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Abstract 

Introduction: Kidney availability for transplantation is limited, necessitating the use of 

marginal organs which are more susceptible to ischaemia reperfusion injury (IRI). A key driver 

of IRI is the complement system, particularly the alternative pathway (AP), of which a key 

regulator is factor H (FH). Homodimeric mini-factor H (HDM-FH) is an FH based construct with 

improved AP regulation compared to full length FH. Ex vivo normothermic perfusion (EVNP) 

can be used to administer therapeutics directly to organs to assess their efficacy. 

Methods: HDM-FH was produced in transfected mammalian cells and validated in vitro. 

Kidneys were retrieved from 6-week-old, 60 kg white landrace pigs. Initially, stepwise changes 

were made to an established EVNP model, N=1, then initial warm ischaemic times (WIT) and 

static cold ischaemic times (CIT) were standardised and extended, N=3. Following this, 5 mg 

HDM-FH was administered to one kidney of a pair via an EVNP circuit, N=8. Kidneys were 

perfused for 6 hours with whole autologous blood. Kidney function, complement activation 

and downstream ischaemic injury were measured to assess the efficacy of HDM-FH. 

Results: 25 minutes initial WIT and 16 hours CIT significantly increased C3 deposition 

(p=0.0104). HDM-FH bound within glomeruli of kidneys, particularly on the endothelium and 

basement membrane, and correlated with C3 deposition prior to perfusion (p=0.0482). HDM-

FH administration led to reduced deposition of Bb (p=0.0096) and C1q (p=0.0051), reduced 

urinary C5a (p=0.0022) reduced tissue apoptosis (p=0.0011) and reduced infiltration of 

neutrophils (p=0.0146) macrophages (p=0.0209) and T-cells (p=0.0404) at the end of 

perfusion, although it did not affect kidney function. 

Conclusions: Extended WIT and CIT of porcine kidneys can induce complement activation and 

ischaemic injury, which HDM-FH can reduce when administered during EVNP. HDM-FH has 

the potential therefore to improve graft survival in transplanted kidneys, particularly in 

kidneys from marginal donors. 
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CHAPTER 1. INTRODUCTION 

1.1 KIDNEY TRANSPLANTATION – CURRENT PRACTICE, CHALLENGES AND UTILISATION  

1.1.1 Kidney transplantation – current practice, challenges and utilisation  

Chronic kidney disease (CKD) is a condition characterised by diminished kidney function and 

often manifests with few symptoms, yet poses a significant public health challenge, affecting 

8% - 16% of the global population. CKD is a diagnosis that includes a variety of conditions, it is 

commonly caused by diabetes and hypertension and is a major cause of morbidity and 

mortality. Additionally, CKD can arise from infections, environmental exposures, and 

glomerulonephritis, with genetic predisposition further elevating risk (Jha et al., 2013). The 

diagnosis of CKD is based on three criteria: glomerular filtration rate (GFR) < 60 mL/min/17.3 

m2, albuminuria of at least 30 mg/24 hours, or signs of kidney damage including structural 

abnormalities or haematuria for at least three months (Stevens et al., 2024). 

CKD affects over 10% of the UK population and is projected to become the fifth leading cause 

of life years lost worldwide by 2040. The current cost of CKD to the NHS is £1.95 billion 

annually, with quality of life significantly reduced in patients, dependent on disease stage, 

treatment option, comorbidities and complications. CKD is graded in stages based on 

albuminuria and GFR loss which is associated with prognosis (Figure 1.1).  CKD stage 3a or 

above is the main risk factor for end stage renal disease (ESRD) which occurs at stage 5. ESRD 

requires treatment with renal replacement therapy, dialysis or transplantation (Kidney 

Research UK, 2023).  



   

 

2 
 

 

Figure 1.1 CKD stages according to kidney disease improving global outcomes classification. 

The clinical stages of CKD graded on the combined severity of albuminuria and GFR. Green 

indicates low risk (if there are no other markers of kidney disease); Yellow indicates 

moderately increased risk, orange indicates high risk, red indicates very high risk. Figure is 

taken from ‘KDIGO 2024 Clinical Practice Guideline for the Evaluation and Management of 

Chronic Kidney Disease’(CKD work group, 2024).  

 

Transplantation is the most optimal treatment for ESRD, as it improves patient quality of life 

and reduces mortality and risk of cardiac events (Tonelli et al., 2011). Furthermore, after the 

transplantation procedure and the first year post-transplant, the cost to the NHS is around 

£25000 less per patient annually than dialysis (NHSBT, 2009). Rejection rates and short-term 

graft survival of transplanted kidneys have improved following advancements in 

immunosuppressive strategies, however, improvements in long-term survival have been 

slower, necessitating the need for ongoing research in the field (Merion et al., 2018). Despite 

around 5000 people being on the kidney transplant waiting list at any time in the UK, only 

3500 transplants are carried out each year (NHSBT, 2023). This disparity between the number 

of organs required and the number available has led to an increase in the use of organs from 

donation after circulatory death (DCD) and extended criteria donors (ECD). These organs are 
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more susceptible to the injury caused by the inevitable period of ischaemia and reperfusion 

following transplant (Summers et al., 2013).  

1.1.2 Living donation, donation after brain death and donation after circulatory death  

There are three main categories of donors for transplantation: DCD donors, donation after 

brainstem death (DBD) donors and living donors. Controlled DCD donors are patients who 

have undergone irreversible brain injury, but who do not meet brain death criteria. In such 

cases, life support is withdrawn to allow a natural death. Uncontrolled DCD donors have 

experienced unexpected cardiac arrest, following which resuscitation is unsuccessful (British 

Transplant Society, 2021). DCD organs experience a period of warm ischaemia in the time 

between treatment withdrawal and cold perfusion of organs. Functional warm ischaemia is 

considered to begin when systolic blood pressure drops below 50 mm Hg for at least two 

minutes, there is then further warm ischaemia while the aorta is cannulated for cold flush (Ho 

et al., 2008).  

DBD donors are patients who have been confirmed as dead using neurological criteria. The 

warm ischaemic period for the organs of these donors is minimal, as cold flush of the organs 

can begin immediately following withdrawal of life support. However, inflammatory events 

following brain death cause metabolic and hemodynamic changes, with cytokine release and 

complement activation (Bera et al., 2024).  

Living donors donate organs under general anaesthesia and warm ischaemic time is minimal 

during retrieval as the donor kidney is perfused with the donor’s blood until the major renal 

vessels are clamped. Kidneys from living donors have better outcomes compared with those 

from deceased donors (Seja et al., 2022).  
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Figure 1.2 Diagram of ischaemic periods during organ retrieval and transplantation.  

All organs will undergo a period of warm and cold ischaemia during the retrieval and 
transplant procedure. These times can differ greatly dependant on donor type and 
circumstances. Red bars indicate warm ischaemic time, blue bars indicate cold ischaemic time. 
Adapted from (Aitken et al., 2016). 

 

Organs from living donors have better short and long term outcomes than those from 

deceased donors, with the 10 year survival rate at 90% for living donor transplantation and 

75% following deceased donor transplantation (NHSBT, 2023). While long term outcomes 

between DCD and DBD donation are similar, DCD organs are more susceptible to delayed graft 

function (DGF) which is defined as the need for dialysis in the first week post-transplantation 

(Zens et al., 2018). 

1.1.3 The use of marginal organs  

A scarcity of organs combined with an aging population has resulted in a rise in the utilisation 

of organs from ECD donors. These donors meet specific criteria which exclude them from 

being categorised as standard criteria donors (SCD). These criteria include individuals aged 60 

years or older, or those aged 50 to 59 years with two of three comorbidities: death by 

cerebrovascular incident, hypertension or terminal serum creatinine > 133 µg/dL (Port et al., 

2002). Organs from ECD donors account for around 21% of transplanted organs in the UK 

(Patel et al., 2023). Due to the nature of transplantation, ischaemia reperfusion injury (IRI) in 
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transplanted organs is inevitable owing to the period of anoxia and subsequent reperfusion 

experienced by the organ. IRI leads to acute kidney injury (AKI) and subsequently DGF which 

is a predictor of inferior graft function and reduced long-term survival. Although ECD 

transplant is still preferable to dialysis in terms of patient survival, ECD organs are more 

susceptible to IRI than SCD organs. ECD kidneys experience higher rates of DGF, which is more 

severe and graft loss is higher when compared with SCD, despite having comparable 

immediate function (Ponticelli et al., 2022). Furthermore, longer hospital stays and dialysis 

contribute to significantly higher cost following transplant of ECD kidneys (Saidi et al., 2007). 

1.1.4 The effect of transplant parameters on outcomes 

The pro-inflammatory environment of the body following death or trauma can have a 

deleterious effect on organs, worsening outcomes from deceased donors compared to living 

donors (Seja et al., 2022). Furthermore, differences in warm ischaemic times prior to organ 

retrieval, static cold storage (SCS) time and anastomosis time have been correlated with DGF 

and graft loss (Cron et al., 2022, Osband et al., 2016). Longer cold ischaemic time (CIT), 

indicating the time spent by the kidney at 0oC to 4oC submerged in preservation solution on 

ice, have been correlated with worse survival rates and increased rates of DGF in ECD and SCD 

(Peters-Sengers et al., 2019, Nieto-Ríos et al., 2019, Summers et al., 2013, Debout et al., 2015, 

Lum et al., 2023). These correlations indicate that deleterious processes are occurring during 

cold storage of kidneys and throughout the rewarming period during anastomosis and that 

this affects the long-term function of kidneys. This highlights the significance of the ischaemia 

and reperfusion processes occurring during transplant. 
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1.2 ISCHAEMIA REPERFUSION INJURY AND THE IMMUNE RESPONSE TO TRANSPLANTATION 

IRI is a key mechanism behind immediate non-function, or delayed function following 

transplantation as it evokes a complex pro-inflammatory response involving cell death, 

endothelial dysfunction and activation of the innate and adaptive immune systems.  

1.2.1 Mechanisms and consequences of ischaemia reperfusion injury  

During the ischaemic phase, cells are deprived of oxygen and so begin metabolising 

anaerobically. Anaerobic glycolysis by mitochondria leads to lactic acid formation, and 

therefore acidosis, which inhibits adenosine triphosphate (ATP) production and leads to the 

breakdown of ATP to adenosine, inosine, xanthine and hypoxanthine. Acidosis also causes 

lysosomal leakage, cytoskeleton breakdown and failure of ATP-dependent Na+/K+ pumps. Na+ 

ions then accumulate intracellularly, drawing in water and causing cellular oedema (Cowled 

and Fitridge, 2020).  

Aerobic glycolysis can also occur in kidneys through the Warburg effect. The Warburg affect 

is when glycolysis occurs rather than mitochondrial oxidative phosphorylation despite oxygen 

being available and has classically been defined as a characteristic of cancer cells (Liberti and 

Locasale, 2016). Non-cancerous conditions however can also lead to aerobic glycolysis in the 

kidneys. Elevated fructose levels due to tubular glucose reabsorption or following AKI or 

intrarenal hypoxia can drive aerobic glycolysis (Andres-Hernando et al., 2017, Park et al., 2017, 

Mirtschink et al., 2015). Furthermore, following ischaemic injury, proximal tubules can 

experience fibrosis which alters metabolism, leading to lactate production due to glycolysis 

through transforming growth factor-beta (TGF-β) signalling (Ding et al., 2017, Lan et al., 2016). 

Reperfusion occurs following kidney anastomosis, restoring oxygen and pH. Oxygen influx 

catalyses the degradation of hypoxanthine to uric acid by xanthine oxidase leading to hydroxyl 

radical production (Cowled and Fitridge, 2020). During ischaemia, succinate, an intermediate 

of the citric acid cycle accumulates. Succinate is re-oxidised at reperfusion by succinate 

dehydrogenase. This drives reverse action of the electron transport at mitochondrial complex 

1 during reperfusion, leading to the production of reactive oxygen species (ROS) (Chouchani 

et al., 2014). ROS formation, mitochondrial dysfunction and calcium overload cause 

mitochondrial permeability transition pores (mPTP) to open, releasing succinate, 

mitochondrial DNA, and cytochrome C. These substances can cause necrosis and apoptosis 
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and can act as danger associated molecular patterns (DAMPs) (Mills et al., 2017, Krysko et al., 

2011). These molecular sequalae have a range of downstream consequences. 

 

Figure 1.3 Schematic summary of the mechanisms of ischaemia reperfusion injury.  

Ischaemia causes ATP depletion, followed by cellular swelling, lysosomal enzyme release and 
the production of small amounts of ROS. Upon reperfusion, oxygenation leads to further ROS 
production, mitochondrial dysfunction and protease activation ultimately causing cell death 
and immune activation. Adapted from (Nieuwenhuijs-Moeke et al., 2020). 

 

1.2.1.1 Cell-death  

IRI leads to controlled and uncontrolled cell death. The most uncontrolled form of cell death 

is necrosis, a process in which cellular oedema causes rupturing of cell membranes and 

subsequent release of DAMPs into the extracellular space. Necrosis is most often a result of 

rapid ATP depletion, typically occurring during ischaemia (Hotchkiss et al., 2009).  

Apoptosis is a controlled form of cell death where an initiator caspase can activate an effector 

caspase, such as caspase-3, through proteolytic cleavage following binding to an activator 

complex. Proteolytic degeneration of intracellular components by caspase-3 or caspase-7 via 

the executor pathway cause the physical processes of apoptosis including chromatin 

condensation, cell shrinkage and cytoplasmic bleb formation (Elmore, 2007). Apoptosis occurs 

via three pathways that all converge at the execution pathway, these are the extrinsic and 

intrinsic pathways and the perforin/granzyme pathway. The intrinsic pathway is activated via 

intracellular signals and is mitochondria dependant. The extracellular pathway is activated by 

extracellular signals and is cell death receptor pathway dependant. In both of these pathways, 

caspases-3, and -7 are the ‘executioner’ caspases (Elmore, 2007). The perforin/granzyme 

pathway is mediated through cytotoxic T-cells which release granzyme A and B enzymes that 
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induce cell death, with caspase-3 being the ‘executioner’ caspase (Chowdhury and Lieberman, 

2008). The apoptosis pathways and physiological processes of apoptosis are summarised in 

Figure 1.4. 

 

Figure 1.4 The pathways and morphological processes of apoptosis. 

The intrinsic and extrinsic pathways are the two main apoptosis pathways, with the 
perforin/granzyme pathway being the third. The triggering event for each pathway is different 
and begins an energy dependant cascade through a different initiator caspase (8, 9 and 10). 
The execution pathway is common to all pathways and leads to the characteristic 
morphological changes. 

 

Necroptosis is a cell death programme which exhibits morphological features of both necrosis 

and apoptosis and is mediated by death receptors, toll-like receptors (TLR) and interferon α, 

β and γ (Dempsey, 2013). Necroptosis involves cellular oedema and subsequent rupturing of 

the cell membrane when the caspase-8 dependant pathway of apoptosis is blocked. 

Necroptosis relies on activation of receptor-interacting protein kinase 3 (RIPK3) by immune 

ligands. Activated RIPK3 phosphorylates mixed lineage kinase domain-like pseudokinase 

(MLKL) which can accumulate at the cellular membrane and bilipid membrane of organelles, 



   

 

9 
 

disturbing cellular integrity and leading to the release of DAMPs into the extracellular space 

(Dhuriya and Sharma, 2018). 

Autophagy is a controlled process in which individual damaged cellular components can be 

removed to prevent cell death. In autophagy, autophagosomes envelop damaged or unused 

cellular components for transport through the cytoplasm, following which they fuse with 

lysosomes to degrade cellular components. Autophagy is a process which happens 

continuously to maintain homeostasis, but can be upregulated following stimulation from 

ROS, hypoxia, free amino acids and nutrient deprivation (Kroemer et al., 2010). Autophagy can 

exert protective effects in IRI due to the restoration of homeostasis. However, very severe 

ischaemic injury can lead to excessive autophagy which can further aggravate injury 

(Decuypere et al., 2015).  

1.2.1.2 Endothelial dysfunction 

IRI has a number of effects on the vascular endothelium. Endothelial cells swell, glycocalyx is 

lost and the cytoskeleton is degraded. Consequentially, intercellular contact between 

endothelial cells is compromised, leading to increased vascular permeability and fluid leakage 

into the interstitium (Goligorsky et al., 2004). Vasoconstriction can occur due to the release of 

vasoactive substances from the endothelium such as endothelin-1 (ET-1) and platelet-derived 

growth factor (PDGF) and is enhanced by a reduction in nitric oxide during the reperfusion 

period (Kwon et al., 2009, Faller, 1999).  

Enhanced leukocyte-endothelium interaction is also a feature of IRI. Endothelial P-selectin 

expression is increased during IRI and facilitates leucocyte chemotaxis to the site of injury, 

followed by ‘rolling’ on the endothelium through interaction with P-selectin glycoprotein 1 

which is expressed on leucocytes. Intracellular adhesion molecule 1 (ICAM-1) expressed on 

the endothelium enables firm adherence of leucocytes. Transmigration of cells to the 

interstitium is facilitated by platelet endothelial cell adhesion molecule 1 (PECAM-1). 

Following this, activated leucocytes will increase oedema, thrombosis, cell death and vascular 

permeability through the release of substances such as ROS, cytokines and proteases 

(Nieuwenhuijs-Moeke et al., 2020).  
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1.2.2 The innate immune response to ischaemia reperfusion injury  

The innate immune system consists of cellular components such as neutrophils, macrophages, 

natural killer cells, dendritic cells and soluble serum-based proteins of the complement system 

(Friedewald and Rabb, 2004). The TLR family of trans-membrane pattern recognition 

receptors are expressed on innate immune cells where they transduce signals following 

ligation of DAMPs and pathogen-associated molecular patterns (PAMPs) (Hadley et al., 2007, 

Yu et al., 2006). DAMPs, which are usually invisible to the immune system, are released from 

cells and displayed on cell surfaces due to hypoxia during ischaemia. Intracellular and 

extracellular DAMPs are capable of binding TLRs, with TLR upregulation seen in the ischaemic 

kidney independent of any immune response (Yu et al., 2010). This interaction stimulates 

events key to the innate immune response including cytokine and chemokine release and can 

influence adaptive immunity by promoting antigen uptake and presentation, which in turn 

modulates T- and B-cell responses of adaptive immunity (Sobek et al., 2004).  

Myeloid cells are recruited rapidly to the transplanted organ following reperfusion (Miyazawa 

et al., 2002, Ysebaert et al., 2000). Within the graft, neutrophils release chemokines which 

influence T-cell priming and infiltration and other inflammatory mediators such as ROS and 

proteases (Friedewald and Rabb, 2004). Macrophages constitute a major proportion of 

infiltrating immune cells following IRI (Li et al., 2008). Classically activated M1 macrophages 

release pro-inflammatory mediators, whereas alternatively activated M2 macrophages are 

anti-inflammatory, although can promote fibrosis through the secretion of pro-fibrotic factors 

(Vernon et al., 2010). In the ischaemically injured organ, pro-inflammatory mediators such as 

INF-γ polarise infiltrating macrophages which differentiate from monocytes to the M1 form 

(Gordon, 2003). PAMPs and DAMPs can then activate macrophages through TRL2 and TRL4 to 

release pro-inflammatory cytokines and chemokines and ROS while inducing renal fibrosis, 

neutrophil activation and epithelial apoptosis (Shigeoka et al., 2007, Chen et al., 2011). 

1.2.3 The adaptive immune response to ischaemia reperfusion injury  

The adaptive immune response follows the rapid, non-specific innate immune system and is 

mediated by lymphoid cells including B- and T-cells. T-cells rapidly infiltrate organs upon 

reperfusion where they have a pathogenic role causing tissue damage and inflammation 

(Ascon et al., 2006). T-cells recognize donor cells via their receptors, which bind to major 

histocompatibility complex (MHC) molecules called human leucocyte antigens (HLA) that are 
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expressed on donor cells. T-cells are involved in both direct and indirect recognition of HLAs. 

Direct recognition occurs when T-cell receptors bind intact HLAs expressed on donor cells, 

while indirect recognition occurs when HLA are peptides presented by antigen presenting cells 

(APCs) including macrophages, dendritic cells and B-cells. They also recognise intact HLAs 

presented by dendritic cells which is important in graft rejection in the immediate period post-

transplant (Kumbala and Zhang, 2013).  

Chemokines cause an accumulation of B-cells in the kidney during IRI, where they are 

activated by T-cells and complement (Kreimann et al., 2020). The long-term alloimmune 

response can be modulated by B-cells through activation of memory B-cells, which can rapidly 

activate and differentiate to plasma cells to produce specific antibodies (Cornell et al., 2008). 

B-cells also express TLRs which can recognise DAMPs, leading to the previously mentioned 

inflammatory events (Barr et al., 2007). Following IRI, B-cells can act directly upon kidneys and 

affect the T-cell response through antigen presentation and production of cytokines.  

B-cells also play a major role in chronic and acute antibody mediated rejection (ABMR) caused 

by donor specific antibodies (DSA). DSAs are antibodies specific to a donor's HLA which can 

form in the recipient pre- and post-transplant and are present in up to 40% of recipients 

waiting for a transplant as anti-HLA antibodies (Schmitz et al., 2020). Preformed DSAs in 

sensitised patients such as those who have been pregnant, had a blood transfusion or a 

previous transplant can cause hyperacute rejection. DSAs that are formed de novo can cause 

late acute ABMR, chronic ABMR or transplant glomerulopathy. 

Interplay between the adaptive and innate immune systems is demonstrated by B-cell binding 

to fragments of C3, the main component of the complement system, which leads to enhanced 

B-cell activity through CR1 and CR2 (Dunkelberger and Song, 2010).  
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1.3 THE COMPLEMENT SYSTEM    

The complement system, part of the innate immune system, is the first line of defence 

following mucus found at mucosal surfaces, in protecting the body from bacteria and 

removing aberrant host cells. It consists of multiple soluble plasma proteins, mainly produced 

in the liver, and cell surface membrane proteins that, when activated, work together to 

produce enzymatic cascades to induce inflammatory pathways. An important consequence of 

complement is the deposition of complement activation fragments on tissue surfaces in a 

process called opsonisation, which enables the formation of convertases and assists 

phagocytosis and the clearance of apoptotic cells. To avoid inappropriate damage to host cells, 

these cascades are tightly regulated by regulatory plasma and membrane-bound proteins that 

work at multiple points throughout the cascades. Dysregulation leading to either excessive, or 

insufficient complement activation can cause harm to the host, leading to autoimmune and 

inflammatory illness, or increased susceptibility to infection (Barnum and Schein, 2018).  

Three main activation pathways exist within the complement system: the alternative, classical 

and lectin pathways. They mediate a range of immunomodulatory processes, and are 

classified according to their mechanism of activation, with all three converging on a common 

terminal complement pathway which ultimately causes cell lysis. Notably, all activation 

pathways lead to cleavage of the central complement protein, C3. 
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1.3.1 The classical pathway   

The classical pathway (CP) of complement is activated when specific pattern recognition 

molecules interact with target molecules. C1q, a protein complex, is the recognition molecule 

of the CP. CP activation occurs when C1q, as part of the C1 complex with C1r and C1s (C1r2-

C1s2), binds to target molecules including immune complex bound IgG and/or IgM. This 

binding leads to the autoactivation of C1r which then cleaves C1s, activating it. The activated 

C1s then cleaves C4 and C2 to C4b, C2a, C4a and C2b fragments. C4b and C2a are able to form 

the C3 convertase C4bC2a on target surfaces which can cleave C3 to C3a and C3b and  allowing 

the formation of the C5 convertase C4bC2aC3b (Barnum and Schein, 2018). 

 

Figure 1.5 The classical pathway of complement activation. 

The C1 complex is activated through binding of C1q to target antigen-antibody complexes. This 
leads to the cleavage of C1s and C1r, activating them and allowing C1s to cleave C4 and C2. 
C4b and C2a form the C3 convertase C4bC2a. C4bC2a cleaves C3 molecules to C3a and C3b. 
C3a is an anaphylatoxin while C3b can bind C4bC2a to form the C5 convertase C4bC2aC3b. 
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1.3.2 The lectin pathway 

The function of the lectin pathway (LP) is similar to that of the CP in that it is activated through 

the interaction of specific pattern recognition molecules with their targets, although LP 

activation is immunoglobulin independent. Macromolecular protein complexes: mannan-

binding lectin (MBL), ficolins and collectin are the pattern recognition molecules of the LP. 

They bind to PAMPs, or to aberrant glycocalyx patterns on necrotic or apoptotic self-cells. 

These protein complexes are then able to form complexes with MBL-associated serine 

proteases 1 and 2 (MASP-1 and MASP-2). This is analogous to the binding of C1r and C1s to 

C1q. MASP-1 activation leads to the activation of MASP-2 and subsequent cleavage of C4 and 

C2, at which point the lectin pathway follows the same steps as the classical pathway, ending 

in MAC formation and anaphylatoxin release (Barnum and Schein, 2018). 

 

Figure 1.6 The lectin pathway of complement activation. 

The lectin pathway is activated through MBL, ficolins or collectins binding to specific sugars on 

cell membranes. MASP-1 and MASP-2 form a complex with MBL leaving to their 

cleavage/activation. They then cleave C4 and C2. C4b and C2a form the C3 convertase C4bC2a. 

C4bC2a cleaves C3 molecules to C3a and C3b. C3a is an anaphylatoxin while C3b can bind 

C4bC2a to form the C5 convertase C4bC2aC3b. 
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1.3.3 The alternative pathway  

The alternative pathway (AP) is constantly activated at a low level in order to maintain 

homeostasis and monitor for pathogen infiltration. The labile thioester bond of C3 is 

spontaneously hydrolysed to form C3(H2O) in a process known as ‘tickover’ (Pangburn et al., 

1981). The conformational change brought about by this hydrolysis exposes a binding site for 

factor B (FB). Bound FB is then cleaved by the serine protease factor D (FD) to Bb and Ba, 

resulting in the formation of the unstable fluid phase C3 convertase C3(H2O)Bb (Forneris et 

al., 2010). C3(H2O)Bb cleaves C3 to C3b and C3a. Small quantities of C3b generated in this way 

bind hydroxyl groups of adjacent surfaces with avidity dependent on surface composition. In 

the absence of activating surfaces, C3b molecules are degraded (Barnum and Schein, 2018). 

When pathogens are present, the fluid phase generated C3b will bind FB after covalently 

attaching to the activating surface. FB is then cleaved by FD, resulting in the formation of the 

AP C3 convertase C3bBb which is stabilised by properdin (Fearon and Austen, 1975, Forneris 

et al., 2010). C3bBb cleaves further C3 molecules to C3b and C3a. These C3b molecules can 

then go on to form more C3bBb complexes, and so on in the ‘amplification loop’. C3b 

molecules formed by CP and LP activation can also participate in this amplification loop. They 

can also bind to C3bBb molecules to form the alternative pathway C5 convertase, C3bBb3b 

(Barnum and Schein, 2018). 

 

Figure 1.7 The alternative pathway of complement activation. 

Spontaneous hydrolysis of C3 to C3(H2O) activates the AP. FB bound to C3(H2O) is cleaved by 
FD forming Bb and Ba. Bb binds C3(H2O) to form the initiation C3 convertase C3(H2O)Bb. This 
convertase cleaves C3 molecules to C3b and C3a. C3b molecules formed this way that attach 
to an activating surface will bind FB which is cleaved by FD. This convertase is then stabilised 
by properdin and goes on to cleave more C3 molecules in the ‘amplification loop’. These C3b 
molecules can also form a C5 convertase C3bBbC3b.  
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It is important to note that the complement pathways do not operate totally independent of 

each other. The AP plays an important role in the amplification of the CP and LP through the 

actions of the amplification loop. This occurs as C3b molecules produced through LP and CP 

activation are able to bind FB, which, through cleavage by FD, forms the AP C3 convertase 

C3bBb. Furthermore, AP blockade has been demonstrated to lead to a reduction in terminal 

complement activity of over 80% following activation of the CP (Harboe et al., 2004). 

1.3.4 The terminal pathway  

The C5 convertase cleaves complement protein C5 to C5a and C5b. C5a is a pro-inflammatory 

anaphylatoxin. Upon cleavage, conformational changes within the C5b fragment allow it to 

bind C6, followed by C7, leading to the formation of the C5b-7 complex. This complex 

associates with the surface membrane of target cells. Following incorporation of C8 into the 

complex, the C8 can penetrate the lipid bilayer of the target surface membrane. Multiple C9 

molecules then associate with the C5b-8 complex to begin pore formation, disrupting cell 

membrane integrity and structure and often leading to cell lysis (Barnum and Schein, 2018). 

 

Figure 1.8 The formation of the membrane attack complex. 

Complement proteins C5b-C9 form the MAC via the terminal pathway of complement. MAC, 
anaphylatoxin and opsonin production is a consequence of all three complement activation 
pathways.  
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1.3.5 Complement receptors   

Complement receptors are a group of transmembrane proteins expressed on cells of the 

innate and adaptive immune system which carry out complement mediated effector 

responses including, phagocytosis, immune response modulation, and cell adhesion and 

migration. Activated, proteolytically cleaved complement fragments engage complement 

receptors such as the C3 active fragments C3b, iC3b and C3dg, and the anaphylatoxins C3a 

and C5a. The complement receptors fit within four structural categories: short consensus 

repeat (SCR) domain single-pass transmembrane receptors, G-coupled protein receptors, 

β2 integrins and complement receptors of the immunoglobulin superfamily (CRIg) (Santos-

López et al., 2023, Holers, 2014). The complement receptors are summarised in Table 1.1. 
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Table 1.1 Summary of complement receptors. 

The ligand, structural family and function of complement receptors are briefly summarised. 
Abbreviations: Vascular cell adhesion protein 1 (VCAM-1), C3a receptor (C3aR), C5a receptor 
(C5aR). 

Complement 

receptor 

Ligand Structural class Function 

CR1  C3b, C4b, C3 

convertase, C5 

convertase, 

iC3b, C3d(g) 

MBL, C1q 

single-pass 

transmembrane 

receptors 

Immune regulation, immune 

complex clearance, phagocytosis 

CR2  iC3b, C3d(g), single-pass 

transmembrane 

receptors 

B-cell proliferation 

CR3  iC3b, C3d(g), 

ICAM-1, ICAM-

2, fibrinogen, 

plasminogen 

β2 integrin Phagocytosis, ROS synthesis 

CR4 iC3b, ICAM-1, 

VCAM-1, 

fibrinogen 

β2 integrin Phagocytosis, leucocyte 

adherence  

C3aR C3a G protein-

coupled 

receptor 

Chemotaxis, ROS production 

C5aR C5a G protein-

coupled 

receptor 

Chemotaxis, cytokine release, 

degranulation, ROS synthesis 

C5L2 C5a G protein-

coupled 

receptor 

 

CRIg C3b, ic3b Immunoglobulin 

superfamily 

Immune complex/pathogen 

clearance 
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1.3.6 Complement regulators   

Complement activity must be regulated to prevent excessive damage to self-cells. 

Complement regulators are a group of SCR based proteins (with the exception of CRIg which 

is made from immunoglobulin domains) that reside at the cell membrane, or are plasma 

based. At the first stages of complement activation, commonly the recognition of PAMPs and 

DAMPS, C1 inhibitor (C1INH), a serine protease, can bind to the protease elements of the CP 

and LP activation complexes, preventing them from cleaving C4. The second level of regulation 

exists following cleavage of C3 and C4. Factor I (FI) can halt the complement cascade by 

breaking down C3b and C4b, alongside cofactors; membrane cofactor protein (MCP), 

complement regulator 1 (CR1), factor H (FH) and C4-binding protein (C4BP). At the third level 

of complement regulation, the decay of the complement convertases is accelerated by decay 

accelerating factor (DAF), CR1, C4BP and FH, preventing cleavage of C3 and C5. Finally, CD59, 

vitronectin and clusterin can prevent formation and insertion of the MAC (West et al., 2024). 

Negative complement regulatory proteins are summarised in Table 1.2 (Zipfel and Skerka, 

2009, Barnum and Schein, 2018).  

More recent work has identified the FH related proteins (FHRs) that can act as positive 

regulators, which are discussed in 1.5.2. Furthermore, properdin is a positive regulator of the 

AP, stabilising the AP convertase.  
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Regulator  Location Function 

C1-INH Plasma Inactivation of C1r, C1s, MASP-1 and MASP-2 

MCP Cell membrane Cofactor for FI 

DAF Cell membrane Decay accelerating activity of the C3 and C5 

convertase of the CP and AP 

CR1 Cell membrane  Decay accelerating activity, cofactor for FI 

C4BP Plasma Decay accelerating and cofactor for FI 

FH Plasma Decay accelerating, cofactor for FI 

FI Plasma C3b and C4b degradation 

CD59 Cell membrane Prevents MAC formation  

Vitronectin Plasma Prevents MAC formation 

Clusterin Plasma Prevents MAC formation 

Table 1.2 Summary of negative complement regulators. 

Table adapted from Noris and Remuzzi, 2019 (Noris and Remuzzi, 2013). 

 

1.3.7 Complement therapeutics  

Complement dysregulation due to excessive activation or insufficient regulation can cause 

unwanted inflammation and immune responses which can induce complement-mediated 

diseases. De novo or acquired mutations leading to deficient, reduced or aberrant 

complement components can cause disease, those most classically associated with 

complement dysregulation being C3 glomerulopathy (C3G), atypical haemolytic syndrome 

(aHUS), age-related macular degeneration (AMD) and paroxysmal nocturnal haemoglobinuria 

(PNH). Sometimes, complement mediated diseases can be triggered by bacterial infections 

such as Shiga toxin-producing escherichia coli haemolytic uremic syndrome (STEC-HUS) or 

Pneumococcal HUS (Wong and Kavanagh, 2018). Furthermore, complement can drive 

pathology in more common diseases including IRI, coronavirus disease 2019 (COVID-19), 

rheumatic diseases and atherosclerosis (West et al., 2024). 

In complement associated diseases, complement regulating therapeutics can be employed to 

reduce pathogenic complement activation and associated consequences. The most successful 

and well-known treatment is Eculizumab, an anti-C5 antibody used to treat atypical aHUS and 

PNH (Socié et al., 2019). More recently Ravulizumab, an anti-C5 antibody similar to eculizumab 
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but with a longer half-life due to bioengineered changes that allow recycling from the 

lysosomal pathway and better residency on neonatal Fc receptors has been developed. It has 

since been introduced as a replacement to Eculizumab (Kulasekararaj et al., 2022, Syed, 2021). 

Danicopan, a FD inhibitor was approved for use as an add-on therapy to Eculizumab and 

Ravulizumab to treat PNH (Lee et al., 2023), while Iptacopan, a FB inhibitor has been approved 

for use in patients with PNH (Latour et al., 2024). However, despite the success of Eculizumab 

and clear evidence of complement dysregulation across a broad range of diseases, the number 

of FDA approved complement regulators remains limited (West et al., 2024). These 

treatments are summarised in Table 1.3. 
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Therapeutic  Mechanism of action Target disease 

Eculizumab Anti-C5 antibody PNH (Hillmen et al., 2006), 

aHUS (Legendre et al., 2013), 

NMOSD (Pittock et al., 

2022), and adult anti-AchR-

positive gMG (Howard et al., 

2017) 

Ravulizumab Anti-C5 antibody PNH (Kulasekararaj et al., 

2022), aHUS (Syed, 2021), 

and adult anti-AchR-positive 

gMG (Vu et al., 2023) 

Sutimlimab Anti-C1s antibody CAD (Röth et al., 2021) 

Vilobelimab Anti-C5a antibody COVID-19* (Vlaar et al., 

2022) 

Avacopan C5aR1 antagonist AAV (Jayne et al., 2021) 

Pegcetacoplan C3 small peptide inhibitor PNH (de Latour et al., 2022), 

GA secondar to AMD (Heier 

et al., 2023) 

Danicopan Anti-FD antibody  PNH (Lee et al., 2023) 

Iptacopan Anti-FB antibody  PNH (Latour et al., 2024) 

Table 1.3 Summary of FDA approved complement therapeutics (as of October 2024). 

Abbreviations: Neuromyelitis optica spectrum disorder (NMOSD), acetylcholine receptor 
antibody (AchR), generalised myasthenia gravis (gMG), cold agglutinin disease (CAD), C5a 
receptor 1 (C5aR1), ANCA-associated vasculitis (AAV), geographic atrophy (GA). 
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1.4 COMPLEMENT IN ISCHAEMIA REPERFUSION INJURY  

1.4.1 Complement activation exacerbates ischaemia reperfusion injury 

During IRI, DAMPs are released from damaged tissue while formation of neoantigens and 

immune complexes also occurs. This can lead to activation of all three complement pathways 

(Danobeitia et al., 2014). MAC formation causes direct lysis of tubular epithelial cells (Zhou et 

al., 2000). The anaphylatoxins C3a and C5a cause infiltration of immune cells and 

proinflammatory cytokine and ROS release, they then cause further activation of the incoming 

immune cells (Peng et al., 2012). C3aR/C5aR ligation causes activation of the endothelium and 

tubular epithelium, which alongside activated macrophages, will release pro fibrotic factors 

TGF-β and platelet derived growth factor (PDGF), activating fibroblasts (Boor et al., 2007, Bao 

et al., 2011). In proximal tubular epithelial cells, TGF-β can downregulate C3 and C5 (Gerritsma 

et al., 1998), however in small airway epithelial cells, it reduces C3aR/C5aR expression(Gu et 

al., 2014). 
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Figure 1.9 The role of the complement system in ischaemia reperfusion injury. 

 Ischaemically damaged kidneys release DAMPs that activate all three complement pathways. 
The anaphylatoxins C3a and C5a bind their respective ligands C3aR and C5aR on leucocytes, 
endothelial cell and tubular epithelial cells leading to the infiltration of leucocytes which 
release cytokines and ROS. Activated monocytes, tubular epithelial cells and endothelium also 
release pro-fibrotic factors PDGF and TGF-β Formation of the MAC directly lyses tubular 
epithelial cells.  

 

During IRI, the complement system plays a crucial role in regulating adaptive immunity. CR2, 

present on follicular dendritic cells (FDCs) and B-cells, detects antigens opsonised by C3d. The 

interaction between C3d-opsonised antigen and CR2 aids in retaining the target antigen on 

FDCs within B-cell zones of lymphoid tissue and enhances the stimulation of B-cells (Carroll 

and Isenman, 2012). Additionally, the relationship between the complement system and T-

cell activity has been demonstrated in mice deficient in DAF who exhibit increased 

complement activation and heightened T-cell responses upon antigen reintroduction (Liu  et 

al., 2005). Furthermore, C5a can directly bind to C5aR on APCs and T-cells, impacting T-cell 

immunity (Cravedi et al., 2013, van der Touw et al., 2013).  
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Complement activation is also linked with the coagulation pathway. When activated, the 

coagulation pathway ultimately leads to production of factor Xa, which with factor Va, cleaves 

prothrombin to thrombin. Thrombin converts fibrinogen to fibrin, causing fibrin-mediated  

blood clots (Grover and Mackman, 2019). The structure of the catalytic domain of thrombin is 

similar to MASP-1, meaning MASP-1 can also cleave fibrinogen and other components of the 

coagulation cascade, including factor XIII and thrombin activatable fibrinolysis Inhibitor 

(Matsushita et al., 2013). Furthermore, MASP-2 can generate thrombin through prothrombin 

cleavage (Krarup et al., 2007).  

Conversely, the coagulation system can lead to activation of the complement system. 

Kallikrein, a protease of the coagulation system, can release C5a, directly cleave C3 and cleave 

FB, activating C3 convertase formation (Wiggins et al., 1981, DiScipio, 1982, Thoman et al., 

1984). Additionally, thrombin can proteolytically cleave C5, generating C5a and C5b, while 

coagulation components FIXa, FXa, FXIa, thrombin and plasmin can cleave both C3a and C5a. 

Furthermore, platelet activation and P-selectin release, downstream effects of the 

coagulation cascade, can also activate the complement system (Del Conde et al., 2005).  

The complement system also has interactions with hypoxia-inducible factor (HIF) which is 

involved in the protective cellular adaptation to hypoxia. HIF-1 transcription factor activation 

in hypoxic cells is a key pathway of this protective mechanism (Liu et al., 2022). The subunit 

HIF-1α leads to an increase in C3 and C5b-9 deposition on glomerular endothelial cells (Qi et 

al., 2022). 

1.4.2 Clinical evidence of the involvement of complement in ischaemia reperfusion injury   

Complement dysregulation has been implicated in the pathogenesis of ischaemia reperfusion 

injury in the clinical setting. Complement activation begins in the brain-dead donor prior to 

organ retrieval, with elevated systemic complement activation seen in deceased donors 

(Damman et al., 2015). This complement activation does have consequences for recipients as 

donor plasma levels of MAC are associated with acute rejection and worse graft function in 

the recipient (Damman et al., 2011, Błogowski et al., 2012). More specifically, brain death is 

associated with increased donor plasma C5a and increased C5aR expression in kidneys, when 

compared to living donors, which mediates renal inflammation via the C5/C5aR axis (van 

Werkhoven et al., 2013). Increased expression of complement-regulated genes is also seen in 

brain dead donors and is correlated with poor graft function (Naesens et al., 2009). 
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Furthermore, traumatic injury can lead to rapid complement activation and dysfunction in 

donors which will include a proportion of deceased donors (Burk et al., 2012). 

1.4.3 Animal models investigating complement and ischaemia reperfusion injury   

IRI of the kidney can be modelled in live mice through clamping and then unclamping of renal 

arteries and veins under anaesthetic. This model has been utilised to evaluate the role of 

complement in the response to IRI by using mice that lack specific key complement 

components. Mice deficient in C3 have improved responses to IRI through a reduction in 

immune cell infiltration and improved kidney function associated with less morphological 

injury (Zhou et al., 2000, Sheerin et al., 2008, Pratt et al., 2002). However, when C3-/- mice 

receive a kidney transplant from a wild type (wt) mouse, they experience poor graft survival, 

similar to that seen in wt mice with wt kidneys (Pratt et al., 2002). Conversely, when C3-/- 

kidneys are transplanted into wt mice, they experience full recovery from IRI (Sheerin et al., 

2008). These data show that the kidney is an important source of complement in IRI. 

The improved kidney function associated with reduced morphological injury and immune cell 

infiltration noted in C5 and C6 deficient mice following IRI also indicates a role for the MAC in 

the pathogenesis of IRI (Zhou et al., 2000, Boor et al., 2007). Furthermore, the C3a/C3aR and 

C5a/C5aR ligand/receptor pairs have also been shown to promote IRI, as C3aR and C5aR 

deficiency attenuates IRI, with C5aR deficiency granting the most marked improvement, 

reducing inflammation, fibrosis, immune cell infiltration and improving kidney function (Peng 

et al., 2012, Bao et al., 2011). Conversely, DAF deficient mice experience enhanced T-cell 

responses following IRI which exacerbate disease severity, highlighting the importance of 

complement regulation (Liu  et al., 2005). 

FB deficient mice also have an improved response to renal IRI with reduced morphological 

injury, C3 deposition and neutrophil infiltration, implicating a key role for the AP in IRI 

(Thurman et al., 2003). The LP is also involved in IRI as mice deficient in MBL have reduced 

kidney injury following IRI with less C3 deposition, C3a (desArg) levels and tubular necrosis 

compared with wt mice (Møller-Kristensen et al., 2005). More recently, collectin-11 (CL-11), a 

soluble C-type lectin that binds serine proteases MASP-1, -2 and -3 has been associated 

strongly with the pathogenesis of IRI, with CL-11 deficient mice experiencing protection from 

IRI through reduced complement deposition (Farrar et al., 2016). Mice deficient in C4 and IgM 
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and IgG however, are not protected from IRI, suggesting that the CP, and to some extent the 

LP are not involved in IRI (Park et al., 2002, Zhou et al., 2000). 

1.4.4 Complement therapeutics for ischaemia reperfusion 

Few complement inhibitors are approved for use clinically on humans, with none currently 

available for the treatment of IRI. To date, only three complement inhibitors have been trialled 

in humans for the prevention of IRI in kidneys. Eculizumab significantly prevents graft loss in 

patients with aHUS through regulation of uncontrolled complement activation which often is 

present in these patients (Glover et al., 2023). Furthermore, in a rat model of IRI, Eculizumab 

improved graft survival and DGF (Yu et al., 2016). However, in a non-aHUS transplantation 

patients, Eculizumab was unable to prevent DGF or improve graft function following 

transplantation when added to kidneys ‘cold’ prior to perfusion (Schröppel et al., 2020).  

Administration of Mirococept, a complement inhibitor derived from CR1, to kidney transplant 

recipients was also unsuccessful at improving graft outcomes. However, this could have been 

due to dosing issues as mirococept was undetectable in patients following transplant 

(Kassimatis et al., 2021). C1INH has been assessed as a treatment to prevent DGF through 

administration to transplant patients intraoperatively, then again at 24 hours following 

transplant. While C1INH administration did not meet the primary endpoint of the study which 

was a reduction in DGF, significantly fewer dialysis sessions were required in treated patients, 

while renal function was significantly better at 1-year post transplant. These improvements 

were most marked in those patients at the highest risk of DGF (Jordan et al., 2018). 

A number of therapies have been assessed in animal models of renal IRI. These are 

summarised in Table 1.4. Silencing RNAs (siRNAs) can be used to reduce expression of 

complement components. C3 and C5aR siRNAs have successfully reduced expression of their 

respective targets, improving kidney function and morphological injury and reducing immune 

cell infiltration and inflammatory cytokine levels in mouse models of IRI (Zheng et al., 2006, 

Zheng et al., 2008). Antagonists targeting C5aR preventing the action of the C5a/C5aR axis 

have been used in mouse and rat IRI models to prevent injury (Gueler et al., 2008, Arumugam 

et al., 2003, de Vries et al., 2003a). Antibodies against key components of the complement 

pathways can be administered to inhibit the action of the complement cascade, as anti-FB and 

C5 antibodies have successfully ameliorated injury in mouse models of IRI (Thurman et al., 

2006, de Vries et al., 2003b). Complement inhibitors have also been administered to kidneys 



   

 

28 
 

in a range of models. C1-INH has been administered in mouse and porcine models of IRI, and 

in a porcine auto transplant model with success improving kidney function, while reducing 

fibrosis, apoptosis and immune cell infiltration (Castellano et al., 2010, Danobeitia et al., 2017, 

Delpech et al., 2016). A modified fusion complement inhibitor, CRIg/FH reduced inflammatory 

cytokine levels, while reducing complement activation and morphological injury in a rat IRI 

model (Hu et al., 2018). CR1 administered to mice undergoing IRI led to improved renal 

function, and a reduced T-cell response (Pratt et al., 2003). 
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Treatment 

category 

Treatment 

name 

Mechanism of 

action 

Treatment outcome 

siRNA C3 siRNA (Zheng 

et al., 2006) 

C3 silencing Improved renal function, improved 

histopathology, ↓ TNF-α 

C5aR siRNA 

(Zheng et al., 

2008) 

C5aR silencing  Improved renal function, ↓ TNF-α, 

CXCL2 and CXCL1, reduced neutrophil 

influx and cell necrosis 

Antagonist C5aR antagonist 

(Gueler et al., 

2008, 

Arumugam et 

al., 2003, de 

Vries et al., 

2003a, Boor et 

al., 2007) 

Prevents 

C5a/C5aR 

binding  

Reduced monocyte/macrophage and 

neutrophil infiltration, improved graft 

survival, kidney function and histology, 

↓ ICAM-1, TNF-α, MPO and AST, 

reduced vascular leakage and 

haematuria, reduced fibrosis 

Antibody  Anti-FB 

(Thurman et al., 

2006) 

Inhibits FB 

activity 

↓ C3b deposition and systemic C3a, 

improved histology and kidney 

function, reduced apoptosis 

Anti-C5 (de 

Vries et al., 

2003b) 

Inhibits C5 

activity 

Improved renal function, ↓ MAC 

formation and C3 deposition, ↓ CXCL2 

and CXCL1, ↓ apoptosis, reduced 

neutrophil infiltration 

Complement 

inhibitors 

C1-INH  

(Delpech et al., 

2016, 

Castellano et 

al., 2010) 

Inhibition of C1 Improved renal function, ↓ C5a 

release and C3b deposition, ↓ TGF-β1, 

IL-6, CXCL1 and MCP-1, reduced 

fibrosis and apoptosis, reduced 

macrophage, t-lymphocyte and 

neutrophil infiltration, reduced EMT 

CRIg/FH (Hu et 

al., 2018, Pratt 

et al., 2003) 

CP and AP 

inhibition 

Reduced apoptosis, improved 

histology, ↓ IL-1β, IL-4, IL-12p40, ↑ IL-

4, TNF-α, IL-10 and IL-5, ↓ C3d, MAC 

↓ PI3K/Akt signalling 
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CR1 (Pratt et al., 

2003) 

Decay 

accelerating 

and CFA 

Improved renal function, reduced 

rejection and t-cell response, ↓ MPO, 

↓ C3d and MAC 

Table 1.4 Summary of treatments investigated in animal models of renal IRI. 

Abbreviations: Tumour necrosis factor (TNF), chemokine CXC ligand 2 (CXCL2), chemokine CXC 
ligand 1 (CXCL1), myeloperoxidase (MPO), aspartate aminotransferase (AST), interleukin (IL), 
monocyte Chemoattractant Protein-1 (MCP-1), epithelial–mesenchymal transition (EMT), 
phosphatidylinositol 3-kinase (PI3K). 
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1.5 FACTOR H  

1.5.1 Factor H structure and function 

As activation of the AP is ubiquitous and C3b deposition is not specific to non-self-cells it must 

be tightly regulated to avoid damage to the host. FH, the main regulator of the AP, is a soluble 

plasma glycoprotein containing 20 SCRs. It is synthesised predominantly by the liver and found 

in concentrations of around 200 - 700μg/mL in plasma (Schwaeble et al., 1987, Makou et al., 

2013). The gene for FH is on chromosome 1 within the Regulators of Complement (RCA) gene 

cluster (Rodriguez de Cordoba et al., 1985). 

FH regulates the AP in several ways. FH prevents C3bBb formation through binding of C3b, 

stopping its association with FB. The first four SCRs of the N-terminal domain of FH bind C3b 

extensively over multiple C3b regions including the thioester domain and CUB domain (Makou 

et al., 2013). SCRs 19-20 on the carboxyl (C)-terminus are also able to recognise C3b and bind 

on a region proximal but distinct from that bound by SCRs 1-4, allowing FH to bind the same 

molecule of C3b at two different points (Morgan et al., 2011). The central region of FH (SCRs 

8-15) is able to form a hinge like structure allowing FH to bend back on itself and allowing both 

SCRs 1-4 and 19-20 to bind C3b simultaneously. The configuration of FH can switch from a 

preferentially latent form with low C3b affinity, to an active conformation with high C3b 

affinity in the presence of C3b bound to self-cells (Makou et al., 2013). 

FH binds self-cells specifically through SCRs 19-20 and 6-8. SCRs 19-20 recognise and bind both 

glycosaminoglycans (GAGs) and sialic acids, while SCRs 6-8 can bind only GAGs (Makou et al., 

2013, Parente et al., 2017). FH has a higher affinity for C3b found on self/non-complement 

activator cells due to the presence of polyanions including sialic acid, sulphated heparin and 

GAGs found in abundance on mammalian cell surfaces. This allows for the continued 

activation and activity of the AP on activator cells including opsonisation and the formation of 

C3bBb, while protecting non-activator host cells.  

Furthermore, FH disrupts the C3b amplification loop by accelerating decay of C3 and C5 

convertases by displacing the C3b bound to Bb through electrostatic repulsion via steric 

hinderance mechanisms by FH’s first four N-terminal complement SCRs (1-4) (Wu et al., 

2009a). 
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FH also regulates AP activity by acting as a cofactor for FI, facilitating the cleavage of C3b to 

iC3b. The interaction between FH and C3b facilitates binding of the serine protease FI to C3b 

by providing a large binding surface proximal to the CUB domain, allowing for its proteolytic 

cleavage (Makou et al., 2013). 

 

 

Figure 1.10 The binding sites of factor H. 

The 20 contiguous SCRs of FH consist of around 60 amino acids and are connected by linkers. 
Different regions of the FH protein are responsible for different functional activities including 
GAG binding, sialic acid binding, C3b binding, decay accelerating activity and cofactor activity.  

 

1.5.2 Factor H related proteins 

Five FH related (FHR) proteins exist, FHR-1, FHR-2, FHR-3, FHR-4 and FHR-5 that are encoded 

by the RCA gene cluster (Cantsilieris et al., 2018). Although the functions of the FHRs are not 

entirely characterised, their importance is indicated through the relationship between 

alterations in FHR genes and disease including IgA nephropathy, aHUS, AMD, C3G, and 

invasive meningococcal disease. The FHRs have homology with the surface recognition 

domains of FH, allowing them to bind C3 activation products, GAGs and heparin. While some 

evidence exists that large quantities of FHRs can control complement (Poppelaars et al., 2021), 

the primary established function of FHRs is antagonism of FH, preventing the complement 

regulatory activity of FH, enhancing AP activation (Hebecker and Józsi, 2012, Tortajada et al., 

2013, Goicoechea de Jorge et al., 2013). FHRs -1, -2 and -5 can form homodimers and 

heterodimers through a dimerisation motif in their N-terminal domains which aids in the 

deregulation of FH (Goicoechea de Jorge et al., 2013). These dimers have the ability to bind 

complement fragments including C3b. C3 fragments which are bound to these 

dimers/heterodimers rather than FH, continue to be active, leading to dysregulation of 

complement and uncontrolled AP activation, leading to complement related disease. Patients 

with mutations altering CHFR genes, including duplicated dimerisation motifs, have an 
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increased rate of deregulation, and can develop C3 glomerulopathy (Goicoechea de Jorge et 

al., 2013).  

1.5.3 Factor H in disease  

FH deficiency in humans can lead to kidney disease including aHUS and C3G. Complement 

mutations account for around 50% of all aHUS cases which present as AKI, thrombocytopenia 

and microangiopathic haemolytic anaemia due to complement dysregulation (Goodship et al., 

2017). Around 25% of complement-mediated aHUS cases stem from inherited FH mutations 

(Kavanagh et al., 2013). These mutations are generally heterozygous, leading not to a 

quantitative deficiency, but impaired surface binding of FH to GAGs, sialic acids and C3b due 

to mutations in the C-terminal domains of FH. The mutations are predisposing rather than 

directly causative, with penetrance being age related (64% at 70 years of age) (Kavanagh et 

al., 2013, Wong and Kavanagh, 2018). FH autoantibodies in acquired aHUS similarly 

predominately affect the FH C-terminal domains (Dragon-Durey et al., 2005).  

C3G is an umbrella term encompassing a group of diseases including dense deposit disease 

(DDD) and C3G glomerulonephritis (C3GN) caused by uncontrolled complement activation 

leading to complement deposition in the glomerulus. These diseases differ depending on the 

density and location of complement deposits. Both diseases generally present as proteinuria, 

haematuria and progressive renal failure. Inherited abnormalities that lead to C3G often cause 

dysregulation of the AP in the fluid phase through quantitative deficiencies in FH leading to 

uncontrolled AP activation (Wong and Kavanagh, 2018). FH autoantibodies can also cause C3G 

and tend to impair FH function by binding the N-terminal domain (Zhang et al., 2012). 

Recurrence of disease following transplantation is high in both aHUS and C3G. Eculizumab is 

currently used to treat complement mediated aHUS with reasonable success and has been 

shown to be effective in treating C3G in some cases (Licht et al., 2015, Bomback et al., 2012). 

Due to the role of abnormal FH in the development of aHUS and C3G, FH replacement 

therapies have the potential to be beneficial therapeutically. Administration of plasma 

containing functional FH has been previously successful in treating patients with deficiencies 

in FH. Upon receiving plasma therapy, in general renal function and haematological features 

of thrombotic microangiopathy improved, only to relapse on cessation of plasma therapy 

(Licht et al., 2005, Kim et al., 2011). 
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1.5.4 Mini factor H  

The key FH SCRs involved in AP regulation and self-recognition in human FH possess the same 

properties in mouse FH, with high homology between FH of both species (Cheng et al., 2006). 

Considering the importance of these SCRs, a mini-complement FH construct was generated by 

Nichols et al., 2015 consisting of SCRs 1-5 of FH bound to SCRs 18-20 (FH1–5^18–20), molecular 

weight ~36-59kDa. This construct bound to both C3b and heparin, a function vital to both 

complement regulation and self-recognition. FH1–5^18–20 was found to protect C3b-coated 

sheep red blood cells (SRBCs) from lysis when incubated with FI to a greater extent than full 

length serum derived FH, confirming the ability of FH1–5^18–20 to act as a cofactor for FI in the 

inactivation of C3b. FH1–5^18–20 also displayed decay-accelerating activity similar to that of full-

length FH through its ability to decay C3bBb, although it did not confer more protection to 

SRBCs in classical fluid phase assays.  

FH1–5^18–20 did not restore plasma C3 levels in CFH-/- mice as effectively as full-length FH. A 

single intraperitoneal injection of 12 nmol increased plasma C3 to levels of around 20% of that 

seen in wild type animals 6hr post injection, compared with a 60% increase from a 3 nmol 

injection of FH. However, glomerular C3 staining was significantly reduced upon FH1–5^18–20 

injection with a similar efficacy to FH, although the dose of FH1–5^18–20 given was 4x higher. A 

major difference between FH1–5^18–20 and FH was serum half-life. Plasma FH1–5^18–20 was only 

just detectable 6 hours post injection of 12 nmol, compared with FH plasma levels which had 

reduced only slightly at 6 hours following 3 nmol injection. 

Despite having a 50-fold lower half-life than FH, some properties of FH1–5^18–20 appear to 

confer positive benefits that could overcome deregulation by FHRs, an issue faced by 

FH. (Nichols et al., 2015) found that FH1–5^18–20 is significantly more resistant to deregulation 

than FH. The occurrence of excessive complement activation in response to aseptic tissue 

injury in individuals with normally functioning FH indicates that FH can be overwhelmed, or 

that internal factors impair the ability of FH to regulate AP activation. Annexin 2 (A2) is one 

such factor. (Renner et al., 2016) identified that A2 binds FH, stopping fluid phase regulation, 

FI cofactor activity and preventing FH from binding to host surfaces. A2 deposition on tubular 

epithelial and outer medulla cells is increased following IRI and leads to increased complement 

activation. A2 - FH binding and inactivation could therefore be a factor in renal injury post-
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transplant. A2 binds SCR’ 6-8 of FH. Administration of FH1–5^18–20 could therefore potentially 

circumvent A2 – mediated FH binding and uncontrolled complement activation.  

1.5.5 Homodimeric minimal-factor H  

To improve the serum half-life of FH1–5^18–20, (Yang et al., 2018) introduced the first two N-

terminal domains of FHR1 to either the C-terminus, or N-terminus of FH1–5^18–20, creating  FH1–

5^18–20R1-2 and FHR1-21–5^18–20 respectively, which had the potential to self-dimerise. The 

resulting homodimeric mini-FH (HDM-FH) constructs could be readily produced in CHO cells. 

Both HDM-FH constructs displayed increased cofactor activity in the fluid phase compared 

with FH1–5^18–20 or FH when incubated with C3b and FI, with the greatest activity seen with 

FH1–5^18–20R1-2. The HDM-FH constructs also displayed increased binding avidity to C3b, iC3b, 

C3d and analogues of GAGs when compared with both FH and FH1–5^18–20, with FHR1-21–5^18–20 

consistently showing the highest binding. Furthermore, both constructs conferred protection 

to human C3b coated SRBCs, indicating an ability to regulate complement activation through 

cofactor and decay-accelerating activity on surfaces expressing sialic acids similar to those 

presented on human cell surfaces. 

 

Figure 1.11 The structure of HDM-FH 

HDM-FH used in this project (FH1-5^18-20^R1-2) consists of SCRs 1-5 and 18-20, with the first two N-
terminal domains of FHR-1 joined to the C-terminal. The green bars indicate artificial linkers. 

  

C3 deposits in the kidneys of CFH-/- mice were reduced to almost background levels 48 hours 

post intraperitoneal injection of both HDM-FH constructs, with significant improvement in 

complement regulatory activity when compared with FH1–5^18–20 and FH, particularly from FH1–

5^18–20R1-2; even at doses as low as 0.375 nmol (compared to a dose of 3 nmol of the other 

proteins). FH1–5^18–20R1-2 led to almost complete restoration of plasma C3 24 hr post injection.  

Furthermore, the HDM-FH constructs were found binding to glomerular C3b fragments 24 

hours post injection. 
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Importantly, the HDM-FH constructs had 5-fold increased serum half-lives compared to FH1–

5^18–20, and were still detectable at 48 hours, with FH1–5^18–20R1-2 providing a significant 

reduction in glomerular C3 staining through until 96 hours post injection. The T1/2 of the HDM-

FH constructs however were still around half that of FH. 

Dimerisation of FH1–5^18–20 did not cause any significant steric hinderance and in fact increased 

AP regulation properties such as cofactor activity, decay accelerating activity, recognition of 

self-cells and binding of C3 fragments. Increased binding avidity to C3 fragments could assist 

in the homing of HDM-FH constructs to damaged cell surfaces experiencing high levels of 

complement activation when many of these fragments are present. Increased C3 fragment 

and GAG binding when compared with FH indicates the potential of the HDM-FH constructs 

as therapeutic agents inhibiting complement on self-cells. 
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1.6 MACHINE PERFUSION OF KIDNEYS   

Evidence correlating CIT with worse transplant outcomes highlights that despite SCS being 

standard practice for transport and storage of organs, it is far from ideal. Hypothermia reduces 

metabolism by 90%-95%, slowing the deleterious processes of ischaemia including ATP 

depletion, mitochondrial dysfunction and ROS production. However, these processes cannot 

be totally abolished and can lead to cellular damage. Ex vivo machine perfusion was developed 

not only as an alternative storage method, but as a potential way to recover kidney function 

prior to transplant. 

1.6.1 Hypothermic machine perfusion  

Hypothermic machine perfusion (HMP) is a strategy used for organ preservation and 

restoration. During HMP, kidneys are perfused with acellular preservation solution which 

provides nutrients and electrolytes at 4oC to 8oC whilst maintaining osmotic balance. This 

perfusate enters the kidney via a cannula at the renal artery which connects the kidneys to a 

perfusion device. The pressure at the renal artery is kept at 25 to 30 mm Hg to avoid 

endothelial injury and oedema (Radi, 2023). As cellular metabolism is still occurring during 

hypothermia, albeit at a slower pace, oxygenated hypothermic perfusion is also possible, to 

restore depleted ATP levels via aerobic metabolism (Patel et al., 2019, Thuillier et al., 2013). 

HMP as an alternative to SCS can reduce rates of DGF in DBD and DCD kidneys (Tingle et al., 

2019), and improve 3-year graft survival (Peng et al., 2019). Active metabolism can be 

maintained during HMP, as evidenced by increased metabolites including glutamate, lactate, 

fumarate, acetate and aspartate in grafts following HMP (Nath et al., 2017). HMP can improve 

microvascular perfusion through upregulation of nitric oxide synthase and Kruppel-like 2 

transcription factor and downregulation of ET-1 (Chatauret et al., 2014). Inflammatory 

cytokine release through ICAM-1 expression is also reduced by HMP, while apoptosis and 

caspase-3 production can be reduced through the ezrin/AKT pathway (Zhang et al., 2016, Tozzi 

et al., 2013). 

1.6.2 Ex vivo normothermic perfusion   

Ex vivo normothermic perfusion (EVNP) is an organ preservation technique that is more 

physiological than HMP. During EVNP kidneys are perfused with an oxygen carrying solution, 

often packed red blood cells suspended in crystalloid containing additives that can include 
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insulin, glucose, dexamethasone, mannitol, epoprostenol, sodium bicarbonate and 

antibiotics. This solution is oxygenated using extracorporeal membrane oxygenation (ECMO) 

and warmed to 37oC. The kidney is connected to a perfusion circuit which will pump the 

perfusate solution at physiological pressures via the renal artery. Cellular metabolism can be 

entirely restored during EVNP, allowing assessment of kidney function.  

The current technique for EVNP of large animal/human organs was first described in 2008 by 

(Bagul et al., 2008). This study describes the ability of EVNP to restore metabolism and 

improve kidney function as an alternative storage method to SCS. Despite promising early 

studies indicating that EVNP was a safe and feasible alternative preservation method that may 

improve graft outcomes (Hosgood and Nicholson, 2011, Nicholson and Hosgood, 2013), a 

recent multi-centre clinical trial did not achieve its primary endpoint goal of reducing DGF 

when EVNP was used in addition to SCS (Hosgood et al., 2023). Although EVNP can restore 

cellular metabolism and improve kidney function upon reperfusion, the EVNP circuit itself is a 

pro-inflammatory environment, leading to increased cytokine release, without necessarily 

improving downstream key ischaemic/kidney injury markers (Hosgood et al., 2013). 

EVNP has also been used as a method to assess the suitability of kidneys for transplant to 

widen the donor pool. A quality assessment score (QAS) was devised to grade kidneys 

undergoing EVNP based on macroscopic perfusion, renal blood flow and urine output. A 

number of kidneys that would have otherwise been declined for transplant, largely due to 

poor in situ flushing were successfully transplanted following a good QAS (Hosgood et al., 

2018). 

1.6.3 Therapies administered during ex vivo normothermic perfusion   

As EVNP closely mirrors physiological conditions, it provides an excellent platform in which to 

test novel therapeutics. EVNP is a unique system as a whole, metabolically active, isolated 

organ can be directly administered with a therapeutic agent. Organ function can then be 

monitored in real time, with tissue, perfusate and urine samples collected for downstream 

analysis. Currently a number of different therapies have been administered and assessed 

during EVNP. These are summarised in Table 1.5. 

Multiple studies have administered mesenchymal stem cells (MSCs) to kidneys during EVNP 

due to their immunomodulatory properties. MSCs do not appear to illicit a change in perfusion 
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haemodynamics or urine output. Some studies did however observe a reduction in 

inflammatory cytokine release and tubular injury marker neutrophil gelatinase-associated 

lipocalin (NGAL) (Pool et al., 2020), while others observed no difference in injury markers and 

an increase in inflammatory cytokines (Lohmann et al., 2021, Pool et al., 2019). More positive 

results were seen following perfusion with Multipotent Adult Progenitor Cells (MAPCs), a cell 

type similar to MSCs, as they are derived from the same source, but that have different culture 

and expansion characteristics. Perfusion with MAPCs led to improved microvascular flow, 

urine output, and lowered NGAL and inflammatory cytokine levels (Thompson et al., 2021).  

Bioengineered nanoparticles encapsulate drugs that are released slowly during nanoparticle 

hydrolysis. Administration directly to kidneys caused microvascular obstruction due to 

accumulation within poorly perfused regions of the vasculature (Tietjen et al., 2017). To 

circumvent this, lysis of microvasculature obstructions was attempted. Treatment with 

plasminogen and tissue plasminogen activator (tPA) clears microvasculature plugs of red cell 

aggregates that are triggered by EVNP, improving nanoparticle vascular targeting and 

perfusion haemodynamics (DiRito et al., 2021). Treatment with tPA and plasminogen plus 

thrombin and platelet inhibitor further improves haemodynamics (Olausson et al., 2022). 

A Caspase-3 siRNA delivered during EVNP reduced tissue apoptosis and improved kidney 

function and haemodynamics during EVNP (Yang et al., 2011), while an anti-CD47 antibody 

improved haemodynamics, oxidative stress and histological damage (Hameed et al., 2020). 

Conversely, treatment with an antagomir against mir-24-3p and a recombinant complement 

receptor 1 had no beneficial effect when administered during EVNP (Thompson et al., 2022, 

Kassimatis et al., 2021). 

These studies demonstrate that EVNP is a feasible platform for the delivery of therapeutics, 

with many different categories of treatment successfully reaching and remaining within 

kidney vasculature, exerting a range of effects on function and downstream parameters.  
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Therapy Author Model Effects of therapy 

MSC Pool et al., 

2019 (Pool et 

al., 2019) 

Porcine EVNP, 7 

hours 

No changes 

MSC Lohmann et 

al., 2020 

(Lohmann et 

al., 2021) 

Porcine EVNP, 4 

hours following 

14 hours 

oxygenated HMP 

No changes 

MSC Pool et al., 

2020 (Pool et 

al., 2020) 

Porcine EVNP, 7 

hours 

↓ Lactate dehydrogenase and NGAL, 

↑ human HGF, IL-6, IL-8 

MAPC Thompson et 

al., 2020 

(Thompson et 

al., 2021) 

Human EVNP, 7 

hours 

↓ NGAL, IL-1β, ↑IL-10, Indolamine-2, 

3-dioxygenase, microvascular 

perfusion, urine output 

Nanoparticles Tietjen et al, 

2017 (Tietjen 

et al., 2017) 

Human EVNP, 4 

hours 

Widespread vessel plugging and poor 

perfusion 

Plasminogen 

and tPA, plus 

nanoparticles 

DiRito et al., 

2020 (DiRito 

et al., 2021) 

Human EVNP, 90 

minutes 

Lysis of microvascular obstructions, ↓ 

NGAL, IL-6, ICAM-1, ↑ urine output. 

Although nanoparticle targeting was 

improved, the nanoparticles had no 

effect 

Lys-

plasminogen, 

ATIII and tPA 

Olausson et 

al., 2022 

(Olausson et 

al., 2022) 

Porcine EVNP, 3 

hours 

↓ Vascular resistance, ↑ Arterial flow 

Caspase-3 

siRNA 

Yang et al., 

2011 (Yang et 

al., 2011) 

Porcine EVNP, 3 

hours  

↓ Apoptosis, ↑ oxygen consumption 

and blood flow 

αCD47 

antibody 

Hameed et 

al., 

Porcine EVNP, 1 

hour 

↑ Blood flow, ↓ oxidative stress and 

histological damage  
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2020(Hameed 

et al., 2020) 

Mirococept 

(recombinant 

CR1) 

Kassimatis et 

al., 2020 

(Kassimatis et 

al., 2021) 

Porcine EVNP, 3 

hours 

No effect 

Mir-24-3p 

antagonist 

Thompson et 

al., 2021 

(Thompson et 

al., 2022) 

Human EVNP, 6 

hours 

↑ HMOX1 and S1PR1 gene expression 

 
Table 1.5 Summary of therapeutics assessed during EVNP. 

Abbreviations: Hepatocyte growth factor (HGF), tissue plasminogen activator (tPA), 
antithrombin-III (ATIII), complement receptor 1 (CR1), heme oxygenase 1 (HMOX1), 
sphingosine-1-phosphate receptor 1 (S1PR1).  
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1.7 HYPOTHESIS  

Extending the warm and cold ischaemic times of porcine kidneys will lead to complement 

activation and ischaemic injury. HDM-FH, when administered to ischaemically injured kidneys 

during EVNP, will bind avidly to sites of complement deposition, regulating complement 

activation and reducing downstream ischaemic injury. 
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1.8 AIMS AND OBJECTIVES  

The role of complement in the pathogenesis of IRI is clear, with HDM-FH successfully inhibiting 

uncontrolled activation in mice, while other complement inhibitors have successfully 

ameliorated IRI in animal models. Complement inhibitors have been successful in treating 

complement mediated diseases clinically such as aHUS and PNH, however no therapeutic has 

yet been approved for the treatment of IRI. EVNP provides a useful platform on which to 

assess novel therapeutics which can be directly administered to organs while mirroring IRI. 

The overarching aim of this project is to assess the effect of HDM-FH as a treatment for IRI. 

Specific project aims will be addressed in three results chapters. These are to: 

• Establish a model of porcine EVNP with elevated complement and ischaemic injury to 

facilitate HDM-FH binding and assessment. 

• Produce HDM-FH and validate binding and complement inhibitory activity in vitro.  

• Administer HDM-FH to kidneys during EVNP and assess the effect it has on 

complement activation and downstream ischaemic injury. 
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CHAPTER 2. MATERIALS AND METHODS 

2.1 ETHICS 

Animals were euthanised according to Home Office Schedule regulations at Newcastle 

University Cockle Park Farm facility by trained animal technicians under Animal Welfare and 

Ethics Review Board (AWERB) number 854, study plan 38.  

2.2 NORMOTHERMIC MACHINE PERFUSION OF PORCINE KIDNEYS  

2.2.1 Retrieval of porcine kidneys. 

Organs from 16-week-old female white landrace pigs weighing approximately 60 kg were used 

in this study and were euthanised following Home Office schedule 1 regulations. Mr Balaji 

Mahendran or Mr Sam Tingle led and performed the kidney retrieval and benching with 

assistance from me. Animals were housed in Newcastle University Cockle Park Farm facility. 

The pigs were moved to holding pens closer to the surgical facility at least 1 week before the 

procedure to acclimatise and were always kept with other animals to reduce stress. On the 

day of retrieval, pigs were sedated by a trained animal technician via intramuscular injection 

of 5 mL Tiletamine & Zolazepam (ZoletilTM, Virbac) inside of their holding pens. When fully 

sedated, they were transported to the farm surgical facility, and lifted onto a surgical table 

where the same technician administered 25 mL Pentobarbital Sodium (EuthatalTM, Dopharma 

Research B.V.) intravenously via an ear vein causing cardiorespiratory arrest. Following 

confirmation of asystole on cardiac auscultation, a rapid midline laparotomy was performed.  

The inferior vena cava was exposed and cannulated with two clinical blood bags (Troge). The 

blood bags had been depleted of citrate-based anticoagulant, rinsed three times using saline 

(Fresenius Kabi), then spiked with 10000 I.U. sodium heparin (Panpharma) and 50 mL saline. 

At least 250 mL blood was collected into each blood bag, then the pig was exsanguinated via 

the inferior vena cava using a SAM Medical Aspirator (MGE worldwide).  

Bilateral donor nephrectomy was performed akin to clinical retrieval. This involves retrieving 

the renal artery in its entirety with a patch of aorta; ureter and renal veins were preserved. 

After a predetermined amount of time (see chapters 3 and 5), the kidneys were removed from 

the cavity of the pig and placed onto a surgical bag over ice on the back bench. Kidneys were 

flushed with 1 L of 4oC University of Wisconsin (UW) (Bridge to life) containing 25000 I.U. 
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sodium heparin via the renal artery to remove all blood. Kidneys were then stored in a surgical 

bag containing UW on ice in an insulated box for a predetermined amount of time (see 

chapters 3 and 5).  

2.2.2 Normothermic machine perfusion 

The perfusion was set up and carried out by a core team consisting of myself, Dr Beth Gibson, 

Mr Balaji Mahendran and Mr Sam Tingle. The disposable individual custom perfusion circuits 

based on a paediatric cardiopulmonary bypass technology perfusion circuit (M449802B, 

Medtronic) was set up attached to a flow probe, centrifugal pump, heat exchanger and glass 

dish (Figure 2.1 and Table 2.1). The circuit was primed with the perfusate components 

outlined in Table 2.2. The perfusate components were heated to 37oC via a heat exchanger 

continuously flowing warmed water through the oxygenator component of the circuit. The 

perfusate was oxygenated via extra corporeal membrane oxygenation using a gas mixture of 

95% O2 and 5% CO2 flowing at 100 mL/min. 

Renal arteries were cannulated with a 12 Fr cannula (77012, Medtronic), ureters were 

cannulated with enteral feeding tubes (Vygon) to allow for urine collection and the renal vein 

was left to free drain. 4oC UW solution was flushed from the kidneys using approximately 500 

mL saline via the arterial cannula. Kidneys were sat on mesh inserts on custom blown glass 

dishes that connected to the venous limb of the circuit (Cambridge glass blowing company). 

Kidneys were then connected via the renal artery (Figure 2.1) to the perfusion circuit. Urine 

was collected in a urometer. Upon connection of the renal artery to the circuit, the centrifugal 

pump speed was gradually increased via the bio-console to achieve a mean arterial pressure 

(MAP) of 75 mmHg.  

Connection of kidneys to the circuit was staggered by 5 minutes to allow time for sampling. 

The reservoir volume was kept constant during the entire perfusion through the addition of 

Ringers solution (Aquapharm no.9, Animalcare Ltd) to replace fluid loss via urine. The pH of 

the perfusate was kept within physiological limits between 7.35 and 7.45 through the addition 

of sodium bicarbonate solution (Freeflex).  



   

 

47 
 

 

 

Figure 2.1 Diagram of EVNP circuit. 

A – schematic depicting EVNP. Perfusate from the renal vein free drains into the reservoir. Key 
infusions of glucose, epoprostenol, amino acids and vitamins are continuously pumped into the 
circuit using syringe drivers. Perfusate from the reservoir is pumped around the circuit by a 
centrifugal pump. The temperature of the circuit maintained via a heat exchanger, and the 
blood is oxygenated. The pressure and flow of the arterial limb is read before blood returns to 
the kidney via an arterial cannula. B – A photograph of a pair of porcine kidneys perfusing side 
by side.   
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Perfusion circuit and hardware • Perfusion circuit (Medtronic – 

M449802B) 

• Motor 560A external drive 

(Medtronic) 

• Heater exchanger (Hico-variotherm 

550, Hico) 

• Flow probe (TX50P flow transducer, 

Medtronic) 

• Bio-console (Bio-console 560, 

Medtronic) 

• 3 Syringe drivers (Graseby) 

Perfusate components • 250 mL autologous whole blood 

containing 10000 I.U. sodium 

heparin (Panpharma) 

• 300 mL Aquapharm no.9 Ringers 

Solution (Animalcare Ltd) 

• 20 mL 10% mannitol solution 

(Polyfusor) 

• 3.75mg dexamethasone (Hameln) 

• 10 mL 8.4% sodium bicarbonate 

solution (Freeflex) 

• 40 mg Papaverine Hydrochloride 

• 0.056g Creatinine (Sigma) 

Continuous infusions • 5% glucose solution at 5 mL/hr 

(Freeflex) 

• Epoprostenol (FlolanTM, 

MercuryPharma) at 4 mL/hr 

• 1 full vial multivitamins (cernevit, 

Baxter) reconstituted in amino acid 
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solution (Synthamin, Baxter) 17 at 

20 mL/hr 

• Aquapharm no.9 Ringers Solution 

(Animalcare Ltd) matching fluid loss 

Table 2.1 Perfusion hardware drugs and fluids. 

 

2.2.3 Collection and processing of samples 

Serum and plasma samples were taken during the kidney retrieval in standard falcon tubes 

and in BD VacutainerTM Ethylenediaminetetraacetic acid (EDTA) tubes. Perfusate samples 

were taken prior to the start of the perfusion and at various time points during the perfusion 

in both plastic falcon tubes (5 mL) and BD VacutainerTM EDTA tubes. 3 mL of blood was 

collected in the EDTA tubes to ensure consistent EDTA concentrations. EDTA samples were 

taken to allow to analysis of activated complement components (Mollnes et al., 1988). Urine 

samples were collected periodically throughout the perfusion in plastic falcon tubes (6 mL). 

All blood and perfusate samples were immediately placed on ice, then spun at 2000 g for 10 

minutes at 4oC to remove cells and cellular debris. The supernatant was then aliquoted and 

stored at -80oC.  

19 mm core biopsies were taken with an 18-gauge BioPinceTM core biopsy instrument (Argon 

Medical) at the farm after kidney retrieval pre- and post-UW flush, prior to perfusion and 

throughout the perfusion. Three core biopsies were taken at 30 minutes, 120 minutes, 240 

minutes and 360 minutes, with excision biopsies of cortex and medulla taken at the end of 

perfusion. One core biopsy from each time point was fixed in formalin for 24 hours prior to 

embedding in wax according to established protocols by Cellular Pathology at the Royal 

Victoria Infirmary, Newcastle. Excision biopsies were fixed in formalin for 48 hours prior to 

embedding. One biopsy from each time point was snap frozen in liquid nitrogen, to be later 

embedded in OCT. The remaining biopsy was placed in RNAlaterTM Solution (Invitrogen) and 

moved to -80oC for long term storage. The sampling protocol is outlined in Figure 2.2. 
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Figure 2.2 Diagram of experimental timeline with sampling schedule. 

Various blood, tissue and urine samples were collected throughout the retrieval and perfusion 
process. 

 

2.2.4 Perfusate blood gas analysis 

The gas/electrolyte composition of the perfusate was measured prior to perfusion, then at 30 

minutes, 60 minutes, 120 minutes, 180 minutes, 240 minutes, 300 minutes and 360 minutes 

using a RAPIDpoint 500e Blood Gas System (Siemens). Perfusate composition was recorded 

from samples taken from the arterial limb of the circuit (Table 2.2). Perfusate samples were 

taken from the venous limb to calculate oxygen consumption only. Oxygen consumption was 

calculated by multiplying the difference in arterial and venous oxygen content by the total 

renal blood flow (RBF). This value was normalised for kidney weight to give oxygen 

consumption/100 g. The following equation was used to calculate oxygen content (Mairbäurl 

and Weber, 2012): 

(0.134 × [Hemoglobin in g L⁄ ] × (O2Hb% ÷ 100))
+(pO2 in kPa × 0.0225)
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Parameters Analyte 

Blood Gas pH 

pCO2 

pO2 

Electrolytes Na+ 

K+ 

Ca++ 

CI- 

Metabolites Glucose 

Lactate 

CO-oximetry tHb 

sO2 

O2Hb 

COHb 

MetHb 

Table 2.2 Perfusate biochemical parameters measure throughout perfusion using the 
RAPIDpoint 500e Blood Gas System.  

Abbreviations: Haemoglobin (Hb), Carboxyhemoglobin (COHb), Methaemoglobin (MetHb) 

 

2.2.5 Functional parameters 

To assess glomerular function and renal resistance (RR), urine output, RBF and MAP were 

recorded throughout perfusion. RR was calculated by dividing the MAP by the flow rate. 

Glomerular filtration was assessed by assessing creatinine levels in the perfusate. 0.056g 

creatinine (Sigma Aldrich) was added to the perfusate prior to the start of the kidney 

perfusion. Creatinine levels were measured from samples taken at 5 minutes, 30 minutes, 60 

minutes, 120 minutes and 180 minutes at the Blood Sciences department of the Royal Victoria 

Infirmary. A decay curve over time was plotted and the area under the curve was calculated 

to determine how quickly creatinine was cleared from the circuit. 
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2.3 HISTOLOGY AND IMMUNOFLUORESCENT STAINING  

All histological and immunofluorescent techniques were performed on 4 - 6 µm formalin-fixed 

paraffin-embedded (FFPE) sections or cryosections. 

All FFPE tissue sections used were dewaxed and rehydrated using xylene and graded alcohol 

following the protocol outlined in Table 2.3. 

Step  Time 

Xylene (Honeywell) 5 minutes 

Xylene (Honeywell) 5 minutes 

100% Ethanol 3 minutes 

100% Ethanol 3 minutes 

90% Ethanol 3 minutes 

70% Ethanol  3 minutes 

Running deionised (DI) water 3 minutes 

Table 2.3 Protocol for dewaxing and rehydrating of FFPE sections. 

 

Following histological staining, all FFPE sections were dehydrated and cleared following the 

protocol outlined in Table 2.4. Following dehydration and clearing they were mounted using 

a glass coverslip with non-aqueous DPX mounting media (Sigma). 

Table 2.4 Protocol for dehydrating and clearing of FFPE sections. 

  

Step  Time 

70% Ethanol  3 minutes 

90% Ethanol 3 minutes 

100% Ethanol 3 minutes 

100% Ethanol 3 minutes 

Xylene (Honeywell) 5 minutes 

Xylene (Honeywell) 5 minutes 
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2.3.1 Haematoxylin and Eosin staining 

Haematoxylin and eosin staining was used to visualise kidney morphology. Following 

dewaxing and rehydration (Table 2.3), nuclei were stained using Mayer’s haematoxylin 

(Sigma) for 4 minutes then rinsed in alkaline tap water to ‘blue’ the haematoxylin. Eosin Y 

(Sigma) was then applied to slides for 80 seconds before a brief rinse with DI water. Slides 

were then dehydrated and mounted (Table 2.4). Brightfield images of sections were then 

taken using the CMOC colour camera SC50 (Olympus) and Cellsens Standard software 

(Olympus). 

2.3.2 Periodic acid-Schiff staining  

Periodic acid-Schiff staining was used to visualise basement membranes and tubular brush 

borders. Following dewaxing and rehydration (Table 2.3), tissue was oxidised in 0.5% periodic 

acid solution (Sigma) for 5 minutes then rinsed in DI water. Slides were then immersed in Schiff 

reagent (VWR) for 15 minutes and rinsed in DI water to develop the stain. Nuclei were counter 

stained using Mayer’s Haematoxylin for 1 minute then rinsed in DI water. Slides were then 

dehydrated and mounted (Table 2.4). Brightfield images of sections were taken using the 

CMOC colour camera SC50 and Cellsens Standard software. 

2.3.3 Martius Scarlet Blue staining  

Martius Scarlet Blue (MSB) staining was used to visualise erythrocytes, red cells, fibrin and 

collagen. Following dewaxing and rehydration (Table 2.3), tissue was stained using a Martius 

Scarlet Blue Stain Kit (Atom Scientific) as detailed in Table 2.5. Following this, slides were 

dehydrated and mounted (Table 2.4). Brightfield images of sections were then taken using the 

CMOC colour camera SC50 and Cellsens Standard software. 
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Step  Time 

Bouin’s solution 56oC (Sigma) 1 hour 

Wiegerts Iron haematoxylin  10 minutes 

DI water rinse 10 seconds 

1% Acid alcohol solution (1% hydrochloric 

acid in 70% ethanol) 

10 seconds 

DI water rinse 3 minutes 

95% Ethanol 10 seconds 

Martius yellow solution  5 minutes 

DI water rinse 5 minutes 

Crystal Scarlet Solution  5 minutes 

DI water rinse 5 minutes 

Phosphotungstic acid solution  10 minutes 

DI water rinse 5 minutes 

Aniline blue solution 5 minutes 

DI water rinse 5 minutes 

Table 2.5 Protocol for Martius Scarlet Blue staining 

 

2.3.3.1 Quantification of erythrocytes in Martius scarlet blue stained sections 

Ten 200x regions of MSB stained tissue containing at least one glomerulus were imaged. 

LABKIT, a Fiji Image J plugin for segmentation of microscopy images was used to create a pixel 

classifier (Arzt et al., 2022). The classifier was trained to segment the image, recognising 

erythrocytes within the section as ‘foreground’ and all other structures/empty space as 

‘background’ by manually labelling small sections of relevant areas as such. One image per 

section was used to train a classifier, as staining was consistent across sections but not 

between organs. Images were then batch segmented by applying the trained classifier to all 

images from the same section.    

Mr George Kourounis further processed the segmented image. A binary mask was created for 

each image, showing areas of ‘background’ and ‘foreground’ only (Figure 2.3). Using Python, 

along with the OpenCV and pandas libraries, we analysed the images to determine the 

percentages of the 'background' and 'foreground' areas. The portion of the image covered by 
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the 'foreground' mask indicated the percentage of erythrocyte coverage in each 200x 

magnification field of view. 

 

Figure 2.3 LABKIT mask identifying erythrocytes. 

A) shows a 200x image of an FFPE MSB stained kidney section. B) shows the mask generated 
from a trained classifier selecting erythrocytes as ‘foreground’ in red.  

 

2.3.4 Immunofluorescent staining of FFPE sections 

2.3.4.1 Indirect immunostaining 

FFPE sections were dewaxed and rehydrated as outlined in Table 2.3. FFPE sections were used 

preferentially due to preserved morphology as frozen sections can contain ice crystal 

artefacts. As formalin fixation masks antigens/epitopes in tissue, antigen retrieval was 

required to break these protein cross-links. Heat-induced antigen retrieval (HIER) was 

therefore performed. For HIER, sections were boiled in antigen retrieval solution (Table 2.6) 

in an InstantPotTM at 82 kPa for 3 minutes. Following antigen retrieval, sections were washed 

by immersion in PBS-T (Phosphate-Buffered Saline (Merck), 0.05% Tween® 20 Detergent 

(Sigma)) 3 times for 5 minutes. A hydrophobic barrier was then drawn around tissue sections 

with a hydrophobic barrier PAP pen. A blocking solution (Table 2.6) was added to the tissue 

and incubated for 30 minutes.  

Primary antibody (Table 2.6) diluted in PBS was then applied directly to sections and incubated 

overnight at 4oC. A ‘no primary’ negative control section was incubated overnight with PBS 

only. Slides were then washed in PBS-T 3 times for 5 minutes. The secondary antibody (Table 

2.6) diluted in PBS was then applied to the section and incubated for 1 hour. Slides were 

washed in PBS-T 3 times for 5 minutes, then washed in 0.1% Sudan Black-B (Sigma) in 70% 
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ethanol for 20 minutes to quench autofluorescence. Slides were washed again in PBS-T 3 times 

for 5 minutes. Excess PBS-T was tapped off, and sections were mounted with a glass coverslip 

using aqueous VECTASHIELD mounting medium with DAPI (Vector labs). All sections were then 

imaged using the LEICA DM2000 LED microscope and processed using LAS X software. 
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Primary 

antibody 

Primary 

antibody 

dilution 

Antigen 

retrieval 

solution  

Blocking 

solution 

Secondary 

antibody 

Secondary 

antibody 

dilution 

Anti-Pig C3 

Rabbit IgG 

polyclonal 

(ab180640, 

abcam) 

1:50 Tris-EDTA 

Buffer (10mM 

Tris Base 

(Sigma), 1mM 

EDTA 

Solution, 

0.05% Tween 

20, pH 9.0 

10% normal 

goat serum 

in PBS 

Alexa Fluor™ 

488 Goat anti-

Rabbit IgG (H+L) 

(A-11008, 

ThermoFisher) 

 

1:200 

Anti-Human 

fibrinogen 

Sheep IgG 

polyclonal 

(4440-8004, 

BioRad) 

1:200 Citrate Buffer 

(10mM Citric 

Acid (Sigma), 

0.05% Tween 

20, pH 6.0 

10% normal 

rabbit 

serum in 

PBS 

Alexa Fluor™ 

555 Rabbit anti-

Sheep IgG (H+L) 

(ab150182, 

abcam) 

 

1:200 

Anti-Human 

neutrophil 

elastase 

Rabbit IgG 

polyclonal 

(ab21595, 

abcam) 

1:50 Citrate Buffer 

(10mM Citric 

Acid, 0.05% 

Tween 20, pH 

6.0 

10% normal 

goat serum 

in PBS 

Alexa Fluor™ 

488 Goat anti-

Rabbit IgG (H+L) 

(A-11008, 

ThermoFisher) 

 

1:200 

Anti-Human- 

Factor B 

Mouse IgG1 

monoclonal 

(sc-271636, 

Santa Cruz) 

1:50 Tris-EDTA 

Buffer (10mM 

Tris Base, 

1mM EDTA 

Solution, 

0.05% Tween 

20, pH 9.0 

10% normal 

goat serum 

in PBS 

 

Alexa Fluor™ 

488 Goat anti-

Mouse IgG (H+L) 

(A-11001, 

ThermoFisher) 

 

1:50 

Table 2.6 Reagents used for indirect immunofluorescent staining on FFPE tissue. 
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2.3.4.2 TdT-mediated dUTP Nick-End Labelling 

A TUNEL (TdT-mediated dUTP Nick-End Labelling) assay identifies cell-death in tissue sections 

by binding to fragmented DNA. Fluorescin-12-dUTP is incorporated at 3’ -OH DNA ends using 

Terminal Deoxynucleotidyl Transferase (TdT) which forms a polymeric tail enabling the 

fluorescein-12-dUTP-labeled DNA to be visualised using fluorescent microscopy. 

The DeadEnd™ Fluorometric TUNEL System (Promega) was carried out according to 

manufacturer’s instructions (Table 2.7) following dewaxing and dehydration of FFPE sections 

(Table 2.3 and Table 2.4). Sections were then mounted with a glass coverslip using aqueous 

VECTASHIELD mounting medium with DAPI (Vector labs). All sections were then imaged using 

the LEICA DM2000 LED microscope and processed using LAS X software. 
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Step  Time 

0.85% NaCl 5 minutes 

PBS 5 minutes 

4% PFA in PBS 15 minutes 

PBS 5 minutes 

PBS 5 minutes 

20 µg/mL Proteinase K in PBS 8 minutes 

PBS 5 minutes 

4% PFA in PBS 5 minutes 

PBS 5 minutes 

Equilibration buffer  5 – 10 minutes 

Nucleotide mix (45µL Equilibration buffer, 

5µL Nucleotide mix, 1µL TdT enzyme / 

section)* 

60 minutes at 37oC protected from light 

2x Saline-sodium Citrate buffer  15 minutes 

PBS 5 minutes 

PBS 5 minutes 

PBS 5 minutes 

Table 2.7 TUNEL assay procedure. 

*Negative control was prepared without TdT enzyme 

 

2.3.5 Immunofluorescent staining of cryosections 

2.3.5.1 Indirect immunostaining 

Cryosections were defrosted for 30 minutes and fixed in ice-cold acetone for 10 minutes. 

Sections were then washed in PBS. A hydrophobic barrier was then drawn around tissue 

sections, blocking solution (Table 2.8) was applied and then incubated for 30 minutes. Primary 

antibody (Table 2.8) diluted in PBS was then applied and incubated overnight at 4oC. A 

negative control section was incubated overnight with PBS only. Slides were then washed in 

PBS 3 times for 5 minutes. The secondary antibody (Table 2.8) diluted in PBS was then applied 

to the section and incubated for 1 hour at room temperature. Slides were washed in PBS 3 

times for 5 minutes. Where an individual section was stained with multiple antibodies, the 
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next primary antibody was then applied, and the process repeated. Slides were then washed 

in 0.1% Sudan Black-B (Sigma) in 70% ethanol for 20 minutes to quench autofluorescence. 

Slides were washed again in PBS-T 3 times for 5 minutes. Excess PBS-T was tapped off, then 

sections were mounted with a glass coverslip using VECTASHIELD mounting medium with DAPI 

(Vector labs). Sections were then imaged using the LEICA DM2000 LED microscope or the Leica 

SP8 point scanning confocal microscope and processed using LAS X software.  
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Primary antibody Primary 

antibody 

dilution 

Blocking 

solution 

Secondary antibody Secondary 

antibody 

dilution 

Anti-FH Mouse 

monoclonal IgG1 

(OX-24 antibody 

produced in house 

at 1mg/mL) 

1:200 10% 

normal 

goat 

serum in 

PBS 

Alexa Fluor™ 594 Goat anti-

mouse IgG1 (A-21125, 

ThermoFisher / Alexa 

Fluor™ 488 Goat anti-

Mouse IgG (H+L) (A-11001, 

ThermoFisher) 

1:200 

Anti-Pig CD163 

Mouse monoclonal 

IgG1 (MCA2311GA, 

BioRad)  

1:50 10% 

normal 

rabbit 

serum in 

PBS 

Alexa Fluor™ 488 Goat anti-

rabbit IgG (H+L) (A-11008, 

ThermoFisher) 

 

1:200 

Anti-Pig CD3ε-APC 

Mouse monoclonal 

IgG1 (4501-11, 

Southern Biotech) 

1:50 10% 

normal 

goat 

serum in 

PBS 

Alexa Fluor™ 488 Goat anti-

rabbit IgG (H+L) (A-11008, 

ThermoFisher) 

1:200 

Anti-WT1 Mouse 

monoclonal IgMκ 

(sc-393498, Santa 

Cruz Biotechnology) 

1:50 10% 

normal 

goat 

serum in 

PBS 

Alexa Fluor™ 488 Goat anti-

mouse IgM (Heavy chain) 

(A-21042, ThermoFisher)  

1:200 

Anti-laminin Rabbit 

polyclonal IgG 

(L9393, Sigma-

Aldrich) 

1:200 10% 

normal 

goat 

serum in 

PBS 

DyLight® 550 Goat anti-

Rabbit IgG (H+L) (GtxRb-

003-F550NHSX, 

ImmunoReagents) 

1:200 

Anti-Pig CD31 Rat 

monoclonal IgG1 

1:200 10% 

normal 

goat 

DyLight® 650 Goat anti-Rat 

IgG (H+L) (GtxRt-003-

1:200 
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(MAB33871 R&D 

Systems) 

serum in 

PBS 

D650NHSX 

ImmunoReagents) 

Table 2.8 Reagents used for different indirect immunofluorescent staining on frozen OCT 
embedded tissue. 

 

2.3.6 Quantification of immunofluorescent staining  

C3, Fibrinogen, C1q and FB levels were measured in glomeruli. Ten 200x magnification images 

with each including at least 1 glomerulus were taken per stained section. Background 

fluorescence was subtracted from each image in LAS X using the negative control section. LIF 

files were exported to TIFF files for analysis in Adobe Photoshop. Images were converted to 8-

bit and grayscale. Glomeruli were drawn around using the lasso tool and the pixel count of the 

area recorded. ‘Highlights’ were selected, outlining positively stained regions. The pixel count 

of these highlights was then measured. The pixel count of highlighted areas was divided by 

the pixel area of the entire glomeruli to give percentage of glomerular area stained. 

CD163 positive macrophages, neutrophil elastase and CD3ε positive cells were measured in 

all tissue components. Ten 200x magnification images were taken per section. Background 

fluorescence was subtracted from each image in LAS X using the negative control section. LIF. 

files were exported to TIFF files for analysis. For quantification of CD163 and neutrophil 

elastase, positively stained areas were selected and positively stained % area calculated by 

QuPath software. CD3ε positive cells were manually counted individually using the multi-point 

tool in Fiji image J software.  

Apoptotic bodies were measured in all tissue components. Ten 200x magnification images 

were taken per section. Background fluorescence was subtracted from each image in LAS X 

using the negative control section. LIF. files were exported to TIFF files for analysis. Apoptotic 

bodies were manually counted individually using the multi-point tool in Fiji image J software 

(Schindelin et al., 2012). Nuclei stained with DAPI were also imaged and quantified on each 

imaged section. Nuclei were quantified using Fiji ImageJ software using the following steps 

outlined in Table 2.9. 

  



   

 

63 
 

Step Process 

Change image to 8 bit and black and white Image< Type< 8bit 

Edit < Invert 

Threshold image and convert to binary Image < Adjust < Threshold < 

Change settings from Default to Triangle 

Threshold slider changed until all nuclei are 

red, apply  

Modify image so individual nuclei can be 

quantified 

Process < Binary < Fill holes 

Process < Noise < Despeckle 

Process < Binary < watershed separation 

Analyse nuclei number Analyse < Analyse particles < 

Size (pixel^2) = 0.5-infin 

Circularity = 0.30-1.00 

Show = overlay 

Ensure selected: Display results, Clear 

results, Summaries, Include holes, In situ 

show 

Select ok, ‘count’ gives number of individual 

nuclei 

Table 2.9 Steps to count individual nuclei in Fiji Image J. 
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2.4 PROTEIN ANALYSIS  

2.4.1 Enzyme-linked Immunosorbent Assays  

Sandwich Enzyme-linked Immunosorbent Assays (ELISAs) were used to detect concentrations 

of various proteins in both perfusate and urine samples. In sandwich ELISAs, a capture 

antibody is coated onto a 96-well plate that will bind an antigenic site on the protein of interest 

in samples. A second antibody is then added that will bind a different antigenic site on the 

protein of interest. This second antibody is directly enzyme linked to allow detection after 

addition of a developing solution. 

Cytokine levels in urine and hyaluronan levels in perfusate were measures using DuoSetTM 

ELISA kits (R&D Systems) (Table 2.10). ELISA reagents were diluted to the working 

concentration stated on the individual kit certificate of analysis immediately prior to use. The 

capture antibodies were diluted in PBS, detection antibodies and streptavidin-horse radish 

peroxidase (HRP) were diluted in reagent diluent (Table 2.10). A range of standards of known 

protein concentration were made by serially diluting the reconstituted standard using reagent 

diluent. Substrate solution was prepared by mixing equal parts of Colour Reagent A (H2O2, 

Sigma) and Colour Reagent B (Tetramethylbenzidine, R&D systems). Appropriate sample 

dilutions were identified by testing a range of dilutions in reagent diluent.  

An adsorption immunoassay 96-well Plate (ThermoFisher) was coated with 100 µL capture 

antibody, then sealed with an adhesive cover and incubated overnight. The capture antibody 

was aspirated, and the plate washed with 300 µL PBS-T 3 times. The plate was then blocked 

by adding 300 µL blocking buffer (Table 2.10) to wells, sealed with an adhesive cover and 

incubated for 1 hour. The plate was then washed/aspirated before 100 µL of either the 

samples or the standards were added to the appropriate wells in duplicate. The plate was then 

sealed with an adhesive cover and incubated for 2 hours. The plate was aspirated/washed 

before 100 µL of the detection antibody was added to wells, the plate was sealed with an 

adhesive cover and incubated for 2 hours. The plate was aspirated/washed, then 100 µL of 

streptavidin-HRP added. The plate was sealed with an adhesive cover and incubated for 20 

minutes out of direct light. The plate was aspirated/washed, and 100 µL substrate solution 

added, sealed with an adhesive cover and incubated for 20 minutes out of direct light. The 

reaction was quenched through the addition of 50 µL stop solution (10% H2SO4 in DI H2O) to 

the wells. 
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Optical density (OD) at 450 nm was measured using a micro plate reader (Biotek synergy). The 

OD of the ‘blank’ well was subtracted from all other values. A standard curve was constructed 

by plotting the standard OD values against known concentrations. Protein concentrations of 

samples were extrapolated from the standard curve and multiplied by the dilution factor to 

calculate original concentration. 

Table 2.10 R&D DuoSetTM details with block buffer and reagent diluent details. 

 

C5a concentrations in urine and FB concentrations in perfusate were measured using pre-

coated sandwich ELISA kits from Abbexa following manufacturers protocol (C5a – abx154898, 

Factor B - abx570475). Detection reagent A and detection reagent B were diluted with relevant 

buffers provided in the kit to form working solutions. A range of standards of known protein 

concentration were made by serially diluting the reconstituted standard using standard 

diluent buffer. Appropriate sample dilutions were identified by testing a range of dilutions in 

diluent buffer.  

100 µL of standard or samples were added to the appropriate wells in duplicate, including a 

‘blank’ well of standard diluent only. The plate was sealed with an adhesive cover and 

incubated for 1 hour at 37oC. The plate was aspirated, and 100 µL of detection reagent A 

working solution added to each well. The plate was sealed with an adhesive cover and 

incubated 1 hour at 37oC. The plate was aspirated and washed 3 times with 300 µL wash 

Protein target Block buffer Reagent Diluent 

IL-8 (DY535) 1% bovine serum albumin 

(BSA, (Sigma)) in PBS, pH 7.2-

7.4, 0.2 µm filtered 

 1% BSA in PBS, pH 7.2-7.4, 

0.2 µm filtered 

IL-6 (DY686) 1% BSA in PBS, pH 7.2-7.4, 

0.2 µm filtered 

1% BSA in PBS, pH 7.2-7.4, 

0.2 µm filtered 

IL-1 beta (DY681) 1% BSA in PBS, pH 7.2-7.4, 

0.2 µm filter 

0.1% BSA, 0.05% Tween 20 in 

Tris-buffered Saline (20 mM 

Trizma base, 150 mM NaCI) 

pH 7.2-7.4, 0.2 μm filtered 

Hyaluronan (DY3614) 5% Tween 20 in PBS, 7.2-7.4, 

0.2 μm filtered 

or 5% Tween 20 in PBS, 7.2-

7.4, 0.2 μm filtered 
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buffer. 100 µL of detection reagent B working solution was added to wells, the plate was 

sealed with an adhesive cover and incubated for 30 minutes at 37oC. The plate was aspirated 

and washed 5 times with 300 µL wash buffer. 90 µL TMB substrate was added to each well. 

The plate was sealed with an adhesive cover and incubated for 10-20 minutes at 37oC out of 

direct light. 50 µL stop solution was added to each well. 

Optical density (OD) at 450 nm was measured using a micro plate reader. The OD of the ‘blank’ 

well was subtracted from all other values. A standard curve was constructed by plotting the 

standard OD values against know concentrations. Protein concentrations were extrapolated 

from the standard curve and multiplied by the dilution factor to calculate original 

concentration. 

NGAL concentrations in urine were measured using a pre-coated sandwich ELISA kit 

(ab207924 – abcam). The wash solution and sample diluent were diluted in deionised water 

to the working concentration. All other reagents were provided at working concentration. 

Appropriate sample dilutions were identified by testing a range of dilutions in sample diluent. 

100 µL of standard or samples were added to the appropriate wells in duplicate, including a 

‘blank’ well of standard diluent only. The plate was sealed with an adhesive cover and 

incubated for 1 hour on a shaking platform set at 200 rpm. The plate was aspirated and 

washed 3 times with 300 µL wash buffer. 100 µL of Biotinylated Pig-NGAL antibody was added 

to wells then the plate was sealed with an adhesive cover and incubated for 1 hour on a 

shaking platform set at 200 rpm. The plate was aspirated/washed, then 100 µL HRP-

Streptavidin solution added. The plate was sealed with an adhesive cover and incubated for 1 

hour with agitation (200 rpm). The plate was aspirated and washed and then 100 µL TMB 

substrate was added to all wells. The plate was sealed with an adhesive cover and incubated 

for 10 minutes out of direct light at which point 100 µL of stop solution was added to all wells. 

Optical density (OD) at 450 nm was measured using a micro plate reader. The OD of the ‘blank’ 

well was subtracted from all other values. A standard curve was constructed by plotting the 

standard OD values against know concentrations. Protein concentrations of diluted were 

extrapolated from the standard curve and multiplied by the dilution factor to calculate original 

concentration. 

C3a levels in both perfusate and urine were measured in Norway by Professor Tom Eirik 

Mollnes research group using in-house porcine specific ELISAs. 
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2.5 CLASSICAL HAEMOLYTIC ASSAYS  

Haemolytic assays assess the function activity of complement in samples. The capacity of the 

complement components in serum to lyse antibody-coated sheep red blood cells (SRBCs) is 

given as the CH50 (Table 2.4).   

 

Figure 2.4 Schematic showing lysis of sensitised sheep red blood cells following the addition 
of serum. 

 

1 mL SRBCs in Alsever's solution (TCS biosciences) was added to 20 mL Dulbecco’s Phosphate 

Buffered Saline (DPBS) (Gibco) and washed by centrifuging at 800 g for 5 minutes at 4oC 3 

times. After each wash, the cells form a pellet, the DPBS was removed, and the pellet was 

agitated by manually applying force to the bottom of the falcon. SRBCs were then washed in 

20 mL HEPES buffered saline (0.01 M HEPES, 0.15M NaCl, 135nM CaCl2, 1mM MgCl2, pH 7.4) 

and centrifuged at 800 g for 5 minutes at 4oC 3 times. 60 μL Rabbit anti-Sheep Red Blood Cell 

Stroma (Merck) was added to the SRBC pellet and incubated for 30 minutes at room 

temperature on a rotating platform. SRBCs were then washed in 20 mL HEPES buffered saline, 

centrifuged at 800 g for 5 minutes at 4oC 3 times then resuspended in 15 mL HEPES buffered 

saline. 

Serum was serially titrated in HEPES buffered saline in triplicate in a pre-chilled clear flat 

bottomed 96 well-plate (ThermoFisher) giving a total volume of 50 μL. The 96-well plate was 

kept on ice for the following steps. Control wells were set up with 50 mM EDTA. 50 μL H2O 

was added in triplicate to wells to measure ‘100% lysis’, 50 μL HEPES buffered saline was 



   

 

68 
 

added in triplicate to wells to measure ‘0% lysis’. 50 μL sensitised SRBCs were added to each 

well and mixed by gently pipetting up and down. The plate was sealed with an adhesive strip 

and incubated at 37oC for 1 hour. The whole plate was spun at 800 g for 5 minutes at 4oC to 

stop the reaction. 80 μL from each well was transferred to a 96-well round bottomed plate 

(ThermoFisher). Optical density (OD) was measured by using a micro plate reader 

(TECANSpark 20m) at 412nm (reference 660nm). An average value was calculated from the 

triplicate wells. 

Total lysis from each dilution was calculated using the following formula: 

(
𝑆𝑎𝑚𝑝𝑙𝑒 𝑂𝐷

′100% 𝑙𝑦𝑠𝑖𝑠′𝑂𝐷 − ′0% 𝑙𝑦𝑠𝑖𝑠′𝑂𝐷
)  𝑋 100 

The sample dilution that achieved 50% the OD of the ‘100% lysis’ wells was identified. 
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CHAPTER 3. PORCINE EX VIVO NORMOTHERMIC PERFUSION MODEL SET PP  

3.1 INTRODUCTION  

For patients with end-stage renal failure, a kidney transplant is the optimal treatment option. 

Due to a shortage of kidneys suitable for transplant however, patients in the UK wait 3 years 

on average for a kidney from a deceased donor, with 12% of patients removed from the 

waiting list during this time due to death or illness (Summers et al., 2015). This has led to an 

increase in the use of kidneys from marginal, extended criteria and DCD donors who are more 

susceptible to DGF (Yarlagadda et al., 2008). 

IRI contributes to the development of DGF and other forms of AKI (Situmorang and Sheerin, 

2019). IRI occurs when restoration of oxygenated blood supply follows a sudden disruption in 

blood flow, as is seen in the setting of transplantation. IRI leads to microvascular damage and 

cell death, primarily affecting tubular structure causing poor metabolic function, inflammation 

and neutrophil activation, while production of ROS occurs upon restoration of circulation. 

These factors exacerbate damage caused by oxygen and ATP depletion experienced during 

the initial ischaemic insult on the organ following retrieval (Ponticelli, 2013). 

The standard technique to preserve kidneys before transplant is SCS. Hypothermia reduces 

cellular metabolism, slowing ATP depletion to maintain cellular viability. Furthermore, it is a 

cheap and convenient method. However, prolonged storage times lead to tubular injury, DGF 

and complement activation (Troppmann et al., 1995, Lo et al., 2021, Tozzi et al., 2013, 

Summers et al., 2015) . EVNP is an alternative storage method in which organ metabolism is 

maintained using extracorporeal membrane oxygenation under normothermic conditions 

(Hosgood and Nicholson, 2011).  

EVNP provides a platform to deliver therapeutics directly to the kidney, avoiding potential 

complications from systemic delivery of drugs (Hume, 2006). Therapies administered during 

EVNP can be monitored closely in real time and through the collection and analysis of tissue, 

perfusate and urine. Various therapies have previously been administered to kidneys using 

the EVNP platform including gene therapies, stem cells and nanoparticles (Hosgood et al., 

2021). Although results from these studies show promising results and indicate the viability of 

therapeutic administration during EVNP, they are yet to make the transit to use in clinical 

practice and the field is still in relative infancy. The limited clinical success of existing 



   

 

71 
 

complement inhibitors at preventing IRI means investigations into new inhibitors with 

different mechanisms of action is warranted.  

 

As activation of the alternative pathway is ubiquitous and C3b deposition is not specific 

to non-self-cells it must be regulated, as to not cause damage to the host. FH can recognise, 

and control complement on self surfaces as it binds deposited C3b alongside specific host cell 

markers. This also applies to HDM-FH which avidly binds C3b and GAGs (Yang et al., 2018). It 

is therefore predicted that when applying HDM-FH as a therapy ex vivo, having C3b deposition 

on the target surface would be advantageous. Furthermore, to assess the potential efficacy of 

HDM-FH in ameliorating downstream ischemic injury, it is important for organs to have 

sustained some level of damage and complement activation, similar to the clinical situation 

(Damman et al., 2011, van Werkhoven et al., 2013).  

 

Whole porcine organs have been utilised in a number of studies investigating IRI interventions 

due to their similar size, physiology and anatomy to human organs, as supply of human organs 

available for research can be inconsistent and unpredictable. A range of factors including 

donor age, genetics, lifestyle, and warm and cold ischaemic times lead to large heterogeneity 

between organs. Outbred pigs from the same stock can be bred to be very genetically similar, 

reducing this variability. The kidney anatomy of pigs is highly similar, although not identical to 

that of humans, being multilobular, with similar venous, arterial and urinary collecting systems 

(Pereira-Sampaio et al., 2004, Bagetti Filho et al., 2008). The pig also has high chromosome 

structural homology with humans (Lunney, 2007, Groenen et al., 2012). Furthermore, 

experimental animals can be of the same age, and the warm and cold ischaemic times can be 

controlled so they have received the same ischaemic insult. This highly controlled 

environment provides an ideal model in which to test therapeutics.  

A caveat of using porcine organs is that they are not necessarily representative of human 

organs available for transplant. Kidneys from young pigs are generally used in porcine models, 

whereas kidneys for transplantation come from donors with a range of ages, with 37% of 

deceased donor kidneys coming from donors over 60 years old (NHS Blood and Transplant, 

2023). Young pigs also don’t have comorbidities such as hypertension. This necessitates 
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investigations into methods of inducing ischaemic injury to porcine organs so that they more 

closely mirror human organs. 

Extended SCS times have been associated with increased incidences of delayed graft function, 

affecting DCD organs and organs from older donors to a greater extent (Peters-Sengers et al., 

2019, Nieto-Ríos et al., 2019, Summers et al., 2015). Cumulative deleterious effects have been 

observed with each additional hour of SCS, with some studies also showing a correlation 

between SCS times and graft loss (Debout et al., 2015, Lum et al., 2023). DGF has also been 

associated with increased complement activation, although it is likely that complement both 

contributes to DGF and is activated by other DGF-causing factors (Arias-Cabrales et al., 2021). 

Extending SCS times of porcine kidneys may therefore cause additional ischaemic injury and 

complement activation, providing a more appropriate setting to deliver and assess the efficacy 

of HDM-FH. 

This chapter aims to: 

• Carry out stepwise changes to an established porcine kidney retrieval and EVNP model.  

• Extend retrieval and SCS times of porcine kidneys to induce complement activation 

and ischaemic injury. 
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3.2 SPECIFIC METHODS 

3.2.1 Initial changes to an established porcine EVNP model 

A model of porcine EVNP had previously been established at Newcastle by Ms Emily 

Thompson. However, further optimisation was required for this model. The aim being to 

activate complement and induce ischaemic injury to kidneys without causing damage to the 

extent that the organs could not be perfused. Changes were made in a stepwise manner in 

the first stage of optimisation as a new retrieval and perfusion team was in place (Figure 3.1).  

Changing one condition per experiment compared with the established model would ensure 

that variation was due to changing conditions, not human factors. Changes were made to one 

kidney from each perfused pair, while the other was treated as a control. A ‘pass’ was defined 

as renal blood flow > 50 mL/min/100g and urine output > 43 mL/hr (Hosgood et al., 2015). If 

kidneys ‘passed’, then another condition would be changed during the next perfusion in 

addition to the previously investigated change so that in the last step, the cumulative effect 

of all changes could be investigated (Figure 3.1). 

Either standard clinical blood bags (Troge) with 100 mL CDPA-1 solution, or standard clinical 

blood bags depleted of CDPA-1, washed with saline (Fresenius Kabi) and then filled with 10000 

IU heparin (Panpharma) with 50 mL saline were used to collect blood. In all cases, kidneys 

were perfused with blood taken from the same pig. To deplete leukocytes, blood was passed 

through a leukocyte filter (Haemonetics) prior to addition to the EVNP circuit. For ‘whole’ 

blood, the leukocytes were not depleted. An additional secondary period of warm ischaemia 

was induced by placing kidneys in storage bags into a water bath at 25° C for either 20 or 40 

minutes prior to perfusion. 
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Figure 3.1 Flow chart to determine EVNP conditions in the first stage of model optimisations. 

In the previously established porcine EVNP model at Newcastle, citrated autologous blood was 
collected. To investigate whether EVNP was possible with heparinised blood, each kidney from 
one pig was perfused with either heparinised or citrated blood. If the experimental arm 
‘passed’ and perfused sufficiently, the next experimental arm would investigate whether 
kidneys would perfuse sufficiently with whole blood, rather than white cell depleted blood. 
Following a pass, an additional secondary warm ischaemic time would be introduced, which 
would be lengthened if it was tolerated by the kidneys. In the event of a ‘fail’ induced by a step 
change, a different parameter would be changed and investigated. 

 

Experiments in this chapter were carried out before the RAPIDpoint 500e Blood Gas System 

described in chapter 2 was available. Blood gas readings were therefore taken using the i-STAT 

handheld blood analyser (Abbott) using specific CG4+, CG8+ and C3+ cartridges (Abbott) 

described in Table 3.1. 
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Reading   CG4+  CG8+  G3+  

pH      x  

Venous pO2      x  

Arterial pO2    x    

Lactate  x      

K+    x    

Na+    x    

iCa    x    

 
Table 3.1 Cartridges used to carry out blood analysis. 

3.2.2 Extension and standardisation of warm and cold ischaemic times 

In the second stage of optimisation, the initial warm ischaemic time (WIT) of the kidneys (the 

time spent warm within the pig following the cessation of cardiac output) was standardised.  

To achieve this, kidneys were dissected around, and then left in the cavity of the pig for either 

20 or 25 minutes from confirmed cessation of cardiac output. Following this, they were 

removed, immediately flushed with 1 L of cold heparinised UW solution (Bridge to life), and 

then stored at 4oC on ice submerged in UW solution for 16 hours standardised cold ischaemic 

time (CIT). EVNP was then commenced. The outcomes from these kidneys were then 

compared with kidneys perfused in the first optimisation stage (3.2.1), which were perfused 

with whole heparinised blood, did not experience a secondary WIT, and had retrieval times of 

between 14 – 22 minutes and SCS of 120 – 158 minutes (Table 3.2). 

3.2.3 Comparison of EVNP with and without a kidney 

To investigate complement consumption in whole blood on an EVNP rig without a kidney, 

blood and kidneys were retrieved as standard with 25 minutes WIT and 16 hours CIT. An EVNP 

circuit was then set up with the kidney omitted, but all standard perfusate components 

included. The arterial limb of the circuit was set up to run straight into the venous limb. One 

kidney was perfused in parallel as standard as a control. to carry out blood analysis 
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3.3 RESULTS  

3.3.1 Stepwise changes to perfusion set up   

During the first kidney retrieval the renal artery of one kidney was dissected and so could not 

be flushed with heparinised UW. It was therefore decided to abandon perfusion of that 

kidney. The remaining kidney was successfully perfused with heparinised blood and so we 

progressed to the next stage of optimisation using heparinised, whole, non-white cell 

depleted blood. As there was no control arm for this first pair analysis has been omitted. 

The use of heparinised whole blood within the EVNP circuit (second pair) was well tolerated 

by the kidneys (RBF remained above >50mL/min/100g and urine output was above 43mL/hr). 

Following this, 20 minutes secondary WIT was introduced to the next experimental kidney 

(third pair) alongside the use of heparinised whole blood. After this initial shorter secondary 

WIT was tolerated, it was increased to 40 minutes (fourth pair) (Figure 3.2). The pre-perfusion 

parameters for each kidney are shown in Table 3.2. 

 

 

Figure 3.2 Flow chart showing successful porcine EVNP optimisation. 

Stepwise changes made to the EVNP model are outlined. Changes were made to one 
randomised kidney in each pair. The other kidney from the same pair was used as a control. 
The control kidney from the first pair could not be used due to a retrieval injury. 
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Pig 

number 

Kidney 

pair 

Initial WIT 

(minutes) 

CIT (minutes)  Second WIT 

(minutes) 

Perfusate type 

1 First, A 20 117 0 Leukocyte 

depleted 

(heparinised) 

1 First, B 22 - - - 

2 Second, 

A 

18 150 0 Leukocyte 

depleted 

(heparinised) 

2 Second, B 22 170 0 Whole blood 

(heparinised) 

3 Third, A 22 168 0 Whole blood 

(heparinised) 

3 Third, B 20  134 20 Whole blood 

(heparinised) 

4 Fourth, A 14 126 0 Whole blood 

(heparinised) 

4 Fourth, B 17 108 40 Whole blood 

(heparinised) 

Table 3.2 Characteristics of perfused porcine kidney pairs. 

Initial WIT indicates the time taken from confirmation of cessation of cardiopulmonary effort 
to the removal of the kidney from the body of the pig. CIT indicates the time from when the 
kidney is placed on ice for flushing and then into an ice box, to the start of perfusion. Secondary 
WIT indicates the time spent in a 25° C water bath following removal from ice. 

 

3.3.1.1 Physiological parameters and kidney function  

Physiological parameters during EVNP were measured as an immediate indicator of kidney 

function that could be indicative of long-term outcomes (Hosgood et al., 2018). There was no 

difference in RR, RBF or urine output between kidney pairs. All physiological parameters were 

worse in the kidneys from the third pair when compared with the second and fourth pair 

(Figure 3.3). 
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Figure 3.3 Physiological parameters throughout EVNP. 

Renal resistance, renal blood flow and urine output were measured from 0 minutes to 360 
minutes of perfusion, N=1 (three separate kidney pairs are presented). Individual values are 
presented.  

  

Second pair Third pair Fourth pair
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Plasma creatinine was measured to indicate creatinine clearance by the kidneys as an estimate 

of GFR. The levels of creatinine in the perfusate dropped over the first three hours of 

perfusion. There was no difference in plasma creatinine levels within kidney pairs (Figure 3.4). 

 

Figure 3.4 Plasma creatinine throughout EVNP. 

Creatinine was measured in perfusate from 30 minutes to 150 minutes of perfusion and 

normalised for kidney weight, N=1 (three separate kidney pairs are presented). Individual 

values are presented. 

 

3.3.1.2 Complement activation 

Complement activation, when excessive or unregulated, can lead to C3 glomeruli deposition. 

C3 deposition in glomeruli was therefore measured as an indicator of complement activation 

(Pickering et al., 2002, Goodship et al., 2017). C3 deposition within glomeruli increased in all 

kidneys perfused with whole, non-leukocyte depleted blood over the course of the perfusion. 

An additional period of warm ischaemia did not increase C3 deposition, with around 3-fold 

more C3 deposition at the end of perfusion seen in the control kidney of the fourth pair when 

compared with the experimental kidney with 40 minutes additional secondary WIT (Figure 

3.5). 
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Figure 3.5 C3 deposition in glomeruli pre-perfusion and at 360 minutes of perfusion. 

FFPE wedge biopsies taken pre-perfusion and at 360 minutes of perfusion were stained with 
an anti-C3 antibody. Sections were then imaged using the LEICA DM2000 LED microscope and 
processed using LAS X software. The percentage area of positive C3 signal of 10 glomeruli was 
measured from each biopsy, N=1 (three separate kidney pairs are presented). Mean values are 
presented.  

 

C3a was measured in perfusate to assess C3 activation throughout perfusion. C3a levels 

dropped throughout perfusion in all kidney pairs (Figure 3.6). 

 

Figure 3.6 C3a levels in perfusate throughout perfusion. 

C3a levels were measured in perfusate from 0 to 360 minutes of perfusion using ELISA. 

Individual values are presented, N=1 (three separate kidney pairs are presented).  
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3.3.2 Extension of cold ischaemic times 

Following work carried out in the first stage of optimisation, it was determined that the 

addition of a secondary WIT after SCS prior to EVNP, while tolerated, did not greatly affect 

kidney function or complement activation.  

Following the first three porcine perfusions, which had slightly varying retrieval and SCS times, 

it was decided that these times should be standardised to allow for better comparison 

between different experiments, and to remove sources of variation between pigs in future 

experiments. Kidneys were therefore subject to retrieval times (WIT) of 20 or 25 minutes, 

followed by 16 hours SCS (CIT). Three pairs of kidneys were perfused. Kidneys that had 

undergone approximately 20 minutes retrieval time, 2 hours CIT, and no secondary warm 

ischaemic time that were perfused with whole, heparinised blood (N=3) from the first stage 

of optimisations outlined in 3.3.1, were compared with kidneys undergoing 20 minutes of WIT 

with 16-hour CIT (n=3) and 25 minutes WIT and 16 hours CIT (N=3). 

3.3.2.1 Renal physiology  

Renal physiological parameters were measured to assess if extended initial WIT and CIT 

affected immediate kidney function. WIT and CIT did not affect RR or RBF (Figure 3.7 and 

Figure 3.8). Kidneys with an extended CIT of 16 hours had two-fold less urine output compared 

to kidneys with 2-hour CIT (Figure 3.9).  
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Figure 3.7 Renal resistance in kidneys with 2-hour and 16-hour cold ischaemic times 
throughout perfusion. 

Renal resistance was measured from 0 minutes to 360 minutes of perfusion and normalised 
for kidney weight, N=3 Mean is presented with SEM. Two-way ANOVA was used to calculate 
statistical significance.  

 

 

Figure 3.8 Renal blood flow in kidneys with 2-hour and 16-hour cold ischaemic times 
throughout perfusion. 

Renal blood flow was measured from 0 minutes to 360 minutes of perfusion and normalised 
for kidney weight, N=3. Mean is presented with SEM. Two-way ANOVA was used to calculate 
statistical significance.  
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Figure 3.9 Urine output in kidneys with 2-hour and 16-hour cold ischaemic times throughout 
perfusion. 

Urine output was measured from 0 minutes to 360 minutes of perfusion and normalised for 
kidney weight, N=3. Mean is presented with SEM. Two-way ANOVA was used to calculate 
statistical significance.  
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3.3.2.2 Cellular metabolism and function  

Electrolytes were measured throughout perfusion from arterial perfusate. WIT and CIT did not 

affect ionised calcium, potassium, sodium or lactate levels throughout perfusion (Figure 3.10). 

 

Figure 3.10 Electrolyte levels in kidneys with 2-hour and 16-hour cold ischaemic times 
throughout perfusion. 

Electrolytes were measured from arterial perfusate samples using the i-STAT blood analyser 
from 0 minutes to 360 minutes of perfusion, N=3. Mean is presented with SEM. Two-way 
ANOVA was used to calculate statistical significance.  
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The clearance of creatinine from perfusate was measured as an estimate of GFR. The area 

under the curve (AUC) value for creatinine clearance for perfusion was 2-fold higher in kidney 

with 25 minutes WIT and 16 hours CIT compared to kidneys with 2-hour CIT (Figure 3.11).  

 

Figure 3.11 Creatinine clearance from perfusate over the first three hours of perfusion. 

Creatine levels were measured in perfusate from 30 minutes to 150 minutes of perfusion and 
normalised for kidney weight. An AUC value was calculated, N=3. Mean is presented with SEM. 
Unpaired t-test was used to calculate statistical significance.  
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3.3.2.3 Histology 

PAS staining was used to visualise kidney morphology. All kidney cohorts showed more 

morphological signs of damage at the end of perfusion including loss of brush border integrity 

and shearing of tubular cells, while there appeared to be more signs of damage in kidneys with 

extended CIT (Figure 4.12). In kidneys with 2-hour CIT, good brush border integrity can be 

seen at the start of perfusion. Over the course of perfusion, brush border integrity is lost in all 

cohorts of kidneys, this being more severe in kidneys with 16-hour CIT. All cohorts of kidneys 

also experience shearing of tubular cells into the tubular lumen by the end of perfusion. Over 

perfusion, kidneys with 16-hour CIT also experienced cast formation.  

 

Figure 3.12 Periodic acid-Schiff-stained kidney section from 2-hour CIT kidneys and 16-hour 
CIT kidneys taken at 5 minutes and 360 minutes of perfusion. 

FFPE sections taken at 5 minutes and 360 minutes of perfusion were stained with periodic acid-
Schiff, haematoxylin was used as a counterstain. Brightfield images of sections were then 
taken using the CMOC colour camera SC50 and processes using Cellsens Standard software. 
Brush border integrity (black arrowhead) can be seen at the start of perfusion in kidneys with 
2hr CIT. Shearing of tubular cells into tubular lumens (blue arrowhead), and loss of brush 
border integrity (grey arrowhead) can be seen at the end of perfusion in all cohorts. Cast 
formation (orange arrowhead) can be seen only in kidneys with 16-hour CIT at the end of 
perfusion.  
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Haematoxylin and eosin staining allowed us to confirm the presence of immune cells in kidney 

biopsies. Neutrophils could be identified due to their spherical shape and multilobed nuclei. 

Eosinophils could be identified by their bilobed nuclei, and many granules (Elgert, 1996) 

(Figure 3.13). 

 

Figure 3.13 Haematoxylin & eosin-stained kidney section taken at 360 minutes of perfusion 
showing an influx of immune cells. 

An FFPE section from the end of perfusion was stained with haematoxylin and eosin. Brightfield 
images of sections were then taken using the CMOC colour camera SC50 and processed using 
Cellsens Standard software. Neutrophils and eosinophils can be seen in the kidney interstitium 
in a H&E-stained biopsy taken at the end of perfusion. 
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3.3.2.4 Immunofluorescence  

Fibrinogen deposition within glomeruli was measured to assess the effect of extended CIT and 

WIT on fibrinogen release at the start and end of perfusion. Fibrinogen detected in the 

glomeruli was increased by approximately 150-fold at the end of perfusion compared with 

pre-perfusion in all cohorts (Figure 3.14 and Figure 3.15).  
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Figure 3.14 Fibrinogen within kidney glomeruli. 

FFPE wedge biopsies were stained with an anti-fibrinogen antibody, DAPI was used as a 
counterstain. Sections were then imaged using the LEICA DM2000 LED microscope and 
processed using LAS X software. Fibrinogen is shown in orange, DAPI is shown in blue.  
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Figure 3.15 Glomerular deposition of fibrinogen pre-perfusion and at 360 minutes of 
perfusion. 

FFPE wedge biopsies taken pre-perfusion and at 360 minutes of perfusion were stained with 
an anti-fibrinogen antibody. Sections were then imaged using the LEICA DM2000 LED 
microscope and processed using LAS X software. The percentage area of positive fibrinogen 
signal of 10 glomeruli was measured from each biopsy, N=3. Mean is presented with SEM. 
Two-way ANOVA was used to calculate statistical significance.  

 

A TUNEL assay was used to detect apoptotic cells in tissue through binding to fragmented 

nuclear DNA. Apoptosis increased in all kidney cohorts at the end of perfusion compared with 

pre-perfusion. Apoptosis was 20-fold higher at the end of perfusion in kidneys with 16 hours 

CIT and 25 minutes WIT at the end of perfusion compared with the start. End of perfusion 

apoptosis was 4-fold higher in kidneys with 16 hours CIT and 25 minutes WIT than in kidneys 

with 2 hours CIT (Figure 3.16 and Figure 3.17). 

Pre-perfusion 360 mins

0

5

10

15

20

%
 o

f 
g

lo
m

e
ru

lu
s

 p
o

s
it

iv
e

 f
o

r 
fi

b
ri

n
o

g
e
n

16 hr CIT, 25 min WIT

2 hr CIT

16 hr CIT, 20 min WIT



   

 

91 
 

 

Figure 3.16 Apoptotic cells in kidney tissue. 

FFPE wedge biopsies were stained with a TdT-mediated dUTP Nick-End Labelling assay, DAPI 
was used as a counterstain. Sections were then imaged using the LEICA DM2000 LED 
microscope and processed using LAS X software. Apoptotic bodies are shown in green, DAPI is 
shown in blue.  
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Figure 3.17 Percentage of apoptotic cells in kidney sections pre-perfusion and at 360 minutes 
of perfusion. 

FFPE wedge biopsies taken pre-perfusion and at 360 minutes of perfusion were stained with a 
TdT-mediated dUTP Nick-End Labelling assay. Sections were then imaged using the LEICA 
DM2000 LED microscope and processed using LAS X software. Apoptotic bodies and nuclei 
were counted individually 10 20x magnification images. These values were used to calculate a 
percentage of apoptotic bodies per 20x field of view, N=3. Mean is presented with SEM. Two-
way ANOVA was used to calculate statistical significance.  

 

In kidneys with 16-hour CIT, glomerular C3 deposition was seen pre-perfusion. In all kidney 

cohorts, C3 was significantly up regulated over the time of perfusion. There was significantly 

higher C3 deposition in kidneys with the 25 minutes WIT and 16 hours CIT, compared to those 

with 2 hours CIT, both prior to and at the end of perfusion (Figure 3.18 and Figure 3.19). 
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Figure 3.18 C3 deposition in kidney glomeruli. 

FFPE wedge biopsies were stained with an anti-C3 antibody, DAPI was used as a counterstain. 
Sections were then imaged using the LEICA DM2000 LED microscope and processed using LAS 
X software. C3 is shown in green, DAPI is shown in blue. C3 can be seen within the glomeruli.  
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Figure 3.19 Glomerular deposition of C3 pre-perfusion and at 360 minutes of perfusion. 

FFPE wedge biopsies taken pre-perfusion and at 360 minutes of perfusion were stained with 
an anti-C3 antibody. Sections were then imaged using the LEICA DM2000 LED microscope and 
processed using LAS X software. The percentage area of positive C3 signal of 10 glomeruli was 
measured from each biopsy, N=3. Mean is presented with SEM. Two-way ANOVA was used to 
calculate statistical significance. *p<0.05, ***p<0.001. 

 

3.3.2.5 Perfusate and urine composition   

C3a levels in perfusate were compared between cohorts to assess the effect of WIT and CIT 

on C3 breakdown.  At 5 minutes of perfusion, C3a was two-fold higher in kidneys with 20 

minutes WIT and 16-hour CIT than kidneys with 2-hour CIT. By 30 minutes of perfusion there 

was no difference in C3a levels between cohorts. C3a levels in perfusate dropped over the 6 

hours of perfusion in all cohorts (Figure 3.20). 
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Figure 3.20 C3a levels in perfusate from 5 minutes to 360 minutes of perfusion. 

C3a levels were measured in perfusate from 5 minutes to 360 minutes of perfusion using 

ELISA, N=3. Mean is presented with SEM. Two-way ANOVA was used to calculate statistical 

significance.  

 

Hyaluronan was measured in EVNP perfusate as a marker of endothelial activation leading to 

glycocalyx shedding. Hyaluronan levels rose in all kidney cohorts over the course of the 

perfusion by approximately 2-fold. This difference was significant in the 16-hour CIT, 25-

minute WIT kidneys (Figure 3.21.  

 

Figure 3.21 Hyaluronan levels in perfusate pre-perfusion and at 360 minutes of perfusion. 

Hyaluronan concentrations in perfusate samples taken from the EVNP circuit pre-perfusion and 
at 360 minutes of perfusion were measured using ELISA, N=3. Mean and SEM are presented. 
Two-way ANOVA was used to calculate statistical significance. *p<0.05. 
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IL-6 and IL-8 were measured in urine produced by kidneys during EVNP as markers of 

inflammation. In all cohorts, IL-6 and IL-8 increased over the course of the perfusion. There 

was around a 40-fold increase in IL-6 at the end of perfusion compared with 30 minutes of 

perfusion in the 16 hour CIT 25 minute WIT kidneys and a 1000-fold increase in IL-8 at the end 

of perfusion compared with 30 minutes of perfusion (Figure 3.22 and Figure 3.23). 

 

Figure 3.22 IL-6 levels in urine at 30 and 360 minutes of perfusion. 

IL-6 concentrations in urine samples taken at 30 minutes and at 360 minutes of perfusion were 
measured using ELISA N=3. Mean is presented with SEM. Two-way ANOVA was used to 
calculate statistical significance.  

 

 

Figure 3.23 IL-8 levels in urine at 30 and 360 minutes of perfusion. 

IL-8 concentrations in urine samples taken at 30 minutes and at 360 minutes of perfusion were 
measured using ELISA, N=3. Mean is presented with SEM. Two-way ANOVA was used to 
calculate statistical significance.  

30 mins 360 mins

0

5000

10000

15000

20000

IL
-6

 (
p

g
/m

L
)

16hr CIT, 25 min WIT

2hr CIT

16hr CIT, 20 min WIT

30 mins 360 mins

0

1000

2000

3000

4000

IL
-8

 (
p

g
/m

L
)

16hr CIT, 25 min WIT

2hr CIT

16hr CIT, 20 min WIT



   

 

97 
 

3.3.3 Blood only perfusion experiment showing complement activity in EVNP system  

Classical haemolytic assays were used to measure complement consumption in perfusate. If a 

higher sample concentration is required to lyse sensitised sheep red blood cells to achieve 

CH50, this indicates that the active complement components in the sample have been 

consumed due to complement activation. The CH50 was measured in samples taken from 

perfusate from: 

• An EVNP rig with standard blood and perfusate and a kidney attached that has had 

16-hour CIT and 25 minutes WIT. 

• An EVNP rig with standard blood and perfusate with no kidney attached. 

Complement consumption increased linearly over time in the EVNP rig with no kidney in a 

pattern similar to that in a rig with a kidney (Figure 3.24). 

 

Figure 3.24 Complement consumption in an EVNP circuit with and without a kidney 
throughout perfusion. 

The percentage dilution of samples taken from 0 minutes to 360 minutes of perfusion in an 
EVNP circuit with and without a kidney required to achieve CH50 was found using classical 
haemolytic assays, N=1. Individual values are presented.  
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C3a was measured in perfusate to assess C3 breakdown in an EVNP circuit with and without a 

kidney. While the C3a levels in the EVNP circuit with a kidney drop and plateau at around 120 

minutes, C3a levels remain steady at around 46-fold higher in the circuit without a kidney than 

in the EVNP circuit with a kidney (Figure 3.25). 

 

Figure 3.25 C3a levels in an EVNP circuit with and without a kidney throughout perfusion. 

C3a levels were measured in perfusate taken throughout perfusion using ELISA, N=1. 

Individual values are presented. 
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3.4 DISCUSSION   

While benefits of a porcine EVNP model include predictable availability, a homogenous sample 

cohort and the ability to standardise the ischaemic insult, porcine organs aren’t always 

representative of human organs clinically available for transplant. Additionally, HDM-FH likely 

requires complement activation fragments for adequate or optimal binding. Work in this 

chapter aimed to optimise a porcine model of EVNP in which kidneys sustained ischaemic 

injury and in which complement is activated. This was so that in future work the efficacy of 

HDM-FH in preventing ischaemic injury could be tested. It would also make the model more 

clinically relevant. 

Before the effects of extended SCS could be investigated, key changes were required to alter 

the porcine EVNP model established at Newcastle by Ms Emily Thompson in 2018. Previously, 

a citrate based anticoagulant CDPA-1 provided inside standard clinical blood bags was used to 

prevent clotting. However, due to the ability of citrate to reduce complement activation in 

blood (Huang et al., 2015), this was replaced by heparin. The depletion of leukocytes from 

porcine blood prior to perfusion has been shown to improve kidney function and improve 

tubular damage (Harper et al., 2006). Leukocyte depletion using a leukocyte filter was 

therefore previously carried out at Newcastle. However, a unique benefit of porcine EVNP is 

the availability of whole blood, which is logistically difficult to source for human experiments.  

Plasma and immune cells are an important source of complement, while complement 

activation can also influence immune cell migration from blood to kidneys (Dunkelberger and 

Song, 2010). Therefore, in this work leukocytes would be beneficial not only due to the injury 

they cause, but because they would allow downstream assessment of the effects of HDM-FH 

on leukocyte infiltration. Following these changes in the first stage of optimisations, an 

additional secondary period of warm ischaemia was included by placing kidneys, while in 

storage bags, into a water bath 25° C for either 20 or 40 minutes prior to perfusion as an 

additional ischaemic insult. 

Changes were made in a stepwise manner to investigate the effects of each change 

individually and then cumulatively. All initial changes were well tolerated by kidneys with 

functional parameters of urine output and blood flow measured in real time. All kidneys 

perfused with whole, non-white cell depleted blood experienced an increase in C3 deposition 

over the course of the perfusion. The addition of a secondary warm ischaemic time did not 
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appear to affect kidney function or complement activation, it was therefore decided to move 

to the next stage of optimisation.  

To improve reproducibility, the initial WIT of the kidneys was standardised as retrieval time 

affects transplant outcomes, with longer retrieval times associated with DGF and primary non-

function (Osband et al., 2016). Clinically, upon confirmation of death following the withdrawal 

of life support, organs are flushed with cold preservation solution beginning the cold 

ischaemic time. However functional warm ischaemia can begin before confirmation of death 

and is clinically defined as starting when systolic blood pressure goes below 50 mmHg and/or 

oxygen consumption below 70% (Gunning, 2010). This is the period of time mirrored during 

the ‘initial warm ischaemic time’. The length of SCS which is the CIT of kidneys was also 

standardised. 

Urine output is a used as an indicator of kidney function following transplantation, with low 

output indicating kidney injury, and is associated with mortality in transplant patients, so is an 

indicator of kidney function at the most basic level (Ralib et al., 2013). Reduced urine output 

in kidneys with extended CIT indicates that kidney injury occurs over SCS. This indicates that 

deleterious processes are occurring during retrieval and SCS that affect the ability of kidneys 

to perform their basic filtrating function. In addition to urine output, creatinine clearance is a 

well-documented measurement of kidney function. It measures how well the kidney is able to 

clear creatinine from blood plasma, giving an indication of the GFR, with low creatinine 

clearance indicating renal damage (Shahbaz and Gupta, 2021). Creatinine levels in plasma 

were measured in this model as an indicator of creatinine clearance. Creatinine clearance 

from plasma was approximately 2-fold lower in kidneys with the shortest CIT and WIT 

compared with those with the longest, supporting the urine output data in suggesting a 

reduction in kidney function due to extended CIT and WIT. The elevation in lactate over the 

first hour or perfusion despite oxygen being present suggests that aerobic glycolysis is 

occurring. This may be driven by TGF- β signalling  which could also play a role in the increase 

in fibrin/fibrinogen observed (Lan et al., 2016).  

PAS staining was used to visualise kidney morphology. Certain obvious morphological features 

that indicate kidney damage were observed in sections taken from different kidney cohorts at 

the start and end of perfusion. In kidneys with shorter CIT, good brush border integrity can be 

seen at the start of perfusion. Over the course of perfusion, brush border integrity is lost in all 
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cohorts of kidneys, this being more severe in kidneys with longer CIT. All cohorts of kidneys 

also experience shearing of tubular cells into the tubular lumen by the end of perfusion. Over 

perfusion, kidneys with longer CIT also experience cast formation. This histological data is 

consistent with findings that show increased morphological injury following IRI (Aitken et al., 

2016, Zhou et al., 2000). Furthermore, in the setting of EVNP, a significant overall worsening 

of kidney morphology has been observed after 6 hours of perfusion (Harper et al., 2006).  

Immune cells including eosinophils and neutrophils were observed within the interstitium of 

kidneys on H&E-stained sections at the end of perfusion. The presence of immune cells on 

H&E-stained sections indicates that downstream analysis of the effects of HDM-FH on immune 

cell infiltration is possible. 

The glycocalyx is a carbohydrate rich layer lining vascular endothelium. It is highly susceptible 

to deleterious processes including inflammation and ischaemia reperfusion, with damage 

indicating vascular and endothelial dysfunction. The glycocalyx is prone to shedding when 

damaged by matrix proteinases in a process driven by TNF-alpha signalling and is observed in 

association with IRI (Rehm et al., 2007, Duni et al., 2021). Hyaluronan is a glycocalyx 

component, with increased circulating levels indicating loss of glycocalyx structure and 

therefore endothelial dysfunction. An accumulation of hyaluronan can also exacerbate 

inflammation and fibrosis through leukocyte recruitment and enhancement of the TGF-β 

pathway following ligation to CD44, which is found on damaged tubular cells and immune cells 

(Colombaro et al., 2013, Rouschop et al., 2004, Declèves et al., 2006). 

Hyaluronan levels in kidney perfusate were measured by ELISA. Hyaluronan levels increased 

over the course of perfusion in all kidney cohorts, this was significant in kidneys with the most 

extended CIT and WIT suggesting that these factors lead to endothelial dysfunction.  

Inflammatory cytokines in urine are used as markers for AKI and DGF. They are known to be 

upregulated in response to IRI and have a significant role in the inflammatory process 

following reperfusion. Tubular epithelial cells and macrophages experiencing hypoxia will 

express cytokines including IL-6 and IL-8 in response to C3a and C5a signalling. Activated 

neutrophils that have migrated to the site of injury will also release pro-inflammatory 

cytokines (Akcay et al., 2009, Peng et al., 2012). Urinary IL-6 and IL-8 levels were measured in 

urine. In all kidney cohorts, levels of both were upregulated over the course of perfusion. Due 

to the association of IL-6 and IL-8 with renal dysfunction and ischaemic injury, these results 
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show that EVNP is a proinflammatory environment,  in line with data from other EVNP models 

(Nath et al., 2017, Hosgood et al., 2017, Hameed et al., 2020, Jager et al., 2022).  

Elevated cytokine levels could be due to neutrophil recruitment from the circulating whole 

blood to into the kidney, and ongoing complement activation by DAMPs. High cytokine levels 

in kidneys with extended CIT and WIT suggests that during both of these ischaemic phases, 

TECs and macrophages could be activated as cold storage followed by rewarming has been 

seen to trigger cytokine production (Lo et al., 2021), with extended WIT exposing kidneys to a 

pro-inflammatory environment for a greater time.  

An anti-fibrinogen antibody was used to stain for fibrinogen/fibrin in kidney biopsies. As 

kidneys were perfused with whole blood, fibrinogen present could have been cleaved to fibrin 

through thrombin mediated cleavage, although to a limited extent as the liver is the primary 

source of thrombin (Narayanan, 1999). Furthermore, the oxygenator and reservoir 

components of the EVNP circuit are coated with negatively charged sulphonated polymers 

which bind antithrombin, inhibiting the action of thrombin (Silver et al., 1992). In kidneys with 

extended cold times, fibrinogen was detected in the glomeruli of biopsies taken prior to 

reperfusion, after SCS. Recent work in a serum free EVNP system suggests that extra-hepatic 

fibrinogen is produced by the kidney in response to hypoxia and may influence the effect cold 

storage has on kidneys (DiRito et al., 2021).  

Apoptosis is a regulated, ATP controlled, form of cell death that occurs following hypoxia and 

ROS production. Following apoptosis, a cell is fragmented into distinct apoptotic bodies that 

are phagocytosed/digested by surrounding cells and macrophages. This controlled cell death 

invokes less inflammatory response compared with necrosis, which is uncontrolled, due to the 

containment of apoptotic bodies within a cell membrane and their quick removal. However, 

in circumstances such as IRI, apoptosis can become excessive. If apoptotic cells aren’t rapidly 

cleared due to an overwhelming of phagocytes, they can release DAMPs as they lose plasma 

membrane integrity through secondary necrosis (Kono and Rock, 2008). Endogenous ligands 

presented on apoptotic cells can also lead to the activation of complement through binding 

C1q and MBL which leads to their clearance (Gasque, 2004). Furthermore, DAMP release from 

apoptotic cells can lead to complement activation. This can subsequently lead to more 

apoptosis through MAC formation, with C5 inhibition leading to reductions in apoptosis in a 

murine model of IRI (de Vries et al., 2003b).   
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A feature of apoptosis is the formation of DNA fragments by endogenous endonucleases. 

These fragments can be detected using TUNEL staining which binds them with a fluorescent 

tag. Kidney biopsies were stained using a fluorometric TUNEL system, and the percentage of 

apoptotic cells was calculated. Apoptosis increased in all kidney cohorts over perfusion. This 

indicates that cellular damage occurs over the course of EVNP, with damaged cells then 

undergoing programmed cell death which may indicate a potential role for EVNP in clearing 

aberrant cells prior to transplant. However inappropriate apoptosis may lead to excessive 

clearance of parenchyma, a process indicated in the loss of tubular cells shown in PAS-stained 

sections. 

The kidney is a major source of extra-hepatic C3 (Sheerin et al., 2008). Proximal tubular 

epithelial cells, glomerular parietal and mesangial cells, vessels and infiltrating monocytes and 

macrophages synthesise C3 through increased expression of complement mRNA in a process 

regulated by cytokines and induced following hypoxia. This synthesis is seen to be upregulated 

during allograft rejection, with kidney derived, rather than circulating C3 being a major source 

of complement mediated damage (Pratt et al., 2000). 

Complement activation in kidneys was assessed by measuring C3 deposition in the glomeruli 

of kidneys. C3 glomerular deposition, quantified from immunofluorescent staining, was 

significantly upregulated in all kidney cohorts at the end of perfusion compared with pre-

perfusion. This is in agreement with previous data showing that EVNP activates the 

complement system (Jager et al., 2022). IRI can induce complement activation on the 

endothelium with deposition of C3 activation products, C4d and MAC (Castellano et al., 2010, 

Peng et al., 2012). Furthermore, endothelial oxidative stress leads to increased expression of 

cytokeratin 1 (CK1) which binds MBL leading to LP activation causing C3 deposition (Collard et 

al., 2001). C3a and C5a also activate the endothelium in IRI which leads to leukocyte 

recruitment through C3aR/C5aR signalling (Peng et al., 2012).  

As reperfusion of the kidney with whole blood occurs, incoming innate immune cells can be 

activated by DAMPs presented on ischaemic tissue, exacerbating inflammation through 

cytokine production. This leads to complement activation through endogenous C3 production, 

and cleavage of components in complement cascades (Lo et al., 2021). This complement 

activation may have driven some of the observed glycocalyx shedding as TNF-alpha is 
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expressed in response to C3a and C5a stimulation of macrophages and TECs (de Vries et al., 

2003b) 

C3 deposition was significantly higher pre-perfusion in kidneys with the longest CIT compared 

to those with the shortest. C3 cleavage, but not gene expression, has been observed to be 

upregulated in response to cold storage in animal transplant studies (Lo et al., 2021). C3 

cleavage during SCS would lead to further complement activation upon the restoration of 

blood flow due to increased availability of C3 (C3a and C3b), priming the kidney for additional 

complement activity upon reperfusion, further explaining the significantly higher C3 

deposition at the end of perfusion in kidneys with extended CIT compared to those with short 

CIT. Equally, kidneys with extended CIT showed increased complement deposition pre-

perfusion. As the antibody used detects C3 fragments as well as intact C3, this may be picking 

up multiple C3 fragments formed during SCS.  

Furthermore, C3 deposition was higher in kidneys with extended WIT when CIT was identical. 

Extended warm time allows physiological processes and complement activation to continue 

while the organ is deprived of oxygen. This anaerobic metabolism leads to ATP depletion, 

acidosis and lactate build up driving general inflammation and therefore complement 

activation (Danobeitia et al., 2014). 

Complement activation triggered by the EVNP environment alone was investigated by running 

an EVNP rig primed as standard with whole blood and perfusate components without a 

kidney. An EVNP rig with a kidney was ran at the same time – with blood from the same pig 

and the same perfusion components. Classical haemolytic assays were used to measure 

complement consumption.  

Complement consumption increased linearly over time in the EVNP rig with no kidney in a 

pattern similar to the rig run with a kidney. This shows that complement is 

activated/consumed in perfusate due the EVNP environment itself. Complement is activated 

during haemodialysis, both in the fluid phase in plasma indicated by increased soluble MAC 

and C3d/C3 ratios (Hempel et al., 2016), and in the solid phase on the dialysis membrane 

which binds MCL, ficolin, C3c and properdin (Mares et al., 2010).  Similar activation could have 

occurred due to the perfusion consumables used in this project.  

There are some caveats to using haemolytic assays to assess complement activation in this 

system as the kidney is a major source of complement. Complement consumption as 
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measured via haemolytic assay in the rig with the kidney may be underestimated due to 

continuous production of complement components (Sheerin et al., 2008). A reduction in C3a 

levels in perfusate throughout perfusion however indicates that the complement in the EVNP 

system is being consumed through activation more quickly than it can be produced.  

Through the work reported in this chapter, it is clearly possible to induce injury to porcine 

kidneys by extending warm and cold storage times that is exacerbated during EVNP. The 

increase in ischaemic injury markers over the course of EVNP indicate that it will be a useful 

model in which to test therapeutics as it is clearly a pro-inflammatory environment. Most 

importantly, C3 deposition indicates complement activation pre- and post-perfusion in 

kidneys with extended cold ischaemic times. Activated complement components present on 

cell surfaces provide an ideal surface to which HDM-FH can bind, potentially regulating 

complement during EVNP. 
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CHAPTER 4. PRODUCTION AND IN VITRO TESTING OF HOMODIMERIC MINI-FACTOR H 

4.1 INTRODUCTION 

Patients with deficiencies in FH or who have autoantibodies against FH can have impaired 

complement regulation leading to diseases such as aHUS and MGPN, which are rare but severe 

renal diseases (Wong and Kavanagh, 2018). Additionally, patients with FH functional deficits 

are at risk for AMD which is the main cause of irreversible vision loss in the world (Tzoumas et 

al., 2021). Due to this, FH was given orphan drug designation in 2009 for the treatment of 

aHUS, with human plasma derived FH being the only therapeutic source available (Büttner-

Mainik et al., 2011).  

It has since become standard clinical practice to administer Eculizumab to aHUS patients, with 

Eculizumab recovering renal function more successfully than plasma exchange (Brocklebank 

et al., 2017). This followed work that showed that C5/terminal pathway inhibition was 

transformative in PNH, another rare complement mediated disease (Hillmen et al., 2024). 

Despite the success of Eculizumab in PNH it only targets one element of the complement 

cascade, C5, and it has since become apparent that targeting at the level of C3, to control 

extravascular haemolysis, is of significant benefit to certain patients (de Latour et al., 2022, 

Hillmen et al., 2021). Development of FH or a FH derived therapy which would target 

complement at the level of C3 and C5 therefore remains an active area of interest.  

Full length FH has been produced in various expression systems including insect cells, 

mammalian cells and transgenic moss with comparable complement regulatory activity 

compared with FH purified from plasma. However, the production of recombinant FH at 

sufficient quantity for clinical application poses several challenges due to its large size, 

complex structure, and extensive glycosylation. FH yield from these systems has historically 

been low, with the resulting FH having not been fully biophysically characterized, although 

higher production levels have been achieved in yeast cells (Sharma and Pangburn, 1994, 

Büttner-Mainik et al., 2011, Schmidt et al., 2011, Sanchez-Corral et al., 2002).  

Therapeutically, the required dose of FH is in the range of hundreds of milligrams, due to its 

high circulating concentration in healthy individuals. As a result, low production yields 

represent a significant limitation in meeting therapeutic demand (Schmidt et al., 2011). 

Moreover, human plasma derived FH poses potential safety issues due to adverse reactions 
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and the risk of pathogen transmission (Carbone, 2007). To overcome these issues, 

recombinant fusion FH proteins have been developed. Investigated FH based therapeutics 

including ‘mini’ FH constructs lacking certain SCRs and FH ‘fusion’ constructs are summarised 

in Table 4.1.  
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FH therapeutic Structure References 

Mini-FH  FH SCRs 1-4 and FH SCRs 19-

20 

(Hebecker et al., 2013, 

Schmidt et al., 2013, Schmidt 

et al., 2016, Xue et al., 2017, 

Harder et al., 2016, Kozma et 

al., 2021) 

Mini FH FH SCRs 1-5 and FH SCRs 18-

20 

(Schmidt et al., 2016, Nichols 

et al., 2015) 

FH-CR2  FH SCR 1-5, CR2 1-4  (Schmidt et al., 2016, Rohrer 

et al., 2009, Risitano et al., 

2012, Woodell et al., 2016, 

Fridkis-Hareli et al., 2011, 

Atkinson et al., 2010, Yu et 

al., 2016) 

FHΔ10–15 FH SCRs 1-9 and FH SCRs 16-

20 

(Harder et al., 2016) 

midiFH FH SCRs 1-4 and FH SCRs 19-

20, duplicated 

(Harder et al., 2016) 

HDM-FH FH SCRs 1-5, FH SCRs 18-20, 

FHR1 SRCs 1-2 

(Yang et al., 2018, Kamala et 

al., 2021) 

AAV-HDM-FH AAV gene delivery of HDM-

FH 

(Kamala et al., 2021) 

CRIg/FH FH SCRs 1-5 and CRIg (Hu et al., 2018, Qiao et al., 

2014, Shi et al., 2019) 

B4-scFv-fH FH SCRs 1-5 and single-chain 

variable fragment of self-

reactive pathogenic B4 (B4-

scFv) 

(Annamalai et al., 2021) 

IgG-FH1-5 FH SCRs 1-5 and non-

targeting mouse IgG 

(Gilmore et al., 2021) 

Anti-P-FH1-5 FH SCRs 1-5 and properdin (Gilmore et al., 2021) 
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sMAP-FH FH SCRs 1-5 and small 

mannose-binding lectin-

associated protein 

(Takasumi et al., 2020) 

MAp44-FH FH SCRs 1-5 and MBL-

associated protein 1; MAP-

1 

(Takasumi et al., 2020) 

Table 4.1 FH based therapeutics under investigation. 

FH-based therapeutics designed to reduce complement activation are summarised. 

Abbreviations: Adeno-associated virus-HDM-FH (AAV-HDM-FH). 

 

HDM-FH consists of the key complement regulatory domains of FH, SCRs 1-4, with the addition 

of SCR 5. SCR 5 has been found to enhance complement regulatory activity and enables 

purification and recognition by the OX-24 antibody which binds SCR 5 (Dopler et al., 2019, Sim 

et al., 1983, Nichols et al., 2015). These domains are fused to the key self-recognition SCRs 19-

20 with the addition of SCR 18 to improve spacing and flexibility. To improve the half-life of 

the construct, the first two N-terminal domains of FHR-1 were added to the C-terminus of FH 

causing it to dimerise (Yang et al., 2018, Jozsi et al., 2015). Furthermore, SCRs 1-2 of FHR1 do 

not interact with C5 or C3b in a way that abrogates HDM-FH function. The resultant HDM-FH 

glycoprotein is 159–165 kDa as a dimer (including 22-25 kDa of glycosyl groups). The cofactor 

activity for FI mediated cleavage of C3b of HDM-FH is approximately 50% greater than full 

length FH. Furthermore, HDM-FH has 33-fold greater decay accelerating activity and increased 

binding to C3b measured at a 40-fold lower concentration than FH. Finally, HDM-FH binds with 

much greater affinity to GAGs than full length FH or other minimal FH constructs. 

The molecular cloning and functional characterisation of porcine FH was carried out by 

(Hegasy et al., 2003) and was found to be 62% identical to human FH on the amino acid level. 

The porcine SCRs 1-4 were found to have strong binding to human C3b, while SCRs 15-20 

showed limited binding to heparin, and can bind to human endothelial cells. Porcine FH was 

also seen to exhibit cofactor activity and decay accelerating activity through SCRs 1-4, 

although at a lower level than human FH. Due to these differences, the decision was made to 

produce a porcine specific HDM-FH for administration to pigs in this project. The porcine 

construct contains porcine FH SCRs 1-5 fused to porcine FH SCRs 18-20, with the addition of 

human FHR SCRs 1-2 at the C-terminus. While a porcine FHR1 like protein was identified, it did 
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not contain a dimerisation motif, as was identified in murine FHR1 (Kamala et al., 2021). As 

dimerisation was key to extending the half-life of HDM-FH, the decision was made to add 

human FHR1 due to its dimerisation motif.  

This chapter aims to: 

• Produce HDM-FH in transfected CHO cells. 

• Purify and quantify HDM-FH.  

• Test the efficacy of HDM-FH in a porcine system in vitro. 

  



   

 

112 
 

4.2 METHODS 

4.2.1 HDM-FH production in mammalian cells  

The following methods describe the production of both a porcine specific HDM-FH (porcine 

FH SCRs 1-5 and 18-20 and human FRH1 SCRs 1-2) and a human specific HDM-FH (human FH 

SCRs 1-5 and 18-20 and human FRH1 SCRs 1-2). Production of HDM-FH was carried out by Dr 

Beth Gibson, Harriet Denton and myself. 

4.2.1.1 Cell maintenance and subculture 

Chinese hamster ovary (CHO) cells were grown in a humidified incubator at 37oC and 5% CO2 

using Dulbecco's Modified Eagle Medium/Nutrient Mixture media (1:1 DMEM/F-12) (Gibco) 

supplemented with 10% heat-inactivated foetal bovine serum (FBS) (Gibco) 1% penicillin-

streptomycin-glutamine (Gibco) and 0.2mg/ml hygromycin (Sigma) (complete media) for 

selection of HDM-FH expressing cells. Cells were grown to 80% confluency and subcultured 

under sterile conditions using a BioMat class 2 microbiological safety cabinet.  

For subculture, media and cells were washed gently with DPBS to remove media. 0.5% Trypsin-

EDTA (Gibco) was then added to cells and incubated for approximately 5 minutes at 37oC until 

cells were detached. An equal volume of complete media was then added, as FBS inhibits the 

action of trypsin. The cell suspension was removed from the flask, transferred to a sterile 

falcon tube and spun at 400 g for 5 minutes. The trypsin/media supernatant was then 

discarded and the cell pellet resuspended in fresh complete media and added to a new flask 

containing complete media at a ratio of 1:10. 

4.2.1.2 Cell counting  

Cells were counted when a specific seeding density was required. Cells were detached from 

the flask as described in 4.2.1.1, then centrifuged at 400 g for 5 minutes. The cell pellet was 

then resuspended in 5 mL of media. 10 µL of 0.4% trypan blue (Sigma) was added to 10 µL of 

resuspended cells for exclusion of dead cells and cellular debris. This mixture was loaded into 

a Neubauer haemocytometer, and cells visualised using a brightfield inverted microscope. 

Cells were then manually counted using the following formula: 

𝑇𝑜𝑡𝑎𝑙
𝑐𝑒𝑙𝑙𝑠

𝑚𝐿
= 𝑛𝑜. 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑝𝑒𝑟 𝑐𝑒𝑛𝑡𝑟𝑎𝑙 𝑔𝑟𝑖𝑑𝑑𝑒𝑑 𝑠𝑞𝑢𝑎𝑟𝑒 × 104  
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4.2.1.3 Cryopreservation 

Cells were detached and pelleted as outlined in 4.2.1.1 when at 90%-100% confluency. The 

pellet was then resuspended in FBS with 10% dimethyl sulfoxide (DMSO) (Sigma) as a 

cryoprotectant and added to a cryovial. Cryovials were then placed in a Mr FrostyTM (Nalgene) 

filled with room temperature isopropanol (ThermoFisher Scientific) which was then stored at 

-80oC, designed to allow the vials/cells to cool at a rate of -1oC/minute until they reach -80 oC. 

For long term storage cells were moved to liquid nitrogen. 

4.2.1.4 Chinese Hamster Ovary Cell transfection 

The human HDM-FH construct was designed prior to the start of this study and is outlined in 

the paper first describing HDM-FH by (Yang et al., 2018) (Figure 4.1). A porcine HDM-FH 

construct was also designed for this study by Professor Kevin Marchbank and produced by 

VectorBuilder (Figure 4.2). The method for cell transfection was the same for both vectors, 

however the human HDM-FH construct was stably transfected and cloned prior to the start of 

this project by Dr Yi Yang. Dr Beth Gibson carried out porcine HDM-FH CHO cell transfection 

and purification. 
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Figure 4.1 Vector map for human HDM-FH. 

A vector map for human HDM-FH is shown illustrating different features of the vector. The 

sequences of human FH SCRs 1-5 and 18-20 are included, alongside the sequence of SCRs 1-2 

of human FHR1. A hygromycin resistance gene allowed clonal selection.  
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Figure 4.2 Vector map for porcine HDM-FH. 

A vector map for porcine HDM-FH is shown illustrating different features of the vector. The 

sequences of porcine FH SCRs 1-5 and 18-20 are included, alongside the sequence of SCRs 1-2 

of human FHR1. A hygromycin resistance gene allowed clonal selection. A His tag allowed 

purification using metal chelation (Nickel or Cobalt) fast flow sepharose columns.  

 

For transfection of porcine HDM-FH, the JetPEITM DNA transfectant reagent (Polyplus) was 

used to transfect CHO cells according to manufactures instructions. 2 µg vector DNA was 

diluted in 150 mM NaCl to give a final volume of 50 µL and vortexed gently then briefly pulse 

spun. The JetPEITM reagent (Polyplus) was vortexed for 5 seconds and then pulse spun. 2 µL 

JetPEITM reagent was then added to 48 µL 150 mM NaCl, gently vortexed and pulse spun. This 

solution was added to the DNA solution, then gently vortexed and pulse spun and incubated 

at room temperature for 15-30 minutes.  

CHO cells were seeded at a density of 150000 cells per well in a 12 well plate (Greiner Bio-

One) in 1 ml of media per well and grown to 50%-70% confluency. 100 µL JetPEITM/DNA 

solution was added dropwise to each well and mixed with gentle swirling of the plate. The 

plate was then incubated at 37oC with 5% CO2 for 2-3 hours. Media was removed, and 1 mL 
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fresh media was added. The plate was then incubated for 3-4 days. Cells were detached and 

resuspended as described in 4.2.1.1 and transferred to a 6-well plate (Greiner Bio-One) with 

media containing hygromycin at 0.2 mg/mL. This was done to select correctly transfected cells 

based on the hygromycin resistance conferred by the HDM FH construct. Cells were 

maintained for ten days, with media changed routinely (no less than every 72 hours) to 

maintain active hygromycin levels. At 80% confluency, cells were transferred to larger flasks. 

Polyclonal cell lines were frozen down to be used for clonal selection. 

4.2.1.5 Monoclonal selection and expansion 

The most highly expressing clone was identified and isolated through limiting dilution in a 96-

well plate. Cells were diluted to 10 cells/mL. 100 µL of cell solution was added to each well of 

a 96-well plate to seed at ~1 cell per well. The plate was incubated for 18 hours and cells 

containing only one cell were noted. Cells were detached and resuspended as described in 

4.2.1.1 and transferred to a 12-well plate when 80% confluent. 

Protein expression of individual colonies was assessed using sodium dodecyl sulphate–

polyacrylamide gel electrophoresis (SDS-PAGE). 5 µL media was boiled at 95oC for 5 minutes 

with 4x reducing Laemmli sample buffer (Merck). 20 µL sample was loaded into separate wells 

of a NovexTM WedgeWellTM 10-20% Tris-Glycine 1.0 mm gel (Invitrogen) alongside 5 µL of 

PageRulerTM Plus Prestained Protein Ladder, 10 to 250 kDa (ThermoFisher Scientific). The gel 

was run in running buffer (2.5 mM Tris, 19 mM glycine, 0.1% SDS, pH 8.3) at 200 V until the 

visible dye reached the end of the gel. The gel was then stained for 15 minutes using 

InstantBlue™ protein stain (Sigma). The cell colony with the highest protein expression was 

transferred to larger flasks and expanded for protein production. 

4.2.1.6 Cell expansion in roller bottles 

The highest porcine HDM-FH expressing cell line, and a previously transfected HDM-FH 

expressing line were scaled to 1 L roller bottles. Cells from two T175 flasks were detached and 

resuspended when at 80% confluency as outlined in 4.2.1.1 and transferred to a 1L sterile 

Duran bottle with 100 mL complete media (without hygromycin). The cells were equilibrated 

in a sterile incubator at 37oC with 5% CO2 for 4 hours, then transferred to a roller bottle rig 

(Bellco Biotchnology) spinning at 1 rpm at 37oC and incubated for 9 days. The media was 

collected, centrifuged at 4000 g for 10 minutes to remove cellular debris and stored at -20oC. 

Fresh media was then added to the cells and incubated for a further 9 days before a second 
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supernatant harvest. The supernatant was stored at -20oC until used for purification of HDM-

FH. 

4.2.2 Protein purification and concentration 

4.2.2.1 Generation of an OX-24 protein G column  

The HiTrap NHS-activated HP column (Cytiva) is prepacked with NHS-activated Sepharose™ 

High Performance which is specifically designed for covalent ligand coupling. By covalently 

coupling a purified monoclonal antibody to agarose beads activated by N-hydroxysuccinimide 

(NHS), an affinity column is created. This column, with bound immunoglobulin, can then be 

utilised to capture target antigens through immunoaffinity chromatography. The OX-24 

antibody binds SCR 5 of human FH, and so was coupled to the agarose beads and used to 

purify human HDM-FH (Sim et al., 1983, Sakari Jokiranta et al., 1996). The OX-24 column used 

in this work was previously made by Harriet Denton.  

OX-24 antibody in PBS was concentrated using a 30000 kDa molecular weight cut off Vivaspin 

protein concentrator spin column (Sartorius) to 7 mg/mL. Concentrated OX-24 antibody then 

was buffer exchanged into coupling solution (0.2 M sodium carbonate and 0.5 M NaCl, pH 8.3) 

using a PD-10 desalting column containing Sephadex G-25 resin (Cytiva). All buffers in sections 

4.2.1, 4.2.2, 4.2.3 and were prepared using a 0.22 µm filter 

The following steps were carried out using the ÄKTAPure protein purification system. To 

maintain the activity of the 5 mL HiTrap NHS-activated HP column, 5 column volumes of ice 

cold 1 mM HCl was used to wash out the isopropanol column storage solution. 5 mL of OX-24 

was then loaded onto the column and incubated for 30 minutes at room temperature. 5 

column volumes of buffer A (0.5 M ethanolamine and 0.5M NaCl, pH 8.30 and buffer B (0.1 M 

sodium acetate and 0.5 M NaCl, pH 4.0) were washed through the column alternatively 3 

times. Following the second wash with buffer A, the column was incubated at room 

temperature for 30 minutes. The column was then washed with PBS, washed with PBS azide 

(Sigma) 0.1% w/v and stored at 4oC until used to purify HDM-FH. 

4.2.2.2 Affinity purification, metal ion affinity chromatography purification, concentration and 

buffer exchange of HDM-FH 

A 5 mL HiTrap NHS-activated HP column with bound OX-24 antibody was used for purification 

of human HDM-FH. A HisTrap™ HP column (Cytiva) was used for porcine HDM-FH purification.  
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Each column was equilibrated with 5 column volumes of PBS. The cell culture supernatant 

collected from the transfected CHO cells was spun at 3500 rpm for 30 minutes to remove 

cryoprecipitate. Supernatant was then diluted with 4x PBS, prepared using a 0.22 µm filter 

and applied to the column using the ÄKTAPure protein purification system. The column was 

then washed with 5 column volumes of PBS, then HDM-FH bound to the column was eluted 

using an elution buffer (0.1 M glycine-HCl pH 2.7) and collected into 500 µL fractions. 80 µL 1 

M Tris pH 9.0 was used to immediately neutralise the eluted fractions. SDS-PAGE was used to 

evaluate fractions for HDM-FH as described in 4.2.1.5. Protein concentrations of fractions 

containing HDM-FH were then measured using NanoDrop spectrophotometer. 

Eluted fractions containing HDM FH were then pooled, concentrated and buffer exchanged 

into PBS using 30000 kDa molecular weight cut off Vivaspin protein concentrator spin 

columns. 

4.2.2.3 Triton X-114 assisted endotoxin removal 

Purified, concentrated HDM-FH fractions in PBS were cooled on ice. Triton X-114 (Sigma) was 

then added to fractions to give a final Triton X-114 concentration of 1%. The solution was then 

mixed by vigorous vortexing and placed back on ice for 5 minutes. Samples were vortexed 

again, incubated at 37oC for 5 minutes to allow two phases to form and incubated at 42oC for 

1 minute. The solution was then pulse spun for 7 seconds to pellet the detergent phase. The 

upper aqueous phase containing HDM FH was carefully removed, and stored at -80oC. 

4.2.3 Surface plasmon resonance 

Surface plasmon resonance (SPR) is used to measure the affinity of interactions between 

molecules in real time, without labels. Experiments were carried out essentially as previously 

described in (Yang et al., 2018). A specific ligand of interest, i.e. porcine or human C3b, is 

immobilised on the surface of a gold coated chip. An analyte of interest, in this case human 

FH or HDM-FH is flowed over the chip to bind to the ligand. Plane-polarised light is directed 

at the chip, the binding of the analyte will cause a change in the refractive index of the 

sensor chip. The affinity of the binding, as well as the association and dissociation rates in 

resonance units (RU) is measured based on the mass bound on the chip surface.  
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4.2.3.1 Extraction of porcine and human C3 and conversion of C3 to C3b 

Porcine and human C3 were isolated using ion exchange chromatography prior to the start 

of the project by Dr Kate Smith-Jackson who adapted a published method (Ruseva and 

Heurich, 2014). Porcine and human C3 were converted to C3b through 10 freeze-thaw 

cycles. 

4.2.3.2 Immobilisation of porcine and human C3b onto a Sensor Chip CM5 

Carboxymethyl-dextran matrix coats the gold surface a Carboxymethyl 5 (CM5) Sensor Chip 

(GE). This provides a suitable inert hydrophilic surface for the ligand to attach to. Using a 

BIAcore S200 (GE), 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and 

(NHS) was flowed over the chip to create a negatively charged surface, activating the surface 

for amine coupling. This allows C3b in a low pH buffer to covalently bond to the surface 

through its amine groups.  

Porcine C3b and human C3b at 5 µg/mL in 10 mM sodium acetate at pH 5 were flowed over 

a flow cell of the chip using the BIAcore S200 over multiple intervals. 900 resonance units 

(RU) of C3b were immobilised onto the chip measured by SPR (Figure 4.3). The running 

buffer used in all SPR experiments was HEPES buffered saline with Tween 20 (HBST) (10 mM 

HEPES, 150 mM NaCl, and 0.005% Tween 20, pH 7.4). All solutions were prepared using 

ultrapure water and 0.45 µM filtered. Any remaining binding sites were blocked through 

deactivation of unbound NHS ester by flowing 1 M ethanolamine-HCl pH 8.5 over the flow 

cell. Reference flow cells without C3b bound were also activated and blocked in the same 

process so that they would have approximately the same background charge to be used as 

blanks. 
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Figure 4.3 Sensorgram of amine coupling of porcine and human C3b on a CM5 Sensor Chip 
surface.  

A sensorgram graph was generated by the BIAevaluation software S200 showing the 

immobilisation of C3b onto a CM5 Sensor Chip following activation of the chip by NHS and 

EDC. The X-axis shows the RU following subtraction of the RU values from the immobilisation 

of the blank flow cells over time (Y-axis). C3b was injected in separate individual flow periods 

until the target RU was reached. 

 

4.2.3.3 Affinity analysis of HDM-FH to porcine and human C3b  

The affinity of human HDM-FH and human FH to human and porcine C3b amine coupled to 

the chip surface was assessed using the Biacore S200. The analytes of interest, HDM-FH 

(produced as described above) and human FH (A137, Comptech) were diluted to a top 

concentration of 1000 nM in HBST, then serially diluted in HBST to achieve a concentration 

range of 1000 nM to 3.9065 nM. In separate experiments, the analytes were then flowed 

over the surface of the flow cells with porcine and human C3b and the blank flow cells. The 

chip surface was cleaned with regeneration buffer (10 mM sodium acetate,1 M NaCl, pH 4.0) 

after each construct injection. The steady state binding responses of the range of 

concentrations of both analytes with the binding responses from the blank flow cells 

subtracted were plotted as RU against time by the BIAevaluation software S200 (GE). 

4.2.4 Administration of human HDM-FH to porcine kidneys  

Kidneys were retrieved as described in chapter 2 following 25 minutes of initial WIT, then cold-

stored as standard for 16 hours. The control kidney was cannulated at the artery with a 12 Fr 

cannula (77012, Medtronic) and vein with a 24 Fr cannula (76024, Medtronic) and flushed 

with 10 µg/mL methylene blue (Sigma) in 4oC saline via the arterial cannula while placed in 
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ice. Flow through from the renal vein was collected until it turned blue, and the volume 

recorded to calculate the minimum column volume of the kidney. 500 mL 4oC UW with 8 

µg/mL HDM-FH was flushed through the renal artery of the experimental kidney which was 

placed on ice. The cannulated renal vein was then clamped, and the kidney left for 1 hour on 

ice. The kidney was then flushed with 500 mL cold saline to remove all UW and HDM-FH in the 

vasculature. Snap-frozen wedge biopsies were then taken from various areas of the kidney. 

Control kidneys were kept stored at 4oC in UW solution for 1 hour then flushed with saline 

and snap-frozen wedge biopsies taken. The OX-24 antibody was used to detect HDM-FH in 

tissue by immunofluorescence as described in chapter 2.  

4.2.5 Testing HDM-FH using classical haemolytic assay 

The efficacy of HDM-FH in inhibiting lysis of sheep RBCs coated with anti-sheep antibodies by 

both porcine and human serum was assessed. SRBCs were sensitised as outlined in chapter 2.  

A clear flat bottomed 96 well-plate was pre-chilled on ice. HDM-FH was titrated from 64 µg/mL 

– 0 µg/mL in PBS in the plate in triplicate leaving at final volume of 25 μL. 25 μL serum diluted 

1:30 in HEPES buffered saline was added to wells, followed by 50 μL sensitised sheep red blood 

cells. Wells were mixed by gently pipetting up and down. The plate was sealed with an 

adhesive strip and incubated at 37oC for 1 hour. The whole plate was spun at 800 g for 5 

minutes at 4oC to stop the reaction. 80 μL from each well was transferred to a 96-well round 

bottomed plate (ThermoFisher). Optical density (OD) was measured by using a micro plate 

reader (TECANSpark 20m) at 412nm (reference 660nm).  

Protection from lysis by HDM-FH was calculated using the following formula and was plotted 

as % protection from lysis: 

(
𝑆𝑎𝑚𝑝𝑙𝑒 𝑂𝐷

0 𝑛𝑔 𝑚𝐿⁄  𝑠𝑎𝑚𝑝𝑙𝑒 𝑂𝐷
)  𝑋 100 
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4.3 RESULTS  

4.3.1 Size and purity of construct   

Figure 4.4 shows SDS-PAGE gels with eluted fractions of porcine and human HDM-FH following 

the same preparation indicating that the porcine HDM-FH construct could not be produced in 

sufficient quantities or purity for the subsequent study in the time constraints. Fewer porcine 

HDM-FH fractions contained proteins, and more contaminants were present when compared 

with human HDM-FH fractions. Due to time and financial constraints, it was decided to 

abandon production of the porcine HDM-FH and continue with human HDM-FH production. 

Figure 4.5 shows a chromatogram of HDM-FH elution generated by the ÄKTAPure. 

 

Figure 4.4 Porcine and human FH 

Eluted fractions of porcine and human HDM-FH were assessed on SDS-PAGE under reducing 

conditions. The 10-20% polyacrylamide gel was stained using InstantBlue and imaged using 

the Odyssey® Fc imaging system. Eluted HDM-FH can be seen at approximately 60 kDa. 
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Figure 4.5 Chromatogram of human HDM-FH elution from an OX-24 column. 

Chromatogram trace showing affinity chromatography of HDM-FH using a HiTrap NHS-

activated HP with bound OX-24. Bound HDM-FH was eluted with 0.1 M glycine-HCl pH 2.7 and 

collected into 500 µL fractions with 80 µL 1 M Tris pH 9.0. The UV trace (mAU) is shown in blue. 

 

4.3.2 HDM-FH binding to porcine tissue at 4oC 

In addition to confirming that HDM-FH is able to bind to porcine tissue, investigations into 

whether HDM-FH binds at 4oC would widen the clinical application of the drug and indicate 

whether administering HDM-FH ‘cold’ prior to EVNP or transplantation would be feasible.  

The intravenous volume of kidneys was calculated to ensure the entire kidney vasculature 

would contain UW with HDM-FH before incubation on ice. Control kidneys were perfused with 

10 µg/mL methylene blue in 4oC saline.  Perfusion of the two control kidneys with methylene 

blue was variable, with one kidney showing heterogeneous perfusion (Figure 4.6). The 

transplant research group at Cambridge University observed that porcine kidneys were 

uniquely sensitive to adrenaline causing vasospasm, necessitating the use of the vasodilator 

papaverine hydrochloride in the EVNP circuit. This mechanism of vasospasm may have led to 

the heterogenous perfusion seen in control kidney A. The volume of flow-through from the 

renal vein following the start of the methylene blue flush collected before turning blue was 

approximately 20 mL. However, the methylene blue had not reached the outermost area of 

kidney parenchyma at this point, so perfusion was continued. Global perfusion was not 

possible with kidney A. Global perfusion was achieved in kidney B following the perfusion of 

around 100 mL of methylene blue. 
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Figure 4.6 Cold perfusion of control kidneys with methylene blue. 

Two control kidneys were flushed with 10 µg/mL methylene blue in 4oC saline. Kidney A shows 
heterogenous perfusion with green arrows indicating areas of poor perfusion with methylene 
blue. Kidney B perfused homogenously with methylene blue. 

 

OX-24 was detected in 50% of glomeruli imaged from snap-frozen biopsies taken from 

experimental kidney A. It is probable that the UW with HDM-FH was not able to perfuse the 

whole kidney. It could be assumed that the experimental kidney will have perfused 

heterogeneously due to the poor perfusion of the control kidney, as work in chapter 4 

demonstrates that kidney pairs have similar physiological outcomes. All glomeruli imaged in 

experimental kidney B had a positive OX-24 signal. 

When quantifying OX-24 in only glomeruli with positive signal, glomeruli in experimental 

kidney A had a 2.5-fold higher mean percentage area with a positive signal compared with 

glomeruli in kidney B Figure 4.8. Immunofluorescent images showing HDM-FH in glomeruli 

are shown in Figure 4.7. 
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Figure 4.7 Immunofluorescent images showing OX-24 binding within kidney tissue following 
cold flush with HDM-FH. 

Snap-frozen wedge biopsies taken following perfusion and incubation for 1 hour with HDM-FH 
in 4oC UW solution were stained with the OX-24 antibody which binds to HDM-FH. DAPI was 
used as a counter stain. Sections were then imaged using the LEICA DM2000 LED microscope 
and processed using LAS X software OX-24 (green) can be seen bound to glomeruli in kidney A 
(A) and kidney B (B), DAPI is shown in blue.  

 

 

Figure 4.8 Glomerular area positive for OX-24 following cold perfusion with HDM-FH. 

Snap-frozen wedge biopsies taken following perfusion and incubation for 1 hour with HDM-FH 
in 4oC UW solution were stained with the OX-24 antibody which binds to HDM-FH. Sections 
were imaged using the LEICA DM2000 LED microscope and processed using LAS X software. 
The percentage area of positive OX-24 signal of 10 glomeruli with positive signal was measured 
from each biopsy. Two kidneys were perfused with cold HDM-FH. Mean is presented with SEM. 
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4.3.3 Classical Haemolytic assay assessing HDM-FH in human and porcine serum  

Porcine or human serum was incubated with sensitised SRBCs and HDM-FH titrated to assess 

the ability of HDM-FH to control complement activation on the surface of SRBCs in a classical 

haemolytic assay. HDM-FH controls complement activation more effectively when porcine 

serum is used than when human serum is used at concentrations below 10 µg/mL. With 

porcine serum, haemolysis begins to plateau at concentrations higher than 10 µg/mL. 

 

Figure 4.9 Control of complement in porcine and human serum by HDM-FH. 

SRBCs coated with anti-sheep antibodies were incubated with porcine or human serum with 

titrated HDM-FH in a modified classical haemolytic assay as described in chapter 2. 100% lysis 

was calculated from incubation of sensitised SRBCs, serum and PBS only.  

 

4.3.4 Binding profile of HDM-FH to porcine and human C3b 

Traditionally when measuring affinity kinetics using SPR, the affinity (KD) is calculated by 

plotting the RU of the serial concentrations of the analyte adjusted for the blank values 

against the actual concentrations to give an affinity curve. The KD value is defined as the 

analyte concentration required to achieve 50% of the maximum RU value (RUmax). 

However, traditional kinetic analysis is not possible with HDM-FH due to it having a 

heterogenous binding profile. Therefore, the binding responses of HDM-FH on porcine and 

human C3b were compared qualitatively, as was shown by (Yang et al., 2018). The binding 

response of human FH to C3b was approximately six-fold higher than the binding response 

to pig FH. The binding response of human HDM-FH to human C3b is approximately 3-fold 
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higher than that of human FH, and approximately 2.5-fold higher to porcine C3b than that of 

human FH. The binding affinity of human HDM-FH to human C3b was approximately 4-fold 

higher than to porcine C3b (Figure 4.10). 

 

Figure 4.10 Steady state affinity of human FH/HDM-FH to porcine/human C3b on a CM5 
chip. 

A sensorgram produced by the Biacore S200 showing the steady state binding of human FH 
and human HDM-FH to porcine and human C3b amine coupled on a CM5 chip with the values 
from the blank flow cells subtracted. The relative RU is shown against time over the flow 
period. Decreasing concentrations of analyte (1000-3.9065 nM) in HBST are shown by 
individual colours, causing a lower response. 
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4.4 DISCUSSION  

HDM-FH was initially described by (Yang et al., 2018) who demonstrated that it efficiently 

controlled deposition of C3 on the GBM of kidneys from CFH-/- mice which otherwise have 

uncontrolled complement activation on this surface. Since this work, administration of a 

mouse specific HDM-FH to CFH-/- mice has been described by (Kamala et al., 2021). This 

chapter outlines the process of the transfection, production, and purification of HDM-FH. 

Initially, it was planned to produce a porcine HDM-DH based on porcine FH and human FHR1. 

However, the yield and purity were consistently low, despite the addition of a His tag which 

was added to allow purification using a metal ion affinity chromatography. In the interest of 

time and resources it was therefore decided to assess the ability of human HDM-FH (which 

could be produced at a high yield and purity) to control complement activation in porcine 

serum, to bind porcine C3b in vitro, and to bind to porcine tissue.  

Work by Yang and colleagues (Yang et al., 2018) demonstrated that HDM-FH has a superior 

ability to protect the surfaces of SRBCs coated with human C3b compared to full-length FH 

when incubated with human serum in a modified haemolytic assay. For the work in this 

chapter, we used a classical haemolytic assay to test the ability of HDM-FH to inhibit the 

activity of the complement components in porcine serum, compared to normal human serum.  

While not perfect, a classical haemolytic assay is able to demonstrate the complement 

regulatory ability of HDM-FH as the AP and the amplification loop is reportedly responsible for 

up to 80% of the lytic potential of the CP (Harboe et al., 2004). Furthermore, HDM-FH can 

accelerate the decay of the C5 convertase, a convertase common to all three complement 

pathways, and essential for formation of the MAC and red cell lysis. HDM-FH was found to be 

as effective at preventing lysis of antibody coated SRBCs incubated with human and porcine 

serum, indicating that it is effective at controlling porcine complement activation on SRBCs.  

SPR was used to evaluate the avidity of human HDM-FH to porcine C3b, with human C3b as a 

control. As C3b binding is key to the function of FH and HDM-FH, we compared the binding of 

HDM-FH to both human and porcine C3b. The SPR results indicate that binding of HDM-FH to 

both human C3b and porcine C3b was approximately 4-fold stronger than the binding of 

human FH. This is consisted with the findings of (Yang et al., 2018), validating the C3b binding 

function of the HDM-FH produced in this work. The binding of HDM-FH to porcine C3b was 

however 4-fold weaker than the binding to human C3b. Work by (Hegasy et al., 2003) found 
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that porcine FH SCRs 1-4 bound human C3b with equal avidity as human FH, while binding of 

porcine FH SCRs 15-20 was around 4-fold weaker. This suggests that C3b binding of SCRs 1-4 

may be more conserved across species than that of SCRs 15-20. Therefore, the reduced 

binding of HDM-FH to porcine C3b may point to an important role for SCRs 18-20 in HDM-

FH/C3b binding interactions.  

Despite the SPR findings, classical haemolytic assays demonstrated that HDM-FH was equally 

effective at controlling complement activation in porcine serum as in human serum. As the 

complement regulatory domains of FH are at SCRs 1-4, this supports that the reduced binding 

of HDM-FH to porcine C3b may be due to differences in homology between porcine and 

human SCRs 18-20. Moving forward, this suggests that while HDM-FH may bind less avidly to 

complement activated porcine tissue than it would to human tissue, it should still effectively 

regulate complement activation. 

Following confirmation of binding to HDM-FH to porcine C3b, we assessed if HDM-FH bound 

to the tissue of porcine kidneys. HDM-FH binding is dependant not only on C3b, but the 

presence of sialic acids and GAGs identifying tissue as ‘self’. The kidneys used had extended 

WIT and CIT as described in chapter 3, which was implemented to induce complement 

activation and ischaemic injury. The binding of HDM-FH to porcine tissue seen in this chapter 

therefore further confirms binding of HDM-FH to porcine C3 breakdown products, and binding 

to porcine polyanions. 

This work, and work by (Yang et al., 2018) demonstrated that HDM-FH is able to bind to both 

porcine and human C3b and polyanions, which is the basis for its complement regulatory 

ability. This makes HDM-FH a viable candidate as a therapeutic to regulate complement in 

porcine kidneys, with C3 activation products deposited on tissue surfaces undergoing IRI. The 

structure and function of the relevant SCRs conferring the complement regulatory ability of 

HDM-FH that were described by (Yang et al., 2018) and by work in this chapter are discussed 

below. 

C3b is produced following the proteolytic cleavage of native C3 and consists of eight 

macroglobulin (MG) domains and one linker domain formed by a β-chain and an α′ chain. C3b 

contains a CUB domain and a thioester-containing domain (TED) which allows it to covalently 

bind to surfaces, while the C-terminus is contains a C345C domain, which is also common to 

C3 C4 and C5 (Janssen et al., 2006). FH binds C3b specifically and not native C3 because 
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following proteolytic cleavage, the MG7, CUB and TED domains undergo significant changes, 

differentiating C3b from the native C3 structure. The crystal structure of the complex formed 

following SCRs 1-4/C3b binding were described by (Wu et al., 2009b) (Figure 4.10). FH/C3b 

bind over four contact regions that span the length of SCRs 1-4, with MG7 and MG8 of C3b 

being most important for binding. SCRs 1-2 were found to be key for the decay acceleration 

activity of FH as they displace Bb from the C3 convertase C3bBb, while the negative charge of 

both Bb and FH encouraged C3Bb destabilisation through electrostatic repulsion. 

Furthermore, the mechanism behind the cofactor activity of FH was investigated. FI was found 

to bind to the FH/C3b complex at the region formed by SCRs 1-3 and the C345C and CUB 

domains of C3b. 

 

Figure 4.11 The FH SCRs 1-4/C3b complex.  

Shown is the crystal structure of the complex formed by the binding of SCRs 1-4 with C3b by 

(Wu et al., 2009b). SCRs 1-4 bind the eight MGs of C3b, which also possesses a TED, CUB and 

C345 domain. 

 

Work by (Dopler et al., 2019) demonstrated that while SCRs 1-4 are the minimally required 

SCRs for the complement regulatory activity of FH, the addition of SCRs 5-7 confers additional 

activity, with SCR 5 leading to a small increase in C3b binding avidity, and a more marked 

increase in decay accelerating activity and cofactor activity to Factor I compared to full length 
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FH. Hence why HDM-FH contains SCRs 1-5, in addition to SCRs providing a binding site for the 

commercially available OX-24 antibody which would allow straightforward purification of 

HDM-FH, as demonstrated in this chapter.  

Minimal FH constructs containing only SCRs 1-4 linked to SCRs 19-20, which are responsible 

for GAG and sialic acid binding, exhibit improved complement regulatory functions and C3b 

binding compared to full-length FH, even in the absence of SCRs 5-7 (Nichols et al., 2015). In 

full-length FH, SCRs 19-20 are capable of binding C3b. However, their functional contribution 

to overall C3b binding is relatively modest. This suggests that the binding site for C3b within 

SCRs 19-20 may be partially obstructed in full-length FH until the N-terminal domains engage 

C3b, thereby requiring conformational changes for optimal binding (Harder et al., 2016). By 

omitting the central SCRs, the minimal FH constructs appear to make SCRs 19-20 more 

accessible for binding, eliminating the need for these conformational adjustments, enhancing 

C3b binding. 

(Morgan et al., 2011) elucidated the structure of the FH 19-20/C3d complex. C3b is a 

proteolytic fragment of C3b equivalent to the TED domain. They demonstrated that SCRs 19-

20 can bind C3d, while SCR 20 can also bind proximal polyanionic ions allowing self it to 

distinguish self surfaces. As FH can bend back on itself, C-terminus binding can occur while the 

N-terminus can carry out cofactor and decay accelerating activity while also binding C3b. 

HDM-FH additionally contains SCR 18 at the C-terminus in addition to SCRs 19-20. Although 

SCRs 19-20 bind directly with C3b, GAG and sialic acid binding, missense mutations in SCR 18 

have been seen to cause an increased risk of complement mediated diseases (Boon et al., 

2008, Saunders et al., 2006, Guigonis et al., 2005). SCRs 19-20 form a rigid rod structure due 

to their short 3 residue linker, however the 6-residue linker between 18-19 permits a kink 

leading to a ‘J’-shaped conformation with high mobility (Figure 4.11). This causes the adoption 

of a bent-back confirmation allowing residues of the surface of SCR 18 to be close to C3b of 

the FH/C3b complex. Although the functional consequences of SCR 18 are yet to be elucidated, 

it could affect FH/C3b binding and will provide flexibility to HDM-FH.  
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Figure 4.12 The crystal structure of SCRs 18-20. 

Shown is the crystal structure of FH SCRs 18-20, in green the binding site of C3b spanning SCRs 

19-20 is shown.  

 

To conclude, work in this chapter outlines the methods for the production and purification of 

HDM-FH in a mammalian cell line. A porcine HDM-FH could not be produced or purified in 

sufficient quantity or purity, however the human HDM-FH was found to bind porcine C3b, and 

have good complement regulatory activity in a porcine system in vitro. Furthermore, it can 

bind to porcine tissue. These results mean HDM-FH would be appropriate for use in controlling 

complement activity in porcine kidneys ex vivo. 

 

  



   

 

133 
 

  



   

 

134 
 

CHAPTER 5. ADMINISTRATION OF HOMODIMERIC MINI – FACTOR H TO PORCINE KIDNEYS 

5.1 INTRODUCTION 

Multiple therapies including stem cells, nano particles and antisense oligonucleotides, have 

been successfully tested using EVNP (Pool et al., 2019, Thompson et al., 2021, DiRito et al., 

2021, Thompson et al., 2022, Lohmann et al., 2021). Several complement inhibitors including 

anti-C5 and anti-FB antibodies and siRNAs targeting C5a and C3 have been used to reduce 

injury in IRI models (Bongoni et al., 2019, Qin et al., 2016, Thurman et al., 2006, Zheng et al., 

2008, Zheng et al., 2006). To date, however, no complement inhibiting therapies have been 

assessed for the treatment of IRI using EVNP. Mirococept, a targeted CR1 modality, has been 

administered cold to porcine kidneys that were then perfused, however this was part of a 

dosing and toxicity study with no downstream effects of treatment measured other than 

physiological parameters, which were unchanged (Kassimatis et al., 2021).  

A caveat of some therapies, including antisense oligonucleotides, is that they only bind at 

normothermic conditions (Thompson et al., 2022). However, work in chapter 4 identified that 

HDM-FH can bind to porcine tissue at 4oC. The avid binding profile of HDM-FH at multiple sites 

may make it more successful at binding in different conditions, expanding the clinical 

applications of the drug as it could be administered at both normothermic and cold 

temperatures.  

Considering the effectiveness of HDM-FH at controlling complement in mouse models, and 

the important role of the complement system in IRI, administration of HDM-FH during EVNP 

and subsequent analysis of whether it prevents complement activation and downstream 

ischaemic injury is warranted. 

This chapter aims to: 

• Assess binding of HDM-FH to kidneys when administered during EVNP. 

• Assess the effects of HDM-FH on complement activation during EVNP, and whether 

this influences organ function and downstream ischaemic injury markers.  
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5.2 SPECIFIC METHODS 

5.2.1 Administration of HDM-FH to kidneys  

HDM-FH (produced and purified as described in chapter 4) was administered to porcine 

kidneys both to assess the effects it has on kidneys in a 37oC EVNP circuit, and to assess binding 

alone in ‘cold’ conditions. When administered via the EVNP circuit, 5 mg HDM-FH in PBS (LPS 

free by Triton X-114 phase separation as described in chapter 4) was injected directly into the 

reservoir of the EVNP circuit attached to the randomly selected experimental kidney 

immediately upon reperfusion of the kidney with perfusate. The approximate concentration 

of HDM-FH in the circuit was 8 µg/mL. PBS (LPS free by Triton X114 phase separation as 

described in chapter 4) was administered to the EVNP circuit of the control kidney at the 

equivalent time point, start times were staggered to allow time between sampling. HDM-FH 

administration was conducted in a blinded manner. All kidneys analysed in this chapter were 

perfused following 25 minutes initial WIT and 16 hours CIT, as described in chapter 3.  

5.2.2 Ultrasound imaging 

Contrast enhanced ultrasound (CEUS) was used to assess microvascular perfusion within the 

kidneys in real time during perfusion. For CEUS imaging, microbubbles of sulphur hexafluoride 

in a phospholipid shell were administered to organs. These bubbles are around 2 – 3 µm in 

diameter, allowing them to pass through the microvasculature without impeding flow, while 

increasing ultrasound signal return allowing the capillaries and main vessels of the organ to 

be visualised. This technique has previously been successfully used by the transplant research 

group at Newcastle University to assess microvascular flow of human kidneys undergoing 

EVNP (Thompson et al., 2021). 

5.2.2.1 Contrast enhanced ultrasound imaging of porcine kidneys 

For CEUS imaging, 1 mL sulphur hexafluoride contrast agent (SonoVue ®, Bracco) was drawn 

into a syringe with 4 mL perfusate solution. The contrast agent was then administered via a 

three way tap to the arterial limb of the kidney as a rapid bolus. The ultrasound probe was 

positioned to capture cortex and medulla using standard B-mode ultrasound techniques using 

the eL18-4 probe of the Philips EPIQ7 Ultrasound machine with QLab 8.1 software (Philips). 

The probe was covered with gel and sheathed in a sterile cover (Advance medical designs). 
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The probe was placed directly onto the organ and held stationary, capturing a longitudinal 

view of the kidney (Figure 5.1). 

 

Figure 5.1 Imaging plane for ultrasound imaging. 

The linear eL184 ultrasound probe was placed on the lateral edge of the kidney on the EVNP 

circuit to capture a longitudinal view of the parenchyma. 

 

A Cineloop was captured ensuring a full 1 minute after contrast first appeared in an 

interlobar/segmental artery. CEUS images were recorded at 2 and 6 hours of perfusion.  

5.2.2.2 Analysis of CEUS images 

Analysis of CEUS data was performed by Mr Sam Tingle. Raw CEUS DICOM files were imported 

into QLAB Advanced Quantification Software (Release 15.5 Philips) and analysed using the ROI 

QApp. The region of interest for the cortex was a 5x5mm square. A freeform polygon was used 

to draw further regions of interest around the medulla and deepest visible artery 

(representing interlobar or segmental arteries). The medulla was split equally into outer 

medulla (closest to the kidney surface) or inner medulla (closest to kidney hilum). Figure 5.2 

displays the drawing of the region of interest, as well as a representative CEUS loop. 

All loops were cut so that time zero was the first frame that contrast was seen. The software 

then calculates the mean contrast intensity in the various regions of interest, for each frame 

of the ultrasound loop. This raw data was then exported for downstream analysis. 
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Figure 5.2 Representative contrast enhanced ultrasound loop with regions of interest 
selected.  

Standard B mode ultrasound image (left panel) is used to ensure cortex and medulla are in 
view. CEUS images following administration of 1 mL of sulphur hexafluoride bubbles to the 
arterial limb of kidneys is shown in the left panel. As time progresses there is sequential 
perfusion of segmental artery, cortex, outer medulla and inner medulla. 

 

Analysis of this raw CEUS data was performed in R (R Foundation for Statistical Computing, 

Vienna, Austria) (Figure 5.3). All clips were cut to 30 seconds from contrast first appearing in 

the segmental artery. A curve was plotted to the raw data, using a LOESS smoother. This was 

performed using the loess() base R function with loess.span set to 0.06. Data was extracted 

from this curve and the following values outputted: peak intensity, time to peak, time to 90% 

of peak intensity. Area under the intensity-time curve was analysed using the trapezium 

method for integration on the raw data. 
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Figure 5.3 Example intensity time plots from CEUS.  

Black dots represent raw data (mean contrast intensity in the given region of interest for that 

frame). The red line is a LOESS smoother through the raw data. Blue dotted line represents the 

peak intensity, and time to peak intensity, and green dotted line shows 90% of the peak 

intensity and time until 90% peak intensity. These plots demonstrate the sequential perfusion 

of outer then inner medulla. 

 

5.2.3 Colocalisation of HFM-FH with glomerular structures 

Snap-frozen wedge biopsies taken at the end of perfusion were sectioned and stained with 

antibodies against HDM-FH (anti-FH), endothelium (anti-CD31), podocytes (anti-WT-1), and 

the basement membrane (anti-laminin), as described in chapter 2, to determine which 

glomerular structures HDM-FH localised to. Sections were imaged and processed by Dr 

Rolando Berlinguer-Palmini at the Newcastle University Bioimaging service using the Leica SP8 

point scanning confocal microscope with white light super continuum lasers at 40× using a 

40×/1.3NA HC PL APO CS2 oil immersion lens at Nyquist rate (voxel size: X, Y 46 nm, Z 165 nm) 

applying 2× line average and acquiring each channel sequentially. Ten images of glomeruli 

were captured. Images were deconvoluted using the Huygens Essential (Scientific Volume 

Imaging [SVI]) deconvolution express (standard) algorithm. All images were acquired and 
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processed at the Newcastle University Bioimaging Unit. Colocalisation analysis was performed 

using Manders colocalisation coefficients (MOC) comparing the distribution of fluorescently 

labelled HDM-FH with fluorescently labelled glomerular structures (Dunn et al., 2011). 

5.2.4 Western blot 

5.2.4.1 Bicinchoninic Acid Protein Assay 

Protein concentration of perfusate samples were measured using a PierceTM Bicinchoninic 

Acid Protein Assay Kit (Pierce, Thermofisher Scientific). A set of standards of known 

concentration were made by serially diluting BSA with PBS from 2 mg/mL to 0.125 mg/mL with 

0 mg/mL used as a blank. 25 µL of sample, standard and blank was added per well in duplicate 

to a 96 – well flat-bottomed plate (Greiner). 200 µL of working reagent consisting of working 

reagents A and working reagent B at a ratio of 50:1 was then added to each well. The plate 

was sealed and incubated at 37oC for 30 minutes. Following equilibration to room 

temperature, absorbance was read at 562 nm using a plate reader. Blank values were 

subtracted from all values, a standard curve of known protein concentration was plotted from 

standard absorbance values and used to calculate unknown protein concentrations. 

5.2.4.2 Sample preparation and separation by SDS-PAGE 

10 µg sample was diluted with 4x concentrate reducing Laemmli sample buffer and boiled at 

95oC for 5 minutes. 10 µL sample was loaded to separate wells of a NovexTM WedgeWellTM 10-

20% Tris-Glycine 1.0 mm gel alongside 5 µL of PageRulerTM Plus Prestained Protein Ladder, 10 

to 250 kDa. The gel was run in running buffer (2.5 mM Tris, 19 mM glycine, 0.1% sodium 

dodecyl sulphate, pH 8.3) at 100 V until the visible dye reached the end of the gel.  

5.2.4.3 Protein transfer 

Protein and protein ladder were transferred onto a nitrocellulose membrane using a Trans-

Blot turbo Mini 0.2 µm nitrocellulose transfer pack with the Trans-Blot Turbo Transfer system 

(Bio-Rad). 

5.2.4.4 Protein normalisation 

Immediately following transfer, the membrane was dried for 10 minutes at 37oC, then 

rehydrated using PBS for 5 minutes with gentle shaking. The membrane was then briefly 

rinsed with ultrapure water and stained with 5 mL Revert 700 total Protein Stain (Licor) for 5 

minutes with gentle shaking. The stain was decanted, then the membrane rinsed with 5 mL 
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Revert 700 Wash solution (Licor) twice for 30 seconds with gentle shaking. The membrane was 

then briefly rinsed with ultrapure water, then imaged using the 700 nm channel using the 

Odyssey® Fc imaging system. Total protein load was then quantified using Image StudioTM Lite 

version 5.2 software. 

5.2.4.5 Immunoblotting and visualisation 

The membrane was blocked for 1 hour in blocking solution (5% milk (Sigma) in 0.1% tris 

buffered saline with 0.05% tween 20 (TBST)). The membrane was then incubated with rabbit 

anti-pig C3 antibody (ab180640, abcam) diluted 1:500 in blocking solution overnight at 4oC. 

The membrane was the washed in TBST 3 times for 5 minutes with gentle shaking. The 

membrane was then incubated with AffiniPure™ Goat Anti-Rabbit IgG secondary antibody 

(111-035-144, Jackson Immunoresearch) diluted 1:10000 in blocking solution for 1 hour at 

room temperature. The membrane was then washed in TBST 3 times for 5 minutes. The 

membrane was incubated with 5 mL PierceTM ECL Western Blotting Solution (ThermoFisher 

Scientific) for 1 minute. The ECL solution was then decanted, and the membrane imaged using 

the chemi channel using the Odyssey® Fc imaging system. Densitometry analysis was carried 

out using Image StudioTM Lite version 5.2 software. Band size was normalised to total protein 

load.  
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5.3 RESULTS 

5.3.1 HDM-FH binding  

5.3.1.1 HDM-FH in kidneys throughout perfusion 

The anti-human FH antibody OX-24 which binds SCR 5 of human FH (Sim et al., 1983, Sakari 

Jokiranta et al., 1996) was used to identify HDM-FH in tissue of treated kidneys (HDM-FH 

contains two FH SCR 5 regions). HDM-FH demonstrated binding within glomeruli from 30 

minutes of perfusion, which increased over the time of perfusion, OX-24 was 1.5-fold higher 

as assessed by pixel intensity/area at 360 minutes of perfusion compared to 30 minutes of 

perfusion (Figure 5.4 and Figure 5.5).  

 

Figure 5.4 Immunofluorescent images showing OX-24 binding within tissue of kidneys 
treated with HDM-FH from 30 minutes to 360 minutes of perfusion. 

Snap-frozen core biopsies taken at 30 minutes, 120 minutes, 240 minutes and 360 minutes of 
perfusion from treated kidneys were stained using the OX-24 antibody which binds to HDM-
FH, DAPI was used as a counter stain. Sections were then imaged using the LEICA DM2000 LED 
microscope and processed using LAS X software. OX-24 (green) can be seen bound to glomeruli 
at all perfusion time points, DAPI is shown in blue.  
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Figure 5.5 Glomerular area positive for OX-24 from 30 minutes to 360 minutes of perfusion 
within tissue of kidneys treated with HDM-FH.  

Snap-frozen wedge biopsies taken at the end of perfusion from treated kidneys were stained 
using the OX-24 antibody which binds to HDM-FH. Sections were imaged using the LEICA 
DM2000 LED microscope and processed using LAS X software. The percentage area of positive 
OX-24 signal of 10 glomeruli was measured from each biopsy, N=8. Mean is presented with 
SEM.  

 

HDM-FH binds to C3 activation fragments allowing it to home to damaged self-cells (Yang et 

al., 2018). OX-24 glomerular binding at the end of perfusion was correlated with C3 deposition 

just prior to perfusion to investigate whether HDM-FH binding was dependant on complement 

activation in the kidney prior to perfusion of the organ. An antibody that binds exclusively to 

pig C3 fragments is not available, so a pan-C3 antibody was used which binds fragments and 

full-length C3. HDM-FH deposition at the end of perfusion significantly correlated with C3 

deposition in glomeruli in biopsies of treated kidneys taken prior to perfusion after static cold 

storage (p=0.0482, r=0.7106) (Figure 5.6).  
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Figure 5.6 OX-24 binding at 360 minutes of perfusion correlated with C3 deposition pre-
perfusion in tissue of kidneys treated with HDM-FH. 

FFPE core biopsies taken pre-perfusion after 16 hours SCS from treated kidneys were stained 
with an anti-C3 antibody. Snap-frozen wedge biopsies taken at the end of perfusion from 
treated kidneys were stained using the OX-24 antibody which binds to HDM-FH. All sections 
were imaged using the LEICA DM2000 LED microscope and processed using LAS X software. 
The percentage area of positive OX-24 and C3 signal of 10 glomeruli was measured from each 
biopsy. Mean values for percentage positive signal were calculated and correlated using 
GraphPad Prism 10 (Pearson correlation), N=8. Individual values are presented.  

 

5.3.1.2 Colocalisation of HDM-FH with glomerular structures 

Manders Overlap Coefficient (MOC) quantitatively measures the proportion of overlapping 

signal from multiple fluorophores indicating spatial overlap with 1=complete co-occurrence 

and 0=no co-occurrence. The separate channels and overlayed images from one glomerulus 

of treated kidneys are displayed in Figure 5.7. The mean MOC values from the OX-24 signal 

with WT-1, laminin and CD31 signals from 10 single glomeruli are plotted in Figure 5.8. A MOC 

of 0.9363 was achieved when comparing the signal overlap of OX-24-stained areas and CD31 

stained areas and this indicates a high level of spatial overlap between HDM-FH and the 

endothelium. An average MOC of 0.702 between OX-24 and laminin also indicates high spatial 

overlap between HDM-FH and the basement membrane. An average M1 of 0.1498 between 

OX-24 and WT-1 suggests a lower spatial overlap between HDM-FH and podocytes.  
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Figure 5.7 Immunofluorescent images depicting HDM-FH colocalisation with glomerular 
structures within tissue of a kidney treated with HDM-FH at 360 minutes of perfusion. 

A snap-frozen wedge biopsy taken at 360 minutes of perfusion from a treated kidney was 
stained concurrently with OX-24, anti-WT-1, anti-laminin and anti-CD31 antibodies, DAPI was 
used as a counterstain. Sections were imaged using the Leica SP8 point scanning confocal 
microscope with white light super continuum lasers at 40× and processes using LAS X software. 
A = an overlayed image of all channels. B = Blue indicates DAPI, C = green indicates WT-1 
(podocytes), D = yellow indicates laminin (basement membrane), E = magenta indicates CD31 
(endothelium), F = white indicates OX-24 (HDM-FH).  
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Figure 5.8 Signal overlap of HDM-FH with glomerular structure markers within tissue of a 
kidney treated with HDM-FH at 360 minutes of perfusion. 

A snap-frozen wedge biopsy taken at the end of perfusion from a treated kidney was stained 
concurrently with OX-24, anti-WT-1, anti-laminin and anti-CD31 antibodies and imaged using 
the Leica SP8 point scanning confocal microscope with white light super continuum lasers at 
40× and processed using LAS X software. 10 glomeruli were imaged and the MOC between 
signals from OX-24 and each of the other antibodies were calculated using Huygens Essential 
software. Glomeruli were imaged from 1 kidney. Mean is presented with SEM. 

 

5.3.2 Physiological parameters and kidney function  

5.3.2.1 Renal physiology 

Physiological outcomes were measure in real-time throughout EVNP as a basic measure of 

kidney function. Urine output, RBF and RR are presented at multiple time points from 0 

minutes to 360 minutes of perfusion grouped into treated and control kidneys in Figure 5.9. 

The AUC summarises the data over the whole perfusion. There was no difference in urine 

output, RBF or RR between the treated and control kidneys throughout perfusion. 
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Figure 5.9 Physiological parameters of kidneys treated with HDM-FH and control kidneys 
from 5 minutes to 360 minutes of perfusion. 

Urine output, RBF and RR were measured from 5 minutes to 360 minutes of perfusion from 
treated and control kidneys and normalised for kidney weight. Panel A shows urine output over 
the course of perfusion (left) and AUC values (right), mean values with SEM are presented N=8. 
Panel B depicts RBF over the course of perfusion (left) and AUC values (right), mean values with 
SEM are presented, N=8. Panel C depicts RR over the course of perfusion (left) and AUC values, 
mean values with SEM are presented (right), N=8. Paired t-test was used to calculate statistical 
significance.  
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5.3.2.2 Electrolyte concentration 

Electrolytes were measured throughout perfusion from arterial perfusate. There was no 

difference in ionised calcium, potassium, sodium or glucose levels throughout perfusion 

between treated and control kidneys (Figure 5.13). 

 

Figure 5.10 Electrolyte concentration in perfusate of kidneys treated with HDM-FH and 
control kidneys from 5 minutes to 360 minutes of perfusion.   

Electrolytes were measured from arterial perfusate samples from treated and control kidneys 
taken from 5 minutes to 360 minutes of perfusion using the RAPIDpoint 500e Blood Gas 
System, N=8. Mean is presented with SEM. Two-way ANOVA was used to calculate statistical 
significance.  

 

5.3.2.3 Cellular metabolism 

Oxygen consumption and lactate production were measured as indicators of cellular 

metabolism. Oxygen consumption was calculated from measurements from arterial and 

venous perfusate as described in chapter 2. Oxygen consumption remained stable throughout 

perfusion in both treated and control kidneys with no difference seen in overall oxygen 

consumption. Lactate production increased 2-fold from 5 minutes of perfusion to 30 minutes 



   

 

149 
 

of perfusion in treated and control kidneys then remained stable until the end of perfusion, 

with no difference between treated and control kidneys (Figure 5.14). 

 

 

Figure 5.11 Cellular metabolism of kidneys treated with HDM-FH and control kidneys from 5 
minutes to 360 minutes of perfusion. 

Oxygen consumption was calculated from arterial and venous blood gas samples from treated 
and control kidneys taken from 5 minutes to 360 minutes of perfusion using the RAPIDpoint 
500e Blood Gas System and normalised for weight. Panel A shows oxygen consumption over 
the course of perfusion (left) and AUC values (right), mean values with SEM are presented N=8. 
Lactate was measured from arterial perfusate samples from treated and control kidneys taken 
from 5 minutes to 360 minutes of perfusion using the RAPIDpoint 500e Blood Gas System. 
Panel B shows lactate levels over the course of perfusion (left) and AUC values (right), mean 
values with SEM are presented N=8. Paired t-test was used to calculate statistical significance.  

C
ontr

ol 

Tre
at

ed
 

0

20000

40000

60000

R
B

F
 m

L
/m

in
/1

0
0

g

Control

Treated

0 100 200 300 400

0

2

4

6

8

Time (minutes)

L
a

c
ta

te
 (

m
m

o
l/

L
)

0 100 200 300 400

0

10

20

30

Time (minutes)

O
x

y
g

e
n

 c
o

n
s

u
m

p
ti

o
n

 (
m

l/
m

in
/k

g
)

A

B

C
ontr

ol 

Tre
at

ed
 

0

2000

4000

6000

8000

O
x
y

g
e

n
 c

o
n

s
u

m
p

ti
o

n
 A

U
C

C
ontr

ol 

Tre
at

ed
 

0

500

1000

1500

2000

L
a
c
ta

te
 A

U
C



   

 

150 
 

5.3.2.4 Renal function 

Creatinine clearance from perfusate was measured to assess the effect of HDM-FH on GFR. 

There was no difference in clearance of creatinine between treated and control kidneys 

(Figure 5.15).  

 

Figure 5.12 Clearance of creatinine from perfusate of kidneys treated with HDM-FH and 
control kidneys.  

Creatinine levels were measured in perfusate from 5 minutes to 180 minutes of perfusion and 

normalised for kidney weight and 5-minute creatinine values. An AUC value was calculated 

from individual plots, N=8. Mean from combined AUC values is presented with SEM. Paired t-

test was used to calculate statistical significance.  

 

5.3.2.5 Contrast enhanced ultrasound 

CEUS was performed to assess if HDM-FH affected microvascular perfusion of kidneys. 

Microbubbles (sulphur hexafluoride in a phospholipid shell) were administered to the renal 

artery at the end of perfusion. The small size of the microbubbles allows them to infiltrate the 

capillary bed. This creates an increased ultrasound signal which can be assessed to give a 

quantifiable measurement of microvasculature perfusion in specific regions of interest. There 

was no difference in peak intensity, time to 90% peak or the AUC of 5 seconds of perfusion 

within the cortex or inner or outer medulla at 330 minutes of perfusion (Figure 5.16). 
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Figure 5.13 Contrast enhanced ultrasound results from treated and control kidneys at 330 
minutes of perfusion. 

1 mL sulphur hexafluoride contrast agent (SonoVue ®, Bracco) was administered to the renal 

artery at 330 minutes of EVNP to increase ultrasound signal. Images were taken using the 

eL18-4 probe of the Philips EPIQ7 Ultrasound machine with QLab 8.1 software. DICOM files 

were imported into QLAB Advanced Quantification Software and analysed using the ROI QApp. 

Peak intensity, time to 90% peak and 5 second AUC values were measured for ROIs in the 

cortex, outer medulla and inner medulla. Individual values are presented, N=8. Paired t-test 

was used to calculate statistical significance. ns = non-significant. 

 

5.3.2.6 Neutrophil gelatinase-associated lipocalin 

NGAL was measured in urine throughout perfusion to assess if HDM-FH affected tubular 

injury. There was no significant difference in urinary NGAL levels between treated and control 

kidneys (Figure 5.18).  

 

Figure 5.14 Neutrophil gelatinase-associated lipocalin levels in urine of kidneys treated with 
HDM-FH and control kidneys from 30 minutes to 360 minutes of perfusion.  

NGAL concentrations in urine samples taken throughout perfusion were measured via ELISA 
and normalised for kidney weight and urine output, N=8. Mean is presented with SEM. Two-
way ANOVA was used to calculate statistical significance.  
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5.3.3 Complement regulation  

FH regulates complement activity by cofactor activity to FI in the inactivation of C3b to iC3b, 

and through decay accelerating of the C3 and C5 convertase. Less convertase assembly on C3b 

and decay of formed convertase should lead to a reduction in C3 and C5 cleavage, Bb 

formation which depends on C3b binding to be cleaved by factor D, and MAC formation. A 

reduction in general inflammation/damage may also lead to a reduction in the other pathways 

of complement.  

5.3.3.1 C3 and C3 activation products  

C3 deposition in kidney glomeruli at the end of perfusion was identified using an anti-C3 

antibody which binds full length C3 and C3 fragments. There was no significant difference in 

C3 deposition at the end of perfusion between treated and control kidneys (Figure 5.19 and 

Figure 5.20).  

 

Figure 5.15 Immunofluorescent images of C3 deposition in glomeruli of kidneys treated with 
HDM-FH and control kidneys at 360 minutes of perfusion. 

FFPE wedge biopsies from treated and control and kidneys taken at 360 minutes of perfusion 
were stained with an anti-C3 antibody, DAPI was used as a counterstain. Sections were then 
imaged using the LEICA DM2000 LED microscope and processed using LAS X software. C3 is 
shown in green, DAPI is shown in blue. C3 can be seen within the glomeruli of control (A) and 
treated (B) kidneys. 



   

 

154 
 

 

Figure 5.16 C3 deposition in glomeruli of kidneys treated with HDM-FH and control kidneys 
at 360 minutes of perfusion. 

FFPE wedge biopsies taken at from treated and control kidneys at 360 minutes of perfusion 
were stained with an anti-C3 antibody. Sections were then imaged using the LEICA DM2000 
LED microscope and processed using LAS X software. The percentage area of positive C3 signal 
of 10 glomeruli was measured from each biopsy, N=8. Individual values are presented. Paired 
t-test was used to calculate statistical significance. ns = non-significant. 

 

Due to the inability to differentiate between full length porcine C3 and C3 fragments using 

immunofluorescence, a western blot was carried out to investigate the ratio of full-length C3 

to C3 breakdown fragments. The same anti-C3 antibody was used as in the 

immunofluorescence protocol that would bind C3 fragments, however SDS-PAGE separates 

proteins by size so different size fragments can be identified. A ratio of the amount alpha chain 

of full-length C3 to the amount of the C3C alpha chain in perfusate samples taken at the end 

of perfusion was measured (Figure 5.21). This was to identify whether treatment with HDM-

FH affected C3 activation leading to a higher ratio of C3 fragments to full-length C3. There was 

no difference between the amount of full length C3 to C3 activation product C3C in perfusate 

samples taken at the end of perfusion. 
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Figure 5.17 Ratio of C3 alpha chain to C3C alpha chain on Western blot in perfusate from 
kidneys treated with HDM-FH and control kidneys at 360 minutes of perfusion. 

Perfusate samples from treated and control kidneys taken at 360 minutes of perfusion were 
ran on SDS-PAGE for Western blot under reducing conditions (panel A). the SDS-PAGE gel was 
imaged using the Odyssey® Fc imaging system. Band signal was normalised for total protein 
load and quantified using Image Studio Lite version 5.2. The ratio of C3 alpha chain to C3C 
alpha chain for treated and control kidneys is shown in panel B. Paired t-test was used to 
calculate statistical significance. ns = non-significant. 
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C3a levels in perfusate and urine were measured to indicate C3 breakdown. There was no 

significant difference in C3a levels in urine or perfusate between treated and control kidneys 

throughout perfusion (Figure 5.22). 

 

 

Figure 5.18 C3a levels in perfusate and urine in perfusate from kidneys treated with HDM-
FH and control kidneys from 30 minutes to 360 minutes of perfusion. 

C3a concentrations in perfusate and urine samples taken from treated and control kidneys 
from 30 minutes to 360 minutes of perfusion were measured. Perfusate concentrations are 
shown in A, N=8. total C3a produced per minute in urine is shown in B, N=8. Mean is presented 
with SEM. Two-way ANOVA was used to calculate statistical significance.  
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5.3.3.2 C5a 

C5a levels in urine were measured to investigate if HDM-FH altered C5 breakdown. C5a levels 

in urine were significantly reduced throughout perfusion (Figure 5.23). 

 

Figure 5.19 C5a levels in urine from kidneys treated with HDM-FH and control kidneys at 30 
minutes to 360 minutes of perfusion. 

C5a levels in urine samples taken from treated and control kidneys from 30 minutes to 360 
minutes of perfusion were measured using ELISA. Total C5a produced per minute is shown. 
Two-way ANOVA was used to calculate statistical significance. **p<0.01. 

 

5.3.3.3 Factor B 

The active fragment of FB, Bb was quantified in glomeruli to indicate alternative pathway 

activation. Glomerular deposition of Bb was significantly reduced in biopsies taken at the end 

of perfusion in treated kidneys compared with control (Figure 5.24). There was no difference 

in FB levels in perfusate between treated and control kidneys at the end of perfusion (Figure 

5.25) 
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Figure 5.20 Immunofluorescent images of Bb deposition in glomeruli of kidneys treated with 
HDM-FH and control kidneys at 360 minutes of perfusion. 

FFPE wedge biopsies of treated and control kidneys taken at 360 minutes of perfusion were 
stained with an anti-Bb antibody, DAPI was used as a counterstain. Sections were then imaged 
using the LEICA DM2000 LED microscope and processes using LAS X software. Bb is shown in 
green, DAPI is shown in blue. Bb can be seen within the glomeruli of control (A) and treated (B) 
kidneys. 

 

 

Figure 5.21 Bb deposition in glomeruli of kidneys treated with HDM-FH and control kidneys 
at 360 minutes of perfusion. 

FFPE wedge biopsies of treated and control kidneys taken at 360 minutes of perfusion were 
stained with an anti-Bb antibody. Sections were then imaged using the LEICA DM2000 LED 
microscope and processed using LAS X software. The percentage area of positive Bb signal of 
10 glomeruli was measured from each biopsy, N=8. Individual values are presented. Paired t-
test was used to calculate statistical significance. **p<0.01. 
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Figure 5.22 FB in perfusate of kidneys treated with HDM-FH and control kidneys from 360 
minutes of perfusion. 

FB levels in perfusate samples taken from treated and control kidneys taken at 360 minutes of 
perfusion were measured using ELISA. There was no significant difference between FB levels 
at the end of perfusion between treated and untreated kidneys, N=8. Individual values are 
presented. Paired t-test was used to calculate statistical significance. ns = non-significant. 

 

5.3.3.4 C1q 

C1q deposition in glomeruli was quantified as a measurement of classical pathway activation. 

Glomerular deposition of C1q was significantly reduced in biopsies taken at the end of 

perfusion in treated kidneys compared with control (Figure 5.27 and Figure 5.28). 
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Figure 5.23 Immunofluorescent images of C1q deposition in glomeruli of kidneys treated 
with HDM-FH and control kidneys at 360 minutes of perfusion. 

FFPE wedge biopsies from treated and control kidney taken at 360 minutes of perfusion were 
stained with an anti-C1q antibody, DAPI was used a counterstain. Sections were then imaged 
using the LEICA DM2000 LED microscope and processed with LAS X software. C1q is shown in 
green, DAPI is shown in blue. C1q can be seen within the glomeruli of control (A) and treated 
(B) kidneys.  

 

Figure 5.24 C1q deposition in glomeruli of kidneys treated with HDM-FH and control kidneys 
at 360 minutes of perfusion. 

FFPE wedge biopsies from treated and control kidneys taken at the end of perfusion were 
stained with an anti-C1q antibody. Sections were then imaged using the LEICA DM2000 LED 
microscope and processed using LAS X software. The percentage area of positive C1q signal of 
10 glomeruli was measured from each biopsy, N=8. Individual values are presented. Paired t-
test was used to calculate statistical significance. **p<0.01. 
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5.3.3.5 Haemolytic activity of perfusate 

The haemolytic activity of perfusate pre-perfusion and at the end of perfusion was measured 

to indicate complement consumption in the fluid phase. In all kidneys, complement had been 

consumed at the end of perfusion compared with pre-perfusion. In 5 pairs, there was more 

complement consumption in untreated kidneys at the end of perfusion, in 3 pairs, there was 

more complement consumption in treated kidneys at the end of perfusion (Figure 5.29).  
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Figure 5.25 Complement consumption in perfusate of kidneys treated with HDM-FH and 
control kidneys pre-perfusion and at 360 minutes of perfusion. 

Perfusate samples from treated and control kidneys taken pre-perfusion and at 360 minutes 
of perfusion were tested for complement activity using classical haemolytic assays. The 
percentage of sample required to achieve the CH50 is plotted for each kidney, N=8. Individual 
values are plotted on separate graphs. 
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5.3.4 Inflammatory cytokines and chemokines 

C5a can cause recruitment and activation of macrophages which produce proinflammatory 

cytokines and chemokines (Markiewski and Lambris, 2007). IL-6 and IL-8 levels were therefore 

measured in the urine throughout perfusion to see if HDM-FH treatment could reduce 

inflammation. 

There was no significant difference between urine IL-6 or IL-8 levels in treated and control 

kidneys throughout perfusion (Figure 5.30 and Figure 5.31). 

 

Figure 5.26 IL-6 levels in urine from kidneys treated with HDM-FH and control kidneys from 
30 minutes to 360 minutes of perfusion. 

IL-6 concentrations in urine samples from treated and control kidneys taken at 30 minutes to 
360 minutes of perfusion were measured via ELISA. Total IL-6 produced per minute is shown, 
N=8. Mean is presented with SEM. Two-way ANOVA was used to calculate statistical 
significance.  
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Figure 5.27 IL-8 levels in urine from kidneys treated with HDM-FH and control kidneys from 
30 minutes to 360 minutes of perfusion.  

IL-8 concentrations in urine samples from treated and control kidneys taken at 30 minutes to 
360 minutes of perfusion were measured via ELISA. Total IL-6 produced per minute is shown, 
N=8. Mean is presented with SEM. Two-way ANOVA was used to calculate statistical 
significance.  

 

5.3.5 Fibrinogen and microthrombi 

Complement inhibition can lead to a decrease in fibrosis through C5a dependant TGF-β 

production and endothelial-to-mesenchymal transition inhibition (Curci et al., 2014, Boor et 

al., 2007). Microthrombi formation correlated with fibrinogen accumulation during NMP has 

been previously observed (DiRito et al., 2021), furthermore, uncontrolled complement 

activation can drive pathophysiology of thrombotic microangiopathies (TMAs), a 

characteristic feature of which is microvascular thrombosis (George and Nester, 2014). An 

anti-fibrinogen/fibrin antibody was used to measure fibrinogen in kidneys at the end of 

perfusion (Figure 5.32 and Figure 5.33). MSB was used to stain erythrocytes in kidney tissue 

at the end of perfusion to quantify microvascular thrombosis (Figure 5.34 and Figure 5.35).   
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5.3.5.1 Fibrinogen  

Fibrinogen deposition was measured in glomeruli of kidneys at the end of perfusion. The 

antibody used binds fibrinogen and cleaved fibrin. There was no significant difference in the 

amount of fibrinogen present in glomeruli between treated and untreated kidneys (Figure 

5.31 and Figure 5.32). 

 

Figure 5.28 Immunofluorescent images of fibrinogen deposition in glomeruli of kidneys 
treated with HDM-FH and control kidneys at 360 minutes of perfusion. 

FFPE wedge biopsies from treated and control kidney taken at 360 minutes of perfusion were 
stained with an anti-fibrinogen antibody, DAPI was used as a counterstain. Sections were then 
imaged using the LEICA DM2000 LED microscope and processed using LAS X software. 
Fibrinogen is shown in orange, DAPI is shown in blue. Fibrinogen can be seen within the 
glomeruli of control (A) and (B) treated kidneys. 
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Figure 5.29 Fibrinogen deposition in glomeruli of kidneys treated with HDM-FH and control 
kidneys at 360 minutes of perfusion.  

FFPE wedge biopsies from treated and control kidney taken at 360 minutes of perfusion were 
stained with an anti-fibrinogen antibody. Sections were then imaged using the LEICA DM2000 
LED microscope and processed using LAS X software. The percentage area of positive 
fibrinogen signal of 10 glomeruli was measured from each biopsy, N=8. Individual values are 
presented. Paired t-test was used to calculate statistical significance. ns = non-significant. 

 

5.3.5.2 Erythrocytes 

MSB staining was used to visualise erythrocyte microthrombi. Percentage erythrocyte 

coverage per 20x field of view and per glomeruli were quantified (Figure 5.34 and Figure 5.35). 

There was no significant difference in either value between treated or control kidneys, 

however the percentage erythrocyte coverage per 20x field of view was approximately 3-fold 

lower in treated kidneys (p=0.063). 
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Figure 5.30 MSB stained sections of kidneys treated with HDM-FH and kidneys at 360 
minutes of perfusion. 

FFPE wedge biopsies of treated and control kidneys taken at 360 minutes of perfusion were 

stained with MSB. Brightfield images of sections were then taken using the CMOC colour 

camera SC50 and processes using Cellsens Standard software. A shows a control kidney, B 

shows a treated kidney. 
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Figure 5.31 Erythrocyte coverage in kidneys treated with HDM-FH and control kidneys at 360 
minutes of perfusion. 

FFPE wedge biopsies taken at 360 minutes of perfusion were stained with MSB. Brightfield 

images of sections were then taken using the CMOC colour camera SC50 and processes using 

Cellsens Standard software. A classifier was trained to segment images identifying 

erythrocytes using LABKIT plugin on Fiji Image J. Erythrocyte pixels were quantified and 

percentage pixels per 20x field of view from 10 images (A) or per glomerulus for 10 glomeruli 

(B) were calculated, N=8. Individual values are presented. Paired t-test was used to calculate 

statistical significance. ns = non-significant 

 

5.3.6 Glycocalyx shedding  

Complement mediated endothelial activation following IRI can cause shedding of the surface 

layer of the endothelium, the glycocalyx (Bongoni et al., 2019). Hyaluronan was therefore 

measured in plasma to assess whether HDM-FH treatment reduced endothelial activation. 

5.3.6.1 Hyaluronan 

Hyaluronan levels in perfusate throughout perfusion were measures using ELISA. There was 

no significant difference in perfusate hyaluronan levels between treated and untreated 

kidneys (Figure 5.33).  
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Figure 5.32 Hyaluronan levels in perfusate from kidneys treated with HDM-FH and control 
kidneys from 30 minutes to 360 minutes of perfusion. 

Hyaluronan concentrations in perfusate samples from treated and control kidneys taken from 
30 minutes to 360 minutes of perfusion were measured via ELISA, N=8. Mean is presented with 
SEM. Two-way ANOVA was used to calculate statistical significance.  

 

5.3.7 Cell death  

Apoptosis is a controlled form of cell death that can be caused by complement activation, a 

reduction in C5a would suggest reduced MAC formation and therefore cell lysis (Nauta et al., 

2002). Moreover, C1q binds apoptotic bodies for clearance (Cai et al., 2015). Tissue apoptosis 

was therefore measured to assess if reduced C5 cleavage affected apoptosis, or if decreased 

C1q in treated kidneys could be a consequence of decreased apoptosis. 

5.3.7.1 Apoptosis 

A TUNEL assay was used to detect apoptotic cells in tissue through binding to fragmented 

nuclear DNA. There were significantly less apoptotic bodies in the tissue of treated kidneys 

taken at the end of perfusion when compared with control kidneys (Figure 5.34 and Figure 

5.35). 
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Figure 5.33 Immunofluorescent images of apoptotic bodies in kidneys treated with HDM-FH 
and control kidneys at 360 minutes of perfusion.  

FFPE wedge biopsies from treated and control kidneys taken at 360 minutes of perfusion were 
stained with a TdT-mediated dUTP Nick-End Labelling assay, DAPI was used as a counterstain. 
Sections were then imaged using the LEICA DM2000 LED microscope and processed using LAS 
X software. Apoptotic bodies are shown in green, DAPI is shown in blue. Apoptotic bodies can 
be seen in control (A) and treated (B) kidneys. 

 

 

Figure 5.34 Apoptotic bodies in kidneys treated with HDM-FH and control kidneys taken at 
360 minutes of perfusion. 

FFPE wedge biopsies from treated and control kidneys taken at 360 minutes of perfusion were 
stained with a TdT-mediated dUTP Nick-End Labelling assay. Sections were then imaged using 
the LEICA DM2000 LED microscope and processed using LAS X software. Apoptotic bodies and 
nuclei were counted individually 10 20x magnification images. These values were used to 
calculate a mean percentage of apoptotic bodies per 20x field of view, N=8. Individual values 
are presented. Paired t-test was used to calculate statistical significance. **p<0.01. 
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5.3.8 Immune cell infiltration 

Immune cell infiltration is a hallmark sign of IRI and is known to be influenced by activation of 

the complement system (Peng et al., 2012). A unique benefit of a whole blood EVNP model is 

the presence of immune cells that can be recruited through complement driven mechanisms 

to the site of injury. Antibodies that bind specific markers of T-cells, macrophages and 

neutrophils were used to stain, and then quantify immune cell infiltration in treated and 

untreated kidneys. 

5.3.8.1 CD3ε-UNLB 

Sections taken at the end of perfusion were stained with an anti-CD3ε-UNLB antibody to 

measure whether HDM-FH administration affects T-cell infiltration. There were significantly 

less T-cells in tissue taken at the end of perfusion in treated kidneys compared with control 

kidneys (Figure 5.39 and Figure 5.40). 

 

Figure 5.35 Immunofluorescent images of CD3ε-UNLB positive cells in tissue of kidneys 
treated with HDM-FH and control kidneys at 360 minutes of perfusion. 

Snap-frozen wedge biopsies from treated and control kidneys taken at 360 minutes of 

perfusion were stained with an anti-CD3ε-UNLB antibody, DAPI was used as a counterstain. 

Sections were then imaged using the LEICA DM2000 LED microscope and processed using LAS 

X software. CD3ε-UNLB positive cells are shown in green, DAPI is shown in blue. CD3ε-UNLB 

positive cells can be seen in control (A) and treated (B) kidneys. 
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Figure 5.36 CD3ε-UNLB positive cells in tissue of kidneys treated with HDM-FH and control 
kidneys at 360 minutes of perfusion. 

Snap-frozen wedge biopsies from treated and control kidneys taken at 360 minutes of 
perfusion were stained with an anti-CD3ε-UNLB antibody. Sections were then imaged using 
the LEICA DM2000 LED microscope and processed using LAS X software. The number of CD3ε-
UNLB positive cells were counted in 10 20x magnification images, N=8. Individual values are 
presented. Paired t-test was used to calculate statistical significance. *p<0.05. 

5.3.8.2 CD163 

Sections taken at the end of perfusion were stained with an anti-CD163 antibody to measure 

whether HDM-FH administration affects macrophage infiltration. There were significantly less 

macrophages in tissue taken at the end of perfusion in treated kidneys compared with control 

kidneys (Figure 5.41 and Figure 5.42). 
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Figure 5.37 Immunofluorescent images of CD163 positive cells in tissue of kidneys treated 
with HDM-FH and control kidneys at 360 minutes of perfusion. 

Snap-frozen wedge biopsies from treated and control kidneys taken at 360 minutes of 
perfusion were stained with an anti-CD163 antibody, DAPI was used as a counterstain. Sections 
were then imaged using the LEICA DM2000 LED microscope and processed using LAS X 
software. CD163 positive cells are shown in green, DAPI is shown in blue. CD163 positive cells 
can be seen in control (A) and treated (B) kidneys. 

 

 

Figure 5.38 CD163 positive cells in tissue of kidneys treated with HDM-FH and control kidneys 
at 360 minutes of perfusion. 

Snap-frozen wedge biopsies from treated and control kidneys taken at the end of perfusion 
were stained with an anti-CD163 antibody. Sections were then imaged using the LEICA 
DM2000 LED microscope and processed using LAS X software. The number of CD163 positive 
cells were counted in 10 20x magnification images, N=8. Individual values are presented. 
Paired t-test was used to calculate statistical significance. *p<0.05. 
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5.3.8.3 Neutrophil elastase 

Sections taken at the end of perfusion were stained with an anti-neutrophil elastase antibody 

to measure whether HDM-FH administration affects neutrophil infiltration. There were 

significantly fewer neutrophils in tissue taken at the end of perfusion in treated kidneys 

compared with control kidneys (Figure 5.43 and Figure 5.44). 

 

 

Figure 5.39 Immunofluorescent images of neutrophil elastase in tissue from kidneys treated 
with HDM-FH and control kidneys at 360 minutes of perfusion. 

Snap-frozen wedge biopsies from treated and control kidneys from 360 minutes of perfusion 
were stained with an anti-neutrophil elastase antibody, DAPI was used as a counterstain. 
Sections were then imaged using the LEICA DM2000 LED microscope and processed using LAS 
X software. Neutrophil elastase is shown in green, DAPI is shown in blue. Neutrophil elastase 
can be seen in control (A) and treated (B) kidneys. 
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Figure 5.40 Neutrophil elastase positive area in tissue from kidneys treated with HDM-FH 
and control kidneys at 360 minutes of perfusion. 

Snap-frozen wedge biopsies taken at the end of perfusion were stained with an anti-neutrophil 
elastase antibody, DAPI was used as a counterstain. Sections were then imaged using the LEICA 
DM2000 LED microscope and processed using LAS X software. The area with positive 
fluorescent signal was measured using QuPath in 10 20x magnification images, N=8. Individual 
values are presented. Paired t-test was used to calculate statistical significance. *p<0.05. 
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5.4 DISCUSSION 

FH is the key regulator of the alternative pathway, with HDM-FH displaying avid binding to 

damaged self-cells to efficiently control complement activation (Yang et al., 2018). In this 

chapter, the ability of HDM-FH to bind to kidneys during EVNP was assessed, with the 

downstream effects of this binding on kidney function, complement activation and 

downstream ischaemic injury during EVNP investigated. 

HDM-FH binds C3b very strongly, likely binding to multiple C3b molecules at once with high 

avidity while also homing to self-cells via sialic acid and GAGs due to multiple binding sites and 

an ‘open’ conformation. In this work, HDM-FH bound within glomeruli of kidneys within 30 

minutes of perfusion following administration directly to the EVNP circuit and was mainly 

localised to the endothelium and basement membrane.  

Given the affinity of HDM-FH for C3b, it is unsurprising that HDM-FH binding was significantly 

correlated with C3/C3 breakdown products present in glomeruli prior to perfusion. This data 

suggests that HDM-FH preferentially binds to kidneys with increased complement activation, 

which is commonly observed in kidneys from deceased donors and those affected by 

traumatic injury (Damman et al., 2011, Burk et al., 2012). These kidneys typically exhibit worse 

function and graft survival compared to those from living donors (Damman et al., 2011, 

Błogowski et al., 2012). As a result, the potential beneficial effects of HDM-FH are likely to be 

most pronounced in injured kidneys from deceased donors which are in the greatest need of 

repair. Furthermore, this suggests that HDM-FH could be utilised as a therapeutic agent in 

other complement-mediated diseases characterised by complement deposition, such as C3G. 

HDM-FH administration did not cause a change in physiological parameters during perfusion 

indicating that is has no adverse effects on kidney function. Clinically, urine output in the first 

24 hours post-transplant is correlated with the occurrence of DGF, but not with 1 year 

estimated GFR (eGFR) (Seja et al., 2022, Kim et al., 2019). A quality assessment study found 

kidneys deemed suitable for transplant that would have otherwise been discarded produced 

significantly more urine during EVNP than those which were not deemed suitable. Urine 

output was combined with RBF and macroscopic appearance to produce a QAS score. This 

QAS score was predictive of graft outcomes including DGF (Hosgood et al., 2018). Conversely, 

the QAS score during EVNP in a clinical trial assessing EVNP as a method to recondition kidneys 

did not correlate with DGF (Hosgood et al., 2023).  
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The absence of significant improvements in physiological parameters or kidney function 

during EVNP following HDM-FH administration is not a major concern. Previous studies 

investigating therapeutics administered during EVNP have not consistently demonstrated an 

increase in urine output, despite positive results in other important downstream markers 

(Pool et al., 2019, Yang et al., 2011, Thompson et al., 2022, Kassimatis et al., 2021, Lohmann 

et al., 2021, Hameed et al., 2020).  

Increased urine output and RBF during EVNP was observed following the administration of 

MAPCs (Thompson et al., 2021) and combined tPa and plasminogen (DiRito et al., 2021). tPa 

facilitates blood clot breakdown through conversion of plasminogen to plasmin (Collen and 

Lijnen, 2009). MAPCs release potent vasodilators Prostaglandin E2 and indoleamine 2,3-

dioxygenase, which may also explain why MAPC treatment led to an improvement seen in 

microvascular perfusion measured via CEUS. These therapies affect immediate physical 

changes within the microvasculature, improving tissue perfusion and kidney function within a 

few hours via mechanisms that would not be expected from HDM-FH.  

NGAL is a marker of tubular injury, with urinary NGAL correlated with DGF and patient and 

graft survival (Maier et al., 2018, Hall et al., 2010). Similar levels of NGAL, urine output, RBF, 

oxygen consumption and creatine clearance between treated and control kidneys suggest that 

HDM-FH does not cause any adverse effects to kidney function. However, they do, alongside 

functional data, also suggest that HDM-FH is unable to improve global tissue damage and 

cellular metabolism in the 6 hours of EVNP. 

Complement therapeutics administered in clinical or experimental animal IRI settings have 

improved kidney function measured via parameters including BUN and creatinine clearance 

(Zheng et al., 2006, Hu et al., 2018, Zheng et al., 2008, Gueler et al., 2008, Arumugam et al., 

2003, de Vries et al., 2003a, Thurman et al., 2006, Castellano et al., 2010, Delpech et al., 2016, 

Pratt et al., 2003, de Vries et al., 2003b). However, these studies measured function over a 

longer time period than the 6 hours of perfusion in this work, with data presented from 1 day, 

to months post reperfusion. Any effect of HDM-FH on kidney function may therefore only be 

observed following a longer period of time than the 6 hours of EVNP. Only one complement 

inhibitor has been administered and tested in kidneys using an EVNP model to date. 

Mirococept, an engineered recombinant CR1 molecule was administered to kidneys in the 

cold flush preservation solution and incubated for 1 hour prior to EVNP. No perfusion 
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parameters or kidney function readouts were changed in the three hours of EVNP (Kassimatis 

et al., 2021). 

HDM-FH administration reduced Bb deposition within glomeruli, indicating a reduction in AP 

activation, although serum FB levels were unaffected. This data aligns with findings from 

Thurman et al., (2006), demonstrating that an antibody against FB effectively halted AP 

activation and subsequent injury in a mouse model of IRI, without depleting serum FB levels 

(Thurman et al., 2006).  

Inhibition of the AP appears to have led to a decrease in C5a, likely through a reduction in C5 

cleavage due to accelerated decay of the C5 convertase by HDM-FH. A FH based complement 

inhibitor, CRIg/FH also reduced systemic C5a in a mouse IRI model (Hu et al., 2018). These 

results are promising given the wealth of evidence implicating C5a as a major contributor to 

IRI. C5a/C5aR blockade and deficiency leads to improved kidney function, complement 

regulation, reduced inflammation and immune cell infiltration following IRI. There is also 

evidence that the C5a/C5aR axis is more important in the pathogenesis of IRI than the 

C3a/C3aR axis (Lewis et al., 2008, de Vries et al., 2003b, de Vries et al., 2003a, Arumugam et 

al., 2003, Gueler et al., 2008, Zheng et al., 2008, Peng et al., 2012), while urinary C5a levels 

have shown correlation with allograft rejection (Müller et al., 1997), with C5 playing a role in 

thrombotic glomerulonephritis (Kondo et al., 2001) and MGPN (Pickering et al., 2006, Abe et 

al., 2001). 

Evidence for the role of the CP in ischaemia reperfusion injury is conflicting. Mice deficient in 

C4 or Ig receptor proteins are not protected from renal IRI, suggesting that the CP is not 

involved in the pathogenesis of IRI (Miwa et al., 2013). However, in a porcine model of IRI, an 

increase in C1q was observed, while C1INH administration reduced complement activation, 

tubular damage and immune cell infiltration and improved kidney function. The same results 

were seen following C1INH administration in a mouse IRI model (Danobeitia et al., 2017).  

In this chapter, C1q deposition in kidney tissue was observed, suggesting classical pathway 

activation plays a role in IRI. Circulating IgM can form complexes with neoantigens on tissue 

surfaces, which are exposed to oxygen radicals generated during IRI, thus activating C1q (Chan 

et al., 2003). Treatment with HDM-FH significantly reduced C1q levels in glomeruli, potentially 

because treated kidneys exhibited fewer apoptotic bodies compared to untreated ones. This 

reduction in apoptotic cells correlates with the observed decrease in C5a, implying less C5 
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cleavage and, consequently, reduced MAC formation, which induces apoptosis (Nauta et al., 

2002). C1q binds to apoptotic bodies to aid in their clearance, hence the non-canonical role 

for C1q in in systemic lupus erythematosus pathology (Cai et al., 2015, Botto and Walport, 

2002). Additionally, activated neutrophils can induce epithelial cell apoptosis, so the observed 

reduction in apoptosis in treated kidneys could also be attributed to decreased neutrophil 

infiltration (Jia et al., 2014).  

Treatment with an anti-FB antibody, an anti-C5 antibody and CRIg/FH used in a mouse IRI 

model led to a reduction in C3 activation (de Vries et al., 2003b, Thurman et al., 2006, Hu et 

al., 2018). However, there was no reduction in the C3 activation products C3a or C3C in urine 

or plasma following treatment with HDM-FH. This is surprising as HDM-FH controlled C3 

deposition and consumption in a mouse model of uncontrolled complement activation (Yang 

et al., 2018). Furthermore, a reduction in C3a levels throughout perfusion is in contrast with 

work by (Jager et al., 2022) who observed an increase in C3a levels over 4 hours of EVNP of 

porcine kidneys following 30 minutes WIT and 24 hours CIT.  

The complement consumption/activation seen in the EVNP system may have been too high 

for HDM-FH to lead to a reduction in C3 activation. Data in this work shows that while C3a 

levels are 1.5-fold lower in treated kidneys at 30 minutes of perfusion, levels are equally 

depleted in both treated and control kidneys at 360 minutes of perfusion, plateauing at 

around 300 minutes. This aligns with data from haemolytic assays in this chapter and chapter 

3 indicating increased complement consumption over the course of EVNP. Furthermore, 

results in chapter 3 show that the EVNP circuit alone activates complement, even without a 

kidney present. This is consistent with data showing elevated complement activation is seen 

during haemodialysis in the fluid phase and in the solid phase on the dialysis membrane 

(Mares et al., 2010, Hempel et al., 2016).  

Contrary to data from other porcine models of IRI (Castellano et al., 2010, Delpech et al., 

2016), no C4d was observed in any area of tissue in this study, nor was any MBL, indicating a 

lack of LP involvement in injury (Castellano et al., 2010). Moreover, the presence of C1q 

without C4d would suggest that the C1q is primarily an indicator of apoptosis, and not CP 

activation. Furthermore, it was not possible to detect MAC in tissue, this is in line with work 

by (de Vries et al., 2003b) who did not observe MAC before 12 hours of perfusion. It is possible 
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that the injury of porcine kidneys was not sufficient to produce an amount of MAC detectable 

by immunofluorescence.  

A consequence of complement activation is endothelial activation. An anti-C5 antibody used 

in a mouse IRI model reduced injury, with less endothelial activation and glycocalyx shedding 

indicated by reduced tissue and plasma hyaluronan (Bongoni et al., 2019). HDM-FH did not 

significantly reduce glycocalyx shedding within 6 hours of perfusion, despite reducing C5 

activation. This indicates that a reduction in C3 activation may be required to reduce 

endothelial activation, as was seen in the work of (Bongoni et al., 2019), but not following 

HDM-FH administration. 

The EVNP model is clearly a pro-inflammatory environment, with multiple studies observing 

an increase in pro-inflammatory cytokines (Hameed et al., 2020, Nath et al., 2017, Hosgood et 

al., 2017, Jager et al., 2022). Activated neutrophils, macrophages and T-cells all release 

inflammatory cytokines. It may be expected therefore, that there would be lower levels of IL-

6 and IL-8 in the urine of treated kidneys due to reduced leucocyte infiltration and C5a. While 

a number of complement inhibitors used in IRI models did reduce inflammatory cytokine 

levels (Zheng et al., 2006, Zheng et al., 2008, Castellano et al., 2010, Delpech et al., 2016, de 

Vries et al., 2003b), this was not seen in the urine of treated kidneys in this work.  

LPS can cause a release of inflammatory cytokines IL-6 and IL-8 from tubular epithelial cells 

following interaction with TLR 2 and 4 (Allam et al., 2012). Furthermore, AKI causes a 

hypersensitive response to LPS (Naito et al., 2008) . As it was not possible to keep all 

components of the organ retrieval and perfusion circuit completely sterile, the presence of 

LPS may have led to an inflammatory response which would bypass or overwhelm any 

protective effect of HDM-FH in this regard. 

(DiRito et al., 2021) suggest that tubular epithelial cells act as a source of extra hepatic 

fibrinogen, and that this fibrinogen can be scavenged and translocated from urine back to the 

vasculature. They saw a similar pattern of endothelial fibrinogen following both cold storage 

and perfusion of kidneys, as was seen in this work. HDM-FH did not lead to a reduction in 

fibrinogen deposition in treated kidneys, it did however lead to a 3-fold reduction in 

microthrombi in kidney vasculature. Previous work suggested that microthrombi occur due to 

RBC aggregates caused by fibrinogen. Activation of the C5a/C5aR axis has been shown to be 

pro-thrombotic by mediating exocytosis of von Willebrand factor (vWF) and P-selectin from 
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Weibel-Palade bodies causing platelet adhesion and aggregation on the endothelium due to 

vWF binding (Aiello et al., 2022). A reduction in C5a in this work may therefore be responsible 

for the reduction in microthrombi. Unfortunately, it was not possible to detect vWF or P-

selectin to validate this assumption due to a lack of porcine specific reagents.   

A unique benefit of this porcine model of EVNP is the use of whole blood, which is logistically 

difficult to source in sufficient quantities/quality for use with human organs. The presence of 

leukocytes in whole blood allows investigations into whether treatment with HDM-FH affects 

leukocyte infiltration. Complement inhibition via targeted treatment, or the generation of 

complement deficient animals often leads to a reduction in leukocyte migration to the site of 

injury. Previous studies have implicated that this is through complement mediated reduction 

of cytokines and chemokines (Zheng et al., 2008, Danobeitia et al., 2017, Peng et al., 2012), an 

established mechanism of action of immune cell recruitment and activation. However, a 

reduction in IL-6 and IL-8 was not seen in this work, although a reduction in neutrophil, 

macrophage and T-cell infiltration was seen, suggesting a role for complement in leukocyte 

recruitment outside of IL-6 and IL-8 signalling.  

Results from this work and others suggest a role for endothelial activation in the progression 

of ischaemic injury (Castellano et al., 2010, Basile, 2007, Peng et al., 2012).  The renal 

endothelium in particular has limited potential for regeneration, due to a low capacity for 

proliferation and a proclivity for endothelial to mesenchymal transition (Perry and Okusa, 

2016). Moreover, complement activation following ischaemic injury can continue over a 

prolonged period of time, as shown by animal IRI models and clinically following 

transplantation. Complement inhibitors that have improved responses to IRI, including kidney 

function, have been assessed over a significantly longer period of time than was possible in 

this study. Furthermore, HDM-FH caused a reduction in C3 breakdown products at 48 hours 

through to 96 hour and was still detectable in the glomeruli at 48 hours in a mouse model of 

complement activation (Yang et al., 2018). Given the reduction in complement activation seen 

in this short period of time, more downstream effects of HDM-FH may be seen over a longer 

period, warranting auto transplant studies. 

To conclude, HDM-FH shows binding to the endothelium and basement membrane of porcine 

kidneys in a manor dependant on the presence of C3 breakdown products. HDM-FH caused a 

significant reduction in alternative pathway activation, reducing C5 cleavage, potentially 
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leading to a reduction in apoptosis, C1q deposition, and immune cell infiltration. There is 

potential therefore for HDM-FH to be used as a treatment to protect kidneys from 

complement mediated damage during transplantation. Studies administering HDM-FH over a 

longer term may identify further benefits. Investigations into the effect of HDM-FH on 

complement activation and ischaemic injury following cold administration would provide 

insight as to whether it would be viable in future to use HDM-FH as a treatment administered 

during the cold flush of kidneys prior to transplant. 
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CHAPTER 6. PROJECT CONCLUSION, SUMMARY, LIMITATIONS AND FUTURE DIRECTIONS 

6.1 PROJECT SUMMARY AND DISCUSSION 

Kidney transplantation remains the best treatment option for most patients with ESRD. 

However, an increasing burden of CKD and limited availability of kidneys has necessitated the 

use of organs from marginal donors who are older and may have a range of comorbidities. 

These organs are more susceptible to the deleterious effects of IRI, a paradoxical exacerbation 

of cellular damage and death upon restoration of blood flow following a period of ischaemia, 

leading to DGF and graft failure (Patel et al., 2023).  

The complement system is a key component of the innate immune system, while also 

contributing to control of the adaptive immune system. It is vital in detecting and eliminating 

pathogens and aberrant host cells and maintaining homeostasis. Excessive complement 

activation or insufficient regulation can cause or exacerbate disease, including rare diseases 

such as PNH and aHUS, but also more common diseases including COVID-19 and IRI (West et 

al., 2024). A wealth of evidence exists implicating the complement system, in particular the 

AP in the development and pathogenesis of IRI (Thurman et al., 2003, Thurman et al., 2006, 

Zhou et al., 2000). AP regulation is primarily exerted by FH and is crucial to prevent 

uncontrolled complement activation due to the ubiquitous nature of the AP. HDM-FH is a 

construct consisting of the key complement regulatory and self-recognition domains of FH and 

has improved complement regulatory activity compared with full length FH (Yang et al., 2018).  

While HDM-FH has been shown to be effective in a mouse model of uncontrolled complement 

activation, prior to this work HDM-FH had not been assessed as a potential therapeutic for IRI. 

Given the effectiveness of HDM-FH at regulating the AP in kidneys with complement 

activation, and the clear role for the AP in IRI, we hypothesised that HDM-FH would control 

complement activation in the setting of IRI.  

EVNP is a valuable technique for modelling IRI, providing a unique platform on which to 

monitor an isolated whole organ, while administering a therapeutic directly via the 

vasculature. Porcine organs have previously been used to optimise EVNP parameters and to 

assess therapeutics delivered prior to/during EVNP (Yang et al., 2011, Pool et al., 2020, Pool 

et al., 2019, Lohmann et al., 2021, Harper et al., 2006). There are several benefits to using 

porcine organs including predictable availability and the ability to control and standardise the 
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retrieval and storage conditions. Furthermore, whole autologous blood from pigs can be 

collected while retrieving the organs for use during EVNP, whereas packed red cells are often 

used in human kidney EVNP due to difficulties in accessing suitable whole human blood. The 

use of whole blood has specific benefits within this study as plasma is an important source of 

complement, and immune cells are both influenced by, and influence complement activation 

(de Vries et al., 2003b).  

A downside to the use of organs from pigs is that they do not mirror most organs clinically 

available for transplant as pig do not have comorbidities such as hypertension or diabetes 

which can cause damage to the kidneys. Furthermore, complement activation leading to 

deposition of C3 activation products on tissue is required for HDM-FH binding. While elevated 

complement is commonly seen in donor organs (Błogowski et al., 2012, Naesens et al., 2009), 

optimisation was required to induce complement activation and ischaemic injury to porcine 

organs. As retrieval times and SCS times can influence transplant outcomes, we hypothesised 

that extending the ischaemic times of porcine kidneys would induce complement activation 

and ischaemic injury, facilitating binding of HDM-FH which could regulate the AP when 

administered during EVNP. 

Porcine kidney retrieval and EVNP was first set up and performed at Newcastle University by 

Ms Emily Thomson in 2019 who used methods developed by Dr Sarah Hosgood at Cambridge 

University to assess the effect of an antisense oligonucleotide on porcine kidneys 

(unpublished work). This method used citrated, white cell depleted autologous blood 

following unstandardised retrieval and cold storage times of approximately 20 minutes and 2 

hours respectively. Although these conditions were appropriate for that study as 

oligonucleotide uptake is cell-type dependant, changes for my work were needed due to the 

requirement for active complement deposited on tissue for HDM-FH binding and to assess the 

efficacy of HDM-FH at controlling complement activation. Achieving this was the aim of 

chapter 3. 

Changes to the established porcine EVNP protocol were made in a stepwise manner to confirm 

that each was tolerated and because a new retrieval/perfusion team was in place. Following 

confirmation that heparinised blood whole blood could be used during EVNP, retrieval and 

SCS times were standardised and extended. 25 minutes retrieval time and 16 hours SCS led to 

worse kidney function and elevated complement activation, providing a more appropriate 
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model in which to test the efficacy of HDM-FH, and a more active surface to which it could 

bind. 

Work In chapter 5 aimed to administer HDM-FH which was produced and validated in vitro in 

chapter 4 to porcine kidneys, assessing binding and any effect on complement activation and 

ischaemic injury. HDM-FH bound within glomeruli, dependant on complement activation 

within kidneys prior to perfusion. As complement activation is often seen in deceased donors 

and is correlated with worse outcomes (van Werkhoven et al., 2013), HDM-FH binding and 

positive effect may be greatest in damaged kidneys. The binding of HDM-FH to kidney tissue 

with complement activation also suggests that HDM-FH could be used as a therapeutic in 

diseases of uncontrolled complement activation such as C3G and aHUS.  

The complement mediated binding of HDM-FH may also prove to be a limitation however, 

with binding saturation within kidneys limited by the presence of complement breakdown 

products. This is in contrast with Mirococept, the other complement inhibitor currently under 

investigation as a therapeutic to treat IRI following administration directly to kidney 

vasculature that indiscriminately binds cell membranes. This allows a large amount of 

Mirococept to be administered to the kidneys, although dosing has proved to be an issue 

previously as the indiscriminate binding means much of the drug may end up bound to regions 

of the vasculature where it may not be effective (Kassimatis et al., 2021). 

The most important outcome following HDM-FH administration was control of complement 

activation. This was measured at the end of perfusion to assess if administration to 

complement activated kidneys at the start of perfusion would control complement in the 

proinflammatory, complement activating environment of EVNP which would mirror the 

clinical setting of reperfusion of an allograft. A reduction in Bb and C5a indicates that HDM-

FH sufficiently regulated the C5 convertase of the AP, leading to a reduction in C5a cleavage. 

These results are extremely positive giving the wealth of evidence implicating the C5a/C5aR 

pathway in the pathogenesis of IRI (Lewis et al., 2008, de Vries et al., 2003b, de Vries et al., 

2003a, Arumugam et al., 2003, Gueler et al., 2008, Zheng et al., 2008, Peng et al., 2012).  

We then measured complement mediated ischaemic injury markers to assess any 

downstream effects of complement regulation. A reduction in apoptosis suggests that by 

controlling C5 cleavage, MAC formation was reduced, which may explain why the reduction 

in C1q was seen in treated kidneys as C1q plays a key role in the clearance of apoptotic bodies 
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(Botto and Walport, 2002). A reduction in immune cell infiltration in HDM-FH treated kidneys 

also shows that controlling C5 activation during IR reduces ischaemic injury and is consistent 

with previous studies demonstrating the efficacy of complement inhibitors in IRI models 

(Gueler et al., 2008, Delpech et al., 2016, Hu et al., 2018, Pratt et al., 2003, Rodriguez de 

Cordoba et al., 1985). 

Surprisingly given the given the past effectiveness of HDM-FH at controlling C3 activation 

(Yang et al., 2018), HDM-FH did not affect C3 activation during EVNP in this work. This, 

alongside a reduction in C5 activation implies that HDM-FH is more effective at dissociating 

the C5 convertase than the C3 convertase. As a result, HDM-FH may not be sufficient to 

prevent extravascular haemolysis when administered systemically, although it could still 

inhibit intravascular haemolysis, making it a potential therapeutic option for complement 

mediated conditions where the MAC plays a pathological role, such as PNH or aHUS. There is 

still however potential for increased activity of HDM-FH in a human system, as work in chapter 

4 revealed that HDM-FH bound to porcine C3b less strongly than to human C3b, a function 

key to the activity of FH/HDM-FH. 

 

Figure 6.1 Consequences of complement activation and action of HDM-FH  

In this study, complement activation on the surface of porcine GBM was achieved through the 

extension of ischaemic times. HDM-FH produced in house was then administered to kidney 

during EVNP. This led to a reduction in complement activation, and downstream ischaemic 

injury including apoptosis, immune cell infiltration and RBC aggregation. 
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While EVNP is a valuable platform for assessing organ viability and delivering therapeutics to 

directly to organs, it is not standard clinical practice. A recent multicentre randomised control 

trial showed no benefit from 1-hour end-ischaemic EVNP (Hosgood et al., 2023). 

Consequently, it is unlikely that if HDM-FH was to progress to clinical use, that it would be 

administered during EVNP.  

Work in chapter 4 showed that HDM-FH can bind at 4oC, which is highly encouraging for 

expanding its potential clinical applications. HDM-FH could be administered to kidneys 

immediately following retrieval during the cold flush with heparinised preservation solution, 

as described in chapter 5. Moreover, in countries such as Denmark and France, HMP of kidneys 

prior to transplant is now standard clinical practice as it has been shown to improve graft 

survival and function when compared with standard SCS (Tingle et al., 2019). It could therefore 

be possible to administer HDM-FH during HMP of kidneys.  

Direct delivery to organs could help mitigate the risk of opportunistic infections associated 

with systemic complement inhibitor therapies. While the risk is higher in therapeutics that 

target complement at the level of C3 (West et al., 2024), systemic administration of 

eculizumab which targets C5, also increases susceptibility to meningococcal infections (Crew 

et al., 2020). If HDM-FH were to progress to clinical use for IRI or classical complement 

mediated diseases, infection status of patients would therefore need to be monitored. 

Approved complement regulatory therapeutics currently almost exclusively target rare 

diseases. The complex nature of the complement system including positive and negative 

feedback loops and interplay with other systems including the coagulation systems and 

kallikrein–kinin systems has meant development and approval of new therapies has been 

slow, despite the emergence of the role of complement in a wide range of diseases. The 

successful treatment of PNH with Eculizumab first confirmed complement as a valuable 

preclinical target. However, since Eculizumab, only seven complement inhibitors have been 

approved for use clinically, although several others are currently in clinical trials.  

Notably, none of the eight approved complement inhibitors target multiple stages of the 

complement cascade, a feature that an FH-based therapy like HDM-FH has the potential to 

offer (West et al., 2024).  While this model did not demonstrate C3 inhibition, HDM-FH could 

provide wider complement regulation by targeting multiple points in the pathway in a 
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different model of complement activation, or in humans, which distinguishes it from current 

therapies. There is scope for use therefore of HDM-FH in a range of complement mediated 

diseases including PNH, aHUS and C3G. Although complement mediated diseases 

predominantly affect the kidney of all solid organs, in the context of transplantation, the heart, 

lungs and liver are all affected by complement activation (Grafals and Thurman, 2019). HDM-

FH could therefore have potential as a therapeutic in all these organs. However, HDM-FH 

binds predominantly to the endothelium and basement membrane in a complement-

dependant manor which makes it ideally suited to bind within kidneys. Binding of HDM-FH 

may therefore be less strong/efficient in other organs. 

 

Figure 6.2. Current approved complement inhibitors 

Complement inhibitors currently approved for clinical use and which element of the 

complement pathway they target are outlined in red. HDM-FH is shown in purple. Graph 

adapted from (West et al., 2024). 
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6.2 CONCLUSIONS  

To conclude, it is possible to induce complement activation in porcine kidneys, with EVNP 

causing further complement activation and ischaemic injury. HDM-FH can be successfully 

produced and purified in house from transfected CHO cells. While HDM-FH is a human 

construct, it has similar efficacy in a porcine system as a human system in in vitro functional 

assays. When administered to porcine kidneys during EVNP, HDM-FH binds within glomeruli 

dependant on complement activation prior to perfusion. HDM-FH controls complement 

activation during EVNP, leading to a reduction in downstream ischaemic injury markers.  

This is the first study assessing HDM-FH as a therapeutic for the treatment of IRI, and the first 

study investigating the efficacy of any complement regulator during kidney EVNP. The ability 

of HDM-FH to control complement on tissue surfaces suggests that it could be administered 

to kidneys via a range of techniques with the potential to improve long and short-term 

outcomes.  
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6.3 STUDY LIMITATIONS 

Due to issues surrounding the production of a porcine specific HDM-FH construct, a human 

HDM-FH construct was administered. The function and binding of human HDM-FH in a porcine 

system was confirmed using SPR and classical haemolytic assays prior to perfusion. However, 

HDM-FH binding to porcine C3b was 4-fold lower than to human C3b. Furthermore, work by 

(Hegasy et al., 2003) demonstrated that while similarity and cross-functionality exists between 

porcine and human FH, this is not perfect, with function not completely conserved across 

species.  A porcine construct may therefore have shown improved activity in this system. Work 

is currently ongoing by Dr Beth Gibson assessing the efficacy of human HDM-FH administered 

to human kidneys during EVNP. Furthermore, since the start of this project Professor Kevin 

Marchbank has designed a fully porcine HDM-FH for use in pigs with a synthetic FHR1 (SCRs 

1-2) at the C-terminus, with sequence changes predicted to add a dimerisation motif.  

Furthermore, while a porcine EVNP model has unique benefits compared to human EVNP in 

regard to standardisation and availability, reagents that react with porcine proteins are 

limited, meaning not all desired outcomes could be investigated. I found that this was a 

particular issue when trying to find biomarkers for endothelial activation, having been unable 

to measure ICAM-1, P-selectin, E-selectin, VCAM, VE-cadherin or syndecan-1 despite attempts 

at optimisation.  

A major limitation is that the 6 hours of EVNP is a very short period of time compared to the 

clinical experience of IRI. It is likely that some potential benefits of HDM-FH would only be 

observed following a greater time duration including pathologies such as the progression of 

fibrosis, necessitating future auto transplant studies. An auto transplant study would also be 

more clinically relevant then an isolated EVNP system. Although we took steps to ensure our 

model mirrored the clinical setting of transplantation including extending the CIT of kidneys 

and using whole blood, EVNP of course mirrors only a fraction of the whole body. 

Investigations into the efficacy of HDM-FH in this work were limited to investigating 

physiological changes and changes in actual protein levels. Experiments utilising PCR or RNA 

sequencing may have identified changes in gene expression. 
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6.4 FUTURE DIRECTIONS  

Complement is known to influence cytokine production and release, however only IL-6 and IL-

8 were present in sufficient quantities to be detected using available ELISAs. A more sensitive 

multiplex assay could be used in future to identify a wider range of cytokines present in lower 

levels that may have been affected by administration on HDM-FH. 

CEUS imaging as a modality to assess microvascular perfusion during EVNP has only been 

described once previously (Thompson et al., 2021) and has not been validated as a reliable 

assessment of kidney function or health in the context of EVNP. Work is ongoing led by Mr 

Samuel Tingle using data collected in my study and from other human perfusions carried out 

at Newcastle which will correlate other EVNP functional parameters and injury biomarkers 

such as NGAL, apoptosis, plasma creatinine and urine output with CEUS results. This work will 

give more validity to the use of CEUS as a functional outcome measure. 

I initiated a collaboration with Professor Tom Eirik Mollnes who has developed a porcine 

specific soluble MAC ELISA, and a porcine specific anti-MAC antibody, AE11 which recognises 

the neoepitope formed following the formation of the MAC. Professor Mollnes kindly agreed 

to send some of the AE11 antibody for use in immunofluorescence, however MAC was not 

detectable in porcine tissue in this study. Work is currently underway in his lab to measure 

the soluble MAC in perfusate and urine in kidneys treated with HDM-FH and in control kidneys. 

HDM-FH binding to the plastic components of the disposable circuit were not investigated in 

this study. Excessive binding to plastic could have meant less HDM-FH was available to bind 

within the kidneys. However as complement activation occurs on the surface of dialysis 

membranes (Mares et al., 2010), HDM-FH binding to plastics may reduce systemic 

complement activation. Further experiments detaching any potential HDM-FH from the 

plastics of the circuit and quantifying the amount of HDM-FH could be conducted in the future.  

My current work as a technician has been focusing on the development of assays to detect C3 

nephritic factors (NeFs), autoantibodies that stabilise the C3 convertase, leading to increased 

complement activation. Recently, members of Dr Véronique Frémeaux-Bacchi’s lab have 

visited Newcastle to help establish a magnetic bead based multiplex NeF assay. In this assay 

C3b is covalently coupled to Luminex magnetic beads. FB is then incubated with FD and the 

C3bBb convertase is formed on the beads. The convertase is then incubated with isolated 

patient IgG. If NeFs are present, the convertase will stabilise, while if no NeFs are present, the 
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convertase will dissociate. Intact convertases are detected using a fluorescently labelled anti-

Bb antibody and a semi-quantitively quantified by measuring the MFI of specific bead regions.  

While this assay forms an unstable convertase that will dissociate alone over time, properdin 

could be added to stabilise it. To measure the decay accelerating activity of HDM-FH on 

porcine C3 convertase, a stable porcine convertase could be formed, then incubated with 

HDM-FH, and porcine FH separately. The amount of convertase following a set incubation 

period would indicate how well HDM-FH dissociates the convertase. Furthermore, a C5 

convertase could be formed on the beads to validate the circumstantial evidence suggesting 

that HDM-FH is more effective at dissociating the C5 convertase over the C3 convertase. This 

could also be assessed using SPR. 

 

Figure 6.3 Theoretical multiplex assay to assess decay accelerating activity of HDM-FH on 
the porcine C3 convertase. 

The right panel shows the Luminex magnetic beads assay recently set up at Newcastle to 

detect NeFs in patient samples. Patient IgG is incubated with a C3 convertase formed on a 

magnetic bead to assess if it stabilises the convertase during a dissociation period. The right 

panel shows how this assay could be adapted to assess the effect of HDM-FH in dissociating a 

C3 convertase that has been stabilised by the addition of properdin.  
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We showed that HDM-FH can bind within kidneys when administered to kidneys via cold UW 

flush. Ideally, we would then have carried out EVNP on these kidneys to assess efficacy of 

HDM-FH when administered this way. However, time and financial constraints in addition to 

the closing of the university pig facility prevented this. Work is currently underway by 

Professor Carl Atkinson administering HDM-FH via cold flush to porcine kidneys prior to auto 

transplantation. Auto transplantation studies would provide further information on the safety 

of HDM-FH, the efficacy of HDM-FH when administered prior to reperfusion via cold flush, and 

any effects HDM-FH may have over a longer period of time.  

Furthermore, previous studies clearly indicate that EVNP is a pro-inflammatory environment 

that induces complement activation (Jager et al., 2022). The observation of complement 

activation on dialysis plastics (Mares et al., 2010) could account for some of this due to the 

plastic components of the EVNP rig. This does reflect the clinical situation as complement has 

been seen to be elevated in deceased donors, leading to complement activation and worse 

function in recipients (Damman et al., 2011, Damman et al., 2015). However, the synthetic 

elements of the EVNP circuit will have some influence on the behaviour of the organs. Moving 

to in vivo animal and human models further down the line would therefore be advantageous.  
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