV, is capable of 

infecting human cell lines in a mechanism similar to other pathogenic Ebolaviruses, 

but whether it can infect humans in vivo and cause disease remains to be determined 

(218). The two viruses of the Marburgvirus genus (Marburg virus (MARV) and Ravn 

virus (RAVV)) demonstrate similar virulence in humans to the pathogenic 

Ebolaviruses with a CFR of approximately 50% (219). The most recently discovered 

Měnglà virus (MALV) of the Dianlovirus genus is genetically most similar to MARV and 

RAVV. MLAV demonstrates similar mechanisms of infection of human cell lines as 

Ebolaviruses and Marburgviruses, but like BOMV, its potential to infect humans and 

cause disease remains to be determined (220). Lastly, viruses of the Cuevavirus 

(Lloviu virus (LLOV)), Striavirus (Xīlǎng virus (XILV)), and Thamnovirus (Huángjiāo virus 

(HUJV)) genera do not reportedly cause disease in humans (221,222). 
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Genus Species Virus Name 
Virus 

Abbreviation 

Disease 

in 

Humans? 

Year First 

Discovered 

C
u

ev
a

vi
ru

s 

Lloviu 

cuevavirus 
Lloviu virus LLOV No 12002 

D
ia

n
lo

vi
ru

s*
 

Mengla 

dianlovirus* 

Měnglà 

virus 
MLAV N/D 22018 

Eb
o

la
vi

ru
s 

Bombali 

ebolavirus* 

Bombali 

virus 
BOMV N/D 32019 

Bundibugyo 

ebolavirus 

Bundibugyo 

virus 
BDBV Yes 42007 

Reston 

ebolavirus 

Reston 

virus 
RESTV No 51989 

Sudan 

ebolavirus 
Sudan virus SUDV Yes 61976 

Tai Forest 

ebolavirus 

Taï Forest 

virus 
TAFV Yes 71994 

Zaire 

ebolavirus 
Ebola virus EBOV Yes 81976 

M
a

rb
u

rg
vi

ru
s 

Marburg 

marburgvirus 

Marburg 

virus 
MARV Yes 91967 

Ravn virus RAVV Yes 101987 

St
ri

a
vi

ru
s 

Xilang 

striavirus 
Xīlǎng virus XILV No 112018 
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Th
a

m
n

o
vi

ru
s 

Huangjiao 

thamnovirus 

Huángjiāo 

virus 
HUJV No 112018 

Table 2: Overview of Filovirus species 

The nomenclature for all known Filoviruses to date, according to (212). N/D = not 
determined. * = proposed names that have not been officially accepted. References: 
1(221), 2(220), 3(218), 4(223), 5(224), 6(225), 7(226), 8(227), 9(228), 10(229), 11(222). 

 

Filoviruses contain a non-segmented, single-stranded, negative-sense RNA genome 

that is approximately 19 kilobases in length (Figure 4). The Filovirus genome encodes 

seven proteins: the nucleoprotein (NP), the viral proteins (VP) 35 and 40, the 

glycoprotein (GP), the VPs 30 and 24, and the RNA-dependent RNA polymerase 

(RdRp) (L) (230). During transcription, mRNA of the GP gene is edited to produce 

secreted GP (sGP), GP1,2, and the small secreted GP (ssGP) for BDBV, EBOV, RESTV, 

SUDV, TAFV, and LLOV. This gene editing does not occur for MARV or RAVV, and is 

unlikely to occur for MLAV which lacks the transcription editing site within the GP 

gene (220). 

 

 

Figure 4: A schematic of the Filovirus genome 

The negative-sense RNA genomes of Filoviruses are identical in transcription, with the 

exception of the glycoprotein (GP). The GP gene contains a transcriptional editing site 

for the production of GP, sGP, ssGP, and delta peptide (∆) that is known to be absent 

from the Marburgvirus genome. This figure was created with BioRender.com. 

 

The Filovirus proteins have primary roles in virus structure (Figure 5) and replication, 

with many of them moonlighting as antagonists of the host immune response, as 

summarised in Table 3. Briefly, the NP directly binds the viral RNA to form a helical 
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complex with other EBOV proteins (VP30, VP35, VP24) to protect the RNA from 

degradation (231). VP35 is a critical component for EBOV replication which forms part 

of the viral RdRp complex (232–234) and is required for nucleocapsid assembly 

(235,236). VP40, also known as the matrix protein, is responsible for virus 

morphology, assembly, and budding (231). The GP is responsible for binding to 

cellular receptors and virus entry into host cells, whilst other products of Ebolavirus 

and Cuevavirus GP transcriptional editing (sGP, ssGP, delta peptide) may function as 

antigen decoys (237). The VP30, also referred to as the minor nucleoprotein, binds 

viral RNA and associates with NP, VP35, and L to form the RNA synthesis machinery. 

VP35 is essential for, and initiates, EBOV genome transcription, but is not essential 

for MARV (238,239). Lastly, VP24 is required for nucleocapsid assembly and stability 

(along with NP, VP30, VP35) (231,235), and the polymerase is a key component of 

the RNA synthesis machinery for genome replication (231).
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Figure 5: An overview of EBOV structure and proteins 

A diagram of a mature EBOV virion and visualisation of the protein’s structural roles. 

The nucleoprotein (along with VP30, VP35, VP24) directly binds to the viral RNA to 

form a helical nucleocapsid complex that protects the RNA from degradation. VP35 

forms part of the nucleocapsid and the viral RNA-dependent RNA polymerase (RdRp). 

VP40 contributes to virus morphology, assembly, and budding. The GP is the only viral 

protein expressed on the surface of the virion and is required for cellular entry. VP30 

forms part of the nucleocapsid and the viral RdRp. VP24 forms part of the 

nucleocapsid. Lastly, the polymerase protein is an essential component of the RdRp. 

This figure was adapted from the “Ebola (editable)” grouped icon from 

BioRender.com. 

 

 

 

 

 

 

 

 

 

 



47 
 

EBOV Protein Major Function Reference 

Nucleoprotein 
1) Primary component of the nucleocapsid which 

protects viral RNA from degradation 
(235) 

VP35 

1) Binds nucleoprotein to form part of the 

nucleocapsid 

2) Forms part of the replication machinery 

3) Type-I IFN antagonist 

4) siRNA antagonist 

(234,240–242) 

VP40 

1) Primary role in virus assembly and budding 

2) Exosome release and immune cell apoptosis 

3) Regulates intracellular transcription 

4) siRNA antagonist 

(243–246) 

GP 
1) Virus attachment and cell entry 

2) Immunosuppression of NK cells 
(237,247,248) 

sGP 

1) Decoy molecule 

2) Inhibition of pro-inflammatory cytokine 

production in macrophages 

(249,250) 

ssGP Unknown function (251) 

Delta Peptide 1) Capable of inhibiting cell infection (252) 

VP30 

1) Initiates EBOV transcription 

2) Minor component of the nucleocapsid 

3) siRNA antagonist 

(238,239,244) 

VP24 
1) Inhibit IFN response 

2) Nucleocapsid assembly and stability 
(231,235) 

L 3) Essential component of RdRp complex (231) 

Table 3: Overview of EBOV protein functions 

A summary of the main functions of all EBOV proteins, which typically show both 

structural and immune regulatory roles. 

 

1.2.1 Filovirus Disease 

Filoviruses which cause disease in humans may result in EBOV disease (EVD), 

following infection with BDBV, EBOV, SUDV, and TAFV, or result in MARV disease 

(MVD) following infection with MARV or RAVV. Despite the different aetiologies, EVD 

and MVD are clinically similar (219). Following an incubation period of 2-21 days, 

symptoms can start to develop and the virus becomes transmissible from person-to-

person via bodily fluids. The early stages of infection are typically sudden and non-
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specific, with symptoms including fever, fatigue, muscle pain, headache, and sore 

throat. As the disease progresses, this may lead to vomiting, diarrhoea, rash, 

impaired kidney and liver function, and internal and external bleeding (214,219). 

Following recovery from EVD or MVD, the virus can remain latent within the body, 

potentially resulting in relapse or transmission to uninfected individuals. Early 

evidence shows the potential for MARV to persist in semen and to be sexually 

transmitted (253). MARV was also identified in aqueous fluid of the eye in a survivor 

of MVD (254), and according to the World Health Organization (WHO), MARV can 

persist in the placenta, amniotic fluid, and foetus of pregnant women, with the 

potential to persist in breast milk (219). During the 2013-2016 EBOV outbreak in West 

Africa, several novel observations were made regarding the potential latency of EBOV 

in EVD survivors. Similar to MARV, viable EBOV was detected in the ocular fluid of a 

convalescent EVD patient (255) and the viruses ability to persist in semen resulted in 

new chains of transmission, with evidence of infectious EBOV persistence in semen 

for at least 531 days after symptom onset (256). More recent evidence suggests that 

EBOV can remain latent in convalescent individuals with the potential for resurgence 

up to 5 years post-infection (257). EBOV was also identified in the cerebrospinal fluid 

of a convalescent patient suffering from meningoencephalitis nine months after EVD 

recovery (258), and EBOV persistence in the breast milk of an asymptomatic mother 

was a likely cause of infection to her infant (259).  

 

After recovering from a Filovirus infection, patients often report ongoing symptoms. 

Some of these symptoms may be attributed to viral persistence, whereas the 

aetiology of others is less clear. Sequelae following Ebolavirus infection has been 

reported for EBOV, BDBV, SUDV, and TAFV with no obvious distinction between 

symptoms. Symptoms of relapse without re-infection have been attributed to viral 

latency and persistent viral replication in immune-privileged sites as previously 

discussed (255,258). A plethora of symptoms occur post-infection, ranging from 

abdominal (abdominal or pelvic pain, gastritis), musculoskeletal (neck pain, back 

pain, joint pain, myalgia), neurological (headaches, dizziness), ocular (ocular pain, 

vision problems, conjunctivitis, glaucoma, cataract, iridocyclitis, uveitis), and more 
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general symptoms such as fever, fatigue, anorexia, hearing loss, and hair loss which 

can persist for several years post-infection with no clear aetiology (260–264). In some 

instances, these sequelae have been associated with elevated levels of CD8+ and 

CD4+ T cell responses (265), psychological distress from bereavement, stress, stigma 

(266), Fc-mediated antibody functions (267), and persistent immune dysregulation 

(268). Reports of sequelae following MARV infection are markedly less compared to 

Ebolaviruses due to the significantly lower number of infected individuals. For MARV, 

patients in the recovery and convalescence stage following infection can suffer 

complications such as arthralgia, asthenia, hepatitis, myalgia, ocular disease, and 

psychosis (269), similar to the reports of Ebolavirus infection. 

 

1.2.2 Filovirus Reservoirs and Spillovers 

Filoviruses have a wide range of natural hosts. The Thamnovirus, HUJV, and 

Striaviruses, XILV, are only reported to infect fish (222). RNA of the Dianlovirus, MLAV, 

was isolated from Rousettus bats in China (220), and RNA of the Cuevavirus, LLOV, 

was detected in Miniopterus schreibersii bats in Europe (221,270). Of the 

Marburgviruses, MARV was successfully isolated from Egyptian fruit bats (Rousettus 

aegyptiacus) in Uganda (271) and this species of bat is considered to be its natural 

reservoir (228,272). Evidence of Ebolavirus infection is most extensively studied in 

relation to EBOV, where evidence of natural infection has been identified in dogs 

(273), duikers (274), non-human primates (NHPs) (275,276), humans (274), and lastly 

bats, which are the putative reservoir (277–279). RESTV is also capable of infecting 

pigs (280,281). Unlike MARV, bats have not been defined as the primary natural 

reservoir for Ebolaviruses despite evidence of antibodies (277,282–286) and viral 

RNA (277,279), and their ability to harbour virus without overt clinical disease and 

excrete the virus in their urine and faeces (277,287). Evidence of a consistent 

prevalence of active and past infection in bats and the ability to shed virus at levels 

sufficient to maintain circulation in the population have not been determined (278).  

 

EBOV has also been shown to replicate efficiently in snake cell lines (288), and 

experimental infection of ferrets with EBOV can be lethal (289). EBOV is also capable 
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of infecting rodents, and serial passaging of the virus through certain rodents can 

generate strains lethal to mice (290), Syrian hamsters (291,292), and guinea pigs 

(293). Non-human primates (NHPs) are also susceptible to EBOV infection which 

results in severe disease. NHPs are a common link in the spillover of Ebolaviruses to 

humans. Of the known causes of index cases of Ebolavirus transmission to humans, 

the patients either had direct contact with infected fruit bats or in the handling and 

consumption of bushmeat (294). The hunting and consumption of bushmeat is 

widespread in tropical regions of Africa where pathogenic ebolaviruses (Bundibugyo, 

Sudan, and Zaire strains) are endemic. Although bushmeat is an important source of 

food and income for people within these regions, it increases the risk of ebolavirus 

transmission (295). Transmission rates from person-to-person may be exacerbated 

by practices such as traditional burial ceremonies, which involve the washing and 

bathing of the dead, or visiting traditional healers, where healthy individuals are 

exposed to infected patients or the recently deceased and their infectious bodily 

fluids without sufficient protective measures (296). 

 

1.2.3 The Emergence of EBOV 

In the beginning of September 1976, an acute viral haemorrhagic fever outbreak 

started to spread amongst residents of rural Yambuku in northwest Democratic 

Republic of the Congo (DRC; formerly Zaire), eventually affecting over 300 residents. 

The index case – entering the outpatient clinic of Yambuku Mission Hospital (YMH) 

on the 26th August with chills and fever – was first treated with chloroquine by 

parenteral injection for suspected malaria. The patient’s fever diminished initially but 

soon returned. Their symptoms developed in severity which ultimately resulted in 

death. The routine use of parenteral injection and poor sterilisation methods is 

believed to be the major source of dissemination of the virus amongst patients, 

followed by contact with infected patients, as they reportedly presented with non-

specific symptoms in the early stages of disease. Beyond day four, the symptoms 

increased in severity to include abdominal pain, a maculopapular rash, and internal 

bleeding primarily from the gastrointestinal tract (GI). Disease pathology included 

non-icteric hepatitis, acute pancreatitis, and disseminated intravascular coagulation. 
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The causative agent of this haemorrhagic fever outbreak was subsequently identified 

as EBOV, which had spread to a total of 318 individuals with a case fatality rate of 

88% (227,297).  

 

Individual cases, laboratory infections, and small outbreaks occurred sporadically in 

the following years, most notably an EBOV outbreak reportedly affecting 315 

individuals in Kikwit, DRC in 1995; the first reported outbreak of EBOV in the Republic 

of the Congo in 2001 where several outbreaks would occur in the following years; the 

largest EBOV outbreak originating in Guinea, December 2013 where >28,000 

individuals were infected; the second-largest EBOV outbreak in DRC in 2018 where 

>3,000 individuals were infected; and in 2021 where two separate persistent 

infections were the likely cause of resurgences in DRC and Guinea, from outbreaks 

which ended one year and five years prior, respectively (298). A summary of EBOV 

outbreaks in Africa since 1976 are shown in Figure 6. 

 

1.2.4 The Emergence of SUDV 

Following notification of the EBOV outbreak in the DRC, later investigations 

determined that in June of the same year (1976), patients in Nzara, Southern Sudan, 

were suffering with a haemorrhagic illness of unknown origin. Initially, three factory 

workers became ill with a severe febrile illness and haemorrhagic complications, 

where the infection was passed onto family members and close contacts. The only 

connection between the three cases appeared to be a cotton factory in the town 

centre of Nzara. Small pockets of infections developed around Nzara as a result of 

human-to-human transmission primarily through direct contact to those 

administering care for infected individuals. In the subsequent months, new cases 

arose in individuals where no direct contact with sick individuals was established. 

They did, however, all work at the same cotton factory later found to contain 

insectivorous bats, the putative EBOV reservoir. Infections were passed on to their 

families in remote areas which were consequently self-limiting. Over 100 km away in 

Maridi, a contact of one of the original factory workers had become ill and travelled 

from Nzara, their symptoms becoming so severe that they were admitted to the 
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Maridi hospital, where the infection spread. Shortly after, a second patient from 

Nzara was also admitted to the Maridi hospital, which introduced another case of 

infection and chain of transmission. The hospital became the main area of viral 

transmission in the outbreak, which eventually ended with a total of 284 cases and a 

CFR of 53% (225,297). This was the first discovery of SUDV in an outbreak that 

occurred simultaneously with, but was distinct from, EBOV. Several outbreaks of 

SUDV have occurred since its discovery, the largest being in Uganda in 2000, which 

affected 425 individuals. The last reported outbreaks of SUDV were in Uganda, 2012 

(298). A summary of SUDV outbreaks in Africa since 1976 are shown in Figure 6. 
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Figure 6: A Map of the Reported EBOV and SUDV Outbreaks in Africa 

Reported outbreaks of EBOV and SUDV in Africa were plotted according to reports by 

the CDC. Each spot represents the location of an outbreak of EBOV (red) or SUDV 

(purple), and the size of each spot is roughly proportionate to the number of cases. 

The original map was created in R Studio with the following packages: ggplot2 (299), 

rnaturalearth (300), rnaturalearthdata (301), sf (302), ggspatial (303). The final 

image was then created using GNU Image Manipulation Program and Inkscape 

software. 

 

1.2.5 The Emergence of Other Clinically Relevant Filoviruses 

1.2.5.1 Marburg Virus (MARV) 

MARV was the first Filovirus to be discovered. In 1967, an outbreak of haemorrhagic 

fever occurred simultaneously in laboratories in Marburg and Frankfurt, Germany, 

and in Belgrade, Yugoslavia (now Serbia). The outbreak originated from African Green 

monkeys imported from Uganda, where thirty-one people became ill and seven 
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succumbed to infection. According to the Centers for Disease Control and Prevention 

(CDC), a further thirteen outbreaks of MARV have occurred since its discovery, 

including a single fatal case of human infection in Guéckédou, Guinea – the origin of 

the world’s largest EBOV outbreak from 2013-2016 (228,304). The reservoir host for 

MARV is the African fruit bat, Rousettus aegyptiacus. Infected fruit bats do not show 

overt clinical symptoms, unlike NHPs and humans which can develop severe disease 

leading to mortality (271,305). 

 

1.2.5.2 Reston Virus (RESTV) 

RESTV first emerged in October 1989, when 100 cynomolgus monkeys were 

transported from Manila in the Philippines to a primate facility in Reston, Virginia. In 

November, four of these animals died inexplicably and were subsequently autopsied, 

which attributed the cause of death to infection with simian haemorrhagic fever virus 

(SHFV). Fourteen more animals succumbed to a similar illness within the next few 

days, with further isolates of SHFV along with a novel Filovirus, RESTV. Identical 

findings of RESTV in cynomolgus monkeys imported from three suppliers in the 

Philippines were made in Pennsylvania and Texas (224,306). Interestingly, twelve 

people (6%) exposed to cynomolgus monkeys from the Philippines were seropositive 

for RESTV with no reports of disease (215–217). RESTV-infected NHPs were again 

imported from the Philippines to other countries; Italy in 1992 and the US in 1996 

(307). RESTV has also been identified domesticated pigs coinfected with porcine 

reproductive and respiratory syndrome virus in Manila, the Philippines (280) and in 

China (281). Again, six workers on pig farms or handlers of swine products were 

seropositive for RESTV with no reports of illness (280). 

 

1.2.5.3 Côte d’Ivoire/ Taï Forest Virus (TAFV) 

TAFV (formerly known as Côte d’Ivoire virus) first emerged in November 1994, when 

a team of animal behaviour researchers discovered and dissected several 

decomposed chimpanzee corpses in the Taï Forest National Park. Eleven days later, 

one of the researchers was admitted to a clinic with fever, chills, headache, and 

myalgia but physical examinations remained normal. Symptoms continued to 
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develop and included diarrhoea, nausea, vomiting, anorexia, a non-itching rash, and 

central nervous symptoms including temporary memory loss, anxiety, confusion, and 

irritability (226,260). Fifteen days after symptom onset, the patient was discharged 

and after six weeks made a full recovery but experienced hair loss for approximately 

three months, beginning one month after symptom onset. Serological and antigenic 

investigations of 74 contacts and other researchers within the team were negative 

for Ebolavirus antigens. TAFV was isolated from serum of the case patient on day 

three of symptom onset (260). Their IgG response was cross-reactive with all known 

Ebolavirus strains at the time (EBOV, SUDV, RESTV) and the newly isolated TAFV 

strain, whilst IgM reacted only with TAFV (226). No further cases of TAFV infection 

have since been reported. 

 

1.2.5.4 Lloviu Virus (LLOV) 

LLOV was first discovered in 2002 following a mass die-off of Schreiber’s bats 

(Miniopterus schreibersii) in Spain. The genomic RNA was isolated from the bat 

carcasses and sequenced to reveal a genetically distinct Filovirus: the first to emerge 

in Europe (221). There were no further reports of the virus until 2016, when a similar 

mass die-off of Schreiber’s bats occurred in Hungary and LLOV RNA was again 

detected in the bat carcasses (270). Investigations into LLOV serology amongst 

Schreiber’s bats suggested that LLOV may be widespread within this species across 

Spain (308). Using recombinant LLOV (rLLOV) from minigenome systems, rLLOV was 

shown to infect hepatocytes and macrophages, but unlike EBOV, rLLOV infection of 

macrophages did not induce inflammatory responses that are characteristic of EVD 

(309). In a recent study, LLOV was isolated for the first time from Schreiber’s bats in 

north-eastern Hungary. Blood samples were collected from 2016-2020 where various 

bats were seropositive. LLOV RNA was identified in bats that appeared healthy, and 

in their ectoparasites (Nycteribiidae and Ixodidae families). From one of these PCR 

positive bats, LLOV was successfully isolated for the first time and the viral isolate 

was capable of infecting both monkey and human cells (310), which suggests a 

possibility for human infection. 
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1.2.5.5 Bundibugyo Virus (BDBV) 

In August 2007 in the Bundibugyo district of Uganda, a 26-year-old pregnant woman 

was hospitalised with symptoms of fever and general weakness, which progressed to 

diarrhoea and difficulty breathing. This patient is the putative index case, as six 

further contacts (the neonate, sister, mother, and two nieces of the index patient) 

became infected and succumbed to the disease. Wildlife in the surrounding national 

parks were protected and so the origins of the virus were never determined (223). In 

November 2007, cases of haemorrhagic fever amongst residents were reported and 

genomic sequencing of patient sera identified BDBV as the aetiological agent. Their 

clinical symptoms were typical of what had become recognised as EVD: fever, fatigue, 

headache, abdominal pain, vomiting, diarrhoea, and in some cases, haemorrhagic 

manifestations (214,223,311). The outbreak was concluded in February 2008, with 

149 cases (93 putative and 56 laboratory-confirmed) and 37 deaths, with a final CFR 

of 25% (223,312). The second and last reported outbreak of BDBV occurred in the 

Isiro Health Region of the DRC in 2012. Advances in molecular techniques and 

increased awareness of EVD helped control the epidemic, which was concluded with 

38 lab-confirmed cases and a CFR of 34% (313,314). 

 

1.2.5.6 Bombali Virus (BOMV) 

In Sierra Leone in 2016, 1,278 samples from 535 animals (244 bats, 46 rodent, 240 

dogs, and 5 cats) were collected for molecular investigations to determine the 

Ebolavirus reservoir. Four insectivorous free-tailed bats within 20 km of each other 

inside human dwellings were positive for a novel Filovirus. Viral genomes which 

shared 99.1% sequence identity were isolated from two of the bats. The virus shared 

55-59% nucleotide identity to other Ebolaviruses and was provisionally named 

BOMV. Recombinant vesicular stomatitis virus (VSV) encoding the BOMV GP gene is 

capable of infecting human (293FT) cells and Vero E6 cells in a Niemann-Pick type C1 

(NPC1) dependent manner, consistent with other Filoviruses (218). This data 

highlights the possibility of infection in humans, but whether it is able to establish 

infection and cause disease is unknown. This finding also raises considerations 

regarding seroprevalence studies where spillover events from other pathogenic 
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Ebolaviruses may have occurred previously. Following the discovery of BOMV, RNA 

of the virus was later detected in free-tailed bats in N’Zerekore Prefecture, Guinea 

(315), and again in south-eastern Kenya (316). 

 

1.2.5.7 Měnglà Virus (MALV) 

The pathogenicity of the newly discovered Měnglà virus (MLAV) in the proposed 

Dianlovirus genus in humans remains to be determined. The discovery of MLAV was 

reported in 2018 following its isolation from Rousettus bats in the Yunnan Province 

of China. Whilst its potential to infect and cause disease in human remains 

undetermined, MLAV is genetically most closely related to MARV and RAVV, it is as 

equally efficient as EBOV and MARV at infecting HEK293 cells, and it exhibits a 

similarly broad tropism utilising the NPC1 protein for cellular entry (220). 

 

1.3 The Ebola Virus 

This section will elaborate on the pathogenesis of, and protective immune responses 

against, EBOV. I will then discuss the current literature regarding the complement 

system and EBOV pathogenesis, which formed the primary focus of this PhD project. 

 

1.3.1 The 2013-2016 EBOV Outbreak 

In December 2013, an 18-month-old boy believed to be infected with EBOV from 

contact with an insectivorous bat was the index case of the world’s largest EBOV 

epidemic. The spillover occurred in Meliandou in the Guéckédou prefecture of 

Guinea. The infection spread to his four-year-old sister and pregnant mother. All 

three cases died within two weeks. On the night of her death, the mother suffered a 

spontaneous abortion and was cared for her by family members, local female 

healthcare volunteers, and a male local healthcare worker. All individuals 

subsequently developed EVD and four of them died. One of the family members and 

one of the healthcare volunteers attended district hospitals, resulting in further 

chains of transmission. Transmission was further exacerbated by funeral practices in 

Meliandou and surrounding local villages (Macenta, Nzérékoré, Kissidougou). On the 

first of February, an infected member of the index case’s extended family was taken 
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to Conakry, the capital of Guinea, where they died four days later and the chain of 

transmission continued (317–320). For several months, EBOV spread undetected 

through the forested regions of Guinea and initial reports suggested a 100% CFR. A 

retrospective study using oral swab samples from Meliandou residents identified a 

further eight individuals that were seropositive for EBOV. This brought the CFR down 

to 55.6% and two of the eight individuals reported mild or asymptomatic forms of 

infection. By the time the EBOV epidemic was declared by the WHO in March, the 

virus had spread throughout multiple areas of Guinea and across the border to Sierra 

Leone and Liberia (318). By July 2014, EBOV had spread to the capitals of all three 

countries and for the first time was spreading through densely populated urban areas 

(321). 

 

Efforts to bring the outbreak under control included accelerated vaccine 

developments (including the FDA licensure of the rVSV-ZEBOV vaccine), therapeutic 

developments, establishment of EBOV treatment centres, healthcare support, staff 

training, border and travel restrictions, viral surveillance, contact tracing, and 

laboratory testing including PCR and serology (321). Furthermore, the 

implementation of real-time genomic sequencing with the use of the portable 

MinION sequencer (Oxford Nanopore Technologies, Oxford, UK) in support of 

molecular epidemiology assisted the rapid identification and prevention of 

transmission chains (322). A further seven countries were also affected by the travel 

of infected individuals: Italy, Mali, Nigeria, Senegal, Spain, the United Kingdom, and 

the United States, with some secondary infections occurring predominantly in 

healthcare settings. Two and a half years since the index case, the epidemic ended 

with over 28,000 cases and over 11,000 deaths recorded (321). 

 

Previous EBOV outbreaks were sporadic, short-lived, and in relatively remote areas. 

The 2013-2016 epidemic was the longest and largest EBOV outbreak and this led to 

multiple novel discoveries. For the first time, EBOV was found to persist in semen for 

at least 500 days before sexual transmission (264), could persist in the cerebrospinal 

fluid and cause recrudescence (258), and could persist in ocular fluid following 
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infection (255). The rVSV-ZEBOV (Ervebo®) vaccine was also utilised under 

compassionate use protocols during the outbreak and was eventually licensed by the 

EMA and FDA (323). The high number of cases and longitudinal studies which 

followed were an important foundation for this PhD project. 

 

1.3.2 EBOV Pathogenesis  

EBOV enters a human host through mucous membranes, breaks in the skin, or 

parenterally. From there, it primarily infects mononuclear phagocytic cells and DCs 

(324), with an even wider cell tropism for endothelial cells, fibroblasts, hepatocytes, 

adrenal cortical cells, and epithelial cells where the virus can replicate and cause the 

host cell to lyse (325,326). EBOV binds target cells using two types of relatively non-

specific receptors: C-type lectins which interact with GP1,2 residues, and 

phosphatidylserine receptors which interact with phosphatidylserine on the viral 

envelope (327). Internalisation of EBOV virions is primarily believed to occur via 

macropinocytosis (and to a lesser extent, clathrin-mediated endocytosis) but the 

mechanism triggering this uptake is unknown, and is not directly triggered by C-type 

lectins or phosphatidylserine receptor interactions. The EBOV virions are internalised 

into early endosomes and trafficked to late endosomes, where the mucin-like domain 

(MLD) and glycan cap of the GP1 subunit are cleaved by host low-pH-dependent 

cathepsins. The exposed RBD and GP1 subunit of the fusion-active GP binds to the 

host NPC1 receptor, and a GP2 hydrophobic fusion loop inserts into the late-

endosome membrane to create a pore for the release of the ribonucleoprotein 

complex into the cytoplasm (327–329).  

 

The negative-sense single-stranded EBOV RNA genome is first transcribed into seven 

monocistronic mRNAs by the ribonucleoprotein complex (NP, VP35, VP30, L) which 

are then translated into the viral proteins. The increase in protein levels (particularly 

NP) leads to the formation of inclusion bodies and a switch from genome translation 

to replication. The negative-sense EBOV RNA is used as a template for the synthesis 

of positive-sense EBOV RNA, which in turn acts as a template for negative-sense EBOV 

RNA. In the late stages of RNA synthesis, ribonucleoprotein complexes are condensed 



60 
 

into replication- and transcription-inactive nucleocapsids that are transported to the 

cell-surface membrane in an actin-dependent manner (327). VP40 is also transported 

to the cell surface by interacting with various cellular trafficking components: actin 

coordinates the movement and assembly of VP40 (330) and is incorporated into 

virus-like particles (331); VP40 associates with microtubules and enhances tubulin 

polymerisation (332); the host scaffolding protein, IQGAP1, interacts with VP40 and 

is required for the budding of EBOV VP40 virus-like particles (333); and Sec24C of the 

COPII transport system interacts with VP40 and is required for its transport to the 

plasma membrane (334). The GP is transported to the cell surface by the secretory 

pathway where O-linked and N-linked glycan post-translational modifications are 

added, and furin cleaves GP into GP1 and GP2 subunits. VP40 and various host factors 

then coordinate the assembly of the virions that bud from the cell and are released 

into the extracellular space, causing the host cell to lyse (327) (Figure 7). 
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Figure 7: Overview of Ebola virus (EBOV) lifecycle 

1) The EBOV attaches to the host cell membrane through interactions with lectin or 

phosphatidylserine (PtdSer) receptors. 2) The EBOV then enters the host cell via 

macropinocytosis. 3) Acidification of the endosome activates low-pH host proteases, 

resulting in the cleavage of the EBOV glycoprotein (GP), which enables its interactions 

with the host Niemann-Pick C1 receptor. 4) This interaction creates a pore in the 

endosome and the viral nucleocapsid is released into the cytoplasm. 5) The negative-

sense viral RNA is then transcribed into seven monocistronic mRNAs by the 

ribonucleoprotein complex (NP, VP35, VP30, L). 6) The monocistronic mRNAs are then 

transcribed by host ribosomes into the viral proteins. 7) Products of transcriptional 

editing of the GP gene (such as sGP) are secreted from the host cell. VP40 and VP24 

are trafficked to the cell surface membrane, and the GP1,2 is incorporated into the host 

cell membrane. 8) Following an accumulation of NP, there is a switch from translation 

to transcription. The negative-sense viral RNA is transcribed into a positive-sense 

genome, which is used as a template for RNA synthesis. 9) The negative-sense RNA 

genome and viral proteins are assembled and packaged. 10) The virion then buds 

from the host cell, enveloping itself in the host cell membrane with EBOV-GP on the 

surface. This figure was created with BioRender.com using the “Ebola (editable)” 

grouped icon. 
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Investigations using NHPs and isolated human PBMCs shows that EBOV infection of 

monocytes and macrophages impairs their natural antiviral interferon mechanisms 

whilst the virus continues to replicate, eventually causing macrophage depletion. The 

pro-inflammatory cytokine signalling (including TNF-α, MIP-1 α, MCP-1, IL-1β, IL-6, IL-

8) of the macrophages and monocytes in response to infection continues, leading to 

the recruitment of further target cells for EBOV, vasodilation, increased endothelial 

cell permeability, and increased expression of endothelial cell-surface adhesion 

molecules which ultimately aid viral dissemination via the blood to other organs 

(335–339). EBOV-infected macrophages also synthesise cell-surface tissue factor (TF) 

which triggers the extrinsic coagulation pathway by interacting with factors VIIa and 

X, leading to the deposition of fibrin – a protein involved in blood clotting – on the 

surface of infected cells. The deposition of fibrin contributes to disseminated 

intravascular coagulation (DIC): a severe condition of abnormal clotting in blood 

vessels that is associated with EVD. Therefore, the dysregulation of the coagulation 

system seen in EVD may be partly attributed to this macrophage activity (340). In 

vitro, EBOV infection of human DCs was shown to prevent cytokine secretion (IFNα) 

and impair the otherwise normal development of adaptive immunity by preventing 

the expression of costimulatory molecules and MHC class I and II surface antigens. 

EBOV-infected DCs were also incapable of supporting T cell proliferation (341,342). 

Following the infection of macrophages and DCs, EBOV is able to disseminate into the 

lymph nodes and other organs (326). 

 

In EBOV-infected patients, biomarkers that were pro-inflammatory and/or associated 

with coagulation dysfunction were higher in those that succumbed to infection 

(343,344) and such biomarkers (active prothrombin time and international 

normalised ratio) correlated with viraemia, indicating a direct role of EBOV and 

coagulation dysfunction (344). Investigations using NHPs suggests that the 

coagulation irregularities are associated with tissue factor expression from EBOV-

infected macrophages/monocytes, mentioned previously (340). Liu et al also found 

that four of the most strongly differentially expressed genes were associated with the 

clotting pathway and were higher in those with a fatal outcome. As this was using 
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mRNA from peripheral blood, they concluded that this response was likely the result 

of liver pathology (345). 

 

In humans infected with EVD, characteristics of early EBOV infection show leukopenia 

with lymphopenia, followed by neutrophilia, a left shift with atypical lymphocytes, 

and thrombocytopenia (346). Based on NHP studies, leukopenia does not appear to 

be the result of direct infection of these cells (335). There is also an eventual decline 

in natural killer (NK) cell frequency (345,347), which may be the result of EBOV-GP on 

the cell-surface membrane of infected cells directly interacting with NK cell receptors 

to suppress their function (247,248). 

 

EBOV may spread to the liver (348), where clinical biomarkers of liver damage are 

associated with fatal EVD outcomes (344,349,350). In vitro studies using human 

hepatocytes have shown that EBOV infection leads to the suppression of antiviral 

responses including TLR-, IFN regulatory factor 3-, and protein kinase R- mediated 

pathways. The IFN response is largely supressed during EBOV infection and this effect 

is most pronounced with EBOV compared to RESTV, which suggests an association 

between IFN suppression and Filovirus virulence (351). EBOV-infected hepatocytes 

also show an upregulation of TGFβ secretion and induced characteristics typical of 

epithelium-to-mesenchyme-like transition (352). Markers of liver damage, aspartate 

aminotransferase (AST) and alanine aminotransferase (ALT), often correlate with 

levels of viraemia in patients with EVD and the liver damage is believed to partly be 

the result of viral replication (344). Damage to the liver can exacerbate other clinical 

aspects of EVD as it is the primary site of synthesis for many proteins, including those 

involved in the coagulation pathway. Coagulation pathway dysfunction is strongly 

associated with a fatal outcome and biomarkers of this dysregulation correlate with 

viraemia (340,343,344). 

 

Continued spread of EBOV can also cause acute kidney injury, which is strongly 

associated with mortality (349). However, kidney damage does not appear to be a 

direct result of virus replication. Lanini et al report that biomarkers of kidney damage 
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(creatinine and blood urea nitrogen) in acute EVD patients showed no biological 

correlation with levels of viraemia, but did correlate with a fatal clinical outcome. 

They concluded that kidney damage is likely a secondary multifactorial effect such as 

rhabdomyolysis, dehydration, or acidosis (344). This concept is supported by other 

studies where viable EBOV can be found in the urine of convalescent patients that do 

not present with symptoms (353,354). 

 

EBOV can infect endothelial cells of the GI tract which was a commonly reported 

symptom in patients of the 2013-2016 EBOV outbreak (349), and gut-associated 

lymphoid tissue (GALT) is significantly affected in terminal disease of EBOV-infected 

NHPs. The transport of infected monocytes, macrophages, and DCs to the GALT via 

the bloodstream induces apoptosis of lymphocytes and NK cells as previously 

mentioned. Direct damage from EBOV replication in the endothelial cells and the pro-

inflammatory responses from infected immune cells leads to increased vascular 

permeability and necrosis (355).  

 

EBOV replication is also believed to play a direct role in the damage of muscle tissue, 

as levels of viraemia have been shown to correlate with biomarkers of muscle tissue 

damage (lactate dehydrogenase and AST) in EBOV patients (344). Rhabdomyolysis 

appears to be more common in EVD than other viral infections (356). EBOV can also 

infect adrenal cortical cells and is capable of inducing their congestion, degeneration, 

and necrosis, as reported in experimental infections of NHPs (324,357,358). 

Transcriptional analysis of EBOV-infected NHPs revealed significant damage to the 

adrenal glands, with an early downregulation of genes involved in metabolism, 

coagulation, hormone synthesis, and angiogenesis, and an upregulation of genes 

associated with inflammation (359). NHP studies show lymphoblasts and 

considerable histological changes in the spleen following EBOV infection (324,360).  

 

1.3.3 EBOV Protection 

A correlate of protection for EBOV has not yet been defined. However, there are 

various factors that are significantly associated with clinical outcome. Levels of 
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viraemia at the point of diagnosis, as determined by cycle threshold (Ct) values from 

real-time quantitative PCR (RT-qPCR), are often associated with clinical severity and 

patient outcome (249,343,344,349,350). Other factors associated with survival 

include the generation of early and robust antibody responses (361–364), the 

presence of neutralising antibodies (276,365–368), Fc-mediated antibody functions 

(369), T cell profiles (345,370–372), and NK-cell subtypes (345,347,366,373). 

 

EVD Survival - Cell-Mediated 

Generally, the development of a robust immune response to EBOV infection in 

humans is associated with survival. Baize et al compared the immune responses of 

those that succumbed to, or survived, EBOV infection during the Gabon outbreak in 

1996. Fatal infections were characterised by an absence of IgG, considerably low 

levels of IgM, and extensive apoptosis of T cells, in contrast to the survival group 

(361). Later studies also found correlations between the patients that succumbed to 

EVD and massive lymphocyte apoptosis, contrary to survivors (363,374,375). Ruibal 

et al found that fatal cases of EVD in humans from the 2013-2016 outbreak showed 

similar overall T cell activation compared to survivors, but there were variations 

within the T cell subsets activated. CD4+ and CD8+ T cells in those that succumbed to 

infection had a significantly higher expression of inhibitory molecules CTLA-4 and PD-

1 which correlated with elevated inflammatory markers and viral load, whilst 

survivors had significantly lower expression of CTLA-4 and PD-1 with reduced 

inflammation (371). However, the enhanced expression of PD-1, along with impaired 

IFNγ production, has been reported in a small study with two EVD survivors. During 

the course of infection, there was an overall decline in functional lymphocytes and 

an inversion of CD4+ and CD8+ T cell ratios, which was reverted during the recovery 

period and may be indicative of a critical point in the course of infection (370). Using 

digital cell quantification (DCQ) on the peripheral blood of acute EBOV patients, Liu 

et al predicted a decrease in CD4+ T cells for both survivors and fatalities compared 

to EBOV convalescent controls, whilst CD8+ significantly increased for survivors only 

(345). EBOV-specific T cell responses were sustained after infection and the dominant 

CD8+ phenotype amongst survivors (IFNγ+, TNF+, IL-2-) was the same T cell 
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population associated with survival in NHP studies (372). Whilst there are some 

discrepancies between studies, overall it seems that a robust and sustained 

lymphocyte response increases the chances of survival from EBOV infection.  

 

NK cells have generally been shown to have a protective role in EBOV infection, 

although most of the evidence comes from the use of animal models and so the 

responses in humans may differ. Warfield et al found that the injection of mice with 

non-replicating EBOV VLPs (expressing the GP and VP40 genes) conferred protection 

and enhanced NK cell numbers in lymphoid tissues, whilst NK cell-deficient mice 

would succumb to infection in spite of vaccination. Subsequently, the adoptive 

transfer of NK cells treated with VLPs could restore protection. Unlike live EBOV 

infection, the treatment of NK cells with VLPs enhanced cytokine secretion and 

cytolytic activity (366). Similarly, Williams et al found that post-exposure treatment 

of mouse-adapted (MA)-EBOV-infected mice with VSV∆G/EBOV-GP significantly 

enhanced NK cell cytotoxicity and IFNγ secretion (373). Following vaccination with 

the Ad26.ZEBOV and MVA-BN-Filo vaccine regimen, NK cells of human participants 

showed increased proliferation and activation (376). However, in vitro investigations 

using human PBMCs have shown potential immune-suppressing functions of the 

EBOV-GP. The EBOV-GP can directly interact with various receptors on NK cells and 

the expression of EBOV-GP on mammalian cells can reduce NK cell-mediated lysis, 

degranulation, and cytokine secretion (247,248). Lastly, investigations of patients 

with acute EBOV infection have revealed an overall decrease in NK cell frequency, 

with lower levels of NK cells being associated with fatal EVD outcomes compared to 

survivors (345,347). These studies suggest that the function of NK cells can confer 

some level of protection against EBOV infection, but these cells may be suppressed 

during the course of infection. Lastly, a possible contribution of NK cells to viral 

pathogenicity has been shown in mice, where mice challenged with MA-EBOV 

showed a reduction in circulating NK cells, but an accumulation in virus replication 

sites which correlated with enhanced EVD progression in specific conditions (377). 
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Whilst maintaining a robust T cell and NK cell response is associated with survival, 

elevated pro-inflammatory cytokine signalling and acute-phase responses have been 

more commonly associated with a fatal outcome (345). At first, the observations of a 

robust IFN response during EBOV infection seemed counter-intuitive given the 

immunosuppressive nature of the virus. However, transcriptomic analysis of 

peripheral blood from acute stage EBOV-infected patients firstly showed that for 

both survival and fatal outcome groups, there was a significant enrichment of genes 

associated with IFN signalling, the complement system, the coagulation pathway, 

hormone receptors, and acute-phase signalling. For fatal compared to survival 

outcomes, genes associated with IFN signalling and acute phase responses were the 

most significantly upregulated (345), with similar findings for EBOV-infected NHPs 

(378). The authors suggest that the role of EBOV as an IFN antagonist may only act 

locally rather than systemically, which is in part supported by the absence of EBOV 

infection in lymphocytes, and so an overall difference in IFN responses is still 

observed. Elevated levels of C-reactive protein (CRP) were significantly higher during 

the acute phase in those that eventually succumbed to infection, supporting the 

notion of elevated acute-phase signalling being associated with poor clinical outcome 

(350). Vernet et al also identified an elevation of the pro-inflammatory marker IL-6 in 

those that eventually succumbed to infection, although other studies have not been 

able to distinguish IL-6 between survival or fatal outcomes (345,350).  

 

EVD Survival - Antibody-Mediated 

The generation of robust and early antibody responses has repeatedly been reported 

for those that survive EVD compared to those that succumb to infection (361–

363,379). One study found that these antibody responses can persist for up to 40 

years post-infection (364). However, EVD survivors produce a wide spectrum of 

antibody responses and so antibody titre alone does not determine protection. A 

major focus of interest for protective antibodies is their capacity for neutralisation. 

Similar to total antibody titres, neutralising antibody titres are often associated with 

protection and are therefore favoured in initial screenings for therapeutic 

development (276,365–368). The use of concentrated polyclonal IgG antibodies from 
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vaccinated and challenged NHPs was shown to have virus-neutralising activity and 

was capable of conferring complete protection in NHPs starting from 48 hrs post-

infection (380). However, not all neutralising antibodies are able to confer protection 

in vivo. One of the earliest, well-characterised EBOV-GP monoclonal antibodies 

(KZ52) demonstrated strong neutralisation in vitro (381) and even protection in mice 

and guinea pigs (382), but its passive transfer failed to protective NHPs from lethal 

EBOV infection. The lack of protection was not the result of mutagenic escape nor 

low circulating concentrations of KZ52 at the time of challenge (383).  

 

Future therapeutic developments utilised a cocktail of neutralising antibodies. ZMAb 

contains three neutralising antibodies and was shown to be protective from lethal 

EBOV infection in mice and guinea pig models (384) and cynomolgus macaques (385). 

Another antibody cocktail, MB-003, was comprised of three monoclonal antibodies, 

except they only had a low neutralising potential based on in vitro assays and relied 

partially upon immune effector functions. This cocktail could confer protection to 

rhesus macaques infected with EBOV (386,387). A new antibody cocktail, ZMapp, 

then utilised a mixture of antibodies from ZMAb and MB-003 with changes in the Fc 

structure and glycosylation that could rescue NHPs from lethal EBOV infection (388). 

ZMapp was trialled for effectiveness in human populations to treat EBOV, and while 

its use appeared to be beneficial, it did not meet the statistical threshold for efficacy 

(389). Currently, only two antibody-based EVD therapeutics have been approved by 

the FDA (390). The first approved was InmazebTM, which is a combination of three 

monoclonal antibodies (atoltivimab, maftivimab, odesivimab). All three proteins bind 

the EBOV-GP to neutralise the virus and/or utilise antibody effector functions: 

maftivimab helps neutralise, odesivimab relies on immune effector functions, and 

atoltivimab relies on both neutralisation and immune functions (391). The second 

FDA-approved therapeutic was EbangaTM, which utilises a single monoclonal antibody 

(ansuvimab) that inhibits virus entry by binding the RBD of the GP-1 subunit, 

preventing EBOV-GP from binding to the NPC-1 receptor (392). However, in a recent 

study using NHPs, EBOV-challenged rhesus macaques that survived infection 

following monoclonal antibody treatment showed EBOV persistence in macrophages 



69 
 

infiltrating the brain ventricular system. This persistence was associated with fatal 

disease recrudescence including severe tissue damage, inflammation, and 

meningoencephalitis (393).  

 

The effectiveness of the rVSV-ZEBOV vaccine was attributed to the development of 

antibodies for protection in NHPs (394) and mice (395) which depended on CD4+ T 

cells, whilst the role of CD8+ T cells was minimal. In humans, the rVSV-ZEBOV vaccine 

is capable of inducing strong humoral and cell-mediated responses including the 

induction of neutralising antibodies (396,397). Its use in ring vaccination studies 

where 2,119 individuals were vaccinated showed 100% efficacy from ten days post-

vaccination (398). However, the exact efficacy was later disputed due to a bias in the 

methodology which may have influenced a change in behaviour of vaccinated 

participants, thus reducing their exposure to EBOV and infected individuals (399). The 

two-dose heterologous regimen with Ad26.ZEBOV and MVA-BN-Filo was also found 

to induce a strong humoral response in both adults (400) and children (401), 

supporting its implementation as a prophylaxis for EBOV infection.  

 

1.3.4 Complement and Ebola Virus Disease 

The complement system has been implicated in EVD outcome and EBOV 

pathogenesis in various ways, but there are still many questions to be answered. 

During the acute phase of EBOV infection, transcriptomic analysis revealed that 

individuals who eventually succumbed to infection had a significant upregulation of 

gene sets associated with interferon signalling, the complement system, the 

coagulation pathway, hormone receptors, and acute phase signalling, compared to 

convalescent controls (345). These findings suggest that a strong innate immune 

response to EBOV may not always be beneficial. Similar gene expression profiles have 

been reported for survivors of EVD with a median of 23 months post-discharge from 

treatment centres. These survivors showed a long-lasting immune dysfunction and a 

significant enrichment of genes associated with interferon signalling, the 

complement system, PRRs, and acute phase signalling (268). It is important to note 
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that an upregulation of the complement system may be a non-specific response to 

other disease factors, such as an increase in viral load. 

 

Investigations of the underlying mechanisms for complement activation and how it 

may interact with EBOV can give further insight into the role of complement in EBOV 

pathogenesis and its implications for protection. In this discussion, the mechanisms 

of complement in EBOV pathogenesis have been divided into antibody-dependent 

and antibody-independent mechanisms.  

 

1.3.5 Antibody-Dependent Mechanisms of Complement in EBOV 

Pathogenesis 

Some of the early investigations regarding antibody-dependent mechanisms of 

complement in EBOV pathogenesis were from Takada et al. They first showed that 

antisera from the immunisation of mice with a plasmid encoding the EBOV-GP could 

mediate ADE of VSV pseudotyped with EBOV-GP infection into human kidney 293 

cells. ADE was then enhanced with the use of EGTA and heat-inactivation of the 

plasma samples (402). It was later identified that EBOV-GP antibodies from EBOV 

convalescent human plasma could enhance wild-type EBOV infection of primate 

kidney cells. This effect was enhanced with the addition of C1q and could be 

enhanced further in the presence of EGTA, which suggests the ADE was independent 

of complement activation and was a direct result of the C1q protein binding (403). 

Finally, the C1q-mediated ADE was shown to be dependent on four distinct epitopes 

bound by certain monoclonal antibodies (404).  

 

As discussed previously, interactions with the complement system can enhance 

antibody-mediated virus neutralisation. This has been reported for some antibodies 

against HCMV (405), CCHFV (406), Influenza A virus (159), MuV and SiV5 (167), and 

EBOV (407). For EBOV, Wilson et al demonstrated that certain monoclonal antibodies 

were only capable of virus neutralisation in the presence of complement, in vitro. 

They also demonstrated that the protection of mice from EBOV infection through the 

administration of monoclonal antibodies was most optimal with the murine IgG2a 
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subclass, which shows the greatest efficiency for mediating complement activation 

(407). Interestingly, this effect was not observed in a different study that investigated 

the potential for guinea pig complement to enhance neutralisation of EBOV with 

convalescent human plasma from the 1976 EBOV outbreak in Yambuku (364). There 

are some key differences between these two studies which may account for these 

observations. Firstly, the use of human plasma instead of purified monoclonal 

antibodies would likely reduce the complement-mediated enhancement of 

neutralisation, as only certain monoclonal antibodies in the vast polyclonal response 

will benefit from the addition of complement. Secondly, guinea pig complement 

demonstrates some functional differences to human complement which may 

account for some variation (408–410). Lastly, the works by Rimoin et al were 

investigating antibody responses in convalescent survivors forty years after infection. 

It has been reported that isotype switching to the non-complement activating IgG-4 

isotype starts developing 1-2 years post-EBOV infection which may explain the lack 

of enhancement (411). 

 

In survivors of the 2007 BDBV outbreak, robust polyfunctional antibody profiles 

remained 2 years post infection. The survivors with antibody functions capable of 

mediating antibody-dependent cellular phagocytosis, activating NK cells, or 

mediating antibody-dependent complement deposition (ADCD), had a significantly 

lower chance of developing hearing loss – a common sequelae of BDBV infection 

(267). 

 

1.3.6 Antibody-Independent Mechanisms of Complement in EBOV 

Pathogenesis 

Antibody-independent mechanisms of the complement system which influence 

EBOV pathogenesis have been described for the lectin pathway. MBL was first shown 

to bind the EBOV-GP (and MARV-GP) incorporated into the membrane of 

pseudotyped HIV particles. The binding of MBL to lectins on the EBOV-GP prevented 

its interactions with the host-receptor DC-SIGN, thus neutralising the pseudotyped 

virus. Neutralisation was significantly reduced with the use of MBL-deficient plasma 
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and neutralisation was replenished with the addition of MBL (157). MBL was later 

shown to have some therapeutic benefit against EBOV infection. Mice were 

administered with a lethal dose (100 PFU) of MA-EBOV either 12 hours before or 1 

hour after treatment with recombinant MBL. MBL was administered at doses 

corresponding to 7- to 24-fold higher than average human plasma concentrations, 

every 12 hours for 10 days, which successfully rescued 40% of mice. This response 

was dependent on complement activation, as C3-deficient mice did not survive 

infection irrespective of MBL administration (412). As discussed previously, the 

EBOV-sGP is the primary transcript of the GP gene and is actively secreted from cells 

during EBOV infection. MBL reportedly binds to the EBOV-sGP. The treatment of 

EBOV-sGP with human sera prevented EBOV-sGP interactions with DC-SIGN and 

macrophages. Cytokine release and the expression of co-stimulatory molecules were 

subsequently inhibited. This effect was abolished with the use of MBL-deficient sera 

(413). 

 

Whilst the majority of these studies show a protective effect of MBL against EBOV, 

one study has shown an MBL-mediated enhancement of EBOV infection under 

certain conditions. Using pseudotyped lentivirus with EBOV-GP, the addition of 

recombinant MBL enhanced infection of HEK 293F cells and primary human 

macrophages in a dose-dependent manner, in vitro. At low serum concentrations (< 

10%), a similar enhancement of EBOV infection was also observed. However, when 

serum concentrations were increased above 10%, the enhancement of EBOV 

infection started to reverse. The proposed mechanism for this enhancement was via 

MBL-mediated lipid-raft-dependent macropinocytosis that preferentially utilised 

microtubules rather than microtubules and actin as seen in the canonical EBOV 

pathway (7). A similar enhancement of EBOV infection was observed for FCN-1, an 

alternative activator of the lectin pathway. FCN-1 was shown to bind sialylated 

moieties of the EBOV-GP MLD and, based on competition studies, likely uses a 

common host receptor for the mechanism of enhancement. The addition of FCN-1 

showed a dose-dependent response in the enhancement of both EBOV-GP pseudo-

typed viruses and wild-type EBOV infection into Vero E6 cells and human monocyte-
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derived macrophages, irrespective of other complement proteins in serum (8). When 

the complement system can progress uninhibited however, its activation does not 

appear to play a role in ADE of EBOV infection (414).  

 

In summary, there are many gaps in our knowledge and understanding of the 

complement system in EBOV pathogenesis. Whilst some aspects such as the binding 

of MBL appear to be protective, under certain conditions these have been shown to 

exacerbate infection. Similarly, whilst the C1q protein of the complement system has 

been associated with ADE, the presence of complement has been shown to enhance 

antibody-mediated neutralisation. In each study, the effects of the complement 

system are profound, but there is an overall disagreement in whether its involvement 

would be beneficial or detrimental. 

 

1.4 Coronavirus Overview 

The emergence of SARS-CoV-2 and the ongoing coronavirus disease (COVID)-19 

pandemic has applied severe pressure on health infrastructures, devastated 

economies worldwide, resulted in over 6 million deaths across the globe, and 

continues to pose future threats with the emergence of new variants. I will begin this 

section with a brief overview of Coronaviruses, before focusing on SARS-CoV-2 and 

the relevance of the complement system to its pathogenesis. 

 

1.4.1 Coronavirus Structure 

Coronaviruses (CoVs) are enveloped, non-segmented, positive-sense RNA viruses, 

capable of infecting a range of animals and mammals to cause a broad scope of 

disease. The coronavirus group is subdivided via phylogenetic clustering into four 

genera: Alphacoronaviruses, Betacoronaviruses, Gammacoronaviruses, and 

Deltacoronaviruses (415). Alpha and beta CoVs infect mammals, gamma-CoVs infect 

avian species, and delta-CoVs infect both mammalian and avian species (416). Viruses 

in the Coronavirus genus contain relatively large genomes (26 - 32kb) (416), with two-

thirds occupied by the open-reading frames (ORF)-1a and ORF-1b encoding non-

structural proteins, and the remaining third encoding structural and accessory 
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proteins. The accessory proteins are generally nonessential for replication but do 

have roles in viral pathogenesis and are interspersed within structural genes at the 3’ 

end. The overall genome organisation is 5’-ORF1a-ORF1b-spike(S)-envelope(E)-

membrane(M)-nucleocapsid(N)-3’ (415). Seven coronaviruses are known to be 

pathogenic to humans (HCoV), many of which cause mild symptoms (HCoV-NL63, 

HCoV-229E, HCoV-OC43, HCoV-HKU1), whilst others can cause more severe 

respiratory illnesses potentially resulting in death: SARS-CoV-1, SARS-CoV-2, and 

Middle Eastern respiratory syndrome (MERS)-CoV (416). The three HCoVs which 

cause the most severe disease in humans and are the most clinically relevant belong 

to the Betacoronavirus genus. 

 

1.4.1 Coronavirus Lifecycle 

For coronavirus infection of a host cell, the class I fusion spike protein must first bind 

the cell entry receptor. Specificity of the spike protein determines the viral tropism, 

such as the human aminopeptidase N (HCoV-229E), the angiotensin converting 

enzyme 2 (ACE2; HCoV-NL63, SARS-CoV-1, SARS-CoV-2), or the dipeptidyl peptidase 

4 (MERS-CoV) (417). Host cell proteases such as the transmembrane serine protease 

2 (TMPRSS2) or cathepsin B are then required for the cleavage of the spike protein. 

The virus enters the host cell through clathrin or non-clathrin mediated endocytosis, 

where the acidification of the endosome activates host proteases that promote viral 

fusion with the endosomal membrane and the release of viral RNA into the 

cytoplasm. Alternatively, fusion may occur at the cell-surface membrane (418,419). 

The genome is then translated to produce the viral replication-transcription complex 

(RTC). The RTC transcribes the genome into negative-sense RNA, followed by the 

translation of positive sense subgenomic mRNAs (sgmRNA). Viral structural proteins 

are translated from the sgmRNA by host ribosomes and are inserted into the 

endoplasmic reticulum (ER) membrane (spike, envelope, and membrane proteins) 

before translocating to the ER-Golgi intermediate compartment (ERGIC), or they 

remain in the cytoplasm (nucleocapsid protein). Viral RNA is then packaged into 

helical structures by the nucleocapsid protein, which interacts with the membrane 
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protein for virion assembly. The virions then bud from the ERGIC membranes and 

leave the cell via the exocytic pathway (415) (Figure 8).  

 

 

Figure 8: Lifecycle of Coronaviruses 

1) The virus first binds to the host receptor via its spike protein and enters the cell via 

membrane fusion or clathrin-mediated endocytosis. 2) After entry, the viral genome 

is released into the cytoplasm and translated to produce the polyproteins pp1a and 

pp1ab. 3) The polyproteins are processed further to produce the viral replication-

transcription complex (RTC). 4) The viral genome is then replicated by the RTC to 

produce negative-sense RNA. 5) Positive-sense subgenomic mRNAs (sgmRNA) 

encoding the structural proteins are produced from the negative-sense RNA. 6) 

sgmRNA is then translated to produce the structural proteins S, E, and M by host 

ribosomes on the endoplasmic reticulum (ER), which are inserted into the ER 

membrane, and move to the ER-Golgi intermediate compartment (ERGIC). The N 

protein is synthesised in the cytoplasm. 7) The N protein packages viral RNA into 

helical structures and interacts with the M protein in the ERGIC for virion assembly. 8) 

Virus particles move through the golgi apparatus towards the membrane surface. 9) 

The virus then leaves the cell via exocytosis. This figure was adapted from the 

“Lifecycle of Coronavirus” template, by BioRender.com (2022). Retrieved from 

https://app.biorender.com/biorender-templates. 
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1.4.1 Betacoronaviruses 

The five viruses of the Betacoronavirus genus are: HCoV-OC43, HCoV-HKU1, SARS-

CoV-1, MERS-CoV, and SARS-CoV-2. HCoV-OC43 was first identified in the 1960s and 

typically causes upper respiratory tract infections and symptoms consistent with the 

common cold, with very rare instances of progression to more severe lower 

respiratory tract infections (420–422). HCoV-HKU1 was first identified in 2005 and is 

one of the four endemic coronaviruses associated with common colds in humans, 

causing mild-to-moderate upper-respiratory tract illness (423,424). SARS-CoV-1 first 

emerged in the Guangdong Province of China in 2002 as the aetiological agent of 

severe atypical pneumonia in patients (425–427). Within three months, the SARS 

outbreak had spread to two Hong Kong hospitals, Singapore, Toronto, and Hanoi 

(425,426). The emergence of SARS-CoV-1 was associated with a live-animal retail 

market, where subsequent investigations found a SARS-CoV-1 related virus (sharing 

99.8% sequence homology to SARS-CoV-1) in civet cats (Paguma larvata) and a 

raccoon dog (Nyctereutes procyonoides). Market workers also had neutralising 

antibodies to the isolated virus (428). Civet cats were the suspected natural reservoir 

host. However experimental SARS-CoV-1 infection of civet cats produced overt 

clinical symptoms (429) and the seroprevalence of SARS-CoV-1 in civet cats in 

surrounding areas shortly after the outbreak were remarkably low (430). The first 

SARS-CoV-1 outbreak was contained in July 2003 after a reported >8,000 cases and 

774 deaths across >25 countries (431,432). MERS-CoV was first identified in the 

Kingdom of Saudi Arabia (KSA) in June 2012 following the hospitalisation of a man 

with respiratory and renal failure. Retrospective analysis showed the first known 

cases of MERS appeared in Jordan in April 2012, and the virus has since spread to 27 

other countries (all incidences involve travel from the Arabian Peninsula) with over 

2,500 known deaths and a CFR ~35% (433–435). The dromedary camel is a major viral 

host for transfer to humans, and bats are potentially the main mammalian reservoir 

(436).  
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1.5 SARS-CoV-2 

The emergence of the fifth Betacoronavirus came in December of 2019, when a 

cluster of atypical pneumonia cases were reported in the Wuhan province of China. 

These cases were some of the clinical presentations first identified for the respiratory 

disease COVID-19, which led to the identification of a novel coronavirus, SARS-CoV-

2, as the aetiological agent. The early cases were believed to originate from wild 

animals at a wholesale seafood market in the city of Huanan. The virus rapidly began 

to spread through China and to the rest of the world, affecting over 200 countries, 

and reaching pandemic status in March 2020 (437). The pandemic continues to date, 

and as of March 2022, the worldwide reported cases to the WHO have exceeded 460 

million with over 6 million deaths (438).  

 

SARS-CoV-2 belongs to the beta-CoV genus and the wild-type strain shares a similar 

genome (82%) and structural protein (>90%) sequence identity to SARS-CoV-1 and 

MERS-CoV within the same genus. An important difference between these 

Coronaviruses is the spike protein sequences which influence the host entry 

mechanisms. The MERS-CoV spike protein recognises the host dipeptidyl peptidase 4 

receptor, whereas SARS-CoV-1 and SARS-CoV-2 spike proteins recognise the host 

angiotensin-converting enzyme (ACE)2 receptor (416). The origins of SARS-COV-2 are 

still unknown. The virus with the highest genome similarity (96.2%) to SARS-CoV-2 is 

the RaTG13-CoV, isolated from a bat in Yunnan in 2013 (439). The sequence similarity 

is enough to indicate a close ancestry but not the result of a direct spillover (440). 

Further evidence leans towards a possible recombination event leading to SARS-CoV-

2 between RaTG13 and a Pangolin-CoV, with the latter showing greater RBD 

similarity, which could suggest a spillover directly from pangolins to humans (441).  

 

The ~29.9kb genome of SARS-CoV-2 (Figure 9) is single-stranded positive-sense RNA 

which encodes four structural proteins (S, E, M, N) and sixteen non-structural 

proteins (NSP 1 – 16). The structural proteins are essential for the formation of the 

virion (Figure 10) whilst the functions of non-structural proteins include: RNA 

processing and replication, modulating host cell responses, modification of host cell 
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membranes, and modulation of protein trafficking (442). The spike protein is 

responsible for host cell receptor binding, attachment, and cellular entry using the 

ACE2 receptor and host enzymes including TMPRSS2 and furin (443,444). The 

envelope protein is a small integral membrane protein which contributes to virion 

assembly, maturation, and budding (443,445,446). The membrane protein 

coordinates the trafficking and assembly of virions, with a further role in 

pathogenesis as an IFN antagonist (443,446,447). The nucleocapsid protein directly 

binds the viral RNA to improve stability and to compact the genome for packaging, 

whilst its C-terminal domain recognises viral transcriptional regulatory sequences to 

regulate gene transcription (448–450) (Table 4). 

 
 

 
Figure 9: Overview of SARS-CoV-2 genome 

The positive-sense SARS-CoV-2 RNA genome contains a leader sequence (L) at the 5’ 

end, followed by two open-reading frames (ORF1a and ORF1b) which encode the 

polyproteins (PP) pp1a and pp1ab. The pp1a and pp1ab sequences are further cleaved 

into 16 non-structural proteins (NSPs). Towards the 3’ end, are the structural and 

accessory proteins including the Spike (S), Envelope (E), Membrane (M), and 

Nucleocapsid (N) proteins. This figure was adapted from the “Genome Organization 

of SARS-CoV” template, by BioRender.com (2022). Retrieved from 

https://app.biorender.com/biorender-templates. 
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Figure 10: A schematic of the SARS-CoV-2 virion  

This schematic shows the location of each SARS-CoV-2 structural protein, important for 
the formation of the virion. The spike protein is expressed on the surface of the virion 
and is required for cell entry. The envelope protein enables virion assembly, production, 
maturation, and budding. The membrane protein coordinates the trafficking and 
assembly of the virion. Lastly, the nucleocapsid protein directly binds and stabilises the 
viral RNA.  This figure was adapted from the “Human Coronavirus Structure” template, 
by BioRender.com (2022). Retrieved from https://app.biorender.com/biorender-
templates. 
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Structural Proteins Function Reference 

Spike Protein 
1) Host cell receptor binding, cell 

attachment, and cell entry 
(443) 

Envelope Protein 

1) Viroporin ion channel across the 

endoplasmic reticulum-Golgi 

intermediate compartment 

membrane 

2) Regulate intracellular trafficking and 

processing of the spike protein 

3) Contributes to virion assembly, 

production, maturation, and 

budding 

(443,445,446) 

Membrane Protein 

1) Coordinate virion assembly through 

interactions with all structural 

proteins 

2) IFN antagonist 

3) Regulate intracellular trafficking and 

processing of the spike protein 

(443,446,447) 

Nucleocapsid Protein 

1) Directly binds viral RNA for stability, 

compaction, and regulation of gene 

transcription 

(448–450) 

Table 4: Overview of SARS-CoV-2 structural protein functions 

A summary of the SARS-CoV-2 structural proteins and their primary functions. 

 

1.5.1 Coronavirus Disease 2019 (COVID-19) 

The symptoms of COVID-19 are broad and our understanding of the symptoms 

continue to evolve. Following an incubation period of 2-14 days, symptoms typically 

include but are not limited to: fever or chills; cough; fatigue; headache; sore throat; 

loss of taste or smell; shortness of breath or difficulty breathing; nausea or vomiting; 

diarrhoea. Illness can range from asymptomatic to severe. Symptoms of more severe 

illness include difficulty breathing, persistent pain or pressure in the chest, inability 

to stay awake or wake, confusion, and pale or discoloured skin. More severe illness 

can affect anyone but is more common in older adults with underlying health 

conditions such as diabetes or heart disease (451). 
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The emergence of new variants resulted in greater transmissibility of the virus, but a 

generally milder version of COVID-19, particularly for the Omicron variant. Despite 

the small percentage of cases requiring hospitalisation from infection, much of the 

pressure on healthcare systems came from the high volume of cases (452). The 

emergence of new variants also contributed to the number of cases of re-infection 

(453). Further complications may arise in the form of long COVID, where symptoms 

persist after infection. The symptoms of long COVID are broad and are currently 

known to affect respiratory, cardiovascular, neurological, GI, and musculoskeletal 

systems. One study has shown that the recovery time for the majority of COVID-19 

patients exceeds 35 weeks (454) and the development of long COVID was not 

associated with the severity of acute illness (455). 

 

Severe complications of COVID-19 include the development of acute respiratory 

distress syndrome (ARDS) and lung failure. ARDS is a life-threatening form of 

respiratory failure which causes diffuse alveolar damage in the lungs, characterised 

by the acute onset of bilateral infiltrates, severe hypoxemia, and lung oedema. 

Severe illness typically manifests approximately 1 week after symptom onset, where 

patients most commonly develop dyspnoea and hypoxemia, and progressive 

respiratory failure can develop. Other severe symptoms include lymphopenia; 

thromboembolic complications; central or peripheral nervous system disorders; 

acute kidney, cardiac, or liver injury; cardiac arrhythmias; rhabdomyolysis; 

coagulopathy; and shock (456). 

 

1.5.2 SARS-CoV-2 Pathogenesis 

The virus may enter the respiratory tract by inhalation of respiratory droplets from 

an infected person. From there, the primary target cells of infection are ciliated cells 

which induce type I and III IFN responses, IL-6 production, and activation of IFN 

stimulated genes in both infected and bystander cell populations (457,458). These 

observations by Ravindra et al extended to basal cells and club cells, although Fiege 

et al found that basal cells were relatively resistant to SARS-CoV-2 infection, which is 

likely the result of its near-absent expression of TMPRSS2 (459). The infection spreads 
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to secretory cells where the virus continues to replicate along with IL-6 upregulation 

(457,459,460). SARS-CoV-2 infection of ciliated and secretory cells causes cytopathic 

effects (CPE) in cell culture and morphological changes including cell fusion, 

apoptosis, destruction of epithelium integrity, cilium shrinking, and beaded changes 

(457). The mechanism of these host cells to then mediate mucociliary clearance is 

impaired. The virus can then continue to spread along the respiratory tract to the 

alveolar compartment where the tropism changes to targeting alveolar type II cells. 

Severe morbidity and mortality are sometimes caused by infection of alveolar type II 

cells of the distal lung and associated inflammation (461). Some differences between 

the alveolar region and the nasal passages may account for the more severe 

symptoms associated with type II alveolar infection. Alveolar infection results in the 

robust activation of pro-inflammatory cytokines with potential involvement of 

complement components secreted by alveolar epithelial cells (59). The alveolar 

compartment is less capable of clearing debris by mucociliary clearance and 

coughing, and much of the debris is phagocytosed by macrophages locally and 

transported to draining lymph nodes. Lastly, type II cells are the primary progenitor 

cells for alveolar epithelium and are susceptible to SARS-CoV-2 infection, whereas 

basal cells are the progenitor cells for the conducting airways and are not susceptible 

to SARS-CoV-2 infection (462).  

 

SARS-CoV-2 may spread to the GI tract. The host receptors ACE2 and TMPRSS2 

required for SARS-CoV-2 entry are highly expressed in absorptive enterocytes from 

the ileum and colon (463), and intestinal epithelium has been shown to support SARS-

CoV-2 replication (464). Lehmann et al analysed biopsies of the small intestine from 

the early stages of infection in SARS-CoV-2 patients with mild to moderate diseases. 

They identified SARS-CoV-2 RNA and N protein in the duodenal mucosa and the 

activation of intraepithelial CD8+ T cells in infected intestinal epithelial cells, along 

with epithelial apoptosis (465).  

 

The ACE2 receptor is primarily expressed on epithelial cells of the lung and intestine 

but is readily detectable in pericytes and the endothelium of coronary arteries 
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(466,467), podocytes and tubular epithelium in human kidneys (468,469), and the 

ovaries, uterus, vagina, and placenta (470). The function of the spike protein also 

relies on cleavage by host proteins including TMPRSS2 and furin, to enable viral fusion 

(471). As part of the normal endocytic process, cytosolic Ca2+ ions are released from 

the endosomal environment via NAADP and a two-pore channel (TPC2). The acidic 

late-endosomal environment triggers fusion of the virion and endosomal cell 

membrane, leading to nucleocapsid release into the cytoplasm (472,473). 

 

1.5.3 SARS-CoV-2 Protection 

The development of high IgG antibody titres and neutralising IgG antibody titres show 

a strong association with vaccine efficacy, protection from infection/re-infection, 

and/or protection from severe COVID-19. The generation of SARS-CoV-2 antibodies 

from either vaccination or infection have been shown to offer at least temporary 

protection to individuals from becoming re-infected. The majority of reports show 

that this protection lasts for at least six months, although there is some decay in 

antibody titres (474–483). 

 

Another major focus of protection against SARS-CoV-2 infection and severe COVID-

19 is the development of specific and robust T cell responses. Firstly, the 

development of SARS-CoV-2 spike-specific CD4+ T cell responses in COVID-19 

convalescent patients has been shown to correlate with SARS-CoV-2 IgG and IgA titres 

(484). SARS-CoV-2-specific CD4+ T cells were also identified in unexposed individuals, 

which suggests possible cross-reactivity from other circulating coronaviruses to SARS-

CoV-2 (484). Tan et al observed that the early induction of functional IFN-γ-secreting 

T cells specific to SARS-CoV-2 was associated with rapid viral clearance and reduced 

disease severity (485). The notion that certain functional T cells may be protective is 

supported by Le Bert et al, as they found that T cell frequencies between 

asymptomatic and symptomatic individuals infected with SARS-CoV-2 were similar, 

but the former showed an increase in IFN-γ and IL-2 production, which suggests that 

asymptomatic cases appear to have a more robust cell-mediated immune response 

(486). However, the variance within these subsets is an important consideration, as 
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proliferating CD4+ and CD8+ T cells have been associated with severe COVID-19, 

whilst CD4+ T cells expressing IL22 and CD8+ effector memory T cells were enriched 

in individuals with asymptomatic and mild infections within the same study (487). 

CD8+ lymphopenia in the peripheral blood has been reported for patients with severe 

COVID-19, which might suggest that a protective role in infection, as their decline is 

associated with an increase in systemic inflammation (488). Lastly, as the pandemic 

continues and new variants of concern continue to arise, T cells may be especially 

important as in some instances, they have been shown to target more conserved 

epitopes of SARS-CoV-2 variants of concern compared to antibody responses which 

lose neutralisation potency (489).  

 

1.5.4 Complement and COVID-19 

A characteristic marker of severe COVID-19 pathology is excessive inflammation 

which is in part attributed to activation of the complement system. Serum 

complement concentrations and markers of complement activity are shown to be 

elevated in COVID-19 patients compared to healthy or recovered controls, and with 

an increase with disease severity (490). A significant reduction in C3 (491–493), an 

increase in C3a (494,495), and an increase in C5a (494,496,497) have been associated 

with COVID-19 patients compared to healthy controls or patients with milder COVID-

19 symptoms. Studies which interpret these results of COVID-19 patients compared 

to healthy controls should be interpreted with caution, as complement activity 

typically increases in response to infection and may be non-specific. For example, the 

development of more severe COVID-19 symptoms has been associated with a 

cytokine storm. De Nooijer et al showed that whilst markers of complement 

activation (C3a, C3c, C5b-9) were higher in COVID-19 patients compared to healthy 

controls, patients with COVID-19 and ARDS had a less profound increase in 

complement markers compared to patients with bacterial sepsis. However, 

complement markers were still associated with disease severity and mortality (495).  

 

In many cases, the complement system has been associated with more severe COVID-

19 symptoms. In lung tissue biopsies from patients that succumbed to COVID-19, 
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complement components C5b-9, C4d, and MASP-2 were deposited in the 

microvasculature (498). Ma et al measured markers of complement activation in 

COVID-19 patients that were admitted to ICU compared to hospitalised patients with 

influenza. Circulating markers of complement activation were significantly higher in 

the COVID-19 cohort, in particular the enhanced activation of the alterative pathway 

(499). Similarly, Charitos et al found an association between overactivation of the 

alternative pathway and severe COVID-19. COVID-19 patients that required invasive 

ventilation had a significant reduction in activity of the alternative pathway due to 

excessive activation and eventual complement consumption, compared to other 

COVID-19 patients. No significant difference was observed in the lectin pathway 

activity (500). A comparison of hospitalised COVID-19 patients compared to out-

patients also found that uncontrolled complement activity and eventual 

consumption was associated with disease severity (501).  

 

A retrospective study of 6,398 patients with SARS-CoV-2 infection showed that a 

history of macular degeneration (a proxy for complement activation disorders) and 

coagulation disorders were risk factors for COVID-19 morbidity and mortality, 

independent of age, sex, or history of smoking. Transcriptional profiling showed 

robust engagement and activation of the complement and coagulation pathways. 

Gene association studies showed that severe COVID-19 was associated with genetic 

variants in critical regulators of the complement and coagulation pathways. 

Hyperactive complement and coagulative genetic variations predisposed individuals 

to adverse outcomes with SARS-CoV-2 infection (502). 

 

In summary, the majority of findings regarding the complement system and COVID-

19 show its involvement is associated with adverse outcomes. However, a balance 

between its activation, without overactivation, may be beneficial to protection, 

particularly in the earlier stages of infection. 
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1.5.5 Antibody-Dependent Mechanisms of Complement in SARS-CoV-2 

Pathogenesis 

The IgG binding of COVID-19 convalescent plasma to the RBD of the spike protein was 

predominantly bound by the most efficient complement-activating subclasses, IgG-1 

and IgG-3. The resulting complement deposition was found to correlate with IgG titre 

and disease severity, which suggests that complement activation may be more 

prominent in those with severe disease and/or higher IgG titres (503). However, it is 

worth noting that this mechanism would be less relevant during the initial stages of 

infection of a naïve individual, as the IgG response would not develop until later in 

infection. The chimpanzee adenovirus-vectored vaccine, ChAdOx1 nCoV-19, induced 

antibodies that were protective and capable of eliciting multiple immune effector 

functions including complement activation, which correlated with IgG titre. The 

significance of this complement activity on immunity is not clear (504). 

 

1.5.6 Antibody-Independent Mechanisms of Complement in SARS-CoV-2 

Pathogenesis 

The spike and nucleocapsid proteins of SARS-CoV-2 have been shown to bind MBL, 

FCN-2, and CL-11 of the lectin pathway to promote complement deposition. HEK 293 

T cells expressing the SARS-CoV-2 spike protein were more susceptible to C3b 

deposition and this process was impaired with the use of a MASP-2 inhibitor. 

Furthermore, the N protein is capable of directly binding the MASP-2 enzyme to 

activate the complement pathway (505), and the spike protein is capable of directly 

activating the alternative pathway (506). These observations show possible 

mechanisms of complement activation during SARS-CoV-2 infection of both naïve and 

previously exposed individuals. 

 

In summary, there are many reports which associate high levels of complement 

activation with severe COVID-19. However, there is very little evidence which shows 

the underlying mechanisms of this complement activation and why this process is 

heightened for some individuals. 
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1.7 Research Aims 

This PhD project utilised a combination of biochemical, molecular, and virology 

techniques in an attempt to improve our understanding of the role of complement in 

EBOV and SARS-CoV-2 pathogenesis. I first explored the antibody-independent 

interactions of complement with EBOV and SARS-CoV-2 proteins to understand how, 

and to what extent, the complement system is activated. I then investigated these 

interactions in the presence of antibodies using convalescent and/or vaccinee 

plasma, to understand the variability of complement-mediated responses following 

infection. Lastly, I explored the significance of both the antibody-dependent and 

antibody-independent mechanisms of complement for wild-type EBOV and SARS-

CoV-2 neutralisation, to understand how these mechanisms might influence viral 

pathogenesis. 

 

Chapter 2: Antibody-independent complement deposition 

Aim: To determine the role of the lectin/alternative (antibody-independent) 

complement pathways in EBOV and SARS-CoV-2 pathogenesis. 

 

Hypotheses:  

• Differences in complement proteins at the genomic and/or proteomic level 

would be associated with EVD outcome. 

• MBL of the lectin pathway would bind to all Ebolavirus and Coronavirus 

proteins of interest. 

• The Ebolavirus and Coronavirus proteins of interest would activate the 

complement system to completion, independent of antibodies. 

 

Goals (EBOV):  

• Investigate potential differences in complement proteins at the genomic and 

proteomic levels of convalescent EBOV plasma that may have contributed to 

their survival. 
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• Develop novel ELISAs and western blot assays to determine whether MBL is 

capable of binding, and to what extent, to the EBOV-GP, EBOV-sGP, and 

SUDV-GP. 

• Develop novel ELISAs to determine whether the complement system is 

activated to completion following stimulation from EBOV-GP, EBOV-sGP, and 

SUDV-GP, independent of antibodies. 

 

Goals (SARS-CoV-2): 

• Re-purpose novel ELISAs to assess whether MBL is able to bind the SARS-CoV-

2 spike protein. 

• Re-purpose novel ELISAs to assess whether the SARS-CoV-2 spike protein is 

capable of activating the complement system to completion, independent of 

antibodies. 

 

Chapter 3: Antibody-dependent complement deposition 

Aim: To investigate the differential responses of ADCD in response to EBOV and SARS-

CoV-2 glycoproteins using convalescent and/or vaccinee plasma. 

 

Hypotheses:  

• Low-neutralising, convalescent EVD plasma would be capable of mediating 

ADCD as a possible Fc-mediated function for protection. 

• Vaccine-induced SARS-CoV-2 spike antibodies would be capable of mediating 

ADCD as a possible Fc-mediated function for protection. 

• The potential for SARS-CoV-2 convalescent plasma to mediate ADCD would 

be associated with disease severity. 

 

Goals (EBOV):  

• Design and develop novel flow cytometry assays to assess the extent of ADCD 

with convalescent EBOV plasma in response to EBOV-GP, EBOV-sGP, and 

SUDV-GP. 
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Goals (SARS-CoV-2): 

• Re-purpose ADCD flow cytometry assays to assess immune effector functions 

of ChAdOX1 nCoV-19 vaccinee plasma and SARS-CoV-2 convalescent plasma. 

This work was conducted in collaboration with the University of Oxford and 

the Pathogen Immunology Group at the United Kingdom Health Security 

Agency (UKHSA). 

 

Chapter 4: Complement-mediated neutralisation 

Aim: Considering the evidence collected in Chapters 2 and 3, determine whether the 

complement system has any influence on EBOV and SARS-CoV-2 neutralisation. 

 

Hypotheses:  

• Independent of antibodies, the complement system would be able to 

influence EBOV and SARS-CoV-2 neutralisation. 

• The complement system would enhance the neutralisation of low-

neutralising antibodies against wild-type EBOV and SARS-CoV-2. 

 

Goals (EBOV):  

• Supplement wild-type EBOV neutralisation assays with exogenous human 

plasma as a source of complement to determine whether: A) the complement 

system can neutralise EBOV, and B) does the complement system enhance 

the neutralisation of low-neutralising EBOV-GP antibodies. 

 

Goals (SARS-CoV-2): 

• Supplement wild-type SARS-CoV-2 neutralisation assays with exogenous 

human plasma as a source of complement to determine whether: A) the 

complement system can neutralise SARS-CoV-2 and B) does the complement 

system enhance the neutralisation of low-neutralising SARS-CoV-2 S 

antibodies. 

• Investigate the effects of recombinant MBL on SARS-CoV-2 neutralisation 

following the evidence collected in Chapter 2.  
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Chapter 2: Antibody-Independent Complement Deposition 

2.1 Introduction 

The complement system is a component of innate immunity found in a wide array of 

species including bats (507), cows (508), deer (509), pigs (510), rabbits (511), and rats 

(511). It can form one of the first lines of defence against viruses and its impact on 

disease progression can persist after viral clearance (1). Bloodborne pathogens, such 

as EBOV, and even respiratory pathogens such as SARS-CoV-2, would encounter the 

complement system during the course of infection of their mammalian hosts. In this 

chapter, I explored the antibody-independent components of the complement 

system in response to a range of Ebolavirus and Coronavirus glycoproteins (GPs) to 

understand the mechanisms involved in their pathogenesis, before the development 

of an adaptive immune response. 

 

The lectin and alternative complement pathways can function independently of 

antibodies. Typically, proteins of the lectin pathway, such as mannose-binding lectin 

(MBL) or ficolin-1 (FCN-1), bind to the glycosylated regions of viral proteins and 

activate the complement system. The alternative pathway can then augment the 

lectin (and classical) pathways, or the alternative pathway can activate spontaneously 

on microbial surfaces via the hydrolysis of C3. The plasma concentrations and 

functionality of complement proteins within these pathways can vary greatly 

between individuals, and this is reflected in their genome and proteome 

(74,79,82,512–517). Single nucleotide polymorphisms (SNPs), such as those seen for 

MBL and FCN-1, are reportedly common within certain ethnic populations and can 

significantly influence an individual’s resistance to infection and/or the severity of 

disease (69,70,72–76). Three SNPs within the MBL2 promoter region have been 

shown to significantly alter promoter activity and MBL transcription levels: L/H 

(rs11003125), Y/X (rs7096206), and P/Q (rs7095891) (514). Three SNPs in exon 1 of 

MBL2 are often implicated in disease and have been shown to impact protein 

function and expression, located at: codon 52 (rs5030737) (513), codon 54 

(rs1800450) (512), and codon 57 (rs1800451) (516). Similarly, SNPs in the FCN1 gene 

at locations rs10120023 and rs10117466 significantly impact circulating levels of FCN-
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1 (79,517). For SARS-CoV-2, MBL SNPs have been associated with increased COVID-

19 severity (518). Variations in the plasma concentration and function of MBL and 

FCN-1 could also be important for EBOV pathogenesis, as both proteins have been 

shown to influence EBOV infection and disease outcome (7,8,157,412,413). 

 

As discussed in Chapter 1, both MBL and FCN-1 have been shown to influence EBOV 

infection. MBL has been shown to limit EBOV infection in vitro by preventing the 

interactions of the EBOV-GP and EBOV-sGP with DC-SIGN (157,413). Recombinant 

MBL also showed therapeutic potential in vivo by rescuing 40% of mice infected with 

a lethal dose of MA-EBOV (412). However, both MBL and FCN-1 have shown a dose-

dependent enhancement of EBOV infection in vitro (7,8). Therefore, it seems 

plausible that MBL and FCN1 SNPs which influence the function and expression of 

these proteins, may also influence EBOV infection. This is an aspect of potential EBOV 

immunity which has not previously been explored.  

 

Whilst these studies of the genome and proteome are useful for finding associations 

with disease and/or protection, they do not confirm causal relationships. The 

previous studies which show the potential role of lectins in EBOV pathogenesis do 

not show the downstream effects of complement activation beyond the cleavage of 

C4 (7), nor the implications of this. As previously discussed, multiple regulation points 

exist within the complement system that can be manipulated by viral proteins to 

down-regulate or inhibit its activity, such as the factor I-like activity exhibited by 

Chikungunya virus and Nipah virus to destabilise the complement system at the 

cleavage of C3 (181,182). So, although the EBOV-GP and EBOV-sGP can bind MBL to 

induce the cleavage of C4, the effect on the downstream mechanisms important for 

inflammation, chemotaxis, and lysis, are unknown. These responses could be 

important, as high levels of inflammation are a hallmark of EVD that is significantly 

associated with disease severity and fatal outcomes (345,519,520). Chemotaxis 

includes the recruitment of DCs and macrophages, but this mechanism can lead to a 

more systemic spread of EBOV as they are the primary target cells for infection (335–

339). Complement-mediated lysis could provide some level of protection against 
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EBOV, as it has been shown to lyse infected cells and target virions in other viral 

infections (19,159,160,175). 

 

In this chapter, we wanted to determine the role of the lectin/alternative (antibody-

independent) complement pathways in EBOV pathogenesis. We hypothesised that 

genomic and proteomic differences in complement proteins would be associated 

with EVD survival; that MBL would bind to all Ebolavirus glycoproteins of interest; and 

that these Ebolavirus glycoproteins would activate the complement system to 

completion, independent of antibodies. I first utilised a genomic (polymerase chain 

reaction [PCR] and next-generation sequencing [NGS]) and proteomic approach 

(liquid chromatography – mass spectrometry/ mass spectrometry [LC-MS/MS]) to 

investigate MBL and FCN-1 SNPs, and possible variations in the levels of circulating 

plasma proteins, between EVD survivors and EVD naïve controls. We observed large 

diversity in the SNPs within our Guinean population but did not observe any 

significant differences between cohorts. We also developed novel ELISAs to 

investigate the potential for MBL binding and complement deposition in response to 

a range of Ebolavirus glycoproteins, to determine which proteins could activate the 

complement system, and whether this led to the final formation of the membrane 

attack complex (MAC). 

 

Following the emergence of SARS-CoV-2, early observations of patients with severe 

COVID-19 showed significantly higher levels of complement proteins and 

inflammation compared to healthy individuals and patients with milder COVID-19 

symptoms (491–497). At the time of this study, no viral mechanism to explain this 

complement activation, nor to what extent the complement system was activated, 

had been determined. We hypothesised that MBL would bind to the SARS-CoV-2 

spike protein, and that the spike protein would activate the complement system to 

completion, independent of antibodies. I was able to modify my MBL binding and 

C5b-9 deposition ELISAs developed within this chapter, to address these hypotheses. 
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2.2 Methods 

2.2.1 Sample Collection and Ethics 

West African plasma samples from survivors of the 2013-2016 EBOV outbreak, and 

negative individuals from the same region who did not come into contact with known 

EBOV-infected patients, nor did they present with EVD symptoms, were collected as 

part of a longitudinal study from 2015-2017 (372). Ethical approval for the collection 

and uses of this plasma was obtained from the National Ethics Committee for Health 

Research, Guinea (33/CNERS/15) and from the National Research Ethics Service, UK. 

All volunteers were informed of the study procedures and purposes, and only 

consenting participants with written and informed consent were included.  

 

Pooled human plasma (PHP) was collected as previously described (521) and used as 

the exogenous source of complement. Venous human blood was collected using 

butterfly cannulas and 50 ml syringes and immediately decanted into polypropylene 

centrifuge tubes containing 0.04 mg/ml Hirudin, on ice. The tubes were inverted to 

mix the blood and Hirudin. The tubes were then centrifuged at 3,000 x g for 10 min 

with no brake to separate the red blood cells and plasma. The plasma was then 

aliquoted into 0.2 ml or 0.5 ml polypropylene tubes and stored at -800C to be thawed 

and used immediately when required. During the course of this project, a total of 

three different batches of PHP were used. All batches were prepared in the same way 

and varied only in the number of donors, using either: 20 UK donors; 40 UK donors; 

or 5 UK donors. In this chapter, we used the PHP from 20 UK donors collected and 

processed by the Pathogen Immunology Group at the UKHSA. 

 

2.2.2 Viral Proteins 

All of the viral proteins used in this study were sourced externally and were expressed 

in HEK 293 cell lines to maintain consistency in protein glycosylation patterns (Table 

5). 
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Protein Strain (GenBank 

Accession number) 

Company 

EBOV-GP Makona (AHX24649.1) Nuffield Department of 

Medicine, University of 

Oxford 

EBOV-sGP Mayinga (AHC70242.1) Integrated 

BioTherapeutics 

HIV gp120 HIV-1 (ABL67444.1) Abcam 

SARS-CoV-1 Spike Beijing02 (AY278487) Immune Technologies 

SARS-CoV-2 Spike Wuhan (NA) Lake Pharma 

SUDV-GP Gulu (YP_138523.1) Sino Biological 

Table 5: Viral proteins for ELISAs 

All recombinant viral proteins used for the ELISAs were expressed in HEK 293 cells 

and were sourced from a range of suppliers. Abbreviations: not available (NA). 

 

2.2.3 West African Plasma Isolation 

Blood samples were collected in EDTA tubes and processed in the field (Conakry, 

Guinea) to isolate the plasma and peripheral blood mononuclear cells (PBMCs). First, 

Leucosep tubes with 15mL of ficoll were centrifuged at 800 xg for 15 min with no 

brake. The plasma was transferred to a clean 15 ml tube and centrifuged at 1,500 xg 

for 10 min before aliquoting and storing at -80oC. PBMCs were also isolated and used 

for other research purposes (372,522) beyond the scope of this PhD project. 

 

2.2.4 PCR Amplification of MBL and FCN1 SNPs in West African Plasma 

Samples 

Ten EBOV-GP IgG positive and five EBOV-GP IgG negative Guinean plasma samples 

were selected for SNP analysis. Two genomic regions containing six MBL or two FCN1 

SNPs known to influence protein expression and/or function were amplified via PCR. 

The MBL reverse primer (5’ -CCAGGCAGTTTCCTCTGGAAGG- 3’) was obtained from 

Kalia et al (523) and a novel forward primer (5’ - TGGGAGGAGGATTCAAGGCAAGT- 3’) 

was designed using DNASTAR (Version 14.0) and the Single Nucleotide Polymorphism 

Database to capture all six MBL SNPs. Forward (5’ -GTCCACAGCGTGGCCTG- 3’) and 

reverse primers (5’ -CTTGTGCCACAGTTTCTCAAC- 3’) for individual FCN-1 SNPs (79) 
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were combined to capture all targets in a single assay, and their compatibility was 

assessed using the OligoEvaluator software (Merck).  

 

The final 25 µl reaction volume consisted of 5 µl template DNA (1.5 - 2.0 ng/µl) or 5 

µl PCR-grade water as a negative template control (NTC), and a 20 µl mastermix 

comprised of: 5 µl PCR-grade water, 1.25 µl of forward primer (10 µM), 1.25 µl of 

reverse primer (10 µM), and 12.5 µl of Q5® Hot Start High-Fidelity 2x Master Mix (New 

England Biolabs). The PCR cycling conditions using the Applied Biosystems Veriti 

Thermal Cycler were as follows: 1 cycle of 98oC for 2 min, 35 cycles of 98oC 

denaturation for 10 s, annealing for 30 s at 65oC (FCN-1) or 68oC (MBL), and extension 

at 72oC for 30 sec, followed by a final extension step at 72oC for 2 min.  

 

2.2.5 DNA Purification and NGS of MBL and FCN-1 SNPs 

Following PCR amplification, the 25 µl PCR reaction mixture was mixed with 4.2 µl of 

Gel Loading Dye, Purple (6x, New England BioLabs), and loaded onto a 1% agarose gel 

with SYBR safe. The positive DNA fragments, along with the NTC and TrackItTM 1kb 

Plus DNA ladder (New England Biolabs), were separated via gel electrophoresis and 

the desired DNA amplicons were isolated using the QIAquick Gel Extraction Kit 

(QIAGEN), according to the manufacturer’s instructions. Samples were quantified via 

NanoDropTM and diluted to 1 – 100 ng/µl with a minimum volume of 60 µl for MiSEQ 

NGS analysis at the UKHSA – Colindale. Consensus sequences from the raw NGS data 

were generated by Daniel Carter in the Genomics Group at the UKHSA – Porton 

Down.  

 

The consensus sequences were then aligned to the reference genomes (FCN-1: 

NG_046982.2 and MBL: NG_008196.1) using DNASTAR (Version 14.0) to identify the 

SNPs of interest. The minor allele frequencies (MAFs) were calculated for each cohort 

and compared using Fisher’s exact test (significance = P value < 0.05) to obtain 

significance values. The statistical power was then calculated using the observed 

MAFs as described by Chow et al (524).  
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2.2.6 LC-MS/MS of West African Plasma Samples 

An initial categorisation of Guinean plasma samples was made for “survivors” (EBOV 

PCR positive), “contacts” (no confirmed EBOV PCR), and “negatives” (no contact with 

known EBOV-infected individuals). Ten samples were selected from each category for 

proteomic analysis via LC-MS/MS using previously published methods (525,526). 

Plasma protein concentrations were measured using the Pierce™ Coomassie 

(Bradford) Protein Assay Kit (ThermoFisher Scientific), according to the 

manufacturer’s instructions. Eight volumes of 15% (w/v) trichloroacetic acid (TCA) in 

acetone were added to a plasma volume equivalent to 100 µg of protein and 

incubated overnight at -20°C. The samples were then centrifuged for 10 min at 14,000 

rpm, 4°C. The pellets were washed with 200 µl of acetone and centrifuged for 1 min 

at 14,000 rpm. The acetone was then removed and the pellets air-dried. The pellets 

were then resuspended in 10 µl of 1% (w/v) RapiGest (Waters) and 150 µl of 50 mM 

ammonium bicarbonate, and incubated for 10 min at 80°C. The proteins were then 

reduced with the addition of 10 µl of 60 mM dithiothreitol (DTT, Sigma) and 

incubated for 10 min at 60°C. The samples were then alkylated with the addition of 

10 µl of 180 mM iodoacetamide (Sigma) and incubated for 30 min at RT, in the dark. 

A further 10 µl of 60 mM DTT was then added and the samples were incubated for 

10 min at RT. Proteomic-grade trypsin (Sigma-Aldrich) was added to the proteins at a 

protein:trypsin ratio of 50:1 for digestion, and the samples were incubated at 37°C 

overnight.  Protein digestion was confirmed via SDS-PAGE. Trifluoroacetic acid was 

added at a final concentration of 0.5% (v/v) to the peptide samples before 

centrifugation for 30 min at 14,000 rpm. Peptides were analysed by on-line nanoflow 

LC using the Ultimate 3000 nano system (Dionex/Thermo Fisher Scientific). 

 

The raw data was acquired by Stuart Armstrong at the Institute of Infection, 

Veterinary and Ecological Sciences, at the University of Liverpool, UK. Proteomics 

analysis was similar to that described by Aljabr et al (2019) (526). Thermo RAW files 

were imported into Progenesis LC–MS (version 4.1, Nonlinear Dynamics). Default 

settings were used for time alignment and peak selection, which were filtered to 

include only peaks with a charge state between +2 and +7. Spectral data were 
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analysed using the PEAKS studio X software (Bioinformatics Solutions Inc., Waterloo, 

ON, Canada, Bin Ma et al). Tandem MS data were searched against the Homo sapiens 

reference genome sequence (Uniprot, UP000189706) with a false discovery rate set 

at 1%. Search results were imported into Progenesis LC–MS as pepXML files. Peptide 

intensities were normalised against the reference run by Progenesis LC-MS to 

highlight relative differences in protein expression between sample groups. Only 

proteins with two or more identified peptides were included in quantitative analysis. 

Statistical analysis (ANOVA) of the data was performed using Progenesis LC-MS to 

identify significantly (q ≤ 0.05, relative fold change ≥ 2) differentially expressed 

proteins. 

 

A principle component analysis (PCA) was then performed using GraphPad prism 

software (version 9) to identify potential clusters within the samples and omit any 

outliers. A k-means cluster analysis in R studio (packages: tidyverse (527); readxl 

(528); FactoMineR (529); factoextra (530)) was also performed for a non-biased 

approach to determine possible sample clusters. Lastly, a cluster heatmap was 

performed in R studio (packages: ggplot2 (299); tidyverse (527); cluster (531)) with 

the normalised abundances to identify possible clusters between samples. 

 

2.2.7 MBL Binding ELISA 

MaxiSorpTM ELISA plates were coated in triplicate with 50 µl of viral antigen (HIV-1 

gp120, EBOV-GP, EBOV-sGP, SUDV-GP, SARS-CoV-1, SARS-CoV-2) in Hanks Balanced 

Salt Solution with calcium and magnesium (HBSS) at a concentration of 4 µg/ml, or 

coated with HBSS only, then incubated overnight at 4oC. The plates were then washed 

four times with 200 µl of HBSS and blocked with 200 µl of HBSS containing 5% Fetal 

Calf Serum (FCS) and incubated at 37oC for 2 hrs, 900 rpm. All subsequent dilutions 

were made using HBSS with 2% FCS, and all subsequent wash steps used 200 µl of 

HBSS with 0.05% tween-20, four times. Plates were washed and incubated with 50 µl 

of MBL (R&D Systems) at four protein concentrations in a 1:2 dilution series, for 1 hr 

at RT, 900 rpm. Protein concentrations were adjusted for each viral protein to obtain 

a signal within the linear range of the standard cure, and varied from 4 µg/ml down 
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to 0.0156 µg/ml. The ELISA plates were then washed and incubated with 1 µg/ml (100 

µl) of goat anti-MBL antibody (R&D Systems) at RT for 1 hr, 450 rpm. ELISA plates 

were washed and incubated with 1 µg/ml (100 µl) of a HRP-conjugated, cross-

adsorbed anti-goat antibody (Life Technologies) at RT for 1 hr, 450 rpm. The plates 

were washed again before developing in 100 µl of One-Step Turbo TMB 

(ThermoFisher Scientific) for 10 min and stopped with 100 µl of 1 M sulfuric acid. The 

O.D. was determined at 450 nm using SoftMax® Pro 7 software and analysed using 

GraphPad Prism software (version 9). All assays were performed in duplicate. 

 

As a negative control for each protein, 10 mM of EDTA was added during the 

incubation step with the highest concentration of MBL. Each plate also included 

HBSS-coated controls with the addition of 4 µg/ml MBL, two QC samples coated in 

triplicate with mannan, and a blank well which was subtracted from all values before 

analysis. The negative cut-off was determined using average of the HBSS-coated 

controls with 4 µg/ml MBL for all plates, plus three SDs. Each plate was then tested 

in duplicate with an intra-assay variation < 15% CV and an inter-assay variation ≤ 25% 

CV. All replicates were then averaged and two dilution points were used for 

interpolation from the standard curve using mannan, before averaging. Samples 

were then reported as the ability to bind MBL, relative to mannan. 

 

2.2.8 SDS-PAGE to Assess Protein Purity 

Viral proteins were deglycosylated using the PNGase F Glycan Cleavage Kit 

(ThermoFisher Scientific) according to the manufacturer’s instructions. Both native 

and deglycosylated protein samples were diluted to a final concentration of 25 µg/ml 

in Laemmli lysis buffer (Merck) and incubated at 95oC for 10 min. NovexTM Sharp Pre-

Stained Protein Standard (ThermoFisher Scientific) and MagicMarkTM XP Western 

Protein Standard (ThermoFisher Scientific) were mixed with a 1:1 ratio for the final 

protein standard. Each sample was then loaded onto NuPAGETM 4-12% Bis-Tris gels 

(ThermoFisher Scientific) at a concentration of 0.5 µg (or 10 µl of protein standard) 

and separated via gel electrophoresis with NuPAGE MOPS SDS buffer (Life 

Technology) and 500 µl of NuPAGE antioxidant (Life Technology) at 175 volts for 1 hr. 
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The gels were then stained with SimplyBlueTM SafeStain (ThermoFisher Scientific) 

according to the manufacturer’s instructions and visualised using the ChemiDocTM 

MP Imaging System (BioRad). The final images were then annotated using Inkscape 

software. 

 

2.2.9 Western Blot Assays for MBL Binding 

Both native and deglycosylated proteins were diluted in Laemmli lysis buffer (Merck) 

and loaded onto NuPAGETM 4-12% Bis-Tris gels (ThermoFisher Scientific) at a final 

protein concentration of 0.250 µg (HIV gp120), 0.500 µg (EBOV-GP, SARS-CoV-1 

spike), 2.000 µg (EBOV-sGP, SARS-CoV-2 spike), or 3.125 µg (SUDV-GP). NovexTM 

Sharp Pre-Stained Protein Standard (ThermoFisher Scientific) and MagicMarkTM XP 

Western Protein Standard (ThermoFisher Scientific) were mixed in a 1:1 ratio for the 

protein standard, using 10 µl per well. Samples were separated via gel 

electrophoresis with NuPAGE MOPS SDS buffer (Life Technology) and 500 µl of 

NuPAGE antioxidant (Life Technology) at 175 volts for 1 hr and transferred to 

polyvinylidene difluoride (PVDF) membranes using the iBlotTM Transfer Stack 

(ThermoFisher Scientific), according to the manufacturer’s instructions. PVDF 

membranes were then blocked using HBSS containing 5% skim milk and 0.05% tween-

20, overnight at 4oC. The membranes were then incubated with 5 µg of MBL (R&D 

Systems) for 1 hr at RT. The membranes were then washed five times for 5 min with 

wash buffer (HBSS containing 0.05% tween-20) and incubated with 0.5 µg of goat 

anti-MBL antibody (R&D Systems) for 1 hr at RT. The membranes were then washed 

five times for 5 min with wash buffer and incubated with 0.5 µg of an HRP-

conjugated, cross-adsorbed anti-goat antibody (Life Technologies) for 1 hr at RT. The 

membranes were then washed five times for 5 min with wash buffer and developed 

with Amersham ECL Prime (Cytiva) according to the manufacturer’s instructions, for 

5 min in the dark. The samples were then visualised using the ChemiDocTM MP 

Imaging System (BioRad) and the final images were annotated using Inkscape 

software. 
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2.2.10 PHP IgG ELISA 

IgG ELISAs were developed to verify that the preparations of PHP in this study did not 

contain antibodies to the viral proteins tested: HIV-1 gp120, EBOV-GP, EBOV-sGP, 

SUDV-GP, SARS-CoV-1, and SARS-CoV-2. MaxiSorpTM ELISA plates were coated in 

triplicate with 1 µg/ml of viral antigen (50 µl) in PBS and incubated overnight at 4oC. 

All subsequent dilutions were made with BlockerTM Casein in PBS (ThermoFisher 

Scientific) and all subsequent wash steps used 200 µl of PBS containing 0.05% Tween-

20, six times. The plates were washed and blocked with 100 µl of BlockerTM Casein in 

PBS for 1 hr at RT. The plates were then washed, 50 µl of PHP or positive control 

sample (diluted 1:500 in PBS casein, listed below) was added, and the plates were 

incubated for 2 hrs at RT. The plates were washed again and 50 µl of anti-human IgG 

conjugated to alkaline phosphatase (1:1000 in PBS casein, Merck) was added to each 

well and incubated for 1 hr at RT. The plates were washed and developed with 100µl 

of 20 mg 4-nitrophenyl phosphate disodium salt hexahydrate (Merck) in PierceTM 

Diethanolamine Substrate Buffer (ThermoFisher Scientific) for 20 min at RT, in the 

dark. The O.D. was measured at 405 nm and the data was analysed using GraphPad 

Prism software (version 9). 

 

The samples tested were: the three unique batches of PHP, one UK EBOV-GP IgG 

negative plasma sample, and a pool of three West African EBOV-GP negative plasma 

samples. The positive control material was either seropositive plasma (HIV gp120, 

EBOV-GP, EBOV-sGP, SARS-CoV-2), seropositive EBOV-GP IgG plasma with known 

cross reactivity (SUDV-GP), or 0.5 µg/ml of monoclonal antibody (SARS-CoV-1). A 

blank well with substrate-only was subtracted from all values. A QC of EBOV-GP IgG 

positive plasma (1:500) with EBOV-GP coated wells was used for each assay. The 

intra-assay and inter-assay variations were < 25% CV. 

 

2.2.11 C5b-9 Deposition ELISA 

MaxiSorpTM ELISA plates were coated in triplicate with 50 µl of viral antigen (HIV-1 

gp120, EBOV-GP, EBOV-sGP, SUDV-GP, SARS-CoV-1, SARS-CoV-2) in HBSS at a 

concentration of 10 µg/ml, or coated with HBSS only, and incubated overnight at 4oC. 
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The plates were then washed four times in 200 µl of HBSS and blocked with 200 µl of 

HBSS containing 5% FCS, incubated at 37oC for 2 hrs, 900 rpm. All subsequent 

dilutions were made using HBSS with 2% FCS, and all subsequent wash steps used 

200 µl of HBSS with 0.05% tween-20, four times. The plates were washed and 

incubated with 50 µl of PHP at four dilutions in a 2:3 dilution series, for 1 hr at 37oC, 

900 rpm. PHP dilutions were adjusted for each viral protein to obtain a signal within 

the linear range of the standard cure, and varied from 40% down to 1.48%. The plates 

were then washed and incubated with 100 µl of a mouse C5b-9 monoclonal antibody 

(SantaCruz Biotechnology) at a concentration of 2 µg/ml, for 1 hr at RT, 450 rpm. The 

plates were then washed and incubated with 100 µl of HRP-conjugated anti-mouse 

antibody (ThermoFisher Scientific) at a concentration of 2 µg/ml, for 1 hr at RT, 450 

rpm. The plates were washed again before developing in 100 µl of One-Step Turbo 

TMB (ThermoFisher Scientific) for 10 min and stopped with 100 µl of 1 M sulfuric acid. 

The O.D. was measured at 450 nm using SoftMax® Pro 7 software and analysed using 

GraphPad Prism software (version 9). All assays were performed in duplicate. 

 

As a negative control for each protein, 10mM of EDTA was added during the 

incubation with the highest concentration of PHP. Each plate also included HBSS-

coated controls with the addition of 20% PHP, two QC samples coated in triplicate 

with mannan, and a blank well which was subtracted from all values before analysis. 

The negative cut-off was determined using the average of the HBSS-coated controls 

with 20% PHP for all plates, plus three SDs. Each plate was then tested in duplicate. 

All assays were then normalised using the percentage difference of the two QCs 

across all plates, with intra-assay and inter-assay variations < 25% for samples above 

the negative threshold (0.1 O.D.). All replicates were then averaged and two dilution 

points were used for interpolation from the standard curve using mannan, before 

averaging. Samples were then reported as the ability to mediate complement 

deposition, relative to mannan. 
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2.3 Results 

2.3.1 PCR Amplification of MBL and FCN1 SNPs 

A combination of commercial and custom PCR primers were used to amplify the 

desired regions containing known SNPs of the MBL and FCN1 genes, which influence 

protein function and plasma concentrations. PCR amplicons were successfully 

amplified for each of these regions in ten EBOV survivor samples and five EBOV naïve 

samples. The amplicons were separated via gel electrophoresis (Figure 11) and 

prepared for NGS.  
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Figure 11: Gel electrophoresis of MBL and FCN1 PCR amplicons 

Example data of gel electrophoresis using two West African plasma sample PCR 

amplicons and a negative template control. A) Lanes 1 and 9 show the 1kb DNA 

ladder. Lanes 3 and 5 show the PCR amplicon from the MBL gene at the expected size 

(842bp). Lane 7 was a negative template control. Lanes 2, 4, 6, and 8 were empty. (B) 

Lanes 1 and 9 show the 1kb DNA ladder. Lanes 3 and 5 show the PCR amplicon from 

the FCN-1 gene at the expected size (699bp). Lane 7 was a negative template control. 

Lanes 2, 4, 6, and 8 were empty. 
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2.3.2 MBL and FCN-1 Genotypes of EBOV Convalescent Plasma 

Following the PCR amplification and NGS of MBL and FCN-1 SNPs, the consensus NGS 

sequences were aligned to reference genomes (MBL: GenBank accession number: 

NG_008196.1, FCN1: GenBank accession number: NG_046982.2) to identify the SNPs 

of interest. A mixture of homozygous and heterozygous variants were identified for 

the majority of the SNPs. MAFs were calculated for each of the variants to determine 

the frequency of the mutant allele within our sample cohort. The Fisher’s exact test 

revealed no significant difference (significance = P < 0.05) in the MAFs between the 

cohorts. However, calculation of the statistical power of this pilot study, factoring in 

our results from the MAFs within our cohort, shows that the statistical analysis of 

only one SNP (rs101174) provides over > 80% confidence of avoiding a type II error 

(Table 6). Based on the results from this pilot study, we observed large variation in 

functional MBL and FCN1 SNPs and based on the MAF, we could calculate the 

approximate sample number required to achieve a statistical power > 80% for 

calculating statistical significance. Unfortunately, the required number of samples to 

achieve this level of statistical power was not deemed suitable for this study. 
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MBL 

SNP ID 
Survivor MAF 

(N = 20) 

Negative MAF 

(N = 10) 

Fisher’s Test (P 

value) 
Power 

rs11003125 0.15 0.10 > 0.999 0.108 

rs7096206 0.10 0.30 0.300 0.584 

rs7095891 0.45 0.40 > 0.999 0.074 

rs5030737 0.00 0.00 > 0.999 NA 

rs1800450 0.00 0.00 > 0.999 NA 

rs1800451 0.15 0.10 > 0.999 0.108 

FCN-1 

SNP ID 
Survivor MAF 

(N = 20) 

Negative MAF 

(N = 10) 

Fisher’s Test (P 

value) 
Power 

rs101200 0.40 0.20 0.480 0.545 

rs101174 0.35 0.10 0.210 0.859 

Table 6: Pilot study of MBL and FCN1 SNPs in Guinean plasma samples 

A summary of the next generation sequencing analysis from ten EBOV survivors and 

five EBOV naïve plasma samples. No significant difference was observed in the minor 

allele frequencies (MAFs) between the two cohorts using a Fisher’s exact test 

(significance = P < 0.05). Calculation of the statistical power based on MAFs suggests 

that only one sample was above > 80% confidence of avoiding a type II error, and that 

a much higher sample number would be required to determine significant differences. 

Abbreviations: minor allele frequency (MAF); not applicable (NA); single nucleotide 

polymorphism (SNP). 

 

2.3.3 LC-MS/MS Data Analysis 

Whilst there was no significant difference observed for the SNPs between EBOV 

convalescent and naïve (negative) plasma, variations could still exist at the protein 

level. Initial investigations using commercial ELISAs to determine plasma levels of 

MBL, FCN-1, and C1q did not show any significant difference between EBOV 

convalescent and negative samples (Appendix I, Figure 23). To broaden these 

investigations, an LC-MS/MS approach was adopted for thirty plasma samples: 10 

survivors, 10 contacts, and 10 negatives. Although we were able to identify various 

complement proteins in this analysis, no significant difference was observed between 

the cohorts following the ANOVA (significance = P < 0.05) and Mann Whitney tests 

with the Benjamini Hochberg correction (1%). A PCA was then used to try and 
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determine potential clusters between the samples (Figure 12). Sample S2 was 

identified as an outlier and excluded from further analysis (Appendix I, Figure 24). 

 

 

Figure 12: PCA of LC-MS/MS samples 

The PCA of all samples (excluding S2) did not show any obvious clustering of samples. 

The PCA was calculated using GraphPad Prism software (version 9) and the graphs 

were overlaid using the GNU Image Manipulation Program (version 2.10.30). Each 

dot represents a sample from a survivor (S) in blue, a contact (C) in red, or a negative 

(N) individual in green. 

 

A K-means clustering analysis was used as an unbiased approach to visualise potential 

clusters between the samples (Figure 13), but did not reveal any clear distinction 

between the cohorts. 
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Figure 13: K-means clustering of PCA groups 

A K-means clustering analysis of the PCA clusters was performed using R Studio with 

the following packages: tidyverse; readxl; FactoMineR; factoextra. There was no clear 

difference between the cohorts following the k-means cluster analysis. The original 

PCA was performed using GraphPad Prism software (version 9) and the image 

overlaid in the GNU Image Manipulation Program (version 2.10.30). Each dot 

represents a sample from a survivor (S) in blue, a contact (C) in red, or a negative (N) 

in green. Each coloured oval represents a cluster determined by the K-means analysis. 

 

Lastly, a clustered heatmap was used to identify possible variations between the 

samples with all of the LC-MS/MS data collected (Figure 14). Again, there were no 

clear differences between the samples tested. 
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Figure 14: Heatmap of LC-MS/MS samples 

The cluster heatmap was performed for all samples (excluding S2) using R Studio with 

the following packages: ggplot2; tidyverse; cluster. Each column represents a sample 

from a survivor (S), contact (C), or negative (N) individual and the hierarchical 

clustering for sample similarity is shown with the horizontal dendrogram. Each row 

shows the normalised values for each protein detected by the LC-MS/MS, with high 

expression in green and low expression in red. The hierarchical clustering of protein 

expression is shown with the vertical dendrogram. There was no clear difference in 

clustering between the cohorts. 
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2.3.4 MBL Binding ELISA with Viral Proteins  

The genomic and proteomic pilot studies did not provide sufficient evidence to 

warrant continuation of this approach, although significant differences may be 

observed with larger sample numbers. Instead, a more practical approach was 

adopted to resolve unanswered questions regarding MBL interactions with 

Ebolavirus and Coronavirus proteins, and the downstream effects on complement 

activation. 

 

We developed novel ELISAs to measure the binding capability of recombinant MBL to 

the Ebolavirus (EBOV-GP, EBOV-sGP, SUDV-GP) and Coronavirus (SARS-CoV-1 spike, 

SARS-CoV-2 spike) proteins of interest, with the additional use of mannan and 

HIVgp120 as positive controls. This was an important pre-requisite to determine 

activation of the lectin pathway and to identify potentially novel interactions of MBL 

with the SUDV-GP and SARS-CoV-2 spike protein. MBL bound to all of the viral 

proteins of interest and this binding was abolished with the addition of EDTA (which 

chelates the calcium ions essential for the formation of the MBL complex) at the MBL 

binding stage (Appendix I, Figure 31), or with the use of HBSS-only coated wells. A 

broad dilution of recombinant MBL was required to obtain an O.D. within the linear 

range for all of the proteins used (Figure 15, (A)), so that the results could be 

interpolated from the standard curve (Appendix I, Figure 30) and presented as the 

efficiency of MBL binding relative to mannan (Figure 15, (B)). The HIV gp120 protein 

and the mannan carbohydrate were known to bind MBL and showed a strong 

capacity for MBL binding in this assay. The EBOV-GP and EBOV-sGP (Mayinga 

variants) were also known to bind MBL and we confirmed this in our assays, but using 

the Makona variant of the EBOV-GP. Our observations of MBL binding to the SUDV-

GP were novel, and we observed a significant (Mann Whitney test at 1 µg/ml MBL, P 

= 0.002) 4.2-fold reduction in MBL binding compared to the EBOV-GP. We also 

confirmed the binding of MBL to the SARS-CoV-1 spike protein, which was observed 

previously in two out of three studies (77,166,532). Lastly, we were able to determine 

MBL binding to the SARS-CoV-2 spike protein, which was significantly lower (Mann 
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Whitney test at 1 µg/ml MBL, P = 0.002) with a 1.42-fold change reduction in MBL 

binding compared to the SARS-CoV-1 spike protein.  

 

 

 

Figure 15: MBL binding ELISA 

MBL binding ELISAs were performed on all viral proteins with mannan and HIV gp120 

as positive controls. (A) MBL was titrated against each protein to determine a linear 

range of MBL binding for interpolation. A negative cut-off (grey dotted line) was 

determined using HBSS-only wells incubated with 4 µg/ml of MBL plus three SDs. Each 

dot represents the mean value of triplicate samples across duplicate assays (total n = 
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6) with error bars to show the variation. (B) Two dilution points from the MBL titration 

for each protein were then used for interpolation from the standard curve (Figure 30), 

and then averaged to determine the relative efficiency of MBL binding compared to 

mannan. The error bars represent the variation of the two dilution points after 

interpolation. All samples were analysed using GraphPad Prism software (version 9). 

 

2.3.5 SDS-PAGE Analysis of Viral Proteins 

After the confirmation of MBL binding to the Ebolavirus and Coronavirus 

glycoproteins via ELISA, SDS-PAGE assays were used to check for impurities within 

the protein samples that could influence the results, and to check the protein 

integrity following deglycosylation with PNGase F. All native proteins appeared at the 

expected positions on the gel relative to their molecular weight, with no unexpected 

bands visible that would suggest sample impurity. Proteins treated with the PNGase 

F enzyme migrated faster through the gel which indicated the removal of the N-linked 

glycans, and the PNGase F enzyme was visible on the gel at a molecular weight 

between 30 – 40 kDa, which is in concordance with its reported molecular weight of 

36 kDa. Despite the final concentration of 200 mM DTT in each protein sample, the 

proteins appeared denatured but not reduced, as only single bands were observed 

for each protein at its total molecular weight (Figure 16 and Figure 17). 
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Figure 16: SDS-PAGE of SUDV-GP, SARS-CoV-1 spike, and SARS-CoV-2 spike 

1: SUDV-GP, 2: PNGase F-treated SUDV-GP, 3: SARS-CoV-1 spike, 4: PNGase F-treated 

SARS-CoV-1 spike, 5: SARS-CoV-2 spike, 6: PNGase F-treated SARS-CoV-2 spike. All 

samples were loaded with 0.5 µg of protein and stained with SimplyBlueTM SafeStain 

(ThermoFisher Scientific). The image was taken using the ChemiDocTM MP Imaging 

System (BioRad) and annotated using Inkscape software. All native proteins migrated 

relative to their approximate molecular weight whilst the deglycosylated proteins 

migrated through the gel at a faster rate. All proteins were tested at a concentration 

of 0.5 µg. Abbreviations: kilodalton = kDa. 
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Figure 17: SDS-PAGE of EBOV-GP, EBOV-sGP, and HIV gp120 

1: EBOV-GP, 2: PNGase F-treated EBOV-GP, 3: EBOV-sGP, 4: PNGase F-treated EBOV-

sGP, 5: HIV gp120, 6: PNGase F-treated HIV gp120. All samples were loaded with 0.5 

µg of protein and stained with SimplyBlueTM SafeStain (ThermoFisher Scientific). The 

image was taken using the ChemiDocTM MP Imaging System (BioRad) and annotated 

using Inkscape software. All native proteins migrated relative to their approximate 

molecular weight whilst the deglycosylated proteins migrated through the gel at a 

faster rate. All proteins were tested at a concentration of 0.5 µg. Abbreviations: 

kilodalton = kDa. 

 

2.3.6 Western Blot MBL Detection 

We showed that MBL could bind to the Ebolavirus and Coronavirus glycoproteins via 

ELISA (Figure 15), and we confirmed the deglycosylation of these proteins with 

PNGase F, using SDS-PAGE assays (Figure 16 and Figure 17). We next used western 

blot assays to confirm that the MBL binding was dependent on the N-linked glycans 

of these viral proteins. We first confirmed the binding of MBL to the EBOV-GP and 

HIV gp120 N-linked glycans. MBL binding to the EBOV-sGP was not detected in this 

particular assay when using 0.5 µg of EBOV-sGP (Figure 18), but was later confirmed 

using a higher protein concentration of 2 µg (Figure 20).  
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Figure 18: Western blot of MBL binding to EBOV-GP and HIV gp120 

1: EBOV-GP, 2: PNGase F-treated EBOV-GP, 3: EBOV-sGP, 4: PNGase F-treated EBOV-

sGP, 5: HIV gp120, 6: PNGase F-treated HIV gp120. MBL binding was detected for the 

EBOV-GP and HIV gp120, and this signal was lost following treatment with the 

PNGase F enzyme. A signal for MBL binding to the EBOV-sGP was not detected in this 

particular assay, but was later confirmed using a higher concentration of EBOV-sGP 

(Figure 20). Bands which show MBL binding were visible for EBOV-GP (1) and HIV 

gp120 (5) between 110-120 kilodaltons (kDa). 
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MBL was also shown to bind to the N-linked glycans of SARS-CoV-1 and SARS-CoV-2 

spike proteins via western blot (Figure 19). 

 

 

Figure 19: Western blot of MBL binding to SARS-CoV-1/2 spike proteins 

1: SUDV-GP, 2: PNGase F-treated SUDV-GP, 3: SARS-CoV-1 spike, 4: PNGase F-treated 

SARS-CoV-1 spike, 5: SARS-CoV-2 spike, 6: PNGase F-treated SARS-CoV-2 spike. MBL 

binding was detected for the SARS-CoV-1 and SARS-CoV-2 spike proteins, and this 

signal was lost following treatment with the PNGase F enzyme. Bands which show 

MBL binding were visible for SARS-CoV-1 (3) and SARS-CoV-2 (5) spike proteins 

between 120-220 kilodaltons (kDa). No signal was detected for the SUDV-GP. 

 

Lastly, MBL binding to the EBOV-sGP was detected via western blot when the 

concentration of EBOV-sGP was increased to 2 µg (Figure 20). MBL binding to the 

SUDV-GP still could not be detected despite increasing the protein concentration to 

3.125 µg. This was the maximum concentration that could be used for this protein 

considering the stock concentration (250 µg/ml) and maximum well volume of the 

gel (25 µl). 
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Figure 20: Western blot of MBL binding to the EBOV-sGP 

1: SUDV-GP, 2: PNGase F-treated SUDV-GP, 3: EBOV-sGP, 4: PNGase F-treated EBOV-

sGP. MBL binding was detected for the EBOV-sGP, and this signal was lost following 

treatment with the PNGase F enzyme. Bands which show MBL binding were visible for 

the EBOV-sGP (3) between 40-50 kilodaltons (kDa). No signal was detected for the 

SUDV-GP. 

 

2.3.7 IgG Titres of PHP  

ELISAs were developed for the detection of IgG antibodies against all of the viral 

proteins used throughout this project (Figure 21). These ELISAs were then used to 

screen each of the PHP batches to ensure that no virus-specific IgG antibodies were 

present that would confound the antibody-independent investigations. For all viral 

proteins except the EBOV-sGP, the O.D.s for the negative and PHP samples were too 

low (O.D. ≤ 0.07) for any statistical analyses (Mann Whitney test) to be valid and thus 

were concluded as negative. For the EBOV-sGP, the O.D.s for all three PHP samples 

were within three standard deviations of the average of the two negative plasma 

samples and were also concluded as negative. We were further reassured that these 

samples were absent for IgG against the viral proteins tested based on their history 
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of illnesses, vaccination history, travel history, and area of residence. The PHP was 

collected before the emergence of SARS-CoV-2. 

 

 

Figure 21: IgG screen of PHP against viral proteins 

All pooled human plasma (PHP) samples were negative for IgG binding to the viral 

proteins tested. Grey shaded areas represent each assay and horizontal black bars 

show the median value for all PHP and negative samples. Each dot represents the 

mean value of triplicate samples at a 1:500 dilution. Details of the samples used are 

as follows: positive (either seropositive plasma [HIV gp120, EBOV-GP, EBOV-sGP, 

SARS-CoV-2 spike], cross-reactive EBOV-GP IgG plasma [SUDV-GP], or a monoclonal 

antibody [SARS-CoV-1 spike]); PHP 1 (pool from 5 UK donors); PHP 2 (pool from 20 UK 

volunteers); PHP 3 (pool from 40 UK volunteers); Negative 1 (single UK donor); 

Negative 2 (pool from 3 Guinean donors). 

 

2.3.8 C5b-9 Deposition on Viral Proteins 

Following the confirmation of MBL binding, C5b-9 deposition ELISAs were developed 

using the same viral proteins from the MBL ELISA. PHP was used to determine 

whether the viral proteins could activate the complement system to completion i.e. 
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formation of the MAC (Figure 22), based on the detection of a C9 neoepitope. We 

observed a similar trend in C5b-9 deposition to the results from our MBL ELISAs. HIV 

gp120 and mannan were used as positive controls for complement deposition and 

demonstrated the highest complement activating activity. We made the novel 

observation that the EBOV-GP and the EBOV-sGP were capable of activating the 

complement system in the absence of antibodies, which then proceeded uninhibited 

to the formation of the MAC. Similar to the result for MBL binding, the SUDV-GP 

showed capacity for mediating complement deposition but this activity was 

significantly reduced (Mann Whitney test, P = 0.002) by 2.46-fold compared to the 

EBOV-GP. Similarly, we observed complement deposition against the SARS-CoV-1 and 

SARS-CoV-2 spike proteins, with a significant (Mann Whitney test, P = 0.002) 1.90-

fold reduction in deposition against the latter. Again, the levels of complement 

deposition followed a similar trend to the levels of MBL binding observed previously 

(Figure 15).  
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Figure 22: C5b-9 deposition ELISA with viral proteins 

C5b-9 deposition ELISAs were performed on all viral proteins with mannan and HIV 

gp120 as positive controls. (A) PHP was titrated against each protein to determine a 

linear range of C5b-9 deposition for interpolation. A negative cut-off (grey dotted line) 

was determined using HBSS-only wells incubated with 20% PHP plus three SDs. Each 

dot represents the mean value of triplicate samples across duplicate assays (total n = 

6) with error bars to show the variation. (B) Two points from the PHP titration were 

then used for interpolation from the standard curve, and then averaged to determine 

the efficiency of mediating complement deposition relative to mannan. The error bars 
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represent the variation of the two dilution points after interpolation. All samples were 

analysed using GraphPad Prism software (version 9). 

 

2.4 Discussion 

This chapter first demonstrated the broad variability of SNPs within the MBL and 

FCN1 genes that may impact protein function and expression. However, we did not 

observe any significant differences in the MAFs between survivor and negative 

cohorts in our pilot study. Similarly, proteomic analysis via LC-MS/MS could not 

distinguish any significant differential protein expression or clustering between the 

selected cohorts. Novel ELISAs were developed to assess MBL binding and 

complement deposition in response to viral glycoproteins. We confirmed the binding 

of MBL to the EBOV-GP (Makona variant) and EBOV-sGP, with the novel observation 

of MBL binding to the SUDV-GP. We also confirmed MBL binding to the SARS-CoV-1 

spike protein, and observed MBL binding to the SARS-CoV-2 spike protein which was 

novel at the time of the study. Lastly, we observed the formation of the MAC in 

response to all viral proteins tested, with significant variations in the level of 

deposition that followed a similar trend to the level of MBL binding. 

 

The frequency of MBL and FCN1 SNPs vary extensively between some ethnic 

populations (513,514). Whilst we observed large variability in the MAFs of our 

Guinean cohort, there were no significant differences between EBOV survivors and 

EBOV naïve individuals (Table 6). Using these MAFs, we calculated the statistical 

power and determined that sample numbers > 200 would be required to confidently 

determine statistical significance. The real sample number would likely exceed this, 

as we were unable to acquire DNA from individuals that succumbed to EVD; our 

selection of EBOV naïve samples would likely contain individuals capable of surviving 

infection if challenged. Therefore, the NGS approach was not deemed practical for 

this study, but the information regarding MAF in a Guinean population could inform 

future study designs. A recent study has shown that these MBL SNPs may be risk 

factors for severe COVID-19 symptoms and the development of a cytokine storm 

(533). Similarly, we did not observe any significant (significance = P < 0.05) differences 
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or clusters between our Guinean cohorts using LC-MS/MS (Figure 12, Figure 13, 

Figure 14). This analysis was performed on convalescent plasma samples in absence 

of infection rather than their response to infection, where proteomic differences may 

become apparent. A proteomic approach for studying EBOV infection in human 

samples is limited by the requirement of biosafety level (BSL)-4 facilities and the 

common methods used to inactivate EBOV, such as the use of Trizol©, that would 

interfere with the downstream LC-MS/MS analysis. A recent study used a proteomic 

approach, which included LC-MS/MS, on gamma irradiated samples from twelve EVD 

patients: eight survivors and four fatalities. They identified unique proteome 

signatures for each outcome and amongst these differentially expressed proteins, 

complement proteins C5, C2, and factor H-related protein 1 were significantly 

upregulated in the fatal outcome group. They also note that regardless of outcome, 

there is an increase in complement cascade components and other inflammatory 

markers (534). 

 

Using novel ELISAs, we were able to determine the relative efficiency of MBL binding 

for a range of viral glycoproteins (Figure 15). For the Ebolavirus glycoproteins, we 

firstly identified MBL binding to the Makona variant of the EBOV-GP where previous 

evidence is for the Mayinga variant only. Given the sequence similarity between 

these variants (535) this result was expected, but together with the use of EBOV-sGP, 

provided useful controls and reference points for the assay. We also made the novel 

observation of MBL binding to the SUDV-GP, which was significantly lower (Mann 

Whitney test at 1 µg/ml MBL, P = 0.002) with a 4.2-fold reduction compared to the 

EBOV-GP. As discussed previously, MBL can significantly influence EBOV infection in 

vitro and in vivo (7,157,412), and SUDV typically has a lower mortality rate than EBOV 

(298). Whilst more evidence would be required, it is interesting to hypothesise the 

possible effects this reduced MBL binding may have on SUDV pathogenesis.  

 

MBL binds to the mannose residues of N-linked glycans. N-linked glycosylation occurs 

on the amide nitrogen of asparagine (N) residues in the amino acid sequences N-X-

S/T, where X is any amino acid except proline (536). The reduced MBL binding to the 
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SUDV-GP compared to the EBOV-GP may in part be explained by the reduced number 

of N-X-S/T sequence motifs. Using the NetNGlyc – 1.0 software, the EBOV-GP 

(GenBank accession: AHX24649.1) has seventeen of these motifs (in agreement with 

published data (537)), whilst the SUDV-GP (YP_138523.1) has twelve. It is also 

important to consider the different types of N-linked glycosylation that can occur at 

these sites as they contain different concentrations of D-mannose (high-mannose, 

complex, and hybrid) (538), and that the sequence motif alone is not sufficient 

criteria for N-linked glycosylation to occur (536). Whilst the EBOV-GP and SUDV-GP 

were of a similar size and purity, direct comparisons between the proteins in our 

ELISAs should be interpreted with caution, as coating concentrations were calculated 

using µg/ml instead of molarity. 

 

One previous study could not detect MBL binding to the SARS-CoV-1 spike protein 

(532), whilst two other studies identified MBL binding to immobilised SARS-CoV-1 

(77) or the SARS-CoV-1 spike protein (166). Our results were in concordance with the 

majority, as we identified MBL binding to the spike protein. We also identified MBL 

binding to the SARS-CoV-2 spike protein which was a novel observation at the time 

of the study, but has since been published elsewhere (505,518). We observed a 

significant 1.42-fold reduction (Mann Whitney test at 1 µg/ml MBL, P = 0.002) in the 

level of MBL binding to the spike protein of SARS-CoV-2 compared to SARS-CoV-1. 

This may partly be reflected in the number of predicted N-linked glycosylation sites 

reported for the spike proteins of SARS-CoV-1 compared to SARS-CoV-2, which are 

29 and 22 respectively (539,540). Whilst this number is greater than the N-linked sites 

reported for the EBOV-GP, this was not reflected in the signals for MBL binding. As 

mentioned previously, results should be interpreted with caution when comparing 

proteins of different sizes, and the type of N-glycans present should also be 

considered. Of note, N-glycan compositions have only been reported for HIV gp120 

(56 – 73% of the ~25 N-linked glycans are of the high-mannose type) (541,542) and 

the SARS-CoV-2 spike protein (55% complex, 17% hybrid, and 28% high mannose) 

(540) out of the proteins used in this study. Cell culture environments can also cause 

variations in glycosylation. Whilst all the proteins used were of a similar level of purity 
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and were produced in mammalian HEK 293 cells, there could be some minor inherent 

variations in their glycosylation influenced by different cell culture environments 

(543).  

 

We confirmed that our observations of MBL binding via ELISA were protein and N-

glycan specific by treating each protein with PNGase F, then analysing the native and 

deglycosylated proteins via SDS-PAGE and western blot. The SDS-PAGE firstly verified 

the removal of the N-glycans, as the deglycosylated proteins were a lower molecular 

weight compared to the native proteins (Figure 16 and Figure 17). The molecular 

weights via SDS-PAGE were then used as a reference point for the western blots. MBL 

was shown to bind all native proteins except for the SUDV-GP, and MBL binding to all 

native proteins was lost following the removal of N-linked glycans (Figure 18, Figure 

19, and Figure 20). The absence of MBL binding to the native SUDV-GP via western 

blot may be explained by a sensitivity issue. SUDV-GP showed the lowest capacity for 

MBL binding via ELISA, followed by the SARS-CoV-2 spike protein (Figure 15). In the 

western blots, 2 µg of the SARS-CoV-2 spike protein was required for a positive signal 

and the maximum concentration of SUDV-GP that could be used was 3.125 µg, due 

to limitations of protein stock concentration (250 µg/ml), the maximum well loading 

volume (25 µl), and the requirement of diluting with 2x Laemmli buffer (Merck). 

 

Independent of antibodies, we observed complement deposition against all viral 

proteins tested. There were large discrepancies in the amount of complement 

deposition between proteins, which followed a similar trend to the amount of MBL 

binding (Pearson correlation, r = 0.9997, P < 0.0001). We show for the first time that 

the complement system is activated to completion (formation of the MAC) following 

stimulation with the EBOV-GP, EBOV-sGP, and SUDV-GP, with a 5.4-fold reduction in 

complement deposition on the SUDV-GP compared to the EBOV-GP (Mann Whitney 

test at 40% PHP, P = 0.002). It is possible that our detection of the C9 neoepitope is 

also indicative of surface-tethered soluble MAC (sMAC). sMAC is formed from MAC 

assembly precursors, together with the extracellular regulatory proteins clusterin 

and vitronectin, to form a partial MAC with up to three C9 molecules instead of the 
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full eighteen (544,545). The observation of GP-mediated complement deposition 

suggests that EBOV virions and EBOV-infected cells could be susceptible to 

complement deposition and formation of the MAC. However, EBOV successfully 

infects humans and other species with functional complement systems, which leaves 

several possibilities regarding its pathogenesis.  

 

Firstly, our results rule out the likelihood of complement regulation by the EBOV-GP, 

as we observed formation of the MAC and/or sMAC. Secondly, complement 

deposition may actually enhance viral infection in ways previously described for HIV-

1 (169) and HSV-2 (170), which could explain the association between excessive 

complement activation and fatal EVD outcomes (546). Thirdly, host complement 

regulatory proteins (CD46, CD55, CD59) may be incorporated into the EBOV lipid 

membrane during the budding process to protect the virion from complement-

mediated lysis, which has been observed for MuV, SV5, and HIV-1 (183,184). Fourthly, 

other viral proteins such as the VP40 – which is reportedly secreted into the 

extracellular space – may be responsible for complement regulation (547). Lastly, our 

observations of complement deposition in response to the EBOV-sGP could suggest 

a potential decoy mechanism leading to complement consumption and diversion 

from the virion: a mechanism that has been described for other pathogens (548,549). 

The EBOV-sGP is the primary transcript of the GP gene (550) which is actively secreted 

from infected host cells during infection at levels detectable in the blood of acutely 

infected patients (551). The EBOV-sGP has previously been proposed as an antigen 

decoy mechanism from the neutralising antibody response (237,552), and it is 

therefore plausible that a similar mechanism exists for the complement system. 

Again, this is particularly interesting when considering the excessive complement 

activation associated with fatal EVD outcomes (534,546). 

 

We also observed C5b-9 deposition in response to the SARS-CoV-1 spike protein, 

which was previously only shown to result in the cleavage of C4, and complement has 

been shown to neutralise VSV pseudotyped with the SARS-CoV-1 spike protein (77). 

Lastly, we identified C5b-9 deposition in response to the SARS-CoV-2 spike protein 
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which was novel at the time of this study, but has recently been published elsewhere 

(518). This provides a potential mechanism through which complement activation 

occurs in COVID-19 patients, which is particularly important in those with severe 

COVID-19 where excessive complement-mediated inflammation contributes to 

severe disease outcome (490–497,499–501). Unlike the previous studies, we were 

able to draw some comparison between the SARS-CoV-1/2 spike proteins and 

observed a significant 1.42-fold reduction (Mann Whitney test at 1 µg/ml MBL, P = 

0.002) in MBL binding and a 3.75-fold reduction (Mann Whitney test at 40% PHP, P = 

0.002) in complement deposition in response to the SARS-CoV-2 spike protein. 

 

In summary, we identified a variety of MBL and FCN1 SNPs within a Guinean cohort 

and the MAF can be used to inform sample numbers for future genomic studies. We 

found a significant reduction in MBL binding to the SUDV-GP compared to the EBOV-

GP and EBOV-sGP, which was consistent with our observations of C5b-9 deposition. 

This shows the potential for Ebolavirus proteins to activate the complement system 

to completion. Similarly, we confirmed MBL binding to the spike proteins of SARS-

CoV-1 and SARS-CoV-2, with a significant difference between these proteins that was 

consistent with our observations for complement deposition. These findings 

demonstrate a possible mechanism for complement activation during EBOV and 

SARS-CoV-2 infections, independent of antibodies, with implications for viral 

pathogenesis and neutralisation. 

 

2.5 Appendix I 

2.5.1 ELISAs to Determine MBL, FCN-1, and C1q Titres in Convalescent 

EVD Plasma Samples 

Commercial ELISAs were used for the detection and quantification of MBL, FCN-1, 

and C1q in EBOV-GP IgG positive and EBOV-GP IgG negative plasma samples to 

ascertain whether there were variations in concentration at the proteomic level. 
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Methods 

MBL (MBL Oligomer ELISA Kit, bioporto), FCN-1 (Human FCN-1/M-ficolin ELISA Kit, 

abcam), and C1q (C1q Human ELISA Kit, ThermoFisher Scientific) ELISAs were 

performed on EBOV-GP IgG positive and EBOV-GP IgG negative plasma samples from 

Guinea. All samples were tested in duplicate in accordance with the manufacturer’s 

instructions and samples with a CV > 20% were excluded from the analysis. A Mann 

Whitney test was performed to determine significance values (significance = P < 0.05) 

between the positive and negative plasma cohorts using GraphPad Prism software 

(version 9). 

 

Results 

The plasma concentration of all three proteins demonstrated large variations 

between individuals of the same cohort, but did not significantly differ (significance 

= P < 0.05) between the survivor and negative cohorts (Figure 23). 
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Figure 23: ELISAs to determine MBL, FCN-1, and C1q concentrations in West African 
plasma samples 

No significant differences were observed between the EBOV survivor ((A) MBL: n = 57; 

(B) FCN-1: n = 58; (C) C1q: n = 16) and negative cohorts ((A)MBL: n = 6; (B) FCN-1: n = 

10; (C) C1q: n = 5) for any of the proteins tested. Each dot represents the mean value 

of the sample replicates (n = 2) for survivors (blue) and negatives (red). A Mann 

Whitney test was performed to calculate significance values (significance = P < 0.05). 

Abbreviations: Ficolin-1 = FCN-1; mannose-binding lectin = MBL; not significant = ns. 
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2.5.2 PCA of LC-MS/MS Results Including the S2 Outlier 

Based on the PCA, sample S2 was a clear outlier and subsequently excluded from 

further analysis (Figure 24). 

 

Figure 24: PCA of LC-MS/MS samples including S2 outlier 

The PCA was calculated using GraphPad Prism software (version 9) with the LC-

MS/MS data for all samples and shows that sample S2 was a clear outlier. Each dot 

represents a sample from a survivor (S), a contact (C), or a negative (N). 

 

2.5.3 FCN-1 ELISA Development 

We attempted to design an ELISA that could detect the binding of FCN-1 to the viral 

proteins of interest, as it was previously shown to bind to the EBOV-GP (8). However, 

the development was unsuccessful as recombinant FCN-1 from two different 

suppliers failed to show any binding ability. 

 

2.5.3.1 FCN-1 ELISA: The Binding of FCN-1 to Target Proteins 

ELISAs were first developed to detect FCN-1 binding to the EBOV-GP adsorbed onto 

MaxiSorpTM ELISA plates, with human fetuin as a positive control. 
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Methods 

MaxiSorpTM ELISA plates were coated in duplicate with 100 µl of EBOV-GP (Nuffield 

Department of Medicine, University of Oxford, Oxford, UK), Fetuin-A (Merck), or BSA 

(Merck) in HBSS at a concentration of 3 µg/ml and incubated overnight at 4oC. The 

plates were then washed six times in 200 µl of wash buffer (HBSS with 0.1% tween-

20) and blocked using 200 µl of 5% skim milk in HBSS, at RT for 1 hr. The plates were 

washed six times in 200 µl of wash buffer and 100 µl of recombinant FCN-1 

(SinoBiological and R&D Systems) was added at a concentration of 3 µg/ml and 

incubated at RT for 1 hr. The plates were washed six times in 200 µl of wash buffer 

and the samples were incubated with 100 µl of 6x-His tag monoclonal antibody 

(ThermoFisher Scientific) at a concentration of 2 µg/ml for 1 hr at RT. The plates were 

washed six times in 200 µl of wash buffer and the samples were incubated with 100 

µl of HRP-conjugated anti-mouse IgG antibody at a concentration of 2 µg/ml for 1 hr 

at RT. The plates were washed a final time before developing with ABTS (Merck) for 

10 min in the dark. The O.D.s were measured at 405 nm and the data was analysed 

using GraphPad Prism software (version 9). 

 

Results 

Two recombinant FCN-1 proteins were obtained from different suppliers 

(SinoBiological and R&D Systems). Both proteins could be detected using an anti-His 

tag antibody when adsorbed to the ELISA plate, but no signal was detected for FCN-

1 binding to EBOV-GP or fetuin-A (Figure 25). 
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Condition 
Coating 

Protein 

Binding 

Protein 

Primary 

Antibody 

Secondary 

Antibody 

1 FCN-1 - 

His-tag 

antibody 

HRP-conjugated 

anti-mouse IgG 

antibody 

2 
EBOV-GP FCN-1 

EBOV-GP - 

3 
Fetuin-A FCN-1 

Fetuin-A - 

4 
BSA FCN-1 

BSA - 

Figure 25: FCN-1 ELISA: FCN-1 binding to EBOV-GP, fetuin-A, and BSA 

FCN-1 proteins from R&D Systems (A) and SinoBiological (B) were unable to bind the 

EBOV-GP and fetuin-A, which are known antigens for FCN-1. A positive signal was 

observed when adsorbing both FCN-1 proteins to the ELISA plate. Grey shaded areas 

show unique conditions for the assay which are numbered and described in the table. 

Error bars show the variation of replicates (n = 2) from the mean. All data were 

analysed using GraphPad Prism software (version 9). 

 

2.5.3.2 FCN-1 ELISA: EBOV-GP Binding to FCN-1 

To determine whether the lack of FCN-1 binding was due to epitope availability of 

the adsorbed proteins, we instead tried coating with FCN-1 and using EBOV-GP to 

detect binding. 

 

Methods 

MaxiSorpTM ELISA plates were coated in duplicate with 100 µl of FCN-1 (SinoBiological 

and R&D Systems) in HBSS at a concentration of 3 µg/ml and incubated overnight at 

4oC. The plates were then washed six times in 200 µl of wash buffer (HBSS with 0.1% 
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tween-20) and blocked in 200 µl of 5% skim milk in HBSS, at RT for 1 hr. The plates 

were washed six times in 200 µl of wash buffer and 100 µl EBOV-GP (Nuffield 

Department of Medicine, University of Oxford, Oxford, UK) was added at a 

concentration of 3 µg/ml, then incubated at RT for 1 hr. The plates were washed six 

times in 200 µl of wash buffer and the samples were incubated with 100 µl of KZ52 

(2 µg/ml), EBOV-GP polyclonal antibody (2 µg/ml, ThermoFisher Scientific), or 1:100 

EBOV-GP IgG positive plasma for 1 hr at RT. The plates were washed six times in 200 

µl of wash buffer and the samples were incubated with 100 µl of HRP-conjugated 

anti-human IgG antibody (Merck) diluted 1:5000, for 1 hr at RT. The plates were 

washed a final time before developing with ABTS (Merck) for 10 min in the dark. The 

O.D.s were measured at 405 nm and the data was analysed using GraphPad Prism 

software (version 9). 

 

Results 

We were unable to detect any binding of the EBOV-GP to FCN-1 from either 

SinoBiological or R&D Systems. Various means of detecting EBOV-GP binding were 

used to ensure that the lack of signal was not due to restricted epitopes in the binding 

process (Figure 26). 
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Condition 
Coating 

Protein 

Binding 

Protein 

Primary 

Antibody 

Secondary 

Antibody 

1 

EBOV-GP - 
KZ52 

antibody 

HRP-conjugated 

anti-human IgG 
FCN-1 - 

FCN-1 EBOV-GP 

2 

EBOV-GP - Polyclonal 

anti-EBOV-GP 

antibody 

HRP-conjugated 

anti-rabbit IgG 
FCN-1 - 

FCN-1 EBOV-GP 

3 

EBOV-GP - EBOV-GP IgG 

positive 

plasma 

HRP-conjugated 

anti-human IgG 
FCN-1 - 

FCN-1 EBOV-GP 

Figure 26: EBOV-GP binding to ficolin-1 

The EBOV-GP was not shown to bind FCN-1 from either (A) R&D Systems or (B) 

SinoBiological, in the conditions tested. Grey shaded areas show unique conditions for 

the assay which are numbered and described in the table. Error bars show the 

variation of replicates (n = 2) from the mean. All data were analysed using GraphPad 

Prism software (version 9). 

 

2.5.4 MBL ELISA Optimisation 

MBL ELISA parameters were optimised using mannan as a positive control. Coating 

concentration, MBL concentration, and antibody concentrations were optimised to 

improve assay sensitivity and signal-to-noise ratios. 

 

2.5.4.1 MBL ELISA: Coating Titration 

Mannan was titrated to determine an approximate range for coating concentrations 

and to conclude that the ELISA signal was dependent on mannan. 
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Methods 

The methods are as described in Methods Section 2.2.7, with the following 

modifications: mannan was coated using a 1:2 dilution series from 2.000 µg/ml – 

0.016 µg/ml, and MBL was added at a concentration of 1 µg/ml. 

 

Results 

The assay began to saturate with the use of mannan at a concentration of 2 µg/ml 

and the signal noticeably decreased with each 1:2 dilution (Figure 27).  

 

 

Figure 27: MBL ELISA coating titration with mannan 

The level of MBL binding was reduced with decreasing concentrations of mannan. 

Each dot represents the mean value of all replicates (n = 3) for each concentration of 

mannan. The dotted line represents the O.D. for HBSS-coated wells with 1 µg/ml of 

MBL as a negative control. All data were analysed using GraphPad Prism software 

(version 9). 
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2.5.4.2 MBL ELISA: MBL Titration 

MBL was titrated against mannan to determine an approximate range required for 

MBL concentrations and to conclude that the ELISA signal was dependent on the 

addition of MBL. 

 

Methods 

The methods are as described in Methods Section 2.2.7, with the following 

modifications: mannan was coated at a concentration of 1 µg/ml and MBL was added 

using a 1:2 dilution series from 2.000 µg/ml – 0.016 µg/ml. 

 

Results 

The signal noticeably decreased with each 1:2 dilution of MBL in the wells coated 

with mannan, whilst the low background signal with HBSS remained constant (Figure 

28). 

 

Figure 28: MBL ELISA: titration of MBL 

The background signal for wells coated with HBSS did not increase with increasing 

MBL concentrations, whilst the wells coated with mannan increased as expected. 

Each dot represents the mean value of all replicates (n = 3) for a particular 

concentration of MBL. All data were analysed using GraphPad Prism software (version 

9). 
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2.5.4.3 MBL ELISA: Antibody Optimisation 

The optimal antibody concentrations for the MBL ELISA were determined using a 

chequerboard screening method with the primary and secondary antibodies. 

 

Methods 

The methods are as described in Methods Section 2.2.7, with the following 

modifications: mannan was coated at a concentration of 1 µg/ml; MBL was added at 

a concentration of 1 µg/ml; antibody concentrations were tested in combination with 

1, 2, and 3 µg/ml. 

 

Results 

Only minor changes in the signal-to-noise ratio were observed with changes in the 

antibody concentrations (Figure 29). 

 

 

Figure 29: MBL ELISA antibody optimisation 

The signal-to-noise ratio (S/N) was not improved with increasing antibody 

concentrations, as both the mannan and HBSS coated wells showed an increase in 

signal. Each dot represents the mean value of all replicates (n = 3). The ratio of 

primary:secondary antibody concentrations varied between 1, 2, and 3 µg/ml whilst 

mannan and MBL were fixed at a concentration of 1 µg/ml. All data were analysed 

using GraphPad Prism software (version 9). 
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2.5.4.4 MBL ELISA: Standard Curve 

A standard curve was generated using mannan-coated wells and a titration of MBL 

for the interpolation of data. 

 

Methods 

The methods are as described in Methods Section 2.2.7, with the following 

modifications: MBL was added at a concentration of 1.000 µg/ml – 0.002 µg/ml. 

 

Results 

A sigmoid curve was obtained with the titration of MBL against mannan and fitted 

with a 4-parameter logistic curve (Figure 30). 

 

 

Figure 30: MBL ELISA standard curve 

The standard curve of MBL binding to mannan was fitted with a 4-parameter logistic 

(4PL) curve (blue line without dots) and used for interpolation of MBL binding to viral 

proteins. The dotted lines represent the error bars for the 4PL mean. Each blue dot 

represents the mean value of all replicates (n = 3). All data were analysed using 

GraphPad Prism software (version 9). 
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2.5.4.5 MBL ELISA: EDTA Controls 

EDTA was included with the highest concentration of MBL used for each viral protein 

as a negative control. 

 

Methods 

The methods are as described in section 2.2.7 for the MBL binding ELISA with no 

modifications. 

 

Results 

The addition of 10 mM EDTA at the MBL incubation stage reduced all positive signals 

below the negative threshold (Figure 31). 
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Figure 31: MBL ELISA with EDTA controls 

MBL binding ELISAs were performed on all viral proteins with mannan as a positive 

control. A negative cut-off (grey dotted line) was determined using HBSS-only wells 

incubated with 4 µg/ml of MBL plus three SDs. Each dot represents the mean value of 

triplicate samples across duplicate assays (total n = 6) with error bars to show the 

variation. (A) HIV gp120 MBL titration with EDTA control, (B) EBOV-GP MBL titration 

with EDTA control, (C) EBOV-sGP MBL titration with EDTA control, (D) SUDV-GP MBL 
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titration with EDTA control, (E) SARS-CoV-1 spike protein MBL titration with EDTA 

control, (F) SARS-CoV-2 spike protein MBL titration with EDTA control. Each EDTA 

control is represented as a single grey dot for each protein. All samples were analysed 

using GraphPad Prism software (version 9). 

 

2.5.5 C3c ELISA Development 

This section highlights some of the key experiments for the development of the 

complement deposition ELISAs. The complement deposition ELISAs were originally 

developed to target C3c of the complement pathway. After the development and 

optimisation of the C3c deposition assay, the background signal with HBSS-only wells 

was too high to accurately determine complement deposition for some of the viral 

proteins. The detection antibody was eventually changed to target the neoantigen of 

C9 on the C5b-9 complex, and used as described in section 2.2.11. 

 

2.5.5.1 C3c ELISA: Blocking Optimisation 

A range of blocking buffers were tested to minimise the amount of background signal 

and prevent non-specific complement deposition. 

 

Methods 

Specific conditions for each optimisation are detailed in the table below each figure 

(Figure 32, Figure 33, Figure 34, Figure 35). Briefly, MaxiSorpTM ELISA plates were 

coated in duplicate with 100 µl of “Coating Protein” (see table) in HBSS overnight at 

4oC. The plates were washed six times with 200 µl of wash buffer (HBSS containing 

0.01% tween-20) and blocked with “Blocking Buffer” (see table). The plates were 

washed six times with 200 µl of wash buffer and PHP was added at a concentration 

of 5%, and incubated at 37oC for 30 min, 900 rpm. The plates were washed again and 

incubated with 100 µl of anti-C3c monoclonal antibody (ThermoFisher Scientific), or 

HRP-conjugated C3c polyclonal antibody (abcam), at RT for 1 hr, 500 rpm. If detection 

of the monoclonal antibody was required, the plates were washed and incubated 

with 100 µl of HRP-conjugated anti-mouse secondary antibody (ThermoFisher 

Scientific) at RT for 1 hr. The plates were washed again and developed using 100 µl 
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of ABTS (Merck) for 10 min in the dark. The O.D.s were read at 405 nm and the data 

analysed using GraphPad Prism software (version 9). 

 

Results 

Various blocking buffers were incubated overnight at 4oC to determine whether the 

increased contact time could reduce the non-specific complement deposition with 

the HBSS-only wells. None of the blocking buffers were deemed suitable at these 

conditions (Figure 32). 
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Blocking Overnight at 4oC 

Condition 
Coating Protein 

(1 µg/ml) 

Blocking Buffer 

(200 µl) 

Primary 

Antibody (1 

µg/ml) 

Secondary 

Antibody (1 

µg/ml) 

1 

HIV gp120 

5% Skim milk 

Anti-C3c 

monoclonal 

HRP-

conjugated 

anti-mouse 

IgG polyclonal 

EBOV-GP 

HBSS 

2 

HIV gp120 

5% FCS EBOV-GP 

HBSS 

3 

HIV gp120 

5% BSA EBOV-GP 

HBSS 

Figure 32: C3c deposition ELISA: blocking overnight at 4oC 

HIV gp120 and EBOV-GP were used as positive controls and HBSS was used as a 

negative control. The X-axis labels describe the coat:block conditions. None of the 

blocking buffers suitably blocked non-specific C3c deposition in the HBSS-coated wells 

at the conditions tested. Grey shaded areas show unique conditions for the assay 

which are numbered and described in the table. Error bars show the variation of 

replicates (n = 2) from the mean. All data were analysed using GraphPad Prism 

software (version 9). 

 

A range of blocking buffers were incubated at RT for 1 hr in an attempt to reduce the 

non-specific complement-deposition in the HBSS-only wells. None of the blocking 

buffers were suitable in these conditions (Figure 33). 
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Blocking at RT for 1 hr 

Condition 

Coating 

Protein (1 

µg/ml) 

Blocking Buffer 

(200 µl) 

Primary 

Antibody (1 

µg/ml) 

Secondary 

Antibody (1 

µg/ml) 

1 
EBOV-GP 

5% Skim milk 

Anti-C3c 

monoclonal 

HRP-

conjugated 

anti-mouse 

IgG polyclonal 

HBSS 

2 
EBOV-GP 

5% Non-fat milk 
HBSS 

3 
EBOV-GP 

5% FCS 
HBSS 

4 
EBOV-GP 

5% BSA 1 
HBSS 

5 
EBOV-GP 

5% BSA 2 
HBSS 

6 
EBOV-GP 

5% BSA 3 
HBSS 
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Figure 33: C3c deposition ELISA: blocking at room temperature 

EBOV-GP was used as a positive control and HBSS was used as a negative control. The 

X-axis labels describe the coat:block conditions. None of the blocking buffers suitably 

blocked non-specific C3c deposition in the conditions tested. Grey shaded areas show 

unique conditions for the assay which are numbered and described in the table. Error 

bars show the variation of replicates (n = 2) from the mean. All data were analysed 

using GraphPad Prism software (version 9). 

 

A range of blocking buffers were incubated at 37oC to reduce non-specific 

complement deposition with HBSS-only wells. Both BSA and FCS sufficiently blocked 

the ELISA plates at these conditions, with the best results observed for FCS (Figure 

34). 
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Blocking at 37oC for 1 hr 

Condition 
Coating Protein 

(3 µg/ml) 

Blocking Buffer 

(200 µl) 

Primary 

Antibody 

(2 µg/ml) 

Secondary 

Antibody (2 

µg/ml) 

1 
HIV gp120 

5% Skim milk 

C3c 

monoclonal 

Antibody 

HRP-

conjugated 

anti-mouse 

IgG 

polyclonal 

antibody 

HBSS 

2 
HIV gp120 

5% FCS 
HBSS 

3 
HIV gp120 

5% BSA 
HBSS 

4 
HIV gp120 

5% Skim milk HRP-

conjugated 

C3c 

polyclonal 

antibody 

NA 

HBSS 

5 
HIV gp120 

5% FCS 
HBSS 

6 
HIV gp120 

5% BSA 
HBSS 

Figure 34: C3c deposition ELISA: blocking at 37oC 

HIV gp120 was used as a positive control and HBSS was used as a negative control. 

The X-axis labels describe the coat:block conditions. FCS and BSA blocking buffers 

suitably blocked non-specific C3c deposition in HBSS-coated wells at 37oC, with FCS 

showing the greatest reduction in background signal. Skim milk failed to prevent non-

specific C3c deposition. There were no clear differences in assay signal between using 

the monoclonal or polyclonal anti-C3c antibody. Grey shaded areas show unique 

conditions for the assay which are numbered and described in the table. Error bars 

show the variation of replicates (n = 2) from the mean. All data were analysed using 

GraphPad Prism software (version 9). Abbreviations: NA = not applicable. 

 

Once FCS at 37oC was determined to be the optimal condition for blocking the ELISA 

plates, different concentrations of FCS were tested against 2% and 10% PHP to 

determine suitable FCS concentrations (Figure 35). There was no further reduction in 

background signal with higher concentrations of FCS. 
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Blocking Test 

Condition 

Coating 

Protein (3 

µg/ml) 

Blocking 

Buffer (200 µl) 

Primary 

Antibody (2 

µg/ml) 

Secondary 

Antibody (2 

µg/ml) 

1 
HIV gp120 

2% FCS 

C3c 

monoclonal 

antibody 

HRP-

conjugated 

anti-mouse 

IgG 

polyclonal 

antibody 

HBSS 

2 
HIV gp120 

5% FCS 
HBSS 

3 
HIV gp120 

10% FCS 
HBSS 

Figure 35: C3c deposition ELISA: assessment of FCS blocking agent 

HIV gp120 was used as a positive control and HBSS was used as a negative control. 

The X-axis labels describe the coat:block conditions. There was no clear difference in 

the effectiveness of blocking with different concentrations of FCS. Both the positive 

and background signals increased with higher PHP concentrations. Grey shaded areas 

show unique conditions for the assay which are numbered and described in the table. 

Error bars show the variation of replicates (n = 2) from the mean. All data were 

analysed using GraphPad Prism software (version 9). 

 

2.5.5.2 C3c ELISA: Antibody Optimisation 

Primary and secondary antibody concentrations were optimised using a 

chequerboard approach to try and improve the signal-to-noise and reduce the 

background signal. 

 

Methods 

MaxiSorpTM ELISA plates were coated in duplicate with 100 µl of mannan (10 µg/ml) 

in HBSS and incubated overnight at 4oC. The plates were washed six times with 200 

µl of wash buffer (HBSS containing 0.01% tween-20) and blocked with 200 µl of HBSS 

containing 5% FCS, at 37oC for 2 hrs, 400 rpm. The plates were washed six times with 

200 µl of wash buffer and PHP was added at a concentration of 10% and incubated 

at 37oC for 30 min, 900 rpm. The plates were washed six times with 200 µl of wash 

buffer and incubated with 100 µl of anti-C3c monoclonal antibody (ThermoFisher 

Scientific) using 1 – 3 µg/ml concentrations, at RT for 1 hr. The plates were washed 

six times with 200 µl of wash buffer and incubated with 100 µl of HRP-conjugated 
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anti-mouse secondary antibody (ThermoFisher Scientific) using 1 – 3 µg/ml 

concentrations at RT for 1 hr. The plates were washed a final time and developed 

with 100 µl of One-Step Turbo TMB (ThermoFisher Scientific) substrate for 10 min in 

the dark. The O.D.s were measured at 450 nm and the data was analysed using 

GraphPad Prism software (version 9). 

 

Result 

There was no improvement in the signal-to-noise ratio with the use of higher 

antibody concentrations (Figure 36). 

 

Figure 36: C3c deposition ELISA: antibody optimisation 

An increase in antibody concentrations increased both the positive and background 

signals, resulting in a reduced signal-to-noise ratio (S/N) with higher concentrations. 

Each dot represents the mean value of all replicates (n = 2). The ratio of 

primary:secondary antibody concentrations varied between 1, 2, and 3 µg/ml whilst 

mannan (10 µg/ml) and PHP (10%) were at fixed concentrations. All data were 

analysed using GraphPad Prism software (version 9). 
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2.5.5.3 C3c ELISA: Coating and PHP Optimisation 

Optimal concentrations of PHP and coating protein were determined using a 

chequerboard approach with the C3c deposition ELISAs. 

 

Methods 

MaxiSorpTM ELISA plates were coated in duplicate with 100 µl of antigen (mannan, 

HIV gp120, EBOV-GP, EBOV-sGP, SUDV-GP, SARS-CoV-1 spike, SARS-CoV-2 spike, 

HBSS) at 20, 10, and 5 µg/ml in HBSS and incubated overnight at 4oC. The plates were 

washed six times with 200 µl of wash buffer (HBSS containing 0.01% tween-20) and 

blocked with 200 µl of HBSS containing 5% FCS, at 37oC for 2 hrs, 400 rpm. The plates 

were washed six times with 200 µl of wash buffer and PHP was added at a 

concentration of 20%, 10%, and 5% in 100 µl of HBSS containing 5% FCS, and 

incubated at 37oC for 30 min, 900 rpm. The plates were washed six times with 200 µl 

of wash buffer and incubated with 100 µl of anti-C3c monoclonal antibody 

(ThermoFisher Scientific) at a concentration of 1 µg/ml, at RT for 1 hr. The plates were 

washed six times with 200 µl of wash buffer and incubated with 100 µl of HRP-

conjugated anti-mouse secondary antibody (ThermoFisher Scientific) at a 

concentration of 1 µg/ml, at RT for 1 hr. The plates were washed a final time and 

developed using 100 µl of One-Step Turbo TMB (ThermoFisher Scientific) substrate 

for 10 min in the dark. The O.D.s were measured at 450 nm and analysed using 

GraphPad Prism software (version 9). 

 

Results 

The assay signal for C3c deposition was dependent on both coating concentrations 

and PHP concentrations, to varying extents for each protein. The use of 50 µl of 

protein at a concentration of 20 µg/ml for coating the ELISAs was used to determine 

assay limitations but would be too expensive to repeat in further assays with the 

desired number of replicates. Therefore, 10 µg/ml of protein was deemed optimal 

(Figure 37). 
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Figure 37: C3c deposition ELISA: coating optimisation  

Both the coating concentration and the PHP concentration were important for the 

signal intensity of C3c complement deposition. C3c deposition ELISAs were performed 

on all viral proteins with mannan and HIV gp120 as positive controls, and HBSS as a 

negative control. The X axis shows the titration of the coating protein using 20 µg/ml, 

10 µg/ml, and 5 µg/ml concentrations. The Y axis shows the titration of PHP using 

20%, 10%, and 5% concentrations. The heatmap colours show the range of O.D. values 

from low (blue) to high (red), with the O.D. value labelled for each well. Single 

replicates were performed for all samples. All samples were analysed using GraphPad 

Prism software (version 9). 

 

2.5.5.4 C3c ELISA: Initial Protein Screen 

Following the optimisation of the C3c deposition ELISA, an initial screen was 

conducted using all viral proteins of interest to determine whether the assay was 

suitable for use. 

 

Methods 

MaxiSorpTM ELISA plates were coated in triplicate with 100 µl of antigen (mannan, 

HIV gp120, EBOV-GP, EBOV-sGP, SUDV-GP, SARS-CoV-1 spike, SARS-CoV-2 spike, 

HBSS) at a concentration of 10 µg/ml, or with HBSS-only, in HBSS and incubated 
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overnight at 4oC. The plates were washed six times with 200 µl of wash buffer (HBSS 

containing 0.01% tween-20) and blocked with 200 µl of HBSS containing 5% FCS, at 

37oC for 2 hrs, 400 rpm. The plates were washed six times with 200 µl of wash buffer 

and PHP was added at a concentration of 10.00%, 5.00%, 2.50%, and 1.25% in 100 µl 

of HBSS containing 5% FCS, and incubated at 37oC for 30 min, 900 rpm. The plates 

were washed and incubated with 100 µl of anti-C3c monoclonal antibody 

(ThermoFisher Scientific) at a concentration of 1 µg/ml, at RT for 1 hr. The plates were 

washed and incubated with 100 µl of HRP-conjugated anti-mouse secondary 

antibody (ThermoFisher Scientific) at a concentration of 1 µg/ml, at RT for 1 hr. The 

plates were washed a final time and developed using 100 µl of One-Step Turbo TMB 

(ThermoFisher Scientific) substrate for 10 min in the dark. The O.D.s were measured 

at 450 nm and analysed using GraphPad Prism software (version 9). The negative cut-

off was determined using the average of the HBSS-coated controls with 10% PHP for 

all plates, plus three SDs. 

 

Results 

Using a negative threshold of plus three SDs from the mean of HBSS-only wells with 

10% PHP, mannan, HIV gp120, and the EBOV-sGP were clear positives. The SARS-CoV-

1/2 spike proteins were very weak positives and the EBOV-GP and SUDV-GP fell below 

the threshold for a positive signal. Based on these results and the previous 

optimisation attempts, the background of the C3c deposition ELISA was still too high 

to obtain information regarding the potential for complement activation with all of 

the viral proteins tested (Figure 38). Eventually, the assay was modified to target C5b-

9 instead of C3c using the methods described in section 2.2.11, which suitably 

reduced the background signal and enabled a clear identification for antigen-specific 

complement deposition (Figure 22). 
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Figure 38: C3c deposition ELISA with viral proteins 

C3c deposition ELISAs were performed on all viral proteins with mannan and HIV 

gp120 as a positive control. PHP was titrated for each protein to determine a linear 

range of C5b-9 deposition for interpolation. A negative cut-off (grey dotted line) was 

determined using HBSS-only wells incubated with 10% PHP plus three SDs. Each dot 

represents the mean value of triplicate samples with error bars to show the variation. 

The dashed line shows the mean value for all HBSS-only controls, and the dotted line 

shows the mean plus three SDs. All samples were analysed using GraphPad Prism 

software (version 9). 

 

2.5.6 C5b-9 ELISA Development 

The C3c deposition ELISA was modified to target a neoantigen of the C9 protein in 

the C5b-9 complex. 

 

2.5.6.1 C5b-9 ELISA: Standard Curve 

A standard curve was generated using mannan-coated wells and a titration of PHP 

for the interpolation of data. 
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Methods 

The methods are as described in section 2.2.11 for the C5b-9 deposition ELISA with 

the following modifications: mannan was coated at a concentration of 10 µg/ml and 

PHP was titrated in a 2:3 dilution series from 40% - 0.5%. 

 

Results 

A sigmoid curve was obtained with the titration of PHP against mannan and fitted 

with a 4-parameter logistic curve (Figure 39). 

 

 

Figure 39: C5b-9 deposition ELISA standard curve 

The standard curve of C5b-9 deposition against mannan was fitted with a 4-

parameter logistic (4PL) curve (blue line without dots) and used for interpolation of 

MBL binding to viral proteins. The dotted lines represent the error bars for the 4PL 

mean. Each large dot represents the mean value of all replicates (n = 3). All data were 

analysed using GraphPad Prism software (version 9). 
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2.5.6.2 C5b-9 ELISA: EDTA Controls 

EDTA was included with the highest concentration of PHP used for each viral protein 

as a negative control. 

 

Methods 

The methods are as described in section 2.2.11 for the C5b-9 deposition ELISA with 

no modifications. 

 

Results 

The addition of 10 mM EDTA at the PHP incubation stage reduced all positive signals 

below the negative threshold (Figure 40). 

 



154 
 

 

Figure 40: C5b-9 deposition ELISA with EDTA controls 

C5b-9 deposition ELISAs were performed on all viral proteins with mannan as a 

positive control. A negative cut-off (grey dotted line) was determined using HBSS-only 

wells incubated with 20% PHP plus three SDs. Each dot represents the mean value of 

triplicate samples across duplicate assays (total n = 6) with error bars to show the 

variation. (A) HIV gp120 PHP titration with EDTA control, (B) EBOV-GP PHP titration 

with EDTA control, (C) EBOV-sGP PHP titration with EDTA control, (D) SUDV-GP PHP 

titration with EDTA control, (E) SARS-CoV-1 spike protein PHP titration with EDTA 
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control, (F) SARS-CoV-2 spike protein PHP titration with EDTA control. Each EDTA 

control is represented as a single grey dot for each protein. All samples were analysed 

using GraphPad Prism software (version 9). 
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Chapter 3: Antibody-Dependent Complement Deposition 

3.1 Introduction 

In the previous chapter, I demonstrated the potential for the complement system to 

be activated to completion (resulting in the formation of the membrane attack 

complex (MAC)), in response to a range of Ebolavirus and Coronavirus glycoproteins 

(GPs). This mechanism was antibody-independent and at least partially mediated by 

the binding of MBL. The complement system bridges the innate and adaptive immune 

responses, and the presence of antibodies can significantly alter complement activity. 

In this chapter, I investigated the potential for low-neutralising EBOV-convalescent 

plasma to mediate antibody-dependent complement deposition (ADCD) in response 

to the EBOV-GP, EBOV-sGP, and SUDV-GP, as a potential Fc-mediated component of 

EBOV immunity. 

 

Initial investigations to determine the level of protection conferred by antibodies are 

often based on neutralisation assays. Whilst antibody neutralisation titres can be a 

good indicator of protection, other immune effector functions can be of equal 

importance and neutralisation alone does not always confer protection, as previously 

discussed for EBOV in Chapter 1 (369,383). However, these immune effector 

functions are typically more complex to measure than neutralisation, and can often 

be overlooked, at least during the early investigations into correlates of protection. 

As discussed previously for EBOV, the importance of Fc-mediated antibody functions 

were recognised and included in the monoclonal antibody INMAZEBTM formulation 

approved by the FDA (553). However, the emergence of new variants puts pressure 

on the use of monoclonal antibodies as therapeutics and creates a further need for 

new interventions. For SARS-CoV-2, new variants continue to emerge, whilst for 

Ebolaviruses, other pathogenic strains (SUDV and BDBV) currently have no licensed 

therapeutics and new EBOV outbreaks continue to arise. A deeper understanding of 

the influence of immune effector functions on these viruses may provide greater 

variety for the selection of therapeutic antibodies to expedite future therapeutic 

developments. The complement system, for example, is an Fc-mediated immune 
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effector function that is often excluded from immunoassays via heat-inactivation due 

to complications with cytotoxic effects against cultured cells. 

 

ADCD is a measurement of complement deposition mediated by the antibody-

dependent classical pathway. The ability to mediate ADCD varies greatly between 

antibodies, depending on factors such as epitope diversity (554–556) and antibody 

isotype (15,557,558). Gunn et al showed that ADCD was crucial for the complete 

protection of mice against MA-EBOV using engineered antibody Fc variants (559). 

Other antibody-mediated immune effector functions, independent from 

neutralisation, were shown to contribute to EBOV protection (560,561) and 

polyfunctional antibodies show a strong relationship with protection, similar to 

neutralisation (369,562). For BDBV, the presence of antibodies capable of mediating 

ADCD was associated with the absence of certain long-term sequelae (267). The 

effects of ADCD on immunity can include the promotion of inflammation and 

chemotaxis, signalling to other immune cells, opsonisation of virions, aggregation of 

virions, and formation of the MAC. Whilst ADCD has occasionally been acknowledged 

with regards to EBOV infection, it is an area which remains largely under-researched. 

 

In this chapter, we hypothesised that low-neutralising, convalescent EVD plasma 

would be able to mediate ADCD in response to the Ebolavirus GPs as a potential Fc-

mediated function for protection. We developed novel flow cytometry assays to 

determine the potential for EVD convalescent plasma from the 2013-2016 West 

African EBOV epidemic to mediate ADCD, and attempt to understand which factors 

influence this response. I first identified two cohorts from historical data collected 

during a longitudinal study (372) of EBOV survivor responses: one cohort with low 

EBOV-neutralisation titres relative to EBOV-GP IgG titres (LN cohort), and the other 

with a direct linear relationship between EBOV-neutralisation and EBOV-GP IgG titres 

(N cohort). We measured the ability to mediate ADCD between these cohorts in 

response to the EBOV-GP and EBOV-sGP as these proteins are the most likely to 

interact with antibodies and the complement system during EBOV infection, due to 

their expression on the surface of the virions and infected cells, or secretion from the 
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host cell, respectively. This work was then expanded using the SUDV-GP from the 

second-most virulent Ebolavirus species, to determine whether these mechanisms 

would occur with cross-reactive EBOV-GP antibodies, and to consider which factors 

might influence this relationship with ADCD. This was the first characterisation of EVD 

plasma for ADCD and is most relevant in the event of EBOV re-infection, 

recrudescence, and cross-reactivity, with implications for pathogenesis and 

protection. 

 

Following the emergence of SARS-CoV-2, these ADCD flow cytometry assays were 

adapted for use with the SARS-CoV-2 spike protein. In collaboration with the 

Pathogen Immunology Group at the UKHSA and with the University of Oxford, these 

assays were first used to investigate multifunctional antibody responses (including 

ADCD) in recipients of the ChAdOx1 nCoV-19 vaccine. In this study, we hypothesised 

that vaccine-induced antibodies to the SARS-CoV-2 spike protein could mediate 

ADCD, which may be an Fc-mediated function important for survival. We showed that 

ADCD was induced following the prime dose, and was significantly increased in a 

dose-dependent response with a booster vaccine. This research supported the use of 

a two-dose vaccine regime for phase III clinical trials (504). The second research 

collaboration investigated the divergent trajectories of immune responses following 

natural infection with SARS-CoV-2. We hypothesised that ADCD would be associated 

with disease severity and could be protective. Using a machine-learning approach, 

ADCD was found to correlate with disease severity up to 180 days post-infection and 

was one of the most significant predictors of immune responses following infection 

(563). Lastly, the ADCD assays were used to investigate sex differences in response 

to the ChAdOx1-nCoV-19 vaccine (manuscript submitted). The SARS-CoV-2 ADCD 

research was a contribution to collaborative research that is now published. For this 

reason, the remainder of this section will be focussed on the EBOV work central to 

this PhD project. 
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3.2 Methods 

3.2.1 Sample Collection and Ethics 

West African plasma and pooled human plasma (PHP) as an exogenous source of 

complement from UK volunteers was collected and processed as described in section 

2.2.1. In this chapter, we used the PHP batch from 20 UK volunteers, collected and 

processed by the Pathogen Immunology Group at the UKHSA.  

 

3.2.3 Sample Selection Criteria 

EBOV convalescent and naïve plasma from the 2015-2017 longitudinal study (372) 

was utilised in wild-type EBOV neutralisation assays and EBOV-GP ELISAs prior to this 

PhD project. Using data from 145 plasma samples from 2017, I correlated EBOV-GP 

IgG titres with EBOV-neutralisation titres to identify two cohorts: one with low-

neutralisation titres in relation to EBOV-GP IgG titres (LN cohort), and one with a 

direct linear relationship between neutralisation and EBOV-GP IgG titres (N cohort). 

The LN cohort was determined using a maximum neutralisation score cut-off of 130 

GMT to identify samples with a low neutralisation titre, a minimum antibody titre 

cut-off of 0.35 optical density (O.D.) at 405 nm to ensure the presence of EBOV-GP 

IgG antibodies, and a maximum residual cut-off from the line of best fit of -100 GMT 

to select for low-neutralising antibodies. The N cohort was defined by a neutralisation 

score cut-off greater than 200 GMT and the closest possible residual to the line of 

best fit to obtain matching cohort numbers. Two additional plasma samples for each 

cohort were identified using the 2017 historical neutralisation data collected prior to 

this study, and the flow cytometry assays developed within this PhD project. 

Correlations were defined as follows: no correlation (R2 = < 0.200 and P value > 

0.050), weak correlation (R2 = 0.210–0.400 and P value < 0.050), moderate 

correlation (R2 = 0.410–0.700 and P value < 0.050), strong correlation (R2 = 0.710–

1.000 and P value < 0.050). 

 

3.2.4 Fluorescent Bead Protein Conjugation 

EBOV-GP (Makona strain, sourced from the Nuffield Department of Medicine, Oxford 

University, Oxford, UK. GenBank Accession: AHX24649.1) (372), EBOV-sGP (Mayinga 
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strain, sourced from IBT Bioservices. GenBank Accession: AHC70242.1), and SUDV-

GP (Gulu strain, sourced from SinoBiological. GenBank Accession: YP_138523.1) were 

covalently coupled to SPHEROTM Magnetic Flow Cytometry Multiplex Bead Assay 

Particles (Spherotech) using a modification of a published protocol (564), with protein 

concentrations at saturation levels. Modifications were as follows: centrifuge steps 

were replaced with magnetic bead retention for >30 s using the EasyEightsTM 

EasySepTM Magnet (STEMCELL Technologies), and the conjugated beads were 

blocked using phosphate-buffered saline (PBS) containing 2% Bovine Serum Albumin 

(BSA) and 0.05% sodium azide (pH 7.4). A known EBOV-GP IgG positive convalescent 

plasma sample with known reactivity to EBOV-GP, EBOV-sGP, and cross-reactivity to 

SUDV-GP based on my IgG ELISAs in results section 2.3.7, was used for IgG detection 

to determine whether the conjugation was successful. 

 

3.2.5 Flow Cytometry Data Acquisition 

A minimum of 100 beads per sample were acquired with a CytoFLEX S flow cytometer 

(Beckman Coulter). Conjugated beads were first gated based on the forward scatter 

and violet side scatter. A histogram of the APC peak was then gated to select for the 

APC-fluorescent beads, and presented on either a FITC histogram (C3c deposition) or 

PE histogram (IgG, C1q, and C5b-9 deposition). The gating method is demonstrated 

in Figure 41 . FlowJo software (version 10.8.0.) was then used to determine the 

median fluorescence intensity (MFI) values within the FITC and PE channels, and this 

data was finally presented using GraphPad Prism software (version 9). 

 

3.2.6 Flow Cytometry IgG Binding Assays 

Heat-inactivated plasma samples (heat block at 56oC for 30 min) were diluted 1:50 in 

blocking buffer (Hank’s Balanced Salt Solution (HBSS) containing 2% BSA) and titrated 

1:2 for a 3-point dilution series in duplicate, transferring 20 µl. A further 20 µl of 

EBOV-GP, EBOV-sGP, or SUDV-GP conjugated beads (50 beads per µl) were added to 

each sample for a final plasma dilution of 1:100, 1:500, and 1:2500. Samples were 

incubated for 1 h at RT whilst shaking at 550 rpm, then washed twice in 200 µl of 

wash buffer (HBSS, 0.05% tween-20) and resuspended in 100 µl (0.5 µg/ml) of PE-
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conjugated anti-human IgG (Cambridge Bioscience) in blocking buffer. Samples were 

again incubated for 1 h at RT whilst shaking at 550 rpm, washed twice in 200 µl of 

wash buffer, and resuspended in 50 µl HBSS. The samples were then acquired 

according to section 3.2.5. 

 

Quality controls (QCs) were included for all IgG assays, using three dilutions of the 

same plasma sample with the EBOV-GP conjugated beads, in duplicate. All replicates 

and QCs were below 30% CV (Appendix I, Figure 51 (A)). For the IgG assays using 

SUDV-GP and EBOV-sGP conjugated beads, further controls were included to monitor 

bead integrity using a single plasma dilution (Appendix I, Figure 51 (B)). All replicates 

were below 15% CV. The final results were reported using a single plasma dilution 

point which avoided assay saturation, with the negative sample value subtracted 

from the corresponding plate. 

 

3.2.7 Flow Cytometry C1q Binding Assays 

EBOV-GP, EBOV-sGP, or SUDV-GP conjugated beads were incubated with heat-

inactivated EBOV-GP IgG positive plasma with known reactivity to EBOV-GP, EBOV-

sGP, and SUDV-GP, or incubated with heat-inactivated (56oC for 30 min) EBOV-GP 

negative plasma, at a final 1:20 plasma dilution, in duplicate. The samples were then 

incubated for 30 min at 25oC whilst shaking at 900 rpm, washed twice in 200 µl of 

wash buffer (same method for all subsequent wash steps), and resuspended in 100 

µl (5 µg/ml, 2.5 µg/ml, and 1.25 µg/ml) of purified C1q protein (Sigma Aldrich) or with 

blocking buffer only. The samples were then incubated at 25oC for 1 h whilst shaking 

at 900 rpm, washed, and resuspended in 100 µl (1 µg/ml) of anti-C1q monoclonal 

antibody (Quidel). The samples were then incubated at 25oC for 30 min whilst shaking 

at 900 rpm, washed, and resuspended in 100 µl (1 µg/ml) of PE-anti-mouse IgG 

(ThermoFisher Scientific). After a final incubation step at 25oC for 30 min whilst 

shaking at 900 rpm, the samples were washed and resuspended in 50 µl of HBSS. The 

samples were then acquired according to section 3.2.5. A negative cut-off was 

determined using an average of all bead and plasma controls which excluded the 

primary antibody step, plus three standard deviations. 
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3.2.8 Flow Cytometry C3c and C5b-9 Deposition Assays 

Heat-inactivated EBOV-GP IgG positive plasma starting from a 1:10 (SUDV-GP) or 1:20 

(EBOV-GP and EBOV-sGP) dilution was serially diluted 1:2 in duplicate and incubated 

with EBOV-GP, EBOV-sGP, or SUDV-GP conjugated beads (50 beads per µl) for 30 min 

at 25oC whilst shaking at 900 rpm. The samples were washed twice in 200 µl of wash 

buffer (same method for all subsequent wash steps) and resuspended in 50 µl of PHP 

(1:10 in blocking buffer). The samples were then incubated at 37oC for 15 min whilst 

shaking at 900 rpm and washed. For C3c detection, the samples were resuspended 

in 100 µl (1:500 dilution in blocking buffer) of FITC-conjugated rabbit anti-human C3c 

polyclonal antibody (Abcam) and incubated for 20 min in the dark. For C5b-9 

detection, the samples were resuspended in 100 µl (1 µg/ml in blocking buffer) of a 

monoclonal C5b-9 antibody (SantaCruz Biotechnology) and incubated for 20 min in 

the dark. C5b-9 detection required a further wash step, resuspension in 100 µl (1 

µg/ml) of PE-conjugated anti-mouse polyclonal antibody (ThermoFisher Scientific), 

and incubation for 20 min in the dark. For both the C3c and C5b-9 deposition assays, 

the beads were washed and re-suspended in 50 µl HBSS. The samples were then 

acquired according to section 3.2.5. 

 

Each plate included a heat-inactivated EBOV-GP IgG negative plasma control, a 

primary antibody-only control, a PHP-only control, and a plate QC using EBOV-GP 

beads with a fixed dilution of EBOV-GP IgG positive plasma (C3c: Appendix I, Figure 

52 (A), C5b-9: Appendix I, Figure 53 (A)). A further QC to monitor bead integrity was 

included, using either EBOV-GP, EBOV-sGP, or SUDV-GP beads at a fixed plasma 

dilution (C3c: Appendix I, Figure 52 (B), C5b-9: Appendix I, Figure 53 (B)). All 

replicates and QCs were within 30% CV. Linear regression was used to predict the MFI 

from larger dilutions when plasma samples saturated the assay at the 1:10 or 1:20 

dilution. Where new bead conjugations were required, the negative sample MFI on 

each plate was subtracted from the relevant samples to best normalise the data 

based on the QCs. All other assays used a single bead conjugation where the PHP-

only control was subtracted, based on the QC data. Assays were certified fit for 
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purpose by using heat-inactivated 10% PHP with a range of EBOV-GP IgG positive 

plasma to confirm that a heat-labile plasma component (indicative of complement) 

was required for the positive signal, and with the use of a range of negative plasma 

to determine the background fluorescence. 

 

3.3 Results 

3.3.1 Gating Strategy and Confirmation of Protein Conjugation 

An EBOV-GP IgG positive plasma sample with known reactivity to EBOV-GP, EBOV-

sGP, and cross-reactivity to SUDV-GP based on my IgG ELISAs in results section 2.3.7, 

along with an EBOV-GP IgG negative plasma sample, were used to confirm successful 

protein conjugation to the beads and determine the background fluorescence. The 

addition of EBOV-GP IgG positive plasma demonstrated an increase in MFI on the PE-

A channel for IgG (Figure 41 (C)) and C5b-9 (Figure 41 (D)), and the FITC-A channel 

for C3c (Figure 41 (E)), as an indication of successful protein conjugation. 
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Figure 41: Gating strategy example for flow cytometry assays 

The median fluorescence intensity (MFI) for all flow cytometry samples was 

determined using FlowJo software (Version 10.8.0). (A) The forward-scatter versus 

violet side-scatter was used to create the first gate around the conjugated beads. (B) 

The second gate, specific to the APC-fluorescent beads, was created using the APC 

channel. Lastly, the MFI for (C) IgG binding, (D) C3c deposition, or (E) C5b-9 deposition 

could be determined via the FITC or PE channels. Example data shows an EBOV-GP 

IgG negative (red) and positive (blue) plasma sample with EBOV-GP-conjugated 

beads. 

 

3.3.2 Sample Selection and the Relationship of IgG/C1q Binding to 

Ebolavirus Glycoproteins 

The complement system has many implications for pathogenesis and immunity, and 

the first steps of the classical pathway are IgG and C1q binding. This response can 

vary greatly between plasma samples which suggests that complement-mediated 

immune effector functions would also vary and could impact pathogenesis. We 

identified two cohorts (the LN and N cohorts) based on their relative neutralisation 
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and EBOV-GP IgG titres, and assessed their potential to mediate ADCD as a possible 

Fc-mediated function for survival. 

 

The LN and N cohorts were identified from the correlation between neutralisation 

titres collected in the longitudinal study (372) and the EBOV-GP IgG titres also in the 

longitudinal study (Figure 42, (A)), or the flow cytometry data collected in this study 

(which included four additional plasma samples of interest) (Appendix I, Figure 50). 

Using flow cytometry, we observed IgG binding to the EBOV-GP (Appendix I, Figure 

51, (C)), EBOV-sGP (Appendix I, Figure 51, (D)), and SUDV-GP (Appendix I, Figure 51, 

(E)) with all convalescent plasma samples. No binding was observed when using 

EBOV-GP IgG negative plasma.  

 

The total IgG binding of plasma samples in the LN and N cohorts to EBOV-GP, EBOV-

sGP, and SUDV-GP were compared after subtracting the negative plasma sample MFI 

from each plate (Figure 42 , (B)). The total IgG binding of the LN and N cohorts to 

EBOV-GP (P = 0.673) and EBOV-sGP (P = 0.239) showed no significant difference using 

a Mann-Whitney test. However, the total IgG binding to SUDV-GP was significantly 

higher (P = 0.005) with a 1.4 log2-fold increase for the N cohort compared to the LN 

cohort. Linear regression analysis (GraphPad Prism software, version 9) was used to 

compare the titres for IgG binding in the LN and N cohorts to EBOV-GP, EBOV-sGP, 

and SUDV-GP (Figure 42 , (C)). These parameters were correlated to identify possible 

variations in IgG binding to the Ebolavirus proteins. For the N cohort, there was a 

strong correlation between EBOV-GP and EBOV-sGP (R2 = 0.734), a moderate 

correlation between SUDV-GP and EBOV-GP (R2 = 0.429), and a weak correlation 

between SUDV-GP and EBOV-sGP (R2 = 0.384). For the LN cohort, there was no 

correlation between any of the proteins tested: EBOV-GP and EBOV-sGP (R2 = 0.036), 

SUDV-GP and EBOV-GP (R2 = 0.007), and SUDV-GP and EBOV-sGP (R2 = 0.009). 

 

I then determined the potential for C1q to bind IgG in complex with the Ebolavirus 

proteins, and whether C1q could bind the viral antigens in absence of EBOV-GP IgG, 

as these are critical steps for the activation of the classical complement pathway 
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(Figure 43). Firstly, C1q binding was not observed with the use of EBOV-GP IgG 

negative plasma for any of the Ebolavirus proteins. Second, the detection of C1q 

binding to the EBOV-GP and EBOV-sGP was only observed with EBOV-GP IgG positive 

plasma and the addition of purified C1q, whilst C1q binding to the SUDV-GP was 

negative for all conditions tested. IgG binding to the EBOV-GP and EBOV-sGP was an 

essential preliminary step to detect C1q binding but a positive signal for SUDV-GP was 

not determined. 

 

In summary, two cohorts (LN and N cohort) were identified based on their EBOV-GP 

IgG titres relative to their EBOV neutralisation titres (Figure 42, (A)). The LN cohort 

had a significantly lower IgG titre to the SUDV-GP compared to the N cohort, whilst 

EBOV-GP and EBOV-sGP IgG titres were similar for both cohorts (Figure 42, (B)). There 

was no clear relationship in these IgG titres between the Ebolavirus proteins for the 

LN cohort, whilst the N cohort correlated as expected (Figure 42, (C)). Lastly, the 

addition of EBOV-GP IgG positive plasma was essential for the detection of C1q 

binding to the EBOV-GP and EBOV-sGP, but no signal was detected for the SUDV-GP 

(Figure 43).
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Figure 42: Selection of convalescent EVD plasma samples and their IgG binding to 
EBOV-GP, EBOV-sGP, and SUDV-GP 

(A) Historic EBOV neutralisation and EBOV-GP IgG ELISA data for 145 samples were 

correlated and analysed via linear regression. A neutralisation cut-off of < 130 GMT 

(horizontal dotted line), an IgG titre > 0.35 O.D. (vertical dotted line), and a maximum 

residual from the line of best fit (< -100 GMT) was used to select the LN cohort (red 

dots, n = 16). A neutralisation cut-off > 200 GMT and with the nearest possible residual 

to the line of best fit was used to select the N cohort. (B) Plasma from the LN (n = 18) 

or the N (n = 18) cohorts were incubated with EBOV-GP, EBOV-sGP, and SUDV-GP 

conjugated beads, and analysed via flow cytometry. Significant differences were 

determined by a Mann-Whitney test using the mean (dotted lines) values of each 

cohort. (C) Each bead conjugate incubated with LN (n = 18) and N (n = 18) plasma was 

analysed via a pairwise linear regression analysis and the R2 values were represented 

as heatmaps. Abbreviations: median fluorescence intensity (MFI), negative (N), not 

significant (ns).
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Figure 43: C1q binding to the EBOV-GP, EBOV-sGP, and SUDV-GP with EBOV-GP IgG 
positive plasma 

A titration of purified C1q protein was added to (A) EBOV-GP, (B) EBOV-sGP, and (C) 

SUDV-GP conjugated beads with EBOV-GP IgG positive or negative plasma. All 

samples were tested in duplicate and each dot represents the mean values calculated 

in GraphPad Prism software (version 9). Error bars were too small to be displayed. The 

negative cut-off (grey dotted line) was determined using the mean value of all control 

samples (n = 6) without the primary antibody, plus three standard deviations. 
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3.3.3 Bead Validation with Heat-Inactivated PHP 

We developed C3c and C5b-9 deposition assays to measure the ability of plasma 

samples to mediate ADCD in response to the Ebolavirus GPs. Complement is a heat-

labile system and so the PHP was heat-inactivated and incubated with known positive 

controls to determine the background levels of each assay. The samples used would 

otherwise produce “low”, “medium”, or “high” levels of C3c (Figure 44 (B), (D), (F)) 

and C5b-9 deposition (Figure 45 (B), (D), (F)) when used with PHP. For the EBOV-GP 

and SUDV-GP assays, only minimal background signals were observed for C3c 

deposition (Figure 44 (A), (E)) and C5b-9 deposition (Figure 45 (A), (E)). For EBOV-

sGP, C3c deposition with heat-inactivated PHP showed a slightly larger increase in 

both the background and the positive signals (Figure 44 (C)). The C5b-9 deposition 

with heat-inactivated PHP showed a low background except for the use of “high” 

plasma, where the signal remained constant throughout the titration (Figure 45 (C)). 
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Figure 44: C3c deposition with heat-inactivated PHP 

EBOV-GP IgG positive samples that resulted in “high”, “medium”, and “low” levels of 

C3c deposition were incubated with heat-inactivated (HI) 10% PHP in assays with (A) 

EBOV-GP, (C) EBOV-sGP, and (E) SUDV-GP conjugated beads. The “high”, “medium”, 

and “low” samples were also incubated with the original PHP at a concentration of 

10%, for (B) EBOV-GP, (D) EBOV-sGP, and (F) SUDV-GP conjugated beads. All samples 

were tested in duplicate and each dot/square represents the mean values calculated 

in GraphPad Prism software (version 9). Error bars show the variance from the mean. 

Abbreviations: HI = heat-inactivated; MFI = median fluorescence intensity; QC = 

quality control. 
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Figure 45: C5b-9 deposition with heat-inactivated PHP 

EBOV-GP IgG positive samples that resulted in “high”, “medium”, and “low” levels of 

C5b-9 deposition were incubated with heat-inactivated (HI) 10% PHP in assays with 

(A) EBOV-GP, (C) EBOV-sGP, and (E) SUDV-GP conjugated beads. The “high”, 

“medium”, and “low” samples were also incubated with the original PHP at a 

concentration of 10%, for (B) EBOV-GP, (D) EBOV-sGP, and (F) SUDV-GP conjugated 

beads. All samples were tested in duplicate and each dot/square represents the mean 

values calculated in GraphPad Prism software (version 9). Error bars show the 

variance from the mean. Abbreviations: HI = heat-inactivated; MFI = median 

fluorescence intensity; QC = quality control. 
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3.3.4 Bead Validation with Negative Plasma 

EBOV-GP IgG negative plasma samples were also used to determine the background 

levels of each assay. For the EBOV-GP and SUDV-GP, low background signals were 

observed for C3c (Figure 46 (A), (C)) and C5b-9 deposition (Figure 47 (A), (C)) with 

the use of all EBOV-GP IgG negative plasma samples. Some variation was observed 

between the negative samples for C3c deposition with SUDV-GP (Figure 46 (C)), 

however these negative samples are relative to a positive sample with a weak signal. 

For EBOV-sGP, the overall assay signal was higher again, and two negative samples in 

particular produced a higher signal than expected for both C3c deposition (Figure 46 

(B)) and C5b-9 deposition (Figure 47 (B)). 
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Figure 46: C3c deposition with negative plasma samples 

A selection of EBOV-GP IgG negative samples (as determined via ELISA in 2017) were 

incubated with (A) EBOV-GP, (B) EBOV-sGP, and (C) SUDV-GP conjugated beads to 

investigate the background levels of C3c deposition with 10% PHP. All samples were 

tested in duplicate and each dot/square represents the mean values calculated in 

GraphPad Prism software (version 9). Error bars show the variance from the mean. 

Abbreviations: MFI = median fluorescence intensity; QC = quality control. 
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Figure 47: C5b-9 deposition with negative plasma samples 

A selection of EBOV-GP IgG negative samples (as determined via ELISA in 2017) were 

incubated with (A) EBOV-GP, (B) EBOV-sGP, and (C) SUDV-GP conjugated beads to 

investigate the background levels of C5b-9 deposition with 10% PHP. All samples were 

tested in duplicate and each dot/square represents the mean values calculated in 

GraphPad Prism software (version 9). Error bars show the variance from the mean. 

Abbreviations: MFI = median fluorescence intensity; QC = quality control. 
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3.3.5 ADCD and its Relationship with IgG Binding 

The binding of IgG and C1q to the Ebolavirus proteins showed the potential for 

classical complement pathway activation and ADCD. The extent of ADCD is influenced 

by antibody characteristics and can have both local and systemic effects on immunity, 

potentially influencing EBOV pathogenesis. ADCD was indirectly measured by the 

levels of C3c and C5b-9 deposition. 

 

For EBOV-GP, there was no significant difference in IgG binding (P = 0.673) (previously 

shown in Figure 42, (B)), C3c deposition (P = 0.239), nor C5b-9 deposition (P = 0.181) 

between the LN and N cohorts using a Mann-Whitney test (Figure 48, (A)). The 

relationship between IgG titre, C3c deposition, and C5b-9 deposition was then 

analysed via linear regression for both cohorts. A strong correlation was observed for 

C3c deposition and C5b-9 deposition with R2 = 0.938 and R2 = 0.914 for the LN and N 

cohorts, respectively. Strong correlations were also observed for IgG titres and C3c 

deposition with the LN cohort (R2 = 0.788) and N cohort (R2 = 0.856), and again for 

C5b-9 deposition with the LN cohort (R2 = 0.881) and N cohort (R2 = 0.940) (Figure 48, 

(B)). 

 

For EBOV-sGP, despite similar IgG titres (P = 0.239) between the LN and N cohorts 

(previously shown in Figure 42, (B)), the LN cohort had significantly lower levels of 

C3c deposition (P = 0.002) and C5b-9 deposition (P = 0.003) (Figure 48, (C)). As 

expected, there was a strong correlation in C3c and C5b-9 deposition with R2 = 0.969 

and R2 = 0.737 for the LN and N cohorts, respectively. For the LN cohort, there was 

no correlation between C3c and IgG (R2 = 0.135), and C5b-9 and IgG (R2 = 0.086). For 

the N cohort, there was a strong correlation between C3c and IgG (R2 = 0.791), and 

C5b-9 and IgG (R2 = 0.733) (Figure 48, (D)).  

 

For SUDV-GP, the LN cohort had significantly lower IgG titres (P = 0.005) (previously 

shown in Figure 42, (B)), C3c deposition (P = < 0.001), and C5b-9 deposition (P = 

0.004) (Figure 48, (E)) compared to the N cohort. There was a moderate correlation 
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for C3c and C5b-9 deposition for the LN cohort (R2 = 0.694), and a strong correlation 

(R2 = 0.953) for the N cohort. For the LN cohort, no correlation was observed between 

C3c and IgG (R2 = 0.189), and C5b-9 and IgG (R2 = 0.202). For the N cohort, a weak 

correlation was observed between C3c and IgG (R2 = 0.227), and no correlation 

between C5b-9 and IgG (R2 = 0.144) (Figure 48, (F)). 

 

In summary, significant differences (P < 0.050) were observed in the levels of ADCD 

depending on the LN and N cohorts and the Ebolavirus protein present (Figure 48). 

For EBOV-GP, similar levels of ADCD were observed for both cohorts and this 

response strongly correlated with IgG titres. For EBOV-sGP, IgG titres were similar 

between the two cohorts, but the LN cohort was less capable of mediating ADCD. 

Furthermore, ADCD was dependent on IgG titre in the N cohort, but these two 

parameters did not correlate for the LN cohort. For SUDV-GP, the LN cohort showed 

a significant reduction in all parameters tested compared to the N cohort, and ADCD 

did not correlate with IgG titre for either cohort. 
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Figure 48: Comparison of IgG titres, C3c deposition, and C5b-9 deposition for EBOV-
GP, EBOV-sGP, and SUDV-GP conjugated beads 

IgG binding, C3c deposition, and C5b-9 deposition with LN cohort (red dots, n = 18) 

and N cohort (purple dots, n = 18) plasma samples were compared using a Mann-
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Whitney test with EBOV-GP (A), EBOV-sGP (C), and SUDV-GP (E). The relationship for 

each parameter within the LN and N cohorts were then analysed via linear regression 

for EBOV-GP (B), EBOV-sGP (D), and SUDV-GP (F) with the R2 values presented in the 

form of a heatmap. Assay types are distinguished by the grey shaded areas. All 

samples were analysed using GraphPad Prism (version 9). 

 

3.4 Discussion 

This chapter describes the potential differences in ADCD between EBOV convalescent 

plasma samples in response to the EBOV-GP, EBOV-sGP, and SUDV-GP. The extent of 

ADCD could influence various aspects of immunity including neutralisation, 

opsonisation, agglutination, chemotaxis, and immune cell regulation. We found 

significant differences in the levels of ADCD depending on the level of neutralisation 

relative to the antibody titre (based on the LN and N cohorts) and the Ebolavirus 

protein present, which could help shape our understanding of EBOV immunity and 

pathogenesis.  

 

The plasma samples from the LN cohort had a significantly lower capacity for cross-

reacting with SUDV-GP despite similar IgG titres to the N cohort for the EBOV-GP and 

EBOV-sGP (Figure 42, (B)). The reduced IgG binding to the SUDV-GP could indicate 

that the epitopes recognised by IgG antibodies in the N cohort are better conserved 

amongst proteins, or that the LN cohort has less diversity in the IgG response. This 

may also explain the absence of correlation for IgG binding to SUDV-GP compared to 

EBOV-GP and EBOV-sGP for the LN cohort. Similarly, no correlation was observed for 

IgG binding to the EBOV-GP compared to the EBOV-sGP by the LN cohort, which may 

be explained by antibodies targeting various conformational epitopes on the EBOV-

sGP or the whole EBOV-GP such that overall binding is not affected (565). It is possible 

that variations in antibody binding are caused by the bead conjugation process 

restricting certain epitopes. However, the conjugation method relies on free amine 

groups on the GPs which are abundant and regularly distributed, so this is unlikely to 

be an issue. Another cause of variation could be the source of the proteins, as 

discussed in Chapter 2. Whilst care was taken to ensure that all proteins were 

expressed in HEK 293 mammalian cell lines to reduce variation in glycosylation and 
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protein processing, different cell culture environments can cause minor variations in 

protein glycosylation (543). The use of antibody-dependent complement 

mechanisms in this section also mitigates concerns regarding variations in 

glycosylation.  

 

As previously discussed, conventional activation of the classical pathway is 

dependent on prior engagement of antibodies to the target protein to facilitate C1q 

binding. In rare instances, C1q may directly bind viral antigens, or utilise acute phase 

proteins as substitutes for antibody binding, to activate the complement system 

(20,566,567). In our observations, C1q binding to the EBOV-GP and EBOV-sGP was 

dependent on the presence of EBOV-GP IgG, thus following the conventional classical 

pathway (Figure 43). C1q binding was not observed for the SUDV-GP, however this 

was likely a sensitivity issue with the reliance of cross-reactivity already producing 

lower signals for the SUDV-GP assays. The lower IgG titres and cross-reactivity would 

reduce the number of binding targets for the C1q protein and lower the epitope 

density, thus reducing the formation of antibody clusters required for efficient C1q 

binding (556) and any subsequent complement activation (554,555). Whilst C1q is 

also capable of binding IgM, based on previous studies regarding antibody kinetics 

following EBOV infection (568,569), these samples collected at least 1-year post-

exposure are not anticipated to contain substantial levels of IgM. These results 

highlight some important functional differences in the initial stages of ADCD between 

convalescent EVD plasma samples. 

 

For the EBOV-GP (Figure 48, (A), (B)), IgG binding and ADCD levels were similar for 

the LN and N cohorts, with the level of ADCD dependent on the EBOV-GP IgG titre. In 

the context of EBOV pathogenesis, irrespective of neutralisation (as demonstrated 

with the LN cohort), Fc-mediated antibody functions could activate the complement 

system with implications for the upregulation of inflammation and chemotaxis 

(1,570), and a possible reduction of viral load (159,175,567,571). It is unclear whether 

this response would be beneficial or detrimental in the course of EBOV infection. I 

previously discussed the evidence for both the complement-mediated reduction and 
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enhancement of various viral infections. Whilst inflammation and chemotaxis help 

coordinate the immune response, sustained levels of inflammation can be 

detrimental. This is apparent in patients who succumb to EVD (350,371,393,520,546). 

 

For the EBOV-sGP (Figure 48, (C), (D)), IgG titres were similar for both the LN and N 

cohorts, yet the ability to mediate ADCD was significantly lower in the LN cohort. One 

possibility is that the isotype composition bound to the EBOV-sGP between the two 

cohorts differs, as IgG1 and IgG3 activate complement most efficiently, followed by 

IgG2, whilst IgG4 has no activity and may even be inhibitory (15,557,558). Again, the 

antibody recognition sites and epitope density could affect antibody clustering and 

thus affect the efficiency of C1q binding. This could also explain why there was no 

correlation between IgG titre and ADCD for the LN cohort. Acute-phase proteins are 

capable of mediating C1q binding and complement activation independent of 

antibodies (1). Such activity could explain the lack of correlation. However, the 

following reasons conflict with this: IgG titres and ADCD in the N cohort correlated as 

expected, we did not observe C1q binding to EBOV-sGP with EBOV-GP IgG negative 

plasma, the PHP-only controls were negative, and we did not observe a similar trend 

with EBOV-GP which might otherwise be expected. Whilst there was no significant 

difference (P = 0.239) in the IgG titres between cohorts for the EBOV-sGP, the LN 

cohort showed some reduction in IgG titre, and so the assay variation or the binding 

of other proteins in the cohort plasma may be more apparent at these lower levels. 

The significantly lower titres for C3c (P = 0.002) and C5b-9 deposition (P = 0.003) with 

the LN cohort could be impacted by the higher background signal observed for the 

EBOV-sGP assay, which would also influence the association of IgG titre with ADCD. 

Lastly, the origins of the EBOV-GP (Makona) and EBOV-sGP (Mayinga) may also 

account for some variation. The convalescent plasma from the Makona variant may 

not recognise some regions of the Mayinga variant, although IgG titres were similar 

to both proteins. Sequence analysis of the full-length genomes shows a 97% 

nucleotide sequence identity between the Makona and Mayinga variants used here 

(535). 
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As discussed in Chapter 2, the EBOV-sGP is the primary transcript of the GP gene 

(550) which is actively secreted from infected host cells during infection at levels 

detectable in the blood of acutely infected patients (551). We previously discussed 

the potential for the EBOV-sGP to function as a complement decoy molecule leading 

to the consumption of complement, which is partially driven by MBL binding. Here, 

we show that the known ability of the EBOV-sGP to divert the antibody response 

(550) would also divert the complement response from the EBOV virion. The EBOV-

sGP may even contribute to more severe disease pathology in this way, as excessive 

complement activation has been associated with fatal EVD outcomes (546). The 

ADCD described in this chapter could provide some indication of the varying antibody 

responses to the EBOV-sGP, some of the characteristics which drive these responses, 

and how this influences ADCD. 

 

For the SUDV-GP (Figure 48, (E), (F)), IgG titres and the levels of C3c deposition and 

C5b-9 deposition were significantly lower in the LN cohort compared to the N cohort. 

C3c deposition and C5b-9 deposition correlated as expected for both cohorts, but the 

correlations of IgG titre to C3c deposition or C5b-9 deposition were either weak or 

not significant. Again, a possible explanation for this could be the IgG isotypes and/or 

the antibody epitopes available to enable efficient C1q binding. Based on the 

Sequence Manipulation Suite software and MUltiple Sequence Comparison by Log-

Expectation (MUSCLE) software, the amino acid sequence similarity of the EBOV-GP 

and SUDV-GP used in this study is ~57%, which would support the explanation for 

reduced capacity to facilitate antibody clustering and C1q binding. The mechanism of 

ADCD mediated by cross-reactivity with EBOV-GP IgG positive plasma in response to 

SUDV-GP could have implications for cross-protection. While it is unclear how these 

results would translate in vivo, cross-reactive antibodies are likely to show a 

reduction in neutralisation, and so Fc-mediated mechanisms of protection could be 

an important consideration. Our results show that the levels of ADCD would vary in 

association with the neutralisation titres, as determined by the LN and N cohorts. 
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The endemicity of EBOV and SUDV covers neighbouring countries and the putative 

reservoir for EBOV overlaps all of these regions (279), which means there is the 

possibility for EBOV convalescent patients to be exposed to SUDV. EBOV has caused 

repeated outbreaks in DRC which have spilled over into neighbouring Uganda, whilst 

SUDV has caused multiple outbreaks in Uganda and South Sudan which borders both 

Uganda and DRC (572). The potential for overlap of these viruses is increased with 

factors such as: viral persistence in semen (573,574), ocular fluid (255), cerebrospinal 

fluid (258), and breast milk (259,575); the potential for recrudescence in humans 

(255,258) and NHPs (393); the high potential for human-to-human transmission 

(214); and a general lack of viral surveillance in endemic areas. 

 

In summary, this is the first attempt at characterising antibodies in EBOV 

convalescent plasma by their ability to mediate ADCD in response to various 

Ebolavirus glycoproteins. We observed a large degree of variation in the ability to 

mediate ADCD between the LN and N cohorts, and highlighted factors associated with 

these differences including IgG titre, EBOV neutralisation titre, and the Ebolavirus 

protein present. One of our measurements of ADCD was the end-stage formation of 

the C5b-9 complex, which shows that the complement system was activated to 

completion. Therefore, in the context of EBOV pathogenesis, we would expect other 

complement-mediated immune functions such as inflammation and chemotaxis to 

become active. Our findings are assumed to be IgG-mediated, and this chapter would 

be most relevant to EBOV pathogenesis in the context of re-exposure, recrudescence, 

vaccinations, and cross-reactivity with SUDV. This work sets the foundations for 

investigating the complement system in the context of antibody-mediated virus 

neutralisation. The ability of antibodies to engage the complement system can also 

have significant implications for neutralisation, as previously discussed for EBOV 

(407) and other viruses (19,159,160,175).  

 

The ADCD work for SARS-CoV-2 was a collaborative effort with other research 

projects to show multifunctional antibody responses to vaccination (504), the 

diversity of antibody responses to infection (563), and sex differences in response to 
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vaccination (manuscript submitted). However, the effect of this on neutralisation, as 

with EBOV, had not yet been investigated. These antibodies are capable of mediating 

ADCD, and the extent of ADCD is highly variable, therefore it is possible that the 

presence of complement could influence virus neutralisation and thus impact viral 

pathogenesis. In the next chapter, I set out to investigate the impact of both the 

antibody-independent and the antibody-dependent evidence collected in Chapter 2 

and Chapter 3 on EBOV and SARS-CoV-2 neutralisation. 

 

3.5 Appendix II 

3.5.1 Optimisation of Plasma Titration for Complement Deposition 

Assays 

EBOV convalescent plasma samples with a range of EBOV-GP IgG titres were used in 

C3c deposition assays with EBOV-GP conjugated beads to determine the optimal 

plasma dilutions for these assays. A dilution series of 1:2 starting from a 1:20 dilution 

was deemed optimal as it provided the clearest distinction between the weak 

positive (“low”) and negative samples, whilst avoiding assay saturation with the 

strong positive sample (“high”) (Figure 49). The same 1:2 dilution series was then 

applied to the C5b-9 deposition assays. 
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Figure 49: Titration of plasma with EBOV-GP conjugated beads for the C3c deposition 
assay 

Various plasma titrations of EBOV convalescent plasma samples with “high”, 

“medium”, and “low” EBOV-GP IgG titres were used to determine optimal plasma 

concentrations. (A) Plasma samples were diluted to 1:20, 1:100, 1:500, and 1:2500 

for C3c deposition with EBOV-GP beads. (B) Plasma samples were diluted to 1:20, 

1:60, 1:180, and 1:540 for C3c deposition with EBOV-GP beads. (C) Plasma samples 

were diluted to 1:20, 1:40, 1:80, and 1:160 for C3c deposition with EBOV-GP beads. 

All samples were tested in duplicate and presented with the mean value. 
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3.5.2 Selection of Additional EBOV-GP IgG Positive Plasma Samples 

The IgG titre of two low-neutralising plasma samples was not available within the 

historic data set. I determined their IgG titres using my flow cytometry IgG assay 

(Figure 50). They fit the criteria of the LN cohort and were included in this study, along 

with the selection of two additional samples for the N cohort to ensure matching 

cohort numbers (total n = 36). 

 

 

Figure 50: Selection of additional EBOV-GP IgG positive plasma samples using flow 
cytometry data 

Four additional samples were selected for addition to the LN cohort (blue dots) or N 

cohort (green dots), using flow cytometry data collected in this study and historic 

neutralisation titres that were absent in the historic ELISA data from the year 2017. 

The remaining LN cohort samples (n = 16) are shown in red and the remaining N 

cohort samples (n = 16) are shown in purple. 
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3.5.3 Raw MFI and QC Data for IgG Assays 

Inter-assay variation was monitored using a titration of EBOV-GP IgG positive plasma 

with EBOV-GP beads for every assay (Figure 51 (A)), with a maximum cut-off of 30% 

CV. EBOV-sGP and SUDV-GP beads were also used as an inter-assay QC with a fixed 

plasma dilution for each EBOV-sGP or SUDV-GP assay, respectively (Figure 51 (B)). All 

samples and QCs were then plotted on a single graph for EBOV-GP (Figure 51 (C)), 

EBOV-sGP (Figure 51 (D)), and SUDV-GP (Figure 51 (E)). The raw MFIs for all of my 

flow cytometry IgG assays were below 30% CV for intra-assay and inter-assay 

variation. Whilst the upper limit of 30% CV was accepted for intra-assay variation, the 

majority of these replicates were < 10% CV. 
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Figure 51: Raw MFI and QC data for all flow cytometry IgG assays with EBOV-GP, 
EBOV-sGP, and SUDV-GP 

(A) EBOV-GP beads with convalescent plasma at three dilutions (1:100, 1:500, 1:2500) 

were used as a QC for all plates, with a CV < 30%. (B) EBOV-sGP and SUDV-GP beads 

with convalescent plasma at three dilutions (1:100, 1:500, 1:2500) were included as 

additional QCs for their corresponding assays. The raw IgG titre MFIs of all plasma 

samples (grey dots/lines) against (C) EBOV-GP, (D) EBOV-sGP, and (E) SUDV-GP were 

determined using FlowJo software (Version 10.8.0) and presented using GraphPad 

Prism software (version 9).  
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3.5.4 Raw MFI and QC Data for C3c and C5b-9 Deposition Assays 

The raw MFIs for all of my flow cytometry C3c (Figure 52 (A)) and C5b-9 (Figure 53 

(B)) deposition assays were below 30% CV for inter-assay variation. Whilst the upper 

limit of 30% CV was accepted for intra-assay variation, the majority of these replicates 

were < 10% CV. Similar to the IgG assay, I accepted a CV < 30% as inherent assay 

variation. I attempted to normalise the data based on the plate QCs or bead QCs, but 

adjusting for one parameter did not show an overall improvement. I attempted to 

use a standard curve for the interpolation of sample values, however the signal for 

some of the samples was too low for interpolation and would need to be excluded 

for analysis. Considering the small data set already, I did not proceed with this option 

although it did work well for the SARS-CoV-2 projects. I also attempted an end-point 

titration from the sample dilutions, but the signal titrated out too quickly. To 

overcome this, I would have needed a much smaller dilution factor and thus a much 

higher number of dilution points per sample to obtain accurate readings. Finally, it 

was concluded that subtracting the PHP-only control from the samples provided the 

most consistent results. The PHP-only control showed little variation between the 

plates, but subtracting this value was beneficial as it would minimise any possible 

effects of the lectin pathway. One of the C5b-9 EBOV assays (Figure 53 (C)) was 

repeated using a fresh bead conjugation which showed a considerably higher 

background. This assay otherwise showed high reproducibility. Subtracting the 

negative plasma background brought the QCs of this particular assay within the 

parameters of the original. 
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Figure 52: Raw MFI and QC data for all flow cytometry C3c deposition assays with 
EBOV-GP, EBOV-sGP, and SUDV-GP 

(A) EBOV-GP beads with convalescent plasma at a fixed 1:20 dilution were used as a 

QC for all plates, with a CV < 30%. (B) Each bead conjugate was also incubated with 

convalescent plasma at a 1:10 (SUDV-GP) or 1:20 dilution (EBOV-GP, EBOV-sGP) as 

additional QCs to monitor bead integrity. The raw C3c deposition MFIs of all plasma 

samples (grey dots/lines) against (C) EBOV-GP, (D) EBOV-sGP, and (E) SUDV-GP were 

determined using FlowJo software (Version 10.8.0) and presented using GraphPad 

software (version 9).  
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Figure 53: Raw MFI and QC data for all flow cytometry C5b-9 deposition assays with 
EBOV-GP, EBOV-sGP, and SUDV-GP 

(A) EBOV-GP beads with convalescent plasma at a fixed 1:20 dilution were used as a 

QC for all plates, with a CV < 30%. (B) Each bead conjugate was also incubated with 

convalescent plasma at a 1:10 (SUDV-GP) or 1:20 dilution (EBOV-GP, EBOV-sGP) as 

additional QCs to monitor bead integrity. The raw C5b-9 deposition MFIs of all plasma 

samples (grey dots/lines) against (C) EBOV-GP, (D) EBOV-sGP, and (E) SUDV-GP were 

determined using FlowJo software (Version 10.8.0) and presented using GraphPad 

software (version 9).  
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Chapter 4: Complement-Mediated Neutralisation 

4.1 Introduction 

The complement system has the potential to enhance and enable virus neutralisation 

for low-neutralising and non-neutralising antibodies, respectively. In Chapter 2, we 

showed evidence for MBL-binding and formation of the membrane attack complex 

(MAC) in response to various Ebolavirus and Coronavirus glycoproteins (GPs), 

independent of antibodies. In Chapter 3, we found that low-neutralising, EBOV 

disease (EVD) convalescent plasma could mediate antibody-dependent complement 

deposition (ADCD) in response to the EBOV-GP and EBOV-sGP. In collaboration with 

the UKHSA and University of Oxford, we also found differential responses in the 

ability to mediate ADCD against the SARS-CoV-2 spike protein with the use of 

convalescent COVID-19, and ChAdOx1 nCoV-19 vaccinee, plasma. In this chapter, we 

investigated whether the antibody-independent complement interactions observed 

in Chapter 2 could influence EBOV and SARS-CoV-2 neutralisation. Next, we assessed 

whether the antibody-dependent mechanisms observed in Chapter 3 could enhance 

virus neutralisation of otherwise low-neutralising antibodies. 

 

The antibody-independent mechanisms of the complement system form part of the 

early, innate response to viruses. This response can initiate a range of antiviral 

mechanisms, including agglutination, chemotaxis, neutralisation, opsonisation, and 

the lysis of virions and infected cells, as discussed previously in sections 1.1.5.1 to 

1.1.5.4. For EBOV, previous studies have demonstrated both antiviral (157,412,413) 

and viral-enhancing (7,8,403) effects of the lectin complement pathway. In Chapter 

2, we demonstrated that MBL of the lectin pathway can bind to a range of Ebolavirus 

GPs, with the novel finding that MBL could also bind to the SUDV-GP. MBL binding to 

the SUDV-GP was significantly reduced compared to the EBOV-GP and EBOV-sGP. We 

also showed that the complement system could be activated to completion following 

stimulation with the Ebolavirus GPs, in the absence of EBOV-specific antibodies, 

which lead to the formation of the MAC. This was a novel observation which raised 

questions regarding the functional significance of this response. The MAC is capable 

of lysing virions and infected cells (19,159,160,175), which suggests that the 
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complement system could promote virus neutralisation. This aspect of immunity is 

commonly overlooked, as plasma samples used in conventional neutralisation assays 

are heat-inactivated or treated with EDTA, which inactivates the complement system 

(576–580). Formation of the end-stage MAC also indicates that other complement 

proteins would be deposited on the surface of the virion, and these proteins have the 

potential to both inhibit (6,20,167,168) or enhance (169,170) viral infections. 

 

In Chapter 2, we also investigated MBL binding and antibody-independent 

complement deposition in response to the SARS-CoV-2 spike protein. During the 

course of this study, our observations of MBL binding and complement deposition in 

response to the SARS-CoV-2 spike protein have since been reported elsewhere 

(505,518), and their findings of MBL binding and MAC formation were in concordance 

with our own. One study by Stravalaci et al showed that MBL was capable of 

neutralising SARS-CoV-2 infection of Calu-3 cells and human bronchial epithelial cells, 

as well as reducing the production of IL-8 and CXCL5 (518). However, some of the 

published findings regarding interactions of the lectin pathway with SARS-CoV-2 

proteins are conflicting. Stravalaci et al assessed the binding of recombinant C1q, 

collectins (CL-10/11/12), ficolins (FCN-1/2/3), MBL, pentraxins (serum amyloid P 

component [SAP], C-reactive protein [CRP], pentraxin 3 [PTX3]), and surfactant 

proteins (SP-A/D) to the SARS-CoV-2 spike protein and nucleoprotein. Only the long 

PTX3 and MBL bound to the nucleocapsid and spike protein, respectively. 

Investigations by Ali et al found that MBL could additionally bind to the 

nucleoprotein, and that FCN-2 and CL-11 could also bind the SARS-CoV-2 spike 

protein and nucleoprotein (505). Similarly, Hsieh et al found that SP-D could bind the 

SARS-CoV-2 spike protein (581). As highlighted by Stravalaci et al, their discrepancy 

with the findings by Ali et al could be their use of recombinant proteins instead of 

serum as a source of pattern recognition molecules (PRMs), as other components in 

serum could complex with the molecule of interest, for example MBL and MASP-2. 

Collectively, our evidence and the results published by others suggests a potential 

role of the lectin pathway in SARS-CoV-2 pathogenesis, but the effect of the 
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complement system in its entirety on SARS-CoV-2 neutralisation has not been 

investigated. 

 

In Chapter 3, we considered the antibody-dependent effects of the complement 

system in the context of EBOV and SARS-CoV-2 infection. To determine which factors 

confer protection against a viral disease, one of the first considerations is often the 

presence and effectiveness of neutralising antibodies. These are typically identified 

via neutralisation assays with the use of heat-inactivated plasma; a process that 

inactivates the complement system. The complement system, and other Fc-mediated 

antibody functions, can be of equal importance to protection but are more complex 

to measure, and are thus less extensively studied (562). In Chapter 3, we observed a 

differential response of convalescent EVD survivor plasma in their ability to mediate 

complement deposition in response to a range of Ebolavirus GPs. In particular, we 

found that low-neutralising plasma (as determined by conventional neutralisation 

assays), could efficiently mediate ADCD in response to the EBOV-GP, but the ADCD 

response to the EBOV-sGP was significantly reduced. ADCD can promote 

complement-mediated neutralisation through virion aggregation (6,20,167,168), 

inhibition of protein interactions (77,155,157,165,166), and the lysis of virions and 

infected cells (19,159,160,175). These ADCD assays were also used to investigate 

various Fc-mediated antibody mechanisms in response to the SARS-CoV-2 spike 

protein, as part of a large collaborative research effort. In one study, ADCD was 

induced following vaccination with the ChAdOx1 nCoV-19 vaccine, and this response 

was increased in a dose-dependent response following a booster vaccination (504). 

In the second study, ADCD significantly increased in disease severity up to 180 days 

post-infection following SARS-CoV-2 natural infection, with those that experienced 

asymptomatic, mild, or severe illness (Kruskal-Wallis, P = 0.0032) (563). This chapter 

showed the differential ADCD responses to the EBOV and SARS-CoV-2 GPs, and 

provided the foundations for further investigations to determine the functional 

significance for protection and neutralisation.  
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For EVD, only two antibody therapeutics are approved by the FDA, one of which 

consists of a single monoclonal antibody (390). EBOV outbreaks are being reported 

more frequently over recent years and the constant threat of new variants could 

place a strain on the limited options of therapeutics. The importance of Fc-mediated 

antibody functions for EVD survival is demonstrated in the FDA-approved InmazebTM 

antibody cocktail (391). As our understanding of Fc-mediated functions in EVD 

progresses, these mechanisms could be further capitalised on for the development 

of therapeutics in the future (369). For COVID-19, complement is often described in 

the context of patients with severe disease and an elevated level of complement 

activation (490–497,499–501). ADCD has also been associated with disease severity 

(563). However, in some cases ADCD has been associated with protection 

(504,582,583). It is unclear whether ADCD is a causal factor in these associations, or 

whether its association with antibody titres are the reason for its relationship to 

disease. To help determine whether this is a causal relationship, a mechanistic 

understanding of ADCD, such as its role in neutralisation, could help address this 

discrepancy. 

 

Therapeutic options for COVID-19 have also considered the use of complement 

inhibitors. Complement inhibitors have proven clinical safety but are typically only 

used to treat rare autoimmune diseases (584). For EVD, MBL was successfully used 

as a rescue therapy in mice infected with MA-EBOV in vivo, as previously discussed 

(412). Beyond this, complement therapeutics have not been used in vivo for the 

treatment of EVD, to our knowledge. For COVID-19, various C3 and C5 inhibitors are 

currently being used in phase 1/2 clinical trials: Zilucoplan® (complement C5 

inhibitor, ClinicalTrial.gov Identifier: NCT04382755), AMY-101 (C3 inhibitor, 

ClinicalTrial.gov Identifier: NCT04395456), Ultomiris® (C5a inhibitor, ClinicalTrial.gov 

Identifier: NCT04570397), APL-9 (C3 inhibitor, ClinicalTrial.gov Identifier: 

NCT04402060). To improve the effectiveness of such treatments, it would be 

important to first understand which patients would benefit from its administration, 

and second, to determine when they should be administered. To understand this, it 
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is essential to further our understanding of the complement system in EVD and 

COVID-19 (1,584). 

 

In this chapter, we hypothesised that the complement system would be able to 

influence EBOV and SARS-CoV-2 neutralisation, independent of antibodies. We also 

hypothesised that the complement system could enhance the neutralisation of low-

neutralising antibodies against EBOV and SARS-CoV-2. We first supplemented wild-

type EBOV neutralisation assays with exogenous pooled human plasma (PHP) to 

determine whether an enhancement of neutralisation could be conferred to the low-

neutralising plasma described in Chapter 3. We also used exogenous PHP in the 

absence of EBOV-GP specific antibodies to determine whether the antibody-

independent complement activation observed in Chapter 2 could influence 

neutralisation. Next, we applied the same hypotheses to wild-type SARS-CoV-2 

neutralisation assays, to determine whether the complement system could enhance 

antibody-mediated neutralisation and/or influence neutralisation in the absence of 

SARS-CoV-2 specific antibodies. 

 

4.2 Methods 

4.2.1 Sample Collection and Ethics 

West African plasma was collected and processed as described in section 2.2.1. PHP 

was collected as previously described by Alexander et al  (521) and in section 2.2.1. 

For the EBOV neutralisation assays, we used the PHP from 40 UK volunteers, collected 

and processed by the Pathogen Immunology Group at the UKHSA. For the SARS-CoV-

2 neutralisation assays, we used the PHP from 5 UK volunteers, collected and 

processed by the High Consequence Emerging Viruses Group at the University of 

Oxford. The plasma containing antibodies to the SARS-CoV-2 spike protein were 

obtained as part of the OCTAVE trial (ISRCTN 12821688), which aims to assess the 

SARS-CoV-2 vaccine responses of immunocompromised individuals that were part of 

the UK national COVID-19 vaccination programme. The majority of subjects received 

either the COVID-19 mRNA vaccine BNT162b2 (Pfizer/BioNTech) or ChAdOx1 Vaccine 

(AstraZeneca formerly AZD1222) (585). In this chapter, we utilised 32 plasma samples 
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collected at two different time-points from 16 patients within the OCTAVE trial, with 

SARS-CoV-2 neutralisation titres and SARS-CoV-2-specific antibody titres (IgG, IgM, 

IgA) determined previously by the High Consequence Emerging Viruses Group at the 

University of Oxford. 

 

Calu-3 cells (human lung epithelial cells) were generously provided by Michelle Hill at 

the Department of Biochemistry, University of Oxford, UK. Vero E6 cells (non-human 

primate kidney, Vero 76, clone E6, European Culture of Authenticated Cell Cultures 

(ECACC), Salisbury, UK, 85020206) were sourced from ECACC. The SARS-CoV-2 isolate 

(BetaCoV/Australia/VIC01/2020) was generously provided by The Doherty Institute, 

Melbourne, Australia (586). 

 

4.2.2 Vero E6 Cell Viability with PHP 

A Vero E6 cell monolayer was established using 100 µl of 4.5 x105 cells/ml in growth 

media (GibcoTM DMEM with 10% FCS and 1% GibcoTM Penicillin-Streptomycin (Fisher 

Scientific)). The plates were incubated at 37oC for 24 hrs and the media was replaced 

with dilution media (GibcoTM DMEM with 1% FCS and 1% GibcoTM Penicillin-

Streptomycin (Fisher Scientific)) containing 40%, 20%, 10% or 0% PHP, in the 

presence or absence of 10mM EDTA. The plates were incubated at 37oC for 20 hrs 

and cell viability was determined using both microscopy and an MTT Assay Kit (Cell 

Proliferation) (abcam) according to the manufacturer’s instructions. All samples were 

tested in duplicate and the data was analysed using GraphPad Prism software 

(version 9). 

 

4.2.3 EBOV: Neutralisation Assay with PHP 

We modified an existing EBOV (Makona isolate, GenBank accession No. KJ660347) 

neutralisation assay (587,588) to accommodate for the addition of PHP, which we 

have now published (589). Wild-type EBOV neutralisation assays were performed by 

Thomas Strecker and Sarah Katharina Fehling at the Institute of Virology, Philipps 

University of Marburg, Germany, in Biosafety Level (BSL)-4 laboratories. Eight plasma 

samples from the low-neutralising (LN) cohort in Chapter 3 were randomly selected, 
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along with one control with high EBOV neutralisation. Plasma samples were serially 

diluted 1:2, from a 1:8 to 1:256 dilution, in 50 µl of DMEM with 100 U/ml penicillin, 

100 mg/ml streptomycin, L-glutamine (2 mmol/L), and PHP at a final concentration 

of 20%, 10%, or 0%. Wild-type EBOV was diluted to 100 TCID50 units in DMEM with 

2% FCS, and 50 µl was added to each plasma sample before incubating at 37oC for 1 

hr. Vero E6 cells were diluted in DMEM with 2% FCS, and added to each well at a final 

concentration of 9.4 x103 cells/ml. The plates were then incubated at 37oC with 5% 

CO2 for nine days. Cytopathic effects (CPE) were analysed on day nine and the 

geometric mean titres (GMT) of four replicates were used to calculate the final 

neutralisation titres. 

 

Each plate included PHP at concentrations of 10% and 20% in the absence of 

convalescent EVD plasma, a cell-only control, and cells and virus with heat-

inactivated PHP at 10% and 20% concentrations. We analysed the GMT of 

neutralisation by performing a Wilcoxon signed-rank test to compare neutralisation 

with plasma-only, with 10% PHP, and with 20% PHP, with a significance threshold of 

P < 0.050. Each sample was then analysed individually to compare the log2 fold-

change of GMT with plasma-only, with 10% PHP, and with 20% PHP, using a 

significance threshold of plus or minus 1.5 the log2 fold-change. The data was 

analysed using GraphPad Prism software (version 9). 

 

4.2.4 SARS-CoV-2: Neutralisation Assay with Native Plasma 

The five native plasma samples that comprised the PHP used within this chapter were 

tested individually in neutralisation assays, in the absence of SARS-CoV-2 specific 

antibodies. Each individual plasma sample, the PHP, and heat-inactivated FCS were 

diluted in dilution media to achieve a 1:2 dilutions series, with final plasma 

concentrations from 20.00% to 0.16%. To each sample, 20 µl of the SARS-CoV-2 

Victoria strain (103 PFU/ml) was added to obtain a final volume of 40 µl and incubated 

at 37oC for 1 hr. Vero E6 cells were diluted in dilution media at a concentration of 4.5 

x105 cells/ml and 100 µl of the cell suspension was added to each well. All conditions 
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were tested in duplicate and the neutralisation assay then proceeded according to 

section 4.2.8. 

 

4.2.5 SARS-CoV-2: Neutralisation Assay with MBL and FCN-1 

Calu-3 cells were seeded with 1.0 x105 cells per well in GibcoTM DMEM/F-12 

(supplemented with 1% GibcoTM Penicillin-Streptomycin (Fisher Scientific), 1% 

GibcoTM MEM Non-Essential Amino Acids Solution (Fisher Scientific), 1% 100mM 

sodium pyruvate (ThermoFisher Scientific), and 10% FBS (ThermoFisher Scientific)) 

and incubated for 24 hrs at 37oC. Vero E6 cells were prepared on the day of the assay 

and diluted into dilution media at a concentration of 4.5 x105 cells/ml. Recombinant 

MBL (R&D Systems) or FCN-1 (SinoBiological) was diluted in dilution media to achieve 

a 1:2 dilutions series, with the final protein concentrations from 20.00 µg/ml to 0.30 

µg/ml. To each sample, 20 µl of the SARS-CoV-2 Victoria strain (103 PFU/ml) was 

added to obtain a final volume of 40 µl and incubated at 37oC for 1 hr. For the 

infection of Vero E6 cells, 100 µl of the cell suspension was added to each well. For 

the infection of Calu-3 cells, the growth media was replaced with 35 µl of the virus 

and MBL/FCN-1 mixture in 100 µl of dilution media. All conditions were tested in 

duplicate and the neutralisation assay then proceeded according to section 4.2.8. 

 

4.2.6 SARS-CoV-2: Selection of OCTAVE Plasma 

OCTAVE plasma samples were used as a source of antibodies specific to the SARS-

CoV-2 spike protein, to assess whether complement could enhance the antibody-

mediated neutralisation of SARS-CoV-2. Neutralisation titres (determined via SARS-

CoV-2 neutralisation assays) and IgG titres (determined via Meso Scale Discovery) of 

32 OCTAVE plasma samples were determined by the High Consequence Emerging 

Viruses Group at the University of Oxford, prior to this study. We plotted the data on 

an XY scatter plot and selected three plasma samples with “high” (IC50: 3927), 

“medium” (IC50: 1336), and “low” (IC50: 154) neutralisation titres, and relatively high 

IgG titres (> 105 chemiluminescence). 
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4.2.7 SARS-CoV-2: Neutralisation Assay with OCTAVE Plasma and PHP 

OCTAVE plasma samples were diluted into dilution media, to achieve a 1:2 dilution 

series with final concentrations from 1:10 – 1:640. All conditions were tested in 

duplicate, and each dilution series of OCTAVE plasma samples received either PHP or 

dilution media at a final concentration of 20%. To each sample, 20 µl of the SARS-

CoV-2 Victoria strain (103 PFU/ml) was added to obtain a final volume of 40 µl and 

incubated at 37oC for 1 hr. Vero E6 cells were diluted in dilution media at a 

concentration of 4.5 x105 cells/ml and 100 µl of cell suspension was added to each 

well. The neutralisation assay then proceeded according to section 4.2.8. 

 

4.2.8 SARS-CoV-2: Neutralisation Assay Method 

The samples to be included in the SARS-CoV-2 neutralisation assays were prepared 

as described in each method section for using native plasma (section 4.2.4), 

recombinant MBL and FCN-1 (section 4.2.5), or PHP with OCTAVE sera (section 4.2.7). 

 

Following the addition of Vero E6 or Calu-3 cells, the neutralisation plates were 

incubated at 37oC for 2 hrs before adding 100 µl of DMEM containing 1% FCS and 

1.5% CMC, and returned to the incubator at 37oC until 20 hrs post-infection. The CMC 

overlay was then aspirated and each well was washed in 200 µl of PBS and fixed in 

100 µl of 4% paraformaldehyde (PFA) in PBS for 30 min. The samples were then 

aspirated and 100 µl of permeabilization buffer (2% Triton X-100 in PBS) was added. 

The plates were incubated at 37oC for 30 min and washed three times in 100 µl of 

wash buffer (0.1% tween-20 in PBS). Anti-nucleocapsid monoclonal antibody 

(generously provided by Tiong Tan at the Radcliffe Department of Medicine, 

University of Oxford, UK) was diluted 1:5000 in PBS with 0.1% tween-20, and 50 µl 

was added to each well. The plates were incubated at RT for 1 hr whilst rotating at 

500 rpm, then washed three times in 100 µl of wash buffer. Peroxidase-conjugated, 

anti-human IgG antibody (Merck) was diluted 1:5000 in PBS with 0.1% tween-20, and 

50 µl was added to each well. The plates were incubated at RT for 1 hr whilst rotating 

at 500 rpm, then washed three times in 100 µl of wash buffer. 40 µl of TrueBlueTM 

Peroxidase Substrate (Seracare) was then added to each well and incubated for 10 
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min at RT whilst shaking at 500 rpm. The staining solution was then aspirated and the 

plates were washed in 100 µl of ultrapure water and incubated for 5 min at RT, whilst 

shaking at 500 rpm. The plates were dried at RT for 45 min and the number of foci 

were counted using the ImmunoSpot® (Cellular Technology LTD). Mean values for the 

number of foci were calculated from duplicate samples at each plasma dilution, and 

fitted with a 4-parameter logistic (4PL) curve to calculate the half maximal inhibitory 

concentration (IC50) values using GraphPad Prism software (version 9). 

 

4.3 Results 

4.3.1 Vero E6 Cell Viability with PHP 

The complement system is known to have potentially cytotoxic effects in cellular 

immunoassays, and so we determined the effect of our PHP on Vero E6 cells via 

microscopy and MTT assay. An MTT assay relies on the conversion of MTT into 

formazan by mitochondrial reductases as a direct measurement of cellular 

proliferation and viability. We also considered the use of EDTA before the addition of 

PHP to cells, as EDTA is a chelator of calcium and magnesium ions that are essential 

for complement activation. There was a significant reduction (Mann-Whitney, P = 

0.028) in cell viability with the use of EDTA (Figure 54). The use of EDTA also caused 

the cells to detach, which was not suitable for our downstream analysis (Figure 55, 

(E)). The addition of PHP at all concentrations tested (40%, 20%, 10%, 0%) did not 

affect cell viability based on the MTT assay (Figure 54). However, our microscopy 

observations suggested that some cell integrity was lost with the use of PHP at a 

concentration of 40% (Figure 55, (D)). 
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Figure 54: MTT assay of Vero E6 cells 

Vero E6 cells were seeded at a concentration of 4.5 x105 cells/ml for 24 hrs and 

incubated with PHP for 20 hrs at a concentration of 40%, 20%, 10%, or media only, in 

the presence (red line) or absence (blue line) of 10 mM EDTA. Cell viability was then 

determined via MTT assay and a measurement of absorbance with a wavelength of 

600 nm. Each sample was tested in duplicate and the data was analysed using 

GraphPad Prism software (version 9). 
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Figure 55: Microscopy of Vero E6 cells with PHP prior to MTT assay 

Vero E6 cells were seeded at a concentration of 4.5 x105 cells/ml for 24 hrs and 

incubated with PHP for 20 hrs at a concentration of 40%, 20%, 10% or media only, in 

the presence or absence of 10 mM EDTA. The samples were then visualised via light 

microscopy. (A) No PHP or EDTA was added to the cells and they remained healthy 

and attached to the flask. (B) PHP was added to the cells at a concentration of 10% 



204 
 

and the cells remained healthy and attached to the flask. (C) PHP was added to the 

cells at a concentration of 20%. The image has a slightly darker hue due to the plasma, 

but the cells remained attached with no clear changes to the structural integrity. (D) 

PHP was added to the cells at a concentration of 40%. Some of the cells had detached 

and there was some loss in structural integrity (red arrows). (E) EDTA was added to 

the cells at a concentration of 10 mM which caused the cells to detach and clump 

together. 

 

The EBOV neutralisation assays used a different neutralisation assay protocol and a 

different batch of PHP that was collected from 40 UK donors. The PHP was added to 

the Vero E6 cells at concentrations of 10%, 20%, 40%, or media only, and incubated 

at 37oC for nine days to determine whether the complement system would have 

any adverse effects on the cells. Cell cytotoxicity became evident with the use of 

40% PHP (Figure 56). 
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Figure 56: Microscopy of Vero E6 cells with PHP 

Vero E6 cells at a final concentration of 9.4 x103 cells/ml were incubated with: (A) 

media only, (B) 10% PHP, (C) 20% PHP, or (D) 40% PHP, for 9 days at 37oC. The cells 

were then visualised via light microscopy to determine whether the addition of PHP 

affected cell morphology. Cytotoxic effects towards the Vero E6 cells became 

apparent with the use of 40% PHP (red arrows). 

 

4.3.2 EBOV: Neutralisation Assay with PHP 

One prior study has shown that the presence of complement is required for some 

monoclonal EBOV-GP antibodies to neutralise EBOV (407). Our results from Chapter 

2 and Chapter 3 show that the complement system is activated in the presence of 

the EBOV-GP and EBOV-sGP, and that low-neutralising antibodies can mediate ADCD 

with similar potency to more strongly neutralising antibodies against the EBOV-GP, 

although this response was ameliorated in response to the EBOV-sGP. We wanted to 
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determine whether the ability of these low-neutralising antibodies to mediate ADCD 

could influence their neutralisation of EBOV.  

 

In Chapter 3, we identified a cohort of convalescent EVD plasma samples with clearly 

defined EBOV-GP antibody titres that showed poor neutralisation. Eight samples 

from this cohort were chosen at random (Figure 57, (A)) to be used in wild-type EBOV 

neutralisation assays, in the presence or absence of exogenous PHP, along with a 

positive control that showed high neutralisation (sample C147). We found that the 

addition of 20% PHP resulted in a significant increase (Wilcoxon signed-rank, P = 

0.031) in neutralisation compared to the antibody-only group (Figure 57, (B)). We 

also compared these two cohorts to the historic neutralisation data collected in 2017 

when the convalescent EVD plasma samples were collected (372). There was no 

significant difference (P > 0.050) between the two antibody-only cohorts, whilst the 

cohort that received 20% PHP still showed a significant increase (Wilcoxon signed-

rank, P = 0.012). We also compared the neutralisation titres of the group that 

received 20% PHP, to the median value of 132 survivor samples from the historic data 

set tested in 2017 (372), to understand how the new neutralisation titres might 

compare; the samples that received 20% PHP still remained below the median value 

of all EVD survivors (372). 

 

We then analysed the log2 fold-change of each sample that received either 10% PHP 

or 20% PHP, compared to their antibody-only controls (Figure 57, (C)). One sample 

showed a significant increase (> 1.5 log2 fold-change) in neutralisation with 10% PHP 

(C067), and three samples significantly increased (> 1.5 log2 fold-change) with the 

addition of 20% PHP. No samples significantly decreased with the addition of PHP. 
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Figure 57: Wild-type EBOV neutralisation assay with PHP 

Wild-type EBOV neutralisation assays were supplemented with exogenous PHP to 

determine whether this would influence neutralisation. (A) The neutralisation titres 

and EBOV-GP IgG titres of all samples from the LN (red dots) and N cohorts (purple 

dots) in Chapter 3 were plotted on an XY scatter plot. Eight samples (green dots) were 

chosen at random from the LN cohort to be used in wild-type EBOV neutralisation 

assays. (B) There was a significant increase in neutralisation (Wilcoxon signed-rank, 

P = 0.031) with the addition of 20% PHP compared to the antibody (Ab) only cohort. 

The horizontal black lines show the mean value with SD for each cohort. All 

neutralisation titres remained below the median neutralisation titre of the 132 

survivors from historical data collected in 2017 (horizontal dotted line). (C) Each 

sample was analysed individually, comparing the log2 fold-change with 10% PHP and 

20% PHP from the antibody-only condition (horizontal black line). The dotted 

horizontal line shows the negative cut-off with a 1.5 log2 fold-change. The data was 

analysed using GraphPad Prism software (version 9). 

 

4.3.3 SARS-CoV-2: Neutralisation Assay with Native Plasma 

The five individual plasma samples used to make the PHP were tested both 

individually and as a pool to determine whether the complement system could 

impact SARS-CoV-2 neutralisation, independent of antibodies. To test this 

hypothesis, SARS-CoV-2 neutralisation assays were supplemented with PHP, without 

the addition of COVID-19 convalescent plasma. Whilst there was an increase in the 

number of foci with the highest concentration of PHP at 20%, this difference was 

comparable to heat-inactivated FCS, which suggests this enhancement was an effect 

of supplementing the neutralisation assay with additional plasma rather than being 

complement-mediated (Figure 58, (A)). A similar effect was then observed for each 

of the individual plasma samples within the pool, showing an increase in foci from 1.7 

to up to a 2.1-fold increase (Figure 58, (B) – (F)). 

 



209 
 

 

Figure 58: SARS-CoV-2: neutralisation assay with native plasma 

PHP, heat-inactivated FCS, and the five individual plasma samples which make the 

PHP were incubated with SARS-CoV-2 to determine their impact on virus 

neutralisation. An increase in infection was observed with the use of 20% plasma or 

heat-inactivated FCS, which shows this effect is not complement-mediated. (A) SARS-

CoV-2 was incubated with FCS and PHP at various concentrations. (B - F) SARS-CoV-2 

was incubated with individual plasma samples 1 – 5. The control line is the mean of 

all cells and virus control wells (n = 8), with either a plus 1.5-fold increase (dashed line) 

or 2.0-fold increase (dotted line). The foci number was determined using the 

ImmunoSpot® (Cellular Technology LTD) and the data was analysed using GraphPad 

Prism software (version 9). 
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4.3.4 SARS-CoV-2: Neutralisation Assay with MBL and FCN-1 

SARS-CoV-2 neutralisation assays were performed with recombinant MBL to 

determine whether its binding to the SARS-CoV-2 spike protein could influence the 

infection of Vero E6 and Calu-3 cells. FCN-1 does not reportedly bind to the SARS-

CoV-2 spike protein (505,518) and was intended as a negative control. SARS-CoV-2 

infection of Vero E6 cells showed a 1.8-fold increase in infection with the addition of 

10 µg/ml of MBL, and a 2.7-fold increase in infection with the addition of 20 µg/ml of 

MBL, which was deemed significant (significance = fold-change > 2) (Figure 59, (A)). 

The addition of FCN-1 up to a concentration of 20 µg/ml did not increase SARS-CoV-

2 infection of Vero E6 cells beyond the 2-fold cut-off for significance (Figure 59, (B)). 

SARS-CoV-2 infection of Calu-3 cells did not significantly increase with the addition of 

MBL up to a maximum concentration of 20 µg/ml, but was close to significance with 

a 1.9-fold increase at the highest concentration (Figure 59, (C)). SARS-CoV-2 infection 

of Calu-3 cells was increased by 2.5-fold with the addition FCN-1 at a concentration 

of 20 µg/ml, and by 1.8-fold with the addition of 10 µg/ml of FCN-1 (Figure 59, (D)). 
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Figure 59: SARS-CoV-2: neutralisation assays with MBL and FCN-1 

SARS-CoV-2 was incubated with various concentrations of MBL and FCN-1 prior to the 

infection of Vero E6 and Calu-3 cells. (A) SARS-CoV-2 infection of Vero E6 cells 

following incubation with various concentrations of recombinant MBL from 20 µg/ml 

– 0.125 µg/ml. (B) SARS-CoV-2 infection of Vero E6 cells following incubation with 

various concentrations of recombinant FCN-1 from 20 µg/ml – 0.125 µg/ml. (C) SARS-

CoV-2 infection of Calu-3 cells following incubation with various concentrations of 

recombinant MBL from 20 µg/ml – 0.125 µg/ml. (D) SARS-CoV-2 infection of Calu-3 

cells following incubation with various concentrations of recombinant FCN-1 from 20 

µg/ml – 0.125 µg/ml. The control line is the mean of all cells and virus control wells (n 

= 8), with either a plus 1.5-fold increase (dashed line) or 2.0-fold increase (dotted line). 

The foci number was determined using the ImmunoSpot® (Cellular Technology LTD) 

and the data was analysed using GraphPad Prism software (version 9). 

 

4.3.5 SARS-CoV-2: Neutralisation Assay with OCTAVE Plasma 

Three plasma samples from the OCTAVE cohort were selected based on 

neutralisation titre and SARS-CoV-2 spike IgG titres, determined prior to this study. 

The samples we selected for use in SARS-CoV-2 neutralisation assays with the 



212 
 

addition of PHP, had a range in neutralisation titres (to see if a complement-mediated 

enhancement in neutralisation was limited to otherwise low-neutralising antibodies) 

and high IgG titres (to ensure the presence of SARS-CoV-2 spike-specific antibodies in 

the assay) (Figure 60). 

 

 

Figure 60: Selection of OCTAVE plasma for SARS-CoV-2 neutralisation assays 

Historic neutralisation titres determined via SARS-CoV-2 (Victoria strain) 

neutralisation assays, and IgG titres determined via Meso Scale Discovery, were 

plotted on an XY scatter plot. Three plasma samples from the OCTAVE cohort were 

selected (green, blue, and brown dots) with high IgG titres > 105 

electrochemiluminescence (ECL), and variable neutralisation titres. The data was 

plotted using GraphPad Prism software (version 9). 

 

The “high”, “medium”, and “low” neutralising OCTAVE plasma samples followed the 

expected trend in IC50 values of > 640, 210.7, and 88.9, respectively. As 

demonstrated in Figure 58, the background signal of the assay was increased with 

the use of 20% PHP (Appendix III, Figure 65). To account for this signal variation when 

visualising the data, all values were normalised to a percentage between the 

minimum and maximum values for each sample. No infection was observed with the 
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dilution range for the “high” neutralising plasma, and so this data could not be 

normalised (Appendix III, Figure 65). We found that the addition of 20% PHP 

increased the IC50 values for both the “low” and “medium” neutralising OCTAVE 

plasma. In this example, an increase in IC50 shows that for SARS-CoV-2 to achieve 

50% of maximal infection, less plasma is required to suppress infection and is 

therefore better at neutralising SARS-CoV-2 (Figure 61). Note that the normalisation 

does not affect the IC50 value. 
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Figure 61: SARS-CoV-2: neutralisation with OCTAVE plasma and PHP (normalised) 

The addition of PHP to the “low” and “medium” OCTAVE plasma samples resulted in 

an increase in IC50 values. In this example, an increase in IC50 shows that less plasma 

is required to reach the same level of protection. (A) “Low” neutralising OCTAVE 

plasma (green dots) was supplemented with 20% PHP (red dots) which resulted in an 

increase in IC50 value. (B) “Medium” neutralising OCTAVE plasma (blue dots) was 

supplemented with 20% PHP (red dots) which resulted in an increase in IC50 value. 

Samples were fitted with a 4-parameter logistic curve (black line) to calculate the IC50 

values. The foci number was determined using the ImmunoSpot® (Cellular Technology 

LTD) and the data was analysed using GraphPad Prism software (version 9). 
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4.4 Discussion 

In this chapter, we evaluated the antibody-independent and antibody-dependent 

effects of the complement system on wild-type EBOV and SARS-CoV-2 neutralisation, 

in vitro. For EBOV, we observed an enhancement to antibody-mediated 

neutralisation with the addition of PHP as a source of complement. The presence of 

PHP alone did not significantly affect EBOV neutralisation. For SARS-CoV-2, the 

addition of PHP and/or native plasma did not significantly influence neutralisation 

compared to the addition of heat-inactivated FCS. However, we did observe an 

enhancement of antibody-dependent neutralisation with the addition of 20% PHP in 

two vaccinee plasma samples. Interestingly, we also observed an enhancement of 

SARS-CoV-2 infection in Vero E6 cells with the addition of MBL, and enhanced 

infection into Calu-3 cells with the addition of FCN-1, with the use of each lectin at 

supraphysiological levels. 

 

In Chapter 2, we showed that the EBOV-GP and EBOV-sGP were capable of mediating 

complement deposition and activating the complement system to completion. It was 

unclear whether this response could be beneficial or detrimental to protection. This 

response to the EBOV-GP could suggest antiviral complement-mediated mechanisms 

through the lysis of virions and infected cells, or neutralisation via agglutination or 

inhibition of host-receptor interactions. Conversely, complement activation has been 

shown to enhance infection of permissive cells for some viruses (169,170), and 

complement-mediated inflammation has been attributed to more severe disease 

pathologies (190–196). In our EBOV neutralisation assays within this chapter, the 

addition of 10% PHP or 20% PHP, in the absence of EVD survivor plasma, did not 

significantly impact EBOV neutralisation. Our findings of EBOV-GP-mediated lectin 

pathway activation, with no apparent antibody-independent effect on EBOV 

neutralisation, could have multiple explanations. Firstly, it is possible that the EBOV 

virion is capable of evading complement-mediated lysis through the acquisition of 

complement regulatory proteins in the budding stage of the virus lifecycle. This has 

been described previously for HIV-1, MuV, and SV5 (183,184) and could explain both 

the EBOV-GP-mediated complement deposition, and the lack of impact on 
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neutralisation. Secondly, it is possible that practical limitations of the neutralisation 

assays prevented the measurement of any significant effects. For example, the EBOV 

was incubated with PHP for 1 hr before being added to the Vero E6 cells, when it was 

then incubated for a further nine days. Unlike natural infection, the presence of 

complement would decrease over the course of our study. Another limitation of the 

neutralisation assay is that we were unable to ascertain the impact of other 

complement-mediated immune responses, such as inflammation and chemotaxis, 

which could influence EBOV pathogenesis.  

 

In Chapter 3, we showed that low-neutralising, convalescent EVD survivor plasma 

was capable of mediating complement deposition in response to the EBOV-GP and 

the EBOV-sGP, with a differential in this response. The ability of these antibodies to 

engage the complement system could have implications for EBOV neutralisation, in 

the presence of complement. The complement-mediated enhancement of antibody-

mediated EBOV neutralisation has been reported previously with the use of purified 

monoclonal antibodies (407). But the same effect was not observed in a separate 

study with the addition of guinea pig complement to EBOV convalescent human 

plasma (364). The use of guinea pig complement in the latter study could be an 

important distinction as it shows some functional differences from human 

complement (408–410). They also used historical plasma samples collected ~40 years 

post-infection. IgG isotype switching has been reported post-EBOV infection, where 

the IgG-4 isotype (which is unable to activate the complement system) starts to 

develop from 1–2 years post-EBOV infection (411). In our study, we observed a 

significant increase (P = 0.031) in the antibody-mediated neutralisation of wild-type 

EBOV with the addition of 20% PHP. Whilst the increase in neutralisation was still 

below the median neutralisation value reported for all 132 survivors in the historic 

data set (372), a further increase might be expected with higher concentrations of 

PHP, that would still be physiologically relevant to EBOV as it is a bloodborne 

pathogen, and plasma constitutes ~60% of total blood volume (590). One other study 

reported the use of complement from normal human serum (NHS) up to a 

concentration of 50% (567). In our study, attempts to increase the PHP concentration 
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to 40% resulted in cell cytotoxicity (Figure 56) which prohibited the interpretation of 

results. We observed a significant increase in EBOV neutralisation with sample C067 

and the addition of 10% PHP, which dropped below the significance threshold with 

the addition of 20% PHP. This change was within the 1.5 log2 fold-change cut-off and 

could be the result of assay variance. It is possible that the use of 10% PHP with 

sample C067 led to assay saturation, although the majority of samples did show a 

positive trend between 10% and 20% PHP concentrations. 

 

The neutralisation titre of each plasma sample was also analysed individually, as it 

was anticipated that only some plasma samples would show an increase in 

neutralisation with the addition of PHP, based on previous studies (159,167,405,406). 

This discrepancy has previously been attributed to the antibody isotype (407). In 

agreement with these studies, only 3/8 low-neutralising plasma samples showed a 

significant increase in neutralisation with 20% PHP (Figure 57). A previous study by 

Wilson et al found that all protective EBOV-GP monoclonal antibodies tested were of 

the IgG2a isotype (the most efficient complement-activating isotype in mice (407)). 

In our study, we were able to show neutralisation with native plasma which better 

recapitulates the natural polyclonal antibody response. The plasma samples will likely 

have a diverse antibody repertoire which targets a range of epitopes and consists of 

various isotype ratios. As discussed previously, these factors can influence their 

engagement of the complement system. These findings contribute to our 

understanding of EBOV neutralisation and could help inform future study designs and 

decisions for the development of EVD therapeutics. 

 

In Chapter 2, we showed that the SARS-CoV-2 spike protein could mediate 

complement deposition in the absence of spike-specific antibodies. Similar to our 

discussion for EBOV, antibody-independent complement activation in response to 

the spike protein has the potential to mediate a range of antiviral or viral-enhancing 

effects, some of which can be determined via neutralisation assay. However, the 

presence of the complement system in our neutralisation assays did not significantly 

influence infection or neutralisation, in the absence of antibodies, when compared 
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to the addition of heat-inactivated FCS. Again, the complement system could still 

influence SARS-CoV-2 infection in response to the spike protein in ways beyond the 

scope of neutralisation assays, such as chemotaxis and inflammation.  

 

In Chapter 2, we also observed the binding of MBL to the SARS-CoV-2 spike protein. 

In our SARS-CoV-2 neutralisation assays, the addition of 20 µg/ml of MBL showed a 

2.7-fold increase in the SARS-CoV-2 infection of Vero E6 cells. We also observed an 

increase in infection of Calu-3 cells with an MBL concentration of 20 µg/ml, but this 

increase of 1.9-fold was below our significance threshold. Stravalaci et al previously 

showed that MBL inhibited SARS-CoV-2 infection of Calu-3 cells (518), and so our 

findings were unexpected. In Calu-3 cells, our use of 20 µg/ml of MBL was close to 

significance with a 1.9-fold increase, but the study by Stravalaci et al did not use MBL 

concentrations exceeding 10 µg/ml. MBL concentrations of 10 µg/ml are in the upper 

limit of MBL concentrations reported in the plasma of healthy individuals (we 

observed a maximum MBL concentration of ~7 µg/ml in our previous ELISAs: section 

2.5.1), and the concentration is highly variable during the acute phase responses, 

with the potential to increase further (591). The effect of MBL on SARS-CoV-2 

infection of Vero E6 cells was not investigated by Stravalaci et al, and so our results 

may be explained by inherent differences in the intracellular signalling of Vero and 

Calu-3 cells during SARS-CoV-2 infection (592). A difference in virus neutralisation 

methods could also explain this discrepancy. We determined the potential for 

neutralisation based upon the presence of the nucleocapsid protein in the target 

cells, as an indication of infection. Stravalaci et al harvested the supernatant following 

virus incubation with Calu-3 cells for 48 to 72 hrs, and determined the impact of the 

addition of MBL on virus output using a plaque-forming assay in Vero E6 cells. They 

only observed significant changes in neutralisation with supernatant collected 72 hrs 

post-infection, using a multiplicity of infection of 0.1 and 1.0. Therefore, it is possible 

that we see a genuine increase in infection in our neutralisation assays with 20 µg/ml, 

but the virus is not capable of further infection. Another distinction between the two 

methods is that Stravalaci et al pre-incubated both virus and Calu-3 cells with MBL 

prior to infection, whilst we pre-incubated MBL with virus only. Pre-incubation of 
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cells with MBL could block certain receptors that would otherwise be bound by MBL 

in complex with SARS-CoV-2 that might facilitate uptake. 

 

The FCN-1 protein was intended as a negative control as it does not reportedly bind 

to the SARS-CoV-2 spike protein (518). The addition of FCN-1 to SARS-CoV-2 

neutralisation assays with Vero E6 cells had no effect on neutralisation. However, the 

addition of FCN-1 to neutralisation assays with Calu-3 cells showed a significant 2.5-

fold increase in infection with FCN-1 at a concentration of 20 µg/ml, and an increase 

by 1.8-fold with 10 µg/ml of FCN-1 (Figure 59). This raises the question of whether 

FCN-1 is capable of binding to other proteins expressed on the virion surface such as 

the envelope protein, which could enhance viral infection. FCN-1 has also been 

shown to anchor onto the cell surface membranes of host cells (593,594). This could 

suggest that rather than cellular infection, we are observing cross-linking of the virus 

onto the surface of the cells. FCN-1 is expressed in the lung by neutrophils, 

monocytes, and type II alveolar epithelial cells (30,593). It would be important to 

confirm whether the protein is capable of influencing SARS-CoV-2 infection, and to 

identify a possible mechanism to explain this. However, we only observed a 

significant value with the use of 20 µg/ml of FCN-1 which far exceeds the levels of 

~0.3 µg/ml reported in plasma (79), and of ~1.0 µg/ml in plasma within our own 

experiments (Figure 23). Lastly, whilst not all values were significant, a general 

upward trend in infection was observed in all conditions. This could suggest that our 

observations are simply an assay phenomenon with the use of high concentrations 

of protein, and so other means of experimentation would be required to confirm 

these findings. 

 

In Chapter 3, we made reference to the application of the ADCD assays to various 

SARS-CoV-2 publications, which showed that ChAdOx1 nCoV-19 vaccine-induced 

antibodies could mediate ADCD, and this response was enhanced with a booster dose 

(504). Another collaborative study showed that ADCD was associated with disease 

severity in response to natural SARS-CoV-2 infection  (563). In this chapter, we found 

that the addition of PHP as a source of complement was able to enhance the 
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neutralisation of otherwise “low” and “medium” neutralising plasma samples. For 

the “low”-neutralising plasma sample, we saw an increase in IC50 from 88.9 to 253.0 

with the addition of 20% PHP. The difference was most apparent at a plasma dilution 

of 1:160, where 83.2% of maximal infection occurred in the absence of PHP, and the 

infection was reduced to 10.9% of maximal infection in the presence of PHP. For the 

“medium”-neutralising plasma sample, the IC50 increased from 210.7 to 325.9 with 

the addition of 20% PHP. The difference was most apparent at a plasma dilution of 

1:320, where 87.5% of maximal infection occurred in the absence of PHP, and this 

was reduced to 54.0% in the presence of PHP. More samples would be required to 

accurately interpret trends within the data and to establish a reliable threshold for 

significance. However, the increase seen with the two samples tested is still 

noteworthy. As observed in our EBOV neutralisation assays (Figure 57), and as 

reported in other studies (405,407), not all plasma samples and/or antibodies show 

a change in neutralisation in the presence of complement. It is therefore promising 

to observe a positive change in the two samples tested. One limitation is the absence 

of a further control where the complement system in the 20% PHP has been 

inactivated. The use of EDTA to inactivate the complement system was not feasible, 

as EDTA caused the Vero E6 cells to detach and reduced their viability (Figure 55, (E)). 

We were also unable to use heat-inactivated PHP at 20%, as this created an artefact 

in the wells which prevented the accurate interpretation of foci (Appendix III, Figure 

63 and Figure 64). A suitable control could be the addition of heat-inactivated FCS 

which did not create artefacts in our assays at concentrations of 20%, and would be 

a suitable plasma substitute.  

 

Our findings of complement-mediated enhancement of antibody-dependent SARS-

CoV-2 neutralisation should be interpreted with caution until more samples can be 

tested along with an FCS-control. However, it is interesting to consider the potential 

significance of such findings. The complement system in COVID-19 is often reported 

in association with severe disease (490–497,499–501), which forms part of the 

rationale behind the use of complement inhibitors in clinical trials (ClinicalTrial.gov 

Identifier: NCT04382755; NCT04395456; NCT04570397; NCT04402060). Our findings 
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would suggest that the complement system could be beneficial in reducing viral titre 

in the presence of SARS-CoV-2-specific antibodies. Therefore, if complement 

inhibitors were to be used, the timing of their administration would be an important 

consideration. If complement assists viral clearance, but contributes to severe 

pathology post-viral clearance, then the optimal time to use the inhibitors would 

likely be post-viral clearance. It would also be important to understand the 

mechanism behind this complement-mediated enhancement of neutralisation, as 

this would give further validity to the results and could inform choices in therapeutics. 

For example, if the complement-mediated enhancement of neutralisation is 

mediated by the MAC, complement inhibitors targeting C5a rather than C5 may be 

more beneficial.  

 

In summary, we did not observe any effect on neutralisation in the absence of virus-

specific antibodies, despite previous evidence of complement activation for both 

EBOV and SARS-CoV-2. Our findings could be limited by the sensitivity of our assays, 

limitations in the methods, or it could indicate the existence of a viral mechanism to 

overcome the lectin pathway. Another possibility is that the complement system 

could still have antiviral activity beyond the measurements in neutralisation assays, 

i.e. chemotaxis and inflammation. We found that the addition of PHP as an 

exogenous source of complement could enhance the antibody-mediated 

neutralisation of EBOV and SARS-CoV-2. These are novel findings with the use of 

convalescent and vaccinee plasma for EBOV and SARS-CoV-2, respectively. This 

shows a beneficial role of the complement system in the pathogenesis of both 

viruses, where complement has been implicated in the disease severity of EVD and 

COVID-19. This work also highlights a limitation with conventional neutralisation 

assays that is often overlooked, and could be an important consideration when 

defining neutralisation, assessing vaccine-induced immune responses, measuring 

correlates of protection, and using neutralisation assays for the initial screening of 

therapeutic antibodies. 
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4.5 Appendix III 

4.5.1 PHP C3c and C5b-9 Deposition Comparison 

The two separate batches of PHP from either 5 UK donors (used in this chapter) or 40 

UK donors (used in Chapter 3) were identical in their ability to mediate antibody-

dependent C3c deposition and C5b-9 deposition in response to EBOV-GP conjugated 

beads (Figure 62). The PHP from 5 UK donors was further analysed using plasma 

samples with “high” and “low” EBOV-GP IgG titres, and five EBOV-GP IgG negative 

plasma samples. The level of complement deposition corresponded to the 

approximate IgG titres determined in Chapter 3. 

 

Methods 

Methods are as described in section 3.2.8 for EBOV-GP conjugated beads, using two 

batches of PHP: one from 5 UK donors and one from 40 UK donors. The two batches 

were directly compared using “medium” plasma with an intermediate IgG titre, to 

detect antibody-mediated C3c and C5b-9 deposition. The new PHP batch from 5 UK 

donors was scrutinised further using plasma samples with “high” and “low” IgG titres 

and five EBOV-GP IgG negative plasma samples. 

 

Results 

Both PHP batches were almost identical in the levels of C3c and C5b-9 deposition in 

response to EBOV-GP conjugated beads, as determined via flow cytometry (Figure 

62). The PHP batch from five UK donors showed levels of ADCD relative to the IgG 

titre, as expected. Minimal background was observed with the use of EBOV-GP IgG 

negative plasma samples. 
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Figure 62: Comparison of C3c and C5b-9 deposition using two different PHP batches 

Flow cytometry C3c and C5b-9 deposition assays were used to compare PHP from 

either 40 UK donors (PHP 1) or from 5 UK donors (PHP 2). (A) Median fluorescence 

intensity (MFI) of C3c deposition against EBOV-GP conjugated beads using PHP1 and 

PHP2. (B) MFI of C5b-9 deposition against EBOV-GP conjugated beads using PHP1 and 

PHP2. All samples were tested in duplicate and each dot/square represents the mean 

values calculated in GraphPad Prism software (version 9). 
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4.5.2 SARS-CoV-2: Neutralisation Assay with Heat-Inactivated PHP 

Heat-inactivated PHP was intended for use as a negative control to determine 

whether a heat-labile component of plasma (indicative of the complement system) 

was responsible for the outcome of the SARS-CoV-2 neutralisation assays. 

 

Methods 

Methods were as described in section 4.2.4 and 4.2.8 with the use of heat-inactivated 

(56oC for 30 min) PHP, native plasma samples, and heat-inactivated FCS. 

 

Results 

Based on the automated foci counting from the ImmunoSpot® (Cellular Technology 

LTD), there appeared to be a drastic increase in the number of foci for four out of the 

five plasma samples tested (Figure 63). However, visualisation of the wells with high 

automated foci counts suggests that these results are not genuine, and instead are 

an artefact being interpreted by the machine as foci (Figure 64). 
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Figure 63: SARS-CoV-2: neutralisation assay with heat-inactivated native plasma 

Plasma samples 1 – 5 ((A) – (E), respectively) that were used to make the human 

plasma pool, were heat-inactivated and tested individually in the SARS-CoV-2 

neutralisation assays. Each dot represents the mean number of foci from duplicate 

samples with error bars to show the variance. The mean value of the cells and virus 

controls (n = 8) is represented with the black horizontal line, also showing plus two 

standard deviations (dashed line) and plus three standard deviations (dotted line). 

The number of foci were automatically determined by the ImmunoSpot (Cellular 

Technology LTD) and the data was analysed using GraphPad Prism software (version 

9).  
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Figure 64: Well images of SARS-CoV-2 microneutralisation assay with heat-
inactivated PHP 

The 96-well plate shows the 1:2 dilution series of the individual plasma samples used 

to generate the PHP, from 20.000% (row A) to 0.156% (row H). Each sample was 

tested in duplicate: sample 1 (columns 1 – 2), sample 2 (columns 3 – 4), sample 3 

(columns 5 – 6), sample 4 (columns 7 – 8), sample 5 (columns 9 – 10). Column 11 

contained cells and virus only, and column 12 was left blank. Three example images 

are magnified to show the potential artefact with certain heat-inactivated (HI) 

samples at a PHP concentration of 20%. Foci are easily observed in the control well 

(black box). Foci are still clearly defined for sample 3 (blue box) although some 

background signal is evident. Sample 1 (red box) has no obvious foci. This image was 

captured by the ImmunoSpot® and annotated using InkScape software. 
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4.5.3 SARS-CoV-2: Neutralisation Assay with OCTAVE Plasma (Raw 

Values) 

Three plasma samples from the OCTAVE cohort were selected with a range of 

neutralisation titres, and the final results were shown in section 4.3.5. The data here 

shows the raw values prior to normalisation. 

 

Methods 

Methods are as described in sections 4.2.7 and 4.2.8.  

 

Results 

The addition of PHP was found to increase the background signal of the SARS-CoV-2 

neutralisation assays which is evident in the raw data (Figure 65). Despite the 

increase in background signal, the addition of PHP increased the IC50 values of the 

“low” and “medium” neutralising plasma samples. 
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Figure 65: SARS-CoV-2: neutralisation assay with OCTAVE plasma and PHP (raw 
data) 

(A) “Low” neutralising plasma sample dilution. (B) “Low” neutralising plasma sample 

dilution with 20% PHP. (C) “Medium” neutralising plasma sample dilution. (D) 

“Medium” neutralising plasma sample dilution with 20% PHP. (E) “High” neutralising 

plasma sample dilution. (F) “High” neutralising plasma sample dilution with 20% PHP. 

A 4-parameter logistic curve (solid black line) was fitted to obtain IC50 values for each 

dilution series which showed a change in neutralisation. All samples were analysed 

using GraphPad Prism software (version 9). 
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Chapter 5: Conclusion and Future Directions 

The primary aim of this thesis was to investigate the role of the complement system 

in EBOV and SARS-CoV-2 pathogenesis. The complement system has been implicated 

in the progression and outcome of EVD and COVID-19, but explanations for the 

underlying mechanisms which explain these associations are not well-understood. 

We attempted to better understand both the antibody-dependent and antibody-

independent mechanisms of the complement system, and to determine whether 

these mechanisms had any functional significance in the context of neutralisation for 

EBOV and SARS-CoV-2. 

 

We first explored the antibody-independent mechanisms of the complement system 

in response to various Ebolavirus and Coronavirus glycoproteins (GPs), to determine 

whether the lectin/alternative (antibody-independent) complement pathways could 

influence EBOV and SARS-CoV-2 pathogenesis. For the Ebolavirus GPs, we made the 

novel observation that mannose-binding lectin (MBL) bound to the SUDV-GP, and the 

capacity to bind MBL was significantly reduced compared to the EBOV-GP and EBOV-

sGP. We speculated that this could be influenced by the N-linked glycosylation 

patterns on these proteins. MBL can significantly influence EBOV infection in vitro 

and in vivo (7,157,412), and it is interesting to speculate whether the reduction in 

MBL binding (and complement deposition) to the SUDV-GP could be a contributing 

factor to the reduced mortality rates reported for SUDV (298). We next determined 

whether the Ebolavirus GPs could activate the complement system to completion, in 

the absence of GP-specific antibodies. We made the novel observation that the 

EBOV-GP, EBOV-sGP, and SUDV-GP could activate the complement system, leading 

to the end-stage formation of the MAC. The level of complement deposition strongly 

correlated with the level of MBL binding (Pearson correlation, r = 0.9997, P < 0.0001). 

These findings would be most relevant to the early stages of EBOV infection, before 

the development of an antibody response. The complement activation led to the 

formation of the MAC which has the potential to lyse virions and infected cells. 

Formation of the MAC also demonstrates complete activation of the complement 
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system, which can further influence viral pathogenesis via broader, more systemic 

immune responses such as inflammation, chemotaxis, and opsonisation. 

 

For the Coronavirus GPs, we provided further evidence that MBL can bind to the 

SARS-CoV-1 spike protein, which had previously been disputed (77,166,532). We also 

found that MBL bound to the SARS-CoV-2 spike protein, and that the SARS-CoV-2 

spike protein could activate the complement system to the eventual formation of the 

MAC, independent of SARS-CoV-2 spike-specific antibodies. During the course of this 

study, similar work was published which supported our findings (505,518). We made 

the novel observation that MBL binding (1.42-fold reduction (Mann Whitney test at 

1 µg/ml MBL, P = 0.002)) and complement deposition (3.75-fold reduction (Mann 

Whitney test at 40% PHP, P = 0.002)) was significantly reduced in response to the 

SARS-CoV-2 spike protein, compared to the SARS-CoV-1 spike protein, used in this 

study. Similar to our comparison of SUDV and EBOV, the complement system has 

negative implications for SARS and severe cases of COVID-19. Thus, future 

investigations could consider whether this reduced capacity for complement 

activation is associated with reduced mortality. Our work augments the recent 

publications (505,518) that show potential mechanisms for activation of the 

complement system, which can ultimately help inform future therapeutic 

approaches. 

 

Next, we investigated the ADCD response to Ebolavirus GPs with convalescent EVD 

plasma, using novel flow cytometry assays. Two cohorts were identified: one with 

low EBOV-neutralisation titres relative to EBOV-GP IgG titres (LN cohort), and the 

other with a direct linear relationship between EBOV-neutralisation and EBOV-GP IgG 

titres (N cohort). We found a differential response in the ability to mediate ADCD 

between plasma samples which was influenced by IgG titre, neutralisation titre, and 

the Ebolavirus antigen present (EBOV-GP, EBOV-sGP, or SUDV-GP). The LN and N 

cohorts were identical in their ability to mediate ADCD in response to the EBOV-GP, 

but this response was significantly reduced for the LN cohort in response to the EBOV-

sGP and the SUDV-GP. For the low-neutralising antibodies in particular, the ability to 
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mediate ADCD could be an important Fc-mediated function for protection, which we 

later explored in the context of neutralisation, and it could have wider implications 

for inflammation, chemotaxis, and opsonisation. The ADCD response to the SUDV-GP 

was mediated by cross-reactive EBOV-GP antibodies and could contribute to 

immunity in the possible event of a subsequent infection with SUDV. 

 

The ADCD assays were re-purposed for investigations into the Fc-mediated responses 

of convalescent and vaccinee plasma against the SARS-CoV-2 spike protein. This work 

was conducted in collaboration with the University of Oxford and the Pathogen 

Immunology Group at the UKHSA. The first research project demonstrated that 

antibodies induced by the ChAdOx1 nCoV-19 vaccine could mediate ADCD in 

response to the SARS-CoV-2 spike protein, and that this response was dose-

dependent with the booster vaccine (504). The data collected in this study showed 

an array of Fc-mediated antibody responses that were induced following vaccination, 

and supported the use of a two-dose vaccine regime in the next stage of clinical trials. 

In the second research project, the ADCD response was associated with the severity 

of infection, for up to 180 days post-infection (563). This could be a consequence of 

antibody responses to the infection or it could indicate that a complement-mediated 

mechanism is responsible. 

 

The findings reported in this thesis for the antibody-dependent and antibody-

independent responses of the complement system to EBOV and SARS-CoV-2 were 

investigated further, in the context of neutralisation, to determine a functional 

significance. Our aims were to address whether the complement system could 

influence neutralisation in the absence of antibodies, and whether the presence of 

complement could enhance the neutralisation of otherwise low-neutralising 

antibodies. For both EBOV and SARS-CoV-2, we found that the addition of PHP, in the 

absence of virus-specific antibodies, was not sufficient to influence neutralisation in 

our in vitro assay. Other factors such as chemotaxis and opsonisation could still 

influence their pathogenesis, or the virus may have a mechanism to limit complement 

deposition that is only sufficient for the lower levels of lectin pathway activation. 
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However, in the presence of low-neutralising antibodies in plasma, we found that the 

addition of 20% PHP as an exogenous source of complement could significantly 

increase neutralisation potency. These findings were novel and demonstrated 

potential benefits of the complement system in EVD and COVID-19, where activation 

of the complement system often has negative associations with disease outcome. 

Our findings could be an important consideration for evaluating correlates of 

protection and vaccine-mediated immune responses for licensure, as neutralisation 

assays are common practice in the evaluation of vaccine effectiveness. These findings 

could also have important considerations for therapeutics, as the use of complement 

inhibitors are currently investigated in clinical trials for COVID-19. Understanding 

both the benefits and the detrimental effects of the complement system for COVID-

19 could inform decisions on the type of complement inhibitor used, and the timing 

of administration. For EVD, only two therapeutics are FDA approved for use against 

the Zaire strain only. Future screening for therapeutic candidates might consider the 

effects that the complement system can have on antibody-mediated neutralisation, 

and how conventional neutralisation assays can neglect important immune 

components that would otherwise be present in vivo.  

 

This thesis has provided the foundations for future studies to build upon. Of particular 

interest, would be to understand the complement-mediated mechanism responsible 

for the enhancement of antibody neutralisation of EBOV and SARS-CoV-2. This could 

be investigated with the use of C5-depleted plasma to determine whether the 

neutralisation is dependent on formation of the MAC, and therefore lysis, or whether 

virion aggregation is required instead. This would provide further evidence to support 

our observations of complement-mediated enhancement - along with testing a larger 

sample size - and would enable the dissection of which complement components may 

be beneficial to protection. This is an important consideration for the development 

and use of therapeutics, particularly the use of complement inhibitors. Another 

research question to arise from this thesis would be to address why the complement 

system does not influence EBOV or SARS-CoV-2 neutralisation in the absence of 

antibodies, despite complement activation via their GPs. One possibility is that the 
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complement system does influence neutralisation, just not within the conditions 

tested in this thesis for us to detect a significant result. A second possibility, for EBOV 

in particular, is that the virion may acquire host complement regulatory proteins 

(CD46, CD55, CD59) during the budding process from the cell-surface membrane 

(183,184). This explanation is less likely for SARS-CoV-2, as it leaves the cell via 

exocytosis and acquires its lipid envelope from the ERGIC membrane instead (415). A 

third possibility, for SARS-CoV-2, is that multiple viral proteins are expressed on the 

virion surface. The envelope protein has been shown to influence Coronavirus 

pathogenesis (443) and is expressed on the virion surface, but a potential role in 

mediating the complement system has not been reported. A complement regulatory 

role of surface-expressed viral or host-acquired proteins could explain the lack of 

effect of the complement system against SARS-CoV-2; the presence of spike-specific 

antibodies may then be sufficient to overcome this viral mechanism. 

 

To conclude, this thesis furthers our understanding of the complement system in the 

pathogenesis of EBOV and SARS-CoV-2. This is a research area that is relatively 

neglected in the context of viral infections, but has gained increasing interest with 

the apparent involvement of the complement system in COVID-19. We add 

supporting and novel evidence to the existing literature regarding the response of 

the complement system to viral proteins, and demonstrate the significance of this for 

virus neutralisation. This research provides some of the foundations for future 

investigations of the complement system into EVD and COVID-19, whilst highlighting 

the areas that can be built upon. These findings could have significance for the 

optimisation of therapeutics with complement inhibitors for COVID-19, and the initial 

screening of antibodies for therapeutic use in EVD patients. 
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