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Abstract 

Ischemia reperfusion injury (IRI) is an inevitable occurrence during the process of organ 

transplantation. The biphasic nature of IRI subjects the allografts to two distinct inflammatory 

insults which can affect the short-term and long-term outcomes of the allografts post 

transplantation. This thesis aimed to address the implications of several dysfunctional cellular 

processes as a result of ischemia. 

Firstly, I show that the excessive presence of reactive nitrogen species can result in protein post 

translational nitration. In particular, I focused on CXCL8 and showed that nitration impaired its 

capability to orchestrate neutrophil migration during reperfusion injury. Furthermore, this 

modified CXCL8 was identified in bronchoalveolar lavage samples from patients with ventilator 

associated pneumonia using a novel antibody and validated with mass spectrometry. Secondly, 

transcriptional profiling of renal glomerular endothelium showed upregulation of miR-210 when 

subjected to hypoxia. This was accompanied by a perturbation in cellular metabolism. Our work 

showed that overexpression of miR-210 upregulates renal glomerular endothelium glycolysis but 

mitochondrial function remained unaltered. Finally, I examined surface marker expression on 

extracellular vesicles (EVs) derived from renal allografts microvasculature. EVs derived from 

deceased allograft donors showed higher expression of class II major histocompatibility 

molecules (MHC class II) as well as signatures associated with endothelial activation. This high 

expression of MHC class II was also recapitulated in vitro, suggesting that endothelial derived EVs 

might play an essential role in potentiating allorecognition. This mechanism could be responsible 

for maintaining long-term response of alloreactive T cells against allografts. 

Collectively, I have shown several cellular processes that are regulated in response to ischemic 

damage to either function as a priming or a resolution mechanism within the allograft to elicit a 

secondary inflammatory response during the reperfusion phase of organ transplantation. 
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COVID-19 Impact 

The declaration of the COVID-19 pandemic in March 2020 resulted in university wide shut down 

for 6 months. Following the university reopening, enforcement of social distancing measures 

resulted in further limited access to the university. As the nature of the project was entirely 

laboratory based, this resulted in extensive disruption for an entire year. Furthermore, the supply 

chain disruption brought on by the pandemic extended beyond 2021, with long waiting time on 

reagents and delayed shipments of samples to collaborators around the world. In turn, 

exacerbating the delay in the progress of the research.  

In the instance for the mass spectrometry data on the bronchoalveolar lavages, uncertainty in the 

shipping routes and disruption in collaborator’s access to the laboratory meant a two-year delay 

in acquisition of the data. This also resulted in deviation from the original research plan to ensure 

sufficient data generation for a PhD thesis. Hence a second project with strong emphasis on 

bioinformatics analysis was conceptualised, which allowed for flexible working during periods of 

time when lab access is restricted. 
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1. Introduction 

1.1. Transplantation 

Within the span of 70 years since the first reported successful organ transplant (Merrill et al., 

1956) to the current the gold standard of care for patients with end stage organ failure, the 

progress in the field of solid organ transplantation have been made possible by advancement in 

both the surgical procedures as well as our understanding of the complex cellular processes 

during and post-transplantation.  

However, there are several challenges that still prohibit the widespread utilisation of 

transplantation as a therapeutic intervention. Firstly, there is a disproportionately higher number 

of patients on the transplant waiting list compared to the number of organ donors (Figure 1.1). 

To address this disparity, there is an increase in the utilisation of extended criteria donor (ECD). 

However, ECD graft survival from ECD tend to perform poorer than standard criteria donor (SCD) 

(Merion et al., 2005, Lund et al., 2017, Amin et al., 2004). Therefore, novel platforms for organ 

preservation and functional assessment ex situ have been developed with the aims of improving 

the overall graft quality from ECD (Richards et al., 2023, Hosgood et al., 2023, Nilsson et al., 2020, 

Divithotawela et al., 2019).  

Secondly, the occurrence of ischemia reperfusion injury (IRI) is unavoidable during the process of 

transplantation. Currently, clinical interventions to circumvent the injuries associated with IRI 

have very limited success, in part due to the complexity of IRI pathophysiology.  

Finally, allograft rejection remains the primary cause of transplant failure. Transplant rejection 

can be classified under three broad categories: hyperacute, acute and chronic rejection (Moreau 

et al., 2013). The occurrence of hyperacute rejection is limited due to the current standard 

practice of blood group testing and screening of pre-existing donor specific human leukocyte 

antigen (HLA) antibodies during donor and recipient cross matching (Moreau et al., 2013). Acute 

rejection can also be controlled using a variety of immunosuppressants, which dampens the 

recipient immune system to prevent targeting of allografts. However, there is limited success in 

the clinic to prevent the occurrence of chronic rejection. This is in part due to limited 

understanding on the molecular mechanisms driving the process as well as the difficulty in clinical 

diagnosis (Moreau et al., 2013).  
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Figure 1.1 10 years transplant statistics from NHS Blood and Transplant.  
UK transplant statistics indicating the annual transplant activity from April 2013 to March 2023. A steady number of 
transplants (black bar) was carried out annually with a reduction of number of patients on the transplant waitlist 
(line graph) from 2013 to the beginning of 2020. A decline in numbers of patients on the waitlist was observed in the 
2020-2021 before a sharp increase in the following year of 2021-2022 and 2022-2023. Adapted from NHSBT 
Transplant Statistics 2023. 
 

1.2. Cellular and Molecular Mechanisms of IRI 

IRI occurs in a wide range of clinical scenarios including myocardial infarction, stroke, and organ 

transplantation. The biphasic nature of IRI includes the initial restriction of blood supply, resulting 

in a hypoxic and nutrient deficient environment. In turn, this disrupts normal cellular metabolism 

and function. Subsequently, reperfusion reinstates the flow of blood which provides the oxygen 

and metabolites necessary to restore cellular metabolism and normal function. However, tissue 

oxygenation brings about a paradoxical increase in cellular dysfunction and tissue injury.  

This cascade of events is first initiated by tissue or organ hypoperfusion. Hypoxia induces the 

stabilisation of hypoxia inducible factor-1α (HIF-1α) (Ong et al., 2014, Koeppen et al., 2018) and 

hypoxia inducible factor-2α (HIF-2α) (Koeppen et al., 2018). This allows the dimerisation to 

hypoxia inducible factor-1β (HIF1-β) and translocation to the nucleus, inducing metabolic shift 

towards anaerobic metabolism (Kim et al., 2006). In turn, this results in cytosolic acidosis and 

leads to an overall decrease in adenosine triphosphate (ATP) (Figure 1.2). The disruption of 

cellular homeostasis is further aggravated by the ionic imbalance within the cells, triggering 

endoplasmic reticulum dysfunction (Shen et al., 2021), cell swelling and cell death (Eltzschig and 

Eckle, 2011). Interruption to the electron transport chain (ETC) due to the low intracellular ATP 
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coupled with increased intracellular calcium ion concentration leads to mitochondrial dysfunction 

and succinate accumulation within the mitochondria (Chouchani et al., 2014).  

In addition to the loss of oxygen and nutrient supply, endothelial cells lining the vessel lumen lose 

the mechano-transduction brought about by the blood flow. Mechano-sensors including the 

glycocalyx (Baeyens et al., 2014) and ion channels (Ranade et al., 2014) lining the luminal surface 

of endothelial cells provide constitutive signaling and maintain overall cellular function. Loss of 

these signaling in turn activates the inflammatory signaling, thereby promoting endothelial 

dysfunction and upregulation of surface adhesion molecules priming the endothelium for 

immune cell adhesion.  

In parallel, the change to cellular metabolism causes oxidative and nitrosative stresses as well as 

free radical formation (Chouchani et al., 2014). These free radicals damage cellular components 

that act as damage associated molecular patterns (DAMPs). DAMP sensing mechanisms  

expressed on both stromal and tissue resident immune cells (Wu et al., 2007) subsequently trigger 

an inflammatory signaling cascade, causing the release of inflammatory cytokines and pre-formed 

inflammatory mediators from within the Weibel-Palade bodies of endothelial cells (Utgaard et al., 

1998). 

Paradoxically, while timely reperfusion is pivotal to limit ischemic damage, re-establishment of 

blood supply is associated with further tissue damage. Firstly, reperfusion exacerbates the 

oxidative and nitrosative stresses that are initiated during ischemia (Eltzschig and Eckle, 2011). 

Secondly, immune cells are recruited into ischemic tissue by chemokines and other chemotactic 

molecules such as complement fragments and products of the cyclooxygenase pathway, further 

exacerbating tissue injury. Leukocytes are not only mediators of tissue injury. A second phase 

involving the infiltration of reparative leukocytes, in particular macrophages, occurs later during 

the resolution phase and is critical for tissue repair (Eltzschig and Eckle, 2011). 
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Figure 1.2. Overview of the main molecular mechanisms of ischemia reperfusion injury.  
This ischemic state induces anaerobic metabolism which results in decreased cellular pH, disruption to electron 
transport chain and in turn ionic imbalance. As a result, cell swelling, and impaired enzymatic activity leads to the 
production of reactive oxygen species including nitric oxide synthase and NADPH oxidase. During reperfusion, further 
ROS is produced by xanthine oxidase. These excess ROS in turn interact with the abundant nitric oxide forming RNS. 
In response to the damage brought by the ROS and RNS, release of inflammatory mediators and expression of 
adhesion molecules recruit immune cells and promotes the extravasation into the parenchyma. 
 

1.2.1. Oxidative and Nitrosative Stresses in IRI 

Although reactive oxygen species (ROS) are integral to cellular signaling (Irani et al., 1997, Arnold 

et al., 2001, Joneson and Bar-Sagi, 1998) and function, redox imbalance results in the 

development of pathological oxidative stress. During IRI, sources of ROS can be broadly 

categorised into enzymatic and non-enzymatic sources. Mitochondria are the predominant non-

enzymatic source of ROS. Together with the switch from aerobic to anaerobic respiration during 

ischemia (M.Kosieradzki and Rowinski, 2008), cytoplasmic calcium ion overload leads to 

mitochondrial swelling and uncoupling of oxidative phosphorylation (Liu et al., 2018, Kuznetsov 

et al., 2019, Zorov et al., 2014). At the same time, the accumulation of succinate during ischemia 

drives the reverse electron transfer during reperfusion at mitochondrial complex I (Murphy, 2009, 

Chouchani et al., 2014) and opening of the permeability transition pore leads to an exacerbation 

in mitochondrial dysfunction.  
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Nitric oxide synthase (NOS), NADPH oxidase (NOX) and xanthine oxidase are the three main 

enzymatic sources of ROS during IRI. As a result of the dysfunctional endothelium and increased 

oxidative stress, the constitutive dimeric NOS are uncoupled due to essential co-factor oxidation 

(Vásquez-Vivar et al., 1998, Pascali et al., 2014) and S-glutathionylation (Pascali et al., 2014, Chen 

et al., 2010, Chen et al., 2011) which produces ROS in place of nitric oxide (Vásquez-Vivar et al., 

1998, Pascali et al., 2014). Additionally, hypoxanthine, the breakdown product of ATP is produced 

during ischemia (Berne, 1963, Farthing et al., 2015). Xanthine oxidase dependent metabolism of 

hypoxanthine to xanthine and then uric acid on re-oxygenation is a major source of superoxide 

ions (Wu et al., 2018). 

At reperfusion, leukocytes are recruited into areas of tissue injury. Neutrophils (Vinten-Johansen, 

2004) and macrophages (Caldwell-Kenkel et al., 1990, Zhao et al., 2017) both possesses lytic 

granules containing key enzymes such as myeloperoxidase and NOX capable of generating bursts 

of free radicals (Vinten-Johansen, 2004). This process, termed oxidative burst, is used to kill 

pathogens but during reperfusion, it functions as an additional source of ROS.  Interestingly, NOX 

activation not only occurs in immune cells, but has also been described in the brain (A.Miller et 

al., 2006, Tang et al., 2012), heart (Matsushima et al., 2015) and liver (Mark et al., 2003) during 

IRI where it may play a role in both ischemic and reperfusion injury. 

Similar to ROS, nitric oxide is important in physiological cellular processes (Pacher et al., 2007). 

Yet during IRI, nitric oxide becomes a double-edged sword. On one hand, it has been shown to be 

protective and attenuates the damage brought about by IRI (Kanno et al., 2003, Park et al., 2003, 

Phillips et al., 2009, Brunner et al., 2003, N.Panahian et al., 1996, Kurose et al., 1994); indeed, 

nitric oxide has been used to limit ischemic injury with varying success (Botha et al., 2007, 

Terpolilli et al., 2012, John D. Lang et al., 2007). On the other hand, the potential for nitric oxide 

to react with ROS and generate reactive nitrogen species (RNS) is increased by an elevation in 

nitric oxide concentration during ischemia (Zweier et al., 1995, Salom et al., 2005).   
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Detection of ROS and RNS is difficult due to their extremely short half-life, but their capacity to 

modify deoxyribonucleic acid (DNA) (Pinlaor et al., 2003, Pacher et al., 2007) and protein (Pacher 

et al., 2007, Ischiropoulos, 1998) generates unique signatures that can be detected in vivo. In 

particular, the formation of the cytotoxic metabolite peroxynitrite via the rapid reaction between 

superoxide anion and nitric oxide (Pacher et al., 2007) has been associated with IRI. 

1.3.  Chemokines 

Chemokines are small chemotactic proteins (8-14kDa) that play an integral role in modulating 

cellular migration during both homeostasis and inflammation. These proteins are classified based 

on the conserved cysteine residues in their N-terminus: C, CC, CXC, CX3C and XC where X 

represents additional amino acids juxtaposed between conserved cysteines. Structurally, all 

chemokines share a similar monomeric structure consisting of an N-terminus irregular strand that 

leads to an α-helix and a subsequent anti-parallel three stranded β-sheet (Zlotnik and Yoshie, 

2012) despite having a sequence homology across chemokines ranging from 20-90%. Apart from 

CX3CL1 (Bazan et al., 1997) and CXCL16 (Matloubian et al., 2000), the other 44 human chemokines 

identified  are released as soluble factors (Zlotnik and Yoshie, 2012).  

In order for chemokines to exert their biological functions, two key interactions are critical, 

namely with tissue glycosaminoglycans and cognate receptors expressed on the target cell 

surface (Figure 1.3) with the exception of CXCL4 (Gray et al., 2023). The interaction between 

chemokines and glycosaminoglycan (GAG) results in the formation of a haptotactic gradient that 

provides directional cue for chemotaxis. Besides directing cellular migration, signaling through 

chemokine receptors also results in an array of biological responses that results in cellular 

activation, proliferation, and migration (Figure 1.3).  
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Figure 1.3 Schematic for chemokine glycosaminoglycan and receptor signaling.  
Chemokines interact with the glycosaminoglycan which results in the formation of a chemotactic gradient, providing 
a direction cue for the effector cell to migrate towards. Upon binding with the chemokine cognate receptors, 
chemokines trigger downstream signaling via either the G-protein subunits or β-arrestins to elicit a variety of cellular 
response ranging from receptor regulation, cellular activation, cytoskeletal remodeling, and migration.  
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1.3.1. Chemokine-GAG Interaction 

GAGs are long linear polysaccharides constituted by the repeating disaccharide subunits of an 

uronic acid and a hexosamine (Pomin and Mulloy, 2018). These GAGs are ubiquitously present on 

the cell surface as proteoglycans and higher order glycocalyx, dissipating fluid sheer stress, 

functioning as key mechanosensors and allow binding by soluble factors in circulation. While they 

can be commonly categorised into 4 main groups: heparan sulfate, dermatan/ chondroitin 

sulfate, keratan sulfate and soluble hyaluronic acid, the non-templated and regio-selectivity of its 

modifications gives rise to an extremely complex and variable structures (Pomin and Mulloy, 

2018). Furthermore, these chemical modifications also confer different physiochemical 

properties to the GAG. In particular, sulfation of the repeating subunits results in a net negative 

charge which are essential in the interaction with chemokines (Gray et al., 2023).  

Since chemokines are small positively charged proteins, regional concentrations in the blood and 

tissue are augmented by the laminar blood flow. Electrostatic forces and hydrogen bonding 

between chemokines and GAG allows localisation of the chemokines onto the surface of the cells, 

resulting in the formation of a chemotactic gradient. This interaction is regulated by the BBXB or 

the (B)Bxx(x/B)BxxB(B) motif on the chemokines, where B refers to a basic amino acid residue 

and X refers to any amino acid residue (Proudfoot et al., 2003, Thompson et al., 2017). 

Furthermore, this was identified to be quintessential for chemokine activity as non-GAG binding 

mutants were unable to elicit cellular migration in vivo (Ali et al., 2005, Proudfoot et al., 2003). 

However, whether the GAG bound chemokines can trigger receptor signaling remains 

contentious with conflicting data across different chemokines (Schwarz et al., 2016, Bonvin et al., 

2017). This led to the current proposal that within the glycocalyx, chemokines are present in an 

equilibrium between two forms; glycosaminoglycan bound and in solution. GAG binding 

concentrates chemokines at the production site to prevent displacement by blood flow. 

Subsequently, the reversible interaction with GAG occurs to allow for its release to bind receptors 

expressed on the effector cells (Graham et al., 2019). 
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1.3.2. Chemokine-Receptor Interaction 

Chemokine receptors are G-protein coupled receptors (GPCRs) that result in signal transduction 

through Gαi protein and β-arrestin upon chemokine binding (Figure 1.3). The expression of the 18 

signaling and 4 non-signaling human chemokine receptors has been identified across a wide range 

of cell types, most notably on immune cells (Hughes and Nibbs, 2018) with peptide homology 

ranges from 45-70%.  

Interactions between chemokines and their cognate receptors are mediated through a 2-step 

binding model initially identified via site directed mutagenesis. The first step involves the 

interaction of the receptor N terminus with the chemokine core-domain (termed chemokine 

recognition site 1) followed by the insertion of the chemokine N-terminus into the receptor 

binding pocket (chemokine recognition site 2) to stabilise the binding (Pease et al., 1998, 

Monteclaro and Charo, 1996, Rajagopalan and Rajarathnam, 2009). This model was subsequently 

confirmed recently by various high-resolution chemokine-receptor crystal and cryo-electron 

microscopy (cryo-EM) structures (Liu et al., 2020, Shao et al., 2021, Zhang et al., 2021a, Wu et al., 

2010). 

In the instances of the non-signaling receptors (atypical chemokine receptors-ACKR), the lack of 

the Asp-Arg-Tyr-Leu-Ala-Iso-Val (DRYLAIV) motif within their second intracellular loop prevents 

the association with G-proteins (Nibbs et al., 2003). As a result, these receptors are unable to 

induce canonical downstream signaling associated with cell activation. Furthermore, mutagenesis 

in an attempt to reconstitute the motif back into the ACKR did not result in G-protein recruitment 

(Hoffmann et al., 2012), suggesting the presence of other residues playing a fundamental role in 

G-protein signaling. 
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One key challenge with research in chemokines is the promiscuity of interactions between the 

various ligands and receptors. In many instances, a chemokine can bind to multiple receptors and 

similarly, one receptor can recognise multiple chemokines. Initial idea for this promiscuous 

interaction between chemokine ligands and receptors was thought to be nature’s way of building 

in redundancy but now are thought as a means to fine tune cellular location. Additionally, this 

already complex interaction was further complicated by the concept of bias agonism. Binding of 

different ligands to the same receptor can elicit divergent downstream signaling. This in turn 

meant a different cellular response can be obtained (Rajagopal et al., 2013, Zheng et al., 2022). 

This also holds true for the same ligand binding various different receptors (Wang et al., 2011). 

1.3.3. Chemokine Regulation 

Due to the importance of timely cellular recruitment, various regulatory mechanisms are present 

to prevent aberrant activation and migration of cells (Figure 1.4). This ranges from polymorphisms 

in the gene encoding both chemokine ligands (Winkler et al., 1998) and their receptors (Huang et 

al., 1996). Subsequently, post transcriptional regulation can also be mediated by non-coding 

ribonucleic acid (RNA) (Amrouche et al., 2017, Fanucchi et al., 2019). Upon their release, ACKRs 

regulates local concentrations by either scavenging or functioning as chemokine sinks (Darbonne 

et al., 1991) to maintain optimal gradient formation. This is particularly important as the potential 

of  chemokines to exist as monomers or homo/hetero-oligomers (Hundelshausen et al., 2017) is 

spatiotemporally dependent. In turn, this can alter the capacity to induce signaling and GAG 

binding. 
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Figure 1.4 Schematic of chemokine regulation.  
Chemokines regulation occurs at every stage of transcription down to post-translation. Within a cell, polymorphisms 
in genes encoding chemokine have been identified and alternate splicing can occur, generating variants upon 
translation. Subsequently, fine-tuning of these can also be controlled by non-coding RNA (ncRNA) before being 
secreted. Upon release, the local concentration of chemokines can be controlled by cells expressing ACKRs and in 
turn, affect its capability to oligomerise with either similar chemokines or other chemokines within the environment. 
Post-translational modification can also potentiate chemokine function, either to increase their activity or function 
as a mechanism to dampen inflammation. 
 

Chemokines can also undergo a variety of post-translational modifications. The majority of these 

modifications occur in the context of inflammation. The most prominent modification is mediated 

by enzymatic truncation at either the N- terminus or C-terminus end (Cambier et al., 2023, 

Metzemaekers et al., 2016). Truncation at the N-terminus of many chemokines lead to an 

increased potency to induce cellular activation and migration (Cambier et al., 2023) whereas C-

terminus truncation often result in functional loss (Zinkernagel et al., 2008, Dillemans et al., 2023, 

Shao et al., 2021), reflecting the importance of chemokine recognition site 1 in the interaction 

with cognate receptors. Additionally, another enzyme mediated modification includes 

citrullination by peptidyl arginine deiminase (Loos et al., 2009, Struyf et al., 2009), converting the 

arginine to citrulline. 
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Furthermore, non-enzymatic post-translational modification involves nitration by an RNS species, 

peroxynitrite. Peroxynitrite can react with multiple amino acids and results in many different 

modifications (Table 1.1). Amongst these modifications, 3-nitrotyrosine is the most studied and 

has been identified in several pathologies, including IRI (Barker et al., 2017). To date, 6 

chemokines has been reported: CCL2 (Barker et al., 2017, Molon et al., 2011), CCL3 (Sato et al., 

2000b), CCL5 (Sato et al., 1999), CCL11 (Sato et al., 2000a), CXCL8 (Sato et al., 2000c, Thompson 

et al., 2023) and CXCL12 (Janssens et al., 2016) (Figure 1.5).  

The available literature, although limited to only 6 chemokines, suggests that nitration leads to 

impaired chemokine function. Different residues can be nitrated, and the nitration profile appears 

to determine the effect on function. Whether the function of other chemokines is similarly 

affected by nitration is unknown, nor do we know the types of modification that will occur in vivo 

during an inflammatory response. It is also evident that once nitrated, chemokines may no longer 

be detected using standard antibody-based assay methods and this potentially limits our 

understanding of chemokine biology during disease. 

 

 

Figure 1.5 Visualisation of nitrated chemokine peptide sequence and modified residues.  
Chemokines are first produced as a pro-peptide and during the secretion, cleavage of the signal peptides on the N-
terminus (green) results in the release of matured chemokines that are functional. Among the 6 known nitrated 
chemokines, only CCL2 and CXCL12 have been subjected to mass spectrometry to identify nitrated residues (*). CCL11 
and CXCL8 nitration on the sole tyrosine residue was determined using immunological detection with 3-nitrotyrosine 
antibody. While similar immunological detection identified 3-nitrotyrosine in CCL3, CCL5, the exact residue modified 
cannot be determined with current literature due to the presence of multiple tyrosine residues in the peptide 
sequence. 
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1.3.4. Clinical Targeting of Chemokine System 

Attempts to target the chemokine systems have been met with limited success over the past 30 

years. To date, there are only three chemokine antagonists approved for use in clinic: Plerixafor 

(CXCR4), Maraviroc (CCR5) and Mongamulizumab (CCR4). This is in part due to complex ligand-

receptor interaction, as well as the requirement for timely therapeutic administration of 

therapeutics to prevent propagation of the inflammatory response.  

In the context of transplantation, many clinical studies have demonstrated that increased 

expression of chemokines can occur in several waves. Immediately after transplantation, levels 

of CCL2 (Shah et al., 2012) and CXCL8 (Fisher et al., 2000) are released in high concentrations to 

recruit monocytes, macrophages and neutrophils. Several days after transplantation, several 

other chemokines, including CCL4, CCL5 (Yun et al., 20002), CXCL9, CXCL10 and CXCL11 (Shino et 

al., 2022) are released to mobilise the adaptive immune cells to modulate overall inflammatory 

response to the allografts. Knockouts of these chemokine receptors (Gerard and Rollins, 2001, 

Gelman et al., 2010) in pre-clinical studies confirmed the importance of these chemokines in 

regulating allograft rejection and overall outcomes post transplantation.  

Alternative strategies to target these chemokines have led researchers to look to mechanisms 

evolved by other species in order to evade immune responses. For example, some viral and 

parasite protein derivations have the capability to perturb ligand-receptor interactions with very 

high potency, thereby providing a potential therapeutic avenue for clinical intervention for 

chemokine-related diseases (Kuo et al., 2014, Devkota et al., 2023, Darlot et al., 2020). 
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Table 1.1 Summary of Amino Acids Modified During Nitrosative Stress. 

Native amino acid 

structure 

Modified amino acid structure 

Arginine 

 

N-nitroso arginine 

 

 

 

- 

 

 

- 

Lysine 

 

N-nitroso lysine 

 

 

 

- 

 

 

- 

Methionine 

 

Methionine sulfoxide 

 

Methionine sulfone 

 

 

 

 

- 

Cysteine 

 

S-nitroso cysteine 

 

Oxidised cysteine 

 

 

 

 

 

- 

Histidine 

 

2-oxo histidine 

 

N-nitroso histidine 

 

4-nitro histidine 

 

Tryptophan 

 

N- nitroso tryptophan 

 

6-nitro tryptophan 

 

 

 

 

- 

Tyrosine 

 

 

3-nitro tyrosine 

 

 

3-hydroxy tyrosine 

 

 

3,3’-dityrosine 

 

Phenylalanine 

 

 

 

o-tyrosine/ m-tyrosine/ p-tyrosine 

 

 

4-nitrophenylalanine 
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1.4. miRNAs 

Besides, chemokines, other mediators are dysregulation of other mediators are also known to 

play a role in mediator IRI pathogenesis. miRNAs are small non-coding RNAs first discovered in 

Caenorhabditis elegans (Lee et al., 1993) and subsequent identification of their regulatory role in 

Drosophila (Lai and Posankony, 1997). Only during the early 2000s were they acknowledged as 

part of a novel class of RNAs (Lagos-Quintana et al., 2001). With estimates that more than 60% of 

protein coding genes have conserved miRNA binding sites predominantly at the 3’ untranslated 

region (UTR)(Friedman et al., 2009), these ~22 nucleotide sequence functions as a guide which 

base pairs with the target mRNA. Subsequently, the miRNA loaded Argonaute (Ago) protein along 

with other co-factors forms the miRNA induced silencing complex (miRISC) to induce translational 

repression, mRNA deadenylation, mRNA decay or storage (Figure 1.6). 

1.4.1. miRNA Biogenesis and Function 

The importance of these evolutionarily conserved miRNA to regulate gene and protein expression 

are essential for the homeostatic functions of the organisms. Unsurprisingly, dysregulation of 

miRNA can result in a variety of diseases (Yanaihara et al., 2006, Kato et al., 2007). Therefore, 

cellular machineries are present to regulate every process of miRNA biogenesis from initial 

transcription down to the loading into the miRISC and execution of their function (Ha and Kim, 

2014).  

1.4.1.1. Canonical Pathway 

Majority of the mammalian miRNAs are encoded in the intronic regions of non-coding transcripts 

(Rodriguez et al., 2004), but miRNAs do exist within intronic regions and exonic regions of protein 

transcripts (Kim and Kim, 2007, Baskerville and Bartel, 2005). This transcription is driven by RNA 

polymerase II (Lee et al., 2004) and in some instances RNA polymerase III (Borchert et al., 2006). 

The initially transcribed primary miRNA (pri-miRNA) exists as a long RNA hairpin that requires 

processing by Microprocessors, which consist of Drosha and DiGeorge Syndrome Critical Region 

8 (DGCR8). This heterotrimeric protein functions as a molecular scissors which recognise the 

conserved motifs on the pri-miRNA (Partin et al., 2020) and cleaves the basal segments to 

generate pre-miRNA (Kwon et al., 2016) (Figure 1.6).  
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The pre-miRNA is subsequently exported from nucleus by interacting with the basic residues 

present within Exportin-5 with its 3’ overhang (Okada et al., 2009, Yamazawa et al., 2018). In the 

final maturation step, the exported pre-miRNA interacts with Dicer, which in conjunction with 

transactivation response element RNA-binding protein (TRBP) (Fareh et al., 2016) selectively 

induce a cleavage to result in mature miRNA. This mechanism is driven by the hydrophobic 

interaction between both the 3’ and 5’ end of the pre-miRNA with the hydrophobic PAZ domains 

to provide an accurate determinant of the mature miRNA length (Tian et al., 2014). A conserved 

motif was also identified on the pre-miRNA to accurate pinpoint the exact site for Dicer cleavage 

(Lee et al., 2023). 

1.4.1.2. Non-Canonical Pathway 

Alternative pathways for the generation of miRNAs have been reported. This includes miRNA 

derived from intronic splicing and subsequent dicing termed “mirtrons” (Figure 1.6) (Berezikov et 

al., 2007), Dicer independent maturation for miR-451 (Figure 1.6) (Cheloufi et al., 2010), small 

nucleolar RNA derived miRNA (Ender et al., 2008) and transfer RNA derived miRNA (Babiarz et al., 

2010). While these alternate pathways highlight the diverse mechanisms that can result in the 

generation of miRNAs, they represent only a small subset of the total miRNA generation. Hence 

the survival advantage conferred by these alternative pathways remains to be investigated (Ha 

and Kim, 2014). 

1.4.2. Regulation of Gene Expression 

In order for miRNA to function as a transcription regulator, the post-Dicer processed miRNA 

duplex requires loading into the Ago along with other essential components of the miRISC. This 

loading is mediated by the intermediate complex termed RISC loading complex (MacRae et al., 

2008), where Dicer and TRBP interacts with Ago to hand the RNA duplex. Following the loading 

of the miRNA duplex, Ago unwinds the double stranded RNA before selecting a single strand to 

retain in the complex, while removing the complementary strand which are commonly targeted 

for degradation. This selection process is mediated by an asymmetry rule where the less 

energetically stable end is selected for loading. Subsequently, the recruitment of the other core 

component of RISC, Glycine-Tryptophan-182 (GW182) (Eulalio et al., 2008) which can initiate 

recruitment of other factors to mediate gene silencing like CCR4-NOT for polydeadenylation 

(Chekulaeva et al., 2011).  
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Figure 1.6 Overview of miRNA biogenesis and function. 
 Transcription of the intronic or exonic region of the loci encoding miRNA can give rise to either a monocistronic or 
polycistronic primary miRNA hairpin. This pri-miRNA undergo processing by the Microprocessor heterotrimeric 
protein to form pre-miRNA, which are subsequently exported out of the nucleus to the cytoplasm. An example of 
non-canonical pre-miRNA generation is shown with the formation of mirtron lariats during alternate splicing. The 
exported pre-miRNA undergoes another round of processing by Dicer to give rise to the mature miRNA, which is then 
loaded onto Ago2 to form the miRISC complex to regulate target mRNA expression. Alternatively, there are also Dicer 
independent mechanisms for the generation of mature miRNA and loading into the miRISC. 
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Recognition of miRNA is heavily mediated by the complementary base pairing between the seed 

region of the miRNA (nucleotide 2-8) with the target mRNA and has since been computationally 

and experimentally validated. The higher complementarity results in a more favorable binding 

affinity and in turn, a more likely target (McGeary et al., 2019, Agarwal et al., 2015). The fate of 

the target mRNA however relies on several factors. Firstly, 4 human Ago protein paralogs are 

associated with the formation of miRISC but only Ago2 are known to have the capability to cleave 

RNAs (Meister et al., 2004). Secondly, complementarity and in turn binding affinity affects the 

outcomes of the interaction between the miRISC and the mRNA targets. For mRNA degradation 

induced by miRISC, this would require the complete complementarity between the miRNA and 

the mRNA targets on an Ago2 complex. In high order eukaryotes, this complete complementarity 

is rare. 

Instead, the fate of the mRNA and protein expression post miRISC engagement remains 

controversial. Some studies show the interaction of miRISC with the mRNA represses overall 

protein expression whilst maintaining the RNA stability (Pillai et al., 2005, Baek et al., 2008). 

Furthermore, the in vitro reporter assays show a shift in the polysomal fraction, indicating 

translational stalling (Bhattacharyya et al., 2006). On the flip side, studies have shown target 

mRNA decapping and deadenylation along with the decrease in protein expression (Eulalio et al., 

2009, Selbach et al., 2008, Baek et al., 2008, Guo et al., 2010), suggesting mRNA degradation 

precedes translational repression. The caveats to these studies however were the focus on 

specific miRNA regulation in very specific cell types and context. In reality, the regulation is likely 

to vary across miRNA and cell types processing the target mRNA. This is further complicated by 

the presence of tissue specificity in certain miRNA expression (Wienholds et al., 2005). As such, 

more recent work indicated that whilst both repression of translation and degradation of mRNA 

targets are true, but it is likely that translational repression occurs before destabilisation of the 

target mRNA (Bazzini et al., 2012, Djuranovic et al., 2012). Additionally, stalling of the translation 

of the target mRNA can also be subjected to reactivation under different cellular context, 

providing insights to the possibility of regulating protein translation at the appropriate timing 

(Bhattacharyya et al., 2006). 
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1.4.3. Circulating miRNA 

Beyond the conventional role of intracellular regulator of transcription and translation, there has 

been emerging evidence that these miRNAs can be secreted extracellularly to mediate paracrine 

and even endocrine signaling (Zhao et al., 2020). While the mechanism for miRNA release is not 

fully understood, it is thought to be mediated through both an active process and leakage from 

damaged cells. These released miRNAs can be found circulating in complex with Ago 

(Turchinovich et al., 2011), high-density lipoprotein or encapsulated within small extracellular 

vesicles (EVs) released by the cells (Valadi et al., 2007) (also discussed in further details in Section 

1.5), thereby protecting them from extracellular nucleases. Importantly, in all these instances, 

these miRNAs are identified to be functional with the capability to exert regulatory functions on 

the recipient cells. Since the dysregulation of miRNA results in diseases, there are also increasing 

interest of miRNAs as potential biomarker for diseases (Arroyo et al., 2011). 

1.4.4. Role of miRNA in IRI 

Many miRNAs have been shown to paricipate in the pathogenesis of IRI. The roles of these 

miRNAs can be broadly categorised as protective or pathogenic. Some of these miRNAs have been 

identified to alter their regulation in response to IRI, allowing for cellular adaptation. 

Alternatively, other miRNAs have been shown to be prone to dysregulation in IRI, therefore 

partaking in the process of cellular damage. As the role of these miRNAs have been discussed 

extensively in several reviews (Cao et al., 2021, Mahtal et al., 2022, Kong et al., 2022), this thesis 

will focus on several prominent miRNAs and their roles in IRI. 
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1.4.4.1. miR17~ 92 Cluster 

miR17~92 cluster is a polycistronic miRNA family which encodes for 6 miRNAs: miR-17, miR18a, 

miR-19a, miR-20a, miR-19b-1 and miR-92a-1. Predominant focus on the cluster expression have 

been on the angiogenic properties of this miRNA cluster due to the enrichment in the 

endothelium compartment. Utilising murine models, there have been conflicting data to indicate 

the protective and deleterious role of this miRNA cluster in supporting the overall angiogenic 

properties of endothelial cells post IRI. In models of myocardial ischemia, the delivery of miR-92a 

provides vasculo-protective role (Chiba et al., 2021) by inhibiting autophagy (Rogg et al., 2018). 

Furthermore, other studies have also shown the upregulation of the cluster protects the 

endothelial cells from ferroptosis, which can occur as a result of IRI (Xiao et al., 2019). 

Alternatively, the knockout models of miR17~92 clusters in heart and limb ischemia showed 

improved vasculogenesis and recovery post ischemia (Bonauer et al., 2009, Landskroner-Eiger et 

al., 2015).  

1.4.4.2. miR-21 

miR-21 is a highly expressed miRNA across a variety of different tissue and cell types. In IRI, miR-

21 exhibit a bimodal role. During the onset of ischemia, the presence of hypoxia response element 

(HRE) upstream of the transcription start site indicates the capability to be upregulated in 

response to the low oxygen (Kulshreshtha et al., 2007). Transcription of miR-21 induces a strong 

anti-apoptotic and pro-survival phenotype that have been very well established across ischemic 

myocardial (Yang et al., 2018), limb (Chang et al., 2022), neuronal (Yan et al., 2021) and kidney 

(Song et al., 2018, Godwin et al., 2010) models. However, the sustained expression of miR-21 

during reperfusion promotes a pro-fibrotic phenotype, which results in tissue remodeling (Thum 

et al., 2008, Chau et al., 2012). As such, there have been biomarker studies identifying miR-21 in 

combination with other miRNAs and cytokines to be upregulated in allografts with chronic 

rejection episodes (Gielis et al., 2021, Miyahara et al., 2022).   
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1.4.4.3. miR-210 

miR-210 is the most prominent miRNA that is upregulated across all cell types in response to 

hypoxia (Fasanaro et al., 2008, Huang et al., 2009, Liu et al., 2017). Similar to miR-21, the presence 

of HRE drives the upregulation in IRI (Huang et al., 2009), particularly during ischemia. 

Furthermore, since HIF-1 signaling has now been identified to play a key role during inflammation 

(Virga et al., 2021), the scope of miR-210 have extended beyond cellular adaptation to low 

oxygen.  

Unsurprisingly, miR-210 upregulation in IRI have been shown in a variety of tissues (Zhou et al., 

2013, Liu et al., 2017, Pan et al., 2020, Song et al., 2022, Zaccagnini et al., 2017). Functionally, 

miR-210 has been identified to assist in metabolic transition of cells from oxidative 

phosphorylation to glycolysis as a main source of energy under hypoxic conditions. While 

knockout of miR210 did not result in embryonic lethality, these mice was however showed 

reduced capacity to adapt to the insult brought on by IRI and in turn, leading to excessive 

mitochondrial dysfunction and tissue damage (Song et al., 2022). This also links to miR-210 

functioning as a negative regulator of HIF signaling, fine tuning the cellular responses to hypoxia 

(Costales et al., 2017) to generate adequate cellular adaptation. Additionally, the capacity of 

miRNA to trigger endocrine signaling was also first shown in miR-210 using parabiosis model 

(Zhao et al., 2020), further showcasing the stability of miR-210 in circulation. 
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1.5. Extracellular Vesicles 

Extracellular vesicle (EV) is an umbrella term used to describe membranous structures that are 

ubiquitously released by all living organisms (Niel et al., 2022). These lipid nanoparticles are 

extremely heterogenous and can be broadly sub-divided by either the origins (i.e mechanism 

mediating biogenesis) or size range. Exosomes refer specifically to vesicles derived from the 

endosomal pathways (50nm-150nm), ectosomes/microvesicles referring to vesicles derived from 

the shedding from the plasma membrane (100-1000nm) and apoptotic bodies released in 

response to apoptosis transduction (100-5000nm). Historically, exosomes were thought to be a 

mechanism for cellular waste disposal. However, extensive literature over the past decade has 

highlighted the capability for EVs to mediate intercellular communication. This led to the eventual 

identification and discoveries of other EV subpopulations including migrasomes (Ma et al., 2014), 

amphisomes (Murrow et al., 2015), exomeres (Zhang et al., 2018), supermeres (Zhang et al., 

2021b)  and protusion associated EVs (D’Angelo et al., 2022).  

The increased interest in how EVs mediate intercellular signaling has also led to the discovery of 

different biomolecules expressed on the surface of these EVs as well as those encapsulated 

within. While there is currently limited knowledge on the overall process mediating cargo sorting, 

this process is highly selective and regulated. This is exemplified by the alteration in EV cargo 

when the parental cells are subjected to external stimuli (Jong et al., 2012). Subsequently, the 

acceptor cells utilise various mechanisms to mediate EV uptake to either re-express the cargo on 

their cell surface or released into the cytosol to exert biological functions. However, there remains 

a great deal of uncertainty with regards to whether this uptake by recipient cell occurs 

stochastically (Svensson et al., 2013) or highly specific (Fitzner et al., 2011) in vivo. 
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1.5.1. Biogenesis  

The biogenesis of EVs, particularly exosomes have been the focused of most biologists within the 

field. Even within this subtype of EV, the full pathway has not been fully elucidated with many 

exceptions observed between different cargo and cell types (Niel et al., 2018). Conventionally, 

the most well studied pathway involves the endosomal sorting complex required for transport 

(ESCRT) machinery to generate intraluminal vesicles (ILV) within endosomes, forming 

multivesicular bodies before exporting for release (Niel et al., 2018). This, however, is non-

exhaustive as there are ESCRT-independent pathways which further highlights the heterogeneity 

outlining the process of EV generation. Therefore, the biogenesis outlined below focuses on 

exosomes and the overall mechanism is non-exhaustive. 

 

Figure 1.7 Schematic of canonical exosome biogenesis.  
Exosome biogenesis begins with the transport of vesicles from either the Golgi network or derived from endocytosis. 
These endosomes transit through the endosomal lysosomal pathway which recruits ESCRT complex, generating 
intraluminal vesicles and the formation of the multivesicular body (MVB). These vesicles undergo sorting within the 
MVB and subsequently the vesicles are either targeting for release as exosome or driven down the route of fusion 
with lysosome for degradation. Ectosomes or microvesicles are formed by membrane blebbing whereas apoptotic 
body are derived from mechanisms associated with apoptosis transduction. 
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1.5.1.1. ESCRT-Dependent Pathway 

As part of the first step of the cargo loading, biomolecules destined to be packaged into exosomes 

from the Golgi network or cell surface are transported via endosomal-lysosomal compartment 

(Figure 1.7), where stepwise recruitment of ESCRT-0, ESCRT-I, ESCRT-II and ESCRT-III leads to the 

generation of exosome. This process is initiated by the ESCRT-0 binding to the endosomes 

enriched with ubiquitinated proteins through the ubiquitin binding domains present on the main 

subunits, hepatocyte growth factor-regulated tyrosine kinase substrate (HRS) and signal 

transducing adapter molecule (STAM) (Mayers et al., 2011).  Subsequently, this results in the 

recruitment of ESCRT-I (Ren and Hurley, 2011) which further recruit ESCRT-II (Gill et al., 2007). 

Collectively, ESCRT-I and ESCRT-II binds with a 1:1 stoichiometry to form a super complex (Boura 

et al., 2012) that drive bud formation through an assembly at the neck, stabilising the 

conformation. Finally, ESCRT-III is recruited to cleave the bud neck and generate the ILVs (Wallert 

and Hurley, 2010). Beyond ESCRT complex, external signaling axis including                                

syndecan-syntenin-Alix also drives the ILV and subsequent exosome formation (Baietti et al., 

2012).   

1.5.1.2. ESCRT-Independent Pathway 

The first discovery of ESCRT-independent pathway was triggered by a series of experiments 

showing persistence of MVB post- RNA interference of the ESCRT complex (Stuffers et al., 2009). 

Subsequently, several mechanisms have been identified. This includes a pathway requiring 

ceramide generation by sphingomyelinase II (Trajkovic et al., 2008). This presence of ceramide 

allows spontaneous formation of a membrane curvature, allowing ILVs formation (Goñi and 

Alonso, 2009). Ceramide can also be metabolised to sphingosine-1-phosphate, activating the 

cognate receptors and in turn, formation of ILVs (Kajimoto et al., 2013). Tetraspanins have also 

been identified to have the capability to generate exosomes independent of the ESCRT 

complexes, particularly CD63 but the mechanism remains to be elucidated (Niel et al., 2011).  

Currently, there is no definite mechanism underpinning the release of exosomes. This reflects the 

recurring challenge with defining a specific sub-population utilising different cellular machinery 

for the transport and export of the ILVs. What is clear however is the involvement of Rab 

(Ostrowski et al., 2009, Baietti et al., 2012) in the trafficking of the vesicles and synaptotagmin 

and SNARE proteins for the fusion and release into the extracellular space (Niel et al., 2018). 
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1.5.2. Cargo Sorting and Loading 

EVs have been reported to mediate the transfer of a wide variety of biomolecules, ranging from 

proteins, lipids, DNA, RNA and various metabolites. Amongst these biomolecules, proteins and 

RNA cargoes are the most well characterised. Yet, the mechanisms for the sorting and preferential 

loading of these biomolecules have yet to be fully elucidated. This is further complicated by the 

variety of methods for EV isolation, which is known to yield differing biomolecules (Lässer et al., 

2016, Wei et al., 2017) even from the same lot of samples.   

1.5.2.1. Protein Cargo 

Post-translational modifications have been identified to be important for driving protein down 

into the MVB pathway. In particular, ubiquitination allows for recruitment of the ESCRT 

complexes (as described in 1.5.1.1). Indeed, ubiquitinated proteins have been identified within 

EVs (Smith et al., 2015) but was not identified to be essential for loading into exosomes (Huebner 

et al., 2016). However, deubiquitinating enzymes have been identified to remove the ubiquitin 

present on the proteins and the authors postulate for the functional protein within the recipient 

cells post release of the protein cargo (Liu et al., 2009). More recently, a pentapeptide motif was 

identified to be enriched in proteins preferentially loaded into exosomes via a lysosomal 

associated membrane protein 2 (LAMP2) dependent pathway (Ferreira et al., 2022).   

1.5.2.2. RNA Cargo 

EVs have been identified to encapsulate various types of RNA and understanding to date suggests 

that the RNA biotype distribution is not consistent between the different subtypes of EVs (Lässer 

et al., 2016, Wei et al., 2017). Unlike protein cargoes, multiple mechanisms for RNA, particularly 

miRNA have been elucidated. This includes ceramide dependent but MVB independent loading 

(Kosaka et al., 2010), ribonuclearprotein assisted loading by recognising specific motifs present 

on the miRNA (Garcia-Martin et al., 2021, Santangelo et al., 2016, Villarroya-Beltri et al., 2013). 

Additionally, Y-box binding protein 1 (YBX1), another ribonuclearprotein have recently been 

shown to drive phase-separation and sorting miRNAs into condensates, allowing packaging into 

exosomes (Liu et al., 2021). RNA binding protein such as Ago2 (McKenzie et al., 2016), ALIX (Iavello 

et al., 2016), Annexin A2 (Hagiwara et al., 2015) and major vault protein (Teng et al., 2017) have 

also been shown to sort miRNA specifically for loading into exosomes within the MVB. Due to 

their overall low abundance and the potential association with other protein complexes (as 
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outlined in Section 1.4.3), there still remains controversial data suggesting that these detected 

RNA are not present within the EVs, but instead are co-isolated contaminants (Chevillet et al., 

2014). 

1.5.3. EVs in Transplantation 

1.5.3.1. Pre-Transplantation 

As outlined in Section 1.1, several challenges have limited the widespread utilisation of solid 

organ transplantation for patients with end-stage organ failure. Machine perfusions have been 

used as a platform for functional assessments of allografts and EVs have been successfully 

isolated from the circulating perfusates (Woud et al., 2022, Madu et al., 2020, Eldh et al., 2014, 

Okamoto et al., 2016, Rutman et al., 2022). Furthermore, a time dependent increase in the total 

EVs isolated suggest that this process of EV released is an active process during ex vivo perfusion 

(Woud et al., 2022). Additionally, since these EVs were identified to reflect donor characteristics, 

there is potential for these isolated EVs to function as a molecular biomarker in conjunction with 

functional data to provide clinicians with better assessment matrix for the prediction of graft 

function. 

1.5.3.2. IRI 

Propagation of EVs within a biological system during pathological conditions such as IRI remains 

unknown and data to date have relied heavily on in vitro models. This is in part due to the sizes 

of EVs, particularly exosomes that are near or below the diffraction limit of light (200nm), making 

in vivo tracking challenging and have only been achieved in zebrafish (Verweij et al., 2019). 

However, the involvement of EVs in IRI remains unrefuted, as studies have highlighted both 

pathological and protective roles, with the single caveat being highly dependent on the donor and 

recipient cell of interest. Table 1.2 highlights the recent findings showing the potential of EVs to 

alter recipient cellular state after donor organs encountered IRI. 
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Table 1.2. Recent literature on the role of EVs in IRI. 

Donor Cells Recipient Mode of Action Outcomes Citation 

Urinary EVs of patients pre/post Txn 

Hypoxic human tubular epithelial 

cells 

Hypoxic human 

tubular epithelial cells 

(HK2) 

Exosomal transfer of lncRNA 

WAC-AS1 

 

Propagate ferroptosis (Li et al., 2023) 

Human kidney perfusate derived 

EVs 

Peripheral blood 

mononuclear cell 

Exosomal transfer of miR-

218-5p 
Alters Th1 and Th17 ratio 

(Rutman et al., 

2022) 

Exosomes from mouse kidneys 

RAW264.7 macrophages 

Mouse renal tubular 

epithelial cells 

Exosomal transfer of miR-

155 

Downregulation of SOCS1 

and induce tubular injury 

(Zhang et al., 

2022) 

Hypoxic rat renal tubular epithelial 

cells 
Rat fibroblast 

Exosomal transfer of miR-

150-5p to activate fibroblast 
Increased renal fibrosis 

(Zhou et al., 

2021) 

Endothelial colony forming cells 
In vivo administration 

in mice 

Exosomal transfer of miR-

486-5p 

Inhibition of PTEN 

signaling, reduced TNF 

signaling 

(Viñas et al., 

2021) 

Human Liver stem cells 
In vivo administration 

in mice 
Unknown 

Reduced serum ALT, LDH, 

necrosis and cytokine 

expression 

(Calleri et al., 

2021) 

Hypoxic human umbilical 

endothelial cells 
Human cardiomyocyte 

Overall proteome improved 

metabolism, redox state and 

calcium handling 

Improved cardiomyocyte 

function on a chip 

(Yadid et al., 

2020) 

 

1.5.3.3. Immune Regulation 

The key challenge post solid organ transplantation is the management of allograft rejection. EVs 

have been reported to play a role in mediating allorecognition by the release of EVs expressing 

novel cryptic antigen that can trigger the generation of autoantibodies (Dieudé et al., 2015). In 

addition, allografts were also shown to release vesicles expressing high levels of major 

histocompatibility molecules (MHC) (Rutman et al., 2022), which in turn can result in recipient 

immune cell “cross-dressing”. This decoration of antigen presenting cells (APC) surface with donor 

allograft MHC transferred via EVs accelerates immune cell activation and allorecognition by the 

recipient immune cells (Marino et al., 2016, Prunevieille et al., 2020, Hughes et al., 2019, Ono et 

al., 2018, Mastoridis et al., 2020, Zeng et al., 2021).  

Additionally, it was recently shown that APC transfers telomeres by EVs at the immune synapse 

to promote long term immunological memory (Lanna et al., 2022). In the context of 
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transplantation, this likely results in the generation of memory immune cell that can potentiate 

chronic allograft rejection. 

1.5.4. Therapeutic Potentials of EVs 

Due to the high biocompatibility, EVs have been seen as an attractive modality both as 

therapeutics and means for biomolecule delivery (Usman et al., 2018, Alvarez-Erviti et al., 2011). 

Most prominently, stem-cell derived EVs have shown potential in pre-clinical models of IRI (Lai et 

al., 2010, Mackie et al., 2012). These EVs like their parental cells have been reported to be non-

immunogenic, immunosuppressive, and anti-inflammatory (Kou et al., 2022, Ashcroft et al., 

2022). The delivery of only the EVs also eliminate the risk of stem cell differentiation, horizontal 

gene transfer and vascular occlusion while boasting better biodistribution (Kou et al., 2022, 

Ashcroft et al., 2022). Table 1.3 highlights pre-clinical models where EVs have been utilised to 

recondition allografts or induction of tolerance in a whole organ context. 

In addition, advances in molecular biology techniques also allow further manipulation of the 

parental cell. In turn, altering EV profiles to express therapeutic molecules of interest. Such 

methods ranges electroporating EVs with RNA of interest (Usman et al., 2018) to overexpressing 

protein of interest in parental cell (Kim et al., 2021, Tang et al., 2020, Wang et al., 2018). Delivery 

of these engineered EVs shows improved outcomes compared to controls, highlighting the 

efficacy and potential for biomolecule delivery. Additionally, the use of engineered constructs can 

also improve EV homing to specific sites, improving overall targeting and preventing off-target 

effects (Wang et al., 2018). 
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Table 1.3 Recent literatures on the role of EVs in solid organ transplantation 

EV source Organ Additional therapeutics Outcomes Citation 

Bone marrow derived 

dendritic cells 
Heart 

Co-administration of 

desoxypergualin analog 

Induction of 

allograft tolerance 

(Pêche et al., 

2006) 

Immature dendritic cells Intestine Systemic administration 
Induction of 

allograft tolerance 

(Yang et al., 

2011) 

Immature dendritic cells Heart 
Co-administration with 

rapamycin 

Induction of 

allograft tolerance 
(Li et al., 2012) 

Mesenchymal stromal cells Kidney 

Administered during 

hypothermic machine 

perfusion 

Reduced IRI 

damage 

(Gregorini et al., 

2017) 

Mesenchymal stromal cells Lung 
Administered during 

machine perfusion 

Reduced lung 

dysfunction 

(Stone et al., 

2017) 

Mesenchymal stromal cells Heart Intramyocardial injection 

Attenuate IRI 

damage via 

macrophage 

polarisation 

(Zhao et al., 

2019) 

Human Liver Stem Cells Liver 

Administered during 

normothermic machine 

perfusion 

Reduced tissue 

damage 

(Rigo et al., 

2018) 
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2. Hypothesis 

The transplant procedure is inevitably associated with a certain degree of ischemia reperfusion 

injury (IRI). Clinically significant IRI manifests as primary nonfunction, delayed graft function, or 

acute injury in the immediate post-transplant period. Initial IRI causes the production of many 

reactive oxygen and nitrogen species, and subsequent recruitment and activation of 

inflammatory cells. Chemokines play an important role in the recruitment of leukocytes, however, 

oxidative stress can modify the chemokines leading to alteration in their biological activity and 

detectability. Additionally, endothelial dysfunction/injury compromises microcirculatory blood 

flow through decreased vasodilatory capacity, coagulation activation and the formation of 

microvascular thrombi, and increased rolling/adhesion of inflammatory cells. The regenerative 

capacity of endothelial cells appears limited in transplantation and microvascular damage 

occurring during an episode of ischemic injury can lead to permanent loss of microvasculature. 

This in turn favours chronic hypoxia, leading to overexpression of hypoxia inducible factor-1α and 

associated downstream cellular processes that can be deleterious to allografts. 

I hypothesise that “the occurrence of ischemia and reperfusion during organ transplantation can 

result in perturbation of many cellular processes. Developing and characterisation of these 

altered processes can give rise to better understanding of ischemia reperfusion injury and in turn, 

development of better interventions”. 

3. Aims 

• Identification of post-translationally modified chemokines in vivo. 

• Profiling the response of glomerular endothelium in response to hypoxia. 

• Characterisation of extracellular vesicles derived from renal allograft microvasculature. 
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4. Methods 

4.1. Laboratory Procedure 

All experiments were conducted according to the Control of Substances Hazardous to Health 

(COSSH) and BioCOSHH regulations as well as the University Safety Policy and Newcastle 

University’s “Safe working with Biological Hazards” and “Safe Working with Chemicals in 

Laboratory” guidelines. Tissue culture was carried out in accordance with regulations for class II 

pathogen containment.   

4.2. Cell Culture 

4.2.1. Cell Maintenance 

Adherent cells were sub-cultured upon reaching 80% confluence. Briefly, spent culture media was 

aspirated and cell monolayers were washed with sterile phosphate buffered saline (PBS). 0.05% 

Trypsin-EDTA (ThermoFisher) for cell lines or Accutase® (Biolegend) for primary cells was added 

to the flask and incubated for 5mins at 37℃. Cells were visually inspected under a light 

microscope to ensure complete detachment before adding equivalent volume of complete media 

to neutralise the trypsin. The cell suspension was transferred to a Falcon tube and pelleted by 

centrifugation (Table 4.1). Supernatant was discarded before resuspending the cell pellet gently 

in complete media before proceeding to appropriate experiments. 

Table 4.1 Centrifugation speed for various cell types. 

 

 

 

 

 

 

 

 

 

 

Cells Centrifuge speed Duration 

HMEC-1 300g 5mins 

HMEC-1 

HLA-DR+ 
300g 

5mins 

ciGEnC 220g 3mins 

HGEnC 220g 3mins 

PTEC 220g 5mins 
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4.2.2. Cryopreservation of Cells 

Immortalised cells were cryopreserved by adding 20% Dimethylsufoxide (DMSO) foetal calf serum 

in a dropwise manner to cell suspension post trypsinisation in complete media to obtain a final 

concentration of 10% DMSO.  Cell lines were passaged at a ratio of 1:4. Primary cells were pelleted 

by centrifugation before resuspending in Cryo-SFM (PromoCell). Cells were passaged at a ratio of 

1:3. The cell suspensions containing the appropriate cryo-preservative were aliquoted into 

cryovials and placed into a CoolCell™ LX cell freezing container (Corning) at -80℃ to cool at a rate 

of -1℃/min. Cells were then stored long term in the gaseous phase of liquid nitrogen tanks. 

4.2.3. Human Microvascular Endothelial Cells (HMEC-1) 

HMEC-1 obtained from American Type Culture Collection (ATCC©) are endothelial cells derived 

from human foreskin and immortalised by the transfection of PBR322-based plasmid encoding 

Simian Virus 40 (SV40) large tumour antigen (Ades et al., 1992). These cells were maintained in 

MCDB131 media (ThermoFisher) supplemented with 10% foetal calf serum, 2mM L-glutamine 

(ThermoFisher), 1μg/mL hydrocortisone (Sigma), 10ng/mL epidermal growth factor 

(ThermoFisher) and 100μg/mL penicillin/streptomycin (Sigma).  

4.2.4. Human Microvascular Endothelial Cells transduced with HLA-DR (HMEC-1 HLADR+) 

HMEC-1 HLADR+ cells obtained from Professor Nuala Mooney (INSERM) are HMEC-1 cells  

transduced with HLADRβ1*11.02 lentiviral particles (Taflin et al., 2011). These cells were 

maintained in MCDB131 media (ThermoFisher) supplemented with 10% foetal calf serum, 2mM 

L-glutamine (ThermoFisher), 1μg/mL hydrocortisone (Sigma), 10ng/mL epidermal growth factor 

(ThermoFisher) and 100μg/mL penicillin/streptomycin (Sigma).  

4.2.5. Conditionally Immortalised Glomerular Endothelial Cells (CiGEnCs). 

CiGEnCs obtained from Professor Simon Satchell (Bristol University) are glomerular endothelial 

cells transduced with temperature-sensitive SV40 large tumour antigen and telomerase using 

retroviral vectors (Satchell et al., 2006). CiGEnCs were maintained in EGM™-2 MV Microvascular 

Endothelial Cell Growth Medium-2 BulletKit™ (Lonza) at 33℃. Growth arrest was induced by 

culturing the cells at 37℃ (non-permissive temperature) for minimum of 5 days before use in 

experiments. 
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4.2.6. Primary Human Glomerular Endothelial Cells (HGEnCs). 

HGEnCs were obtained from Cell Biologics and maintained in complete human endothelial cell 

medium (Cell Biologics). 

4.2.7.  Primary Human Renal Proximal Tubular Epithelial Cells (PTEC). 

PTECs were obtained from Sciencell and maintained in complete epithelial cell medium 

(Sciencell). 

4.2.8.  Primary Neutrophils 

Neutrophils were isolated from healthy donor blood with ethics from County Durham and Tees 

Valley Research Ethics Committee (12/NE/0121) using MACSxpress® whole blood isolation kit 

(Miltenyi Biotec) as per manufacturer’s protocol. In brief, lyophilised isolation cocktail was 

reconstituted by the addition of 2mL buffer A and subsequently 2mL buffer B. Subsequently, 8mL 

of whole blood was added to the isolation cocktail and mixed by inversion three times and left to 

incubate at room temperature on MACSmix™ tube rotator (Miltenyi Biotec) on 12rpm 

(revolutions per minute) for 5mins. The lid of the Falcon tubes was removed and placed on the 

MACSxpress separator for 15mins before recovering the supernatant in a new Falcon tube. 

Neutrophils were pelleted by centrifugation at 300xg, 10mins at room temperature. Cell pellet 

was resuspended in 1x red blood cell lysis buffer (ThermoFisher) to remove residual red blood 

cells. The isolated neutrophils were resuspended in serum free RPMI-1640 media (Sigma) 

supplemented with 2mM L-glutamine (ThermoFisher), 100μg/mL penicillin/streptomycin (Sigma) 

and rested for 1 hour in the incubator before functional assay or purity assessment using flow 

cytometry. Neutrophils were identified as CD15+CD16+CD14lowCD193- as indicated by the gating 

strategy in Figure 2.1a. Cells were stained as outlined in Section 2.6 without fixation. Isolated 

neutrophils were also cytospun and stained with haematoxylin and eosin (H&E) to assess purity 

based on nuclei morphology (Figure 2.1b).   
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Figure 4.1 Purity assessment of isolated neutrophils from human whole blood.  
Neutrophils isolated using immunomagnetic depletion strategy were subjected to a) flow cytometry and b) 
morphological assessment. Sample gating strategy and H&E staining showed high purity within the neutrophil 
isolates. Scale bar= 10μm. 
 

4.3. Quantitative Gene Expression 

Transcriptional changes in cells in response to treatment was assessment using reverse 

transcription quantitative polymerase chain reaction (qPCR).  

4.3.1.  Standard RNA Isolation 

RNA isolation was carried out using RNeasy mini kit (Qiagen). Culture media was removed, and 

equivalent volume of PBS was added to wash the cells. PBS was then discarded and 350µL of 

Buffer RLT containing 1% β-mercaptoethanol (Sigma) was added to lyse the cells. Lysates were 

either stored at -20℃ for storage or loaded directly onto QiaShredder (Qiagen). The loaded 

QiaShredder was spun at 17,000g for 2mins to homogenise the lysate. Flow through was collected 

and 350µL of 70% ethanol was added and mixed by pipetting. The total volume was transferred 

to an RNeasy spin column and centrifuged at 8,000g for 15secs. The mRNA at this point was 

retained on the silica column. 
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To remove any remaining cellular contaminant, flow through was discarded before the addition 

of 700µL of Buffer RW1. Subsequently, the RNeasy spin column was centrifuged at 8,000g for 

15secs. This was followed by 2× addition of 500µL Buffer RPE and centrifuged at 8,000g for 15secs 

and 2mins respectively. The spin column was then transferred to a new collection tube and 

centrifuged at 17,000g, 1 min to dry out the silica and remove any remaining buffer. Lastly, the 

silica column was transferred to a 1.5mL collection tube followed by the addition of 30µL of RNase 

free water and the tube was centrifuged at 8,000g for 15secs to elute the RNA. 

4.3.2.  Total RNA Isolation 

Total RNA was isolated from cells using the miRNeasy mini kit (Qiagen). Culture media was 

removed, and equivalent volumes of PBS were added to wash the cells. 700µL of Qiazol was added 

to lyse the cells before transferring the lysate to a 1.5mL RNase free tube (Sarstedt). The lysate 

was homogenised by 30secs vortex at room temperature before storing at -80℃ or proceeded to 

extract the RNA. 

140µL of chloroform was added to the lysate and vortexed for 15secs before resting at room 

temperature for 3mins. The lysate was centrifuged at 12,000g, 15 mins at 4℃. 350µL of the upper 

aqueous phase was transferred to a new RNase free tube before the addition of 525µL of 100% 

ethanol and mixed by pipetting. The total volume was transferred to an RNeasy spin column and 

centrifuged at 8,000g for 15secs. The total RNA at this point was retained on the silica column. 

To remove any remaining cellular contaminant, the flow through was discarded before addition 

of 700µL of Buffer RWT. Subsequently, the RNeasy spin column was centrifuged at 8,000g for 

15secs. This was followed by 2× addition of 500µL Buffer RPE and centrifuged at 8,000g for 15secs 

and 2mins respectively. The spin column was then transferred to a new collection tube and 

centrifuged at 17,000g, 1 min to dry out the silica and remove any remaining buffer. Lastly, the 

silica column was transferred to a 1.5mL collection tube followed by the addition of 30µL of RNase 

free water and the tube was centrifuged at 8,000g for 15secs to elute the RNA. 
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4.3.3.  RNA Quantification 

Extracted RNA was quantified using a Nanodrop™ spectrophotometer (ThermoFisher) unless 

otherwise stated. The spectrophotometer was blanked with 1µL of RNase free water before 

measurement of the samples. RNA purity was determined using the A260/280nm and 

A260/230nm ratio with values between ~1.8-2.0 indicating isolation free from contamination. 

4.3.4.  mRNA Reverse Transcription 

500ng of isolated RNA was reverse transcribed using Tetro™ cDNA synthesis kit (Meridian 

BioScience). To each RNA sample, 4µL of 5× RT buffer, 1µL of 10mM dNTP mix, 1µL of Ribosafe 

RNase inhibitor, 1µL tetro reverse transcriptase and 1µL of oligo(dT) 18 primer was added. The 

final volume was adjusted using DPEC treated water to 20uL before centrifuging with a picofuge. 

The samples were transferred to a thermocycler (Bio-Rad) with the following running conditions: 

25℃ for 10mins, 45℃ for 30mins, and 85℃ for 5mins.  Prepared cDNA was stored at -80℃ until 

further use. 

4.3.5.  miRNA Reverse Transcription 

1µL of total RNA was reverse transcribed using Taqman™ microRNA reverse transcription kit 

(ThermoFisher) in conjunction with Taqman™ target specific reverse transcription primer (Table 

4.2, ThermoFisher). To each RNA sample, 1.5µL of 10× reverse transcription buffer, 0.15µL of 

100mM dNTP (with DTTP), 0.19µL of RNase inhibitor, 1µL of MultiScribe™ reverse transcriptase, 

3µL of 5× target specific RT primer and 8.16µL of nuclease-free water. The prepared samples were 

centrifuged and transferred to a thermocycler (Bio-Rad) with the following running conditions: 

16℃ for 30mins, 42℃ for 30mins, and 85℃ for 5mins. Prepared cDNA was stored at -80℃ until 

further use. 

Table 4.2 Primer list for small-RNA species used for target specific reverse transcription and PCR. 

Gene Name Assay ID 

hsa-miR-210-3p 000512 

U6 001973 
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4.3.6.  mRNA Quantitative Real-time Polymerase Chain Reaction (qPCR) 

Reverse transcribed cDNA (described in 2.3.4) was used to quantify the relative expression of the 

target genes. For each gene of interest, 2µL of cDNA was combined with 10µL of 2× Taqman™ 

Gene Expression Mastermix (ThermoFisher), 7µL of RNase-free water (Qiagen) and 1µL of gene 

specific Taqman™ primer (Table 4.3, ThermoFisher) in individual wells of a 96-well qPCR plate in 

technical duplicate. The qPCR plate was sealed and centrifuged before placing into StepOnePlus™ 

real-time PCR machine (ThermoFisher) with the running conditions of 50℃ for 2mins, 95℃ for 

10mins and 40 cycles: 95℃ for 15secs and 60℃ for 1min. HPRT1 was used as a housekeeping 

gene unless otherwise stated to calculate the relative expression using the comparative Ct (2-ΔΔCt) 

method. 

Table 4.3 Primer list for mRNA qPCR. 

Gene Name Assay ID 

CXCL8 Hs00174103_m1 

EPAS1 Hs01026149_m1 

HIF1A Hs00153153_m1 

HPRT1 Hs02800695_m1 

ISCU Hs00384510_m1 

NPTX1 Hs00982601_m1 

TFRC Hs00951083_m1 

VEGF-A Hs00900055_m1 
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4.3.7.  miRNA Quantitative Real-time Polymerase Chain Reaction (qPCR) 

Reverse transcribed cDNA (described in 2.3.5) was used to quantify the relative expression of the 

target genes. For each gene of interest, 1.33µL of cDNA was combined with 10µL of Taqman™ 2× 

Universal Gene Expression Mastermix (ThermoFisher), 7.67µL of RNase-free water and 1µL of 20× 

Taqman™ small RNA assay (Table 4.2, ThermoFisher) in individual wells of a 96-well qPCR plate in 

technical duplicate. The qPCR plate was sealed and centrifuged before placing into StepOnePlus™ 

real-time PCR machine (ThermoFisher) with the running conditions of 50℃ for 2mins, 95℃ for 

10mins and 40 cycles: 95℃ for 15secs and 60℃ for 1min. U6 small nuclear RNA (snRNA) was used 

as a housekeeping gene unless otherwise stated to calculate the relative expression using the 

comparative Ct (2-ΔΔCt) method. 

4.4. Protein Quantification 

Protein abundance in either biological samples or cells were assessed by western blotting. 

4.4.1.  Cell Preparation 

Following treatment of cells, culture media was removed and subsequently washed with ice-cold 

1× PBS. Radioimmunoprecipitation buffer (RIPA) supplemented with protease and phosphatase 

inhibitor (Cell Signalling) was added to the cells and homogenised using a pipette tip. The lysates 

were transferred to 1.5mL tubes and agitated for 20mins at 4℃. Subsequently, lysates were spun 

at 12,000g, 15mins at 4℃ before transferring the supernatant to a fresh 1.5mL tube and store at 

-20℃ until use. 

4.4.2.  Protein Quantification 

To ensure even loading, relative protein abundance was determined using Pierce™ BCA Protein 

Assay kit (ThermoFisher) using the microplate protocol. In brief, a protein standard was diluted 

according to manufacturer’s instruction (Range: 2mg/ml-125µg/ml). 10µL of standards or 

samples were subsequently added in duplicates to a 96 well plate.  200µL of the working reagent 

(containing 50 parts Reagent A: 1 part Reagent B) was added to the wells before sealing the plate 

and incubating at 37℃ for 30mins. The plate was cooled to room temperature and absorbance 

was measured at 562nm using a plate reader (SynergyHT, BioTek). Protein quantity in samples 

were determined using the standard curve established using the protein standards. 
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4.4.3.  Denaturing Protein Samples 

Sample volume corresponding to the pre-determined protein concentration required was 

aliquoted into a 1.5mL tube. Laemmli buffer (Bio-Rad) containing 10% β-mercaptoethanol was 

added at a 1:3 ratio to the samples and vortexed before heating at 95℃ for 10mins. The samples 

were cooled before storing at -20℃ or loaded onto a polyacrylamide gel to resolve the proteins. 

4.4.4.  Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

Lysates were resolved through a 1.5mm thick gel consisting of both 12% or 18% resolving layer 

and a 5% stacking layer (Table 4.4). Samples were loaded along with a well containing molecular 

weight markers (10-180kDa PageRuler™ Prestained Protein Ladder, ThermoFisher). Gels were run 

at 150V for 90mins or until reaching desired points. 

Table 4.4 Components for SDS-PAGE gel. 

 18% 

Resolving Gel 

12% Resolving  

Gel 

5% Stacking  

Gel 

Distilled Water 2.5mL 6.5mL 4.1mL 

30% (w/v) Acrylamide: bis-

Acrylamide solution (Ratio 37.5:1 ) 
12mL 8.0mL 1.0mL 

Separating gel buffer (100 mL diH2O, 

19.8 g Tris Base, 0.4 g SDS, pH 8.8) 
5mL 5.0mL - 

Stacking Gel buffer (100 mL diH2O, 

6.6 g Tris Base, 0.4 g SDS) pH 6.8) 
- - 0.75mL 

10 % SDS 200 200L 60L 

10 % Ammonium  

persulfate (APS) 
200L 200L 60L 

N,N,N′,N′- 

Tetramethylethylenediamine 

(TEMED) 

200L 20 L 6L 

 

4.4.5. Protein Transfer 

Resolved proteins from the SDS-PAGE gels were transferred to 0.2μm polyvinylidene fluoride 

(PVDF) unless otherwise stated using Trans-blot Turbo transfer system (Bio-Rad) using the 1.5mm 

gel protocol.  
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4.4.6. Immunoblotting 

Membranes containing the transferred proteins were incubated in an appropriate blocking buffer 

(Table 4.5) for at least 1 hour at room temperature. Subsequently, primary antibody was added 

at appropriate concentration and incubated overnight at 4℃ (Table 4.5). The probed membrane 

was washed 3 × 10mins with 0.1% Tween-20 Tris-buffered saline (0.1% TBST) before the addition 

of horse-radish peroxidase conjugated secondary antibody at appropriate concentration (Table 

4.5) and incubated at room temperature for 1 hour. Finally, each membrane was washed 3 × 

10mins with 0.1% TBST before the addition of SuperSignal™ West Pico Plus (ThermoFisher) 

chemiluminescent substrate and visualised either with x-ray film development or Li-Cor Odessy 

Fc (Li-Cor) imaging system. Unless otherwise stated, all incubation was done with agitation on a 

microplate shaker.
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Table 4.5 Antibody list and incubation conditions for western blot. 

Block buffer 
Primary 

antibody 
Manufacturer Dilution 

Secondary 

antibody 
Manufacturer Dilution 

Tertiary 

antibody 
Manufacture Dilution 

Antibody 

buffer 

5% milk in 

0.1% TBST 

Rabbit anti-

CXCL8 

polyclonal  

Invitrogen, 

AHC0881 
1:1000 

Goat anti 

rabbit-HRP 

Sigma 1:10,000 

- - - 
5% milk in 

0.1% TBST 

5% BSA in 

0.1% TBST 

Mouse anti-

Nitrotyrosine 

monoclonal  

HycultBioTech, 

HM5001 
1:1000 

Goat anti-

mouse- HRP 
- - - 

5% BSA in 

0.1% TBST 

5% BSA in 

0.1% TBST 

Anti-nitrated 

CXCL8 
Bio-Rad 1:1000 

Mouse-anti-

FLAG 
ProteinTech 1:2000 

Goat anti-

mouse- HRP 
Sigma 1:10,000 

5% BSA in 

0.1% TBST 

5% milk in 

0.1% TBST 

Rabbit anti-CD9 

monoclonal 

Abcam, 

Ab263019 
1:1000 

Goat anti-

rabbit-HRP 

Sigma 

1:2000 - - - 

5% milk in 

0.1% TBST  

Rabbit anti-

TSG101 

monoclonal 

Abcam, 

Ab125011 
1:1000 

Goat anti-

rabbit-HRP 
1:2000 - - - 

Rabbit anti-

CD63 

monoclonal 

Abcam,  

Ab134045 
1:1000 

Goat anti-

rabbit-HRP 
1:2000 - - - 

Rabbit anti-

HSP70 

monoclonal 

Abcam, 

Ab181606 
1:1000 

Goat anti-

rabbit-HRP 
1:2000 - - - 

1% milk in 

0.1% TBST 

mouse anti-

Calnexin 

monoclonal 

Proteintech, 

66903-1-Ig 
1:1000 

Goat anti-

mouse-HRP 
1:2000 - - - 

1% milk in 

0.1% TBST 
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4.5. Immunostaining 

4.5.1. Tissue staining 

4µm tissue sections were obtained from formalin fixed, paraffin embedded (FFPE) biopsies. Slides 

were dewaxed by immersing into xylene for 2×5mins. Tissue sections was rehydrated by 

immersing in 100% ethanol for 2×5mins, 90% ethanol for 5mins, 70% ethanol for 5mins and 

distilled water for 5mins. Antigen retrieval was immediately carried out in citric acid antigen 

retrieval buffer (10mM, 0.05% Tween 20, pH6.0) in a pressure cooker for 3 mins on high pressure 

setting. Blocking buffer (Table 4.6) was added directly on the tissue section to block for 30mins at 

room temperature before incubating with primary antibodies diluted in PBS at 4℃ (Table 4.6) 

overnight. For no primary control, only PBS was added. Subsequently, slides were washed 

3×5mins in PBST with agitation before the addition of appropriate secondary antibodies diluted 

in PBS (Table 4.6). Finally, the slides were washed with 3×5mins in the dark and mounted with 

mounting media containing DAPI (Vectashield). The slides were immediately imaged (AxioImager, 

Zeiss) or stored in the dark at 4℃. Buffer volumes for tissue staining are kept at 50µL unless 

otherwise stated. 

Table 4.6 Antibody list and incubation condition for tissue staining. 

Blocking 

buffer 
Primary Antibody Manufacturer Dilution 

Secondary 

Antibody 
Manufacturer Dilution 

10% 

goat 

serum 

Rabbit anti-CXCL8 

polyclonal 

Invitrogen, 

AHC0881 
1:50 

Goat anti-rabbit 

AlexaFluor488 

polyclonal 

Abcam, 

Ab150077 
1:50 

Mouse anti-3-

nitrotyrosine 

monoclonal 

HycultBioTech, 

HM5001 
1:50 

Goat anti-

mouse 

Dylight650  

ImmunoReagent, 

GtxMu-003-

F2650NHSX 

1:50 
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4.6. Flow cytometry  

Cells were cultured in 12-well plates and treated as indicated. Spent culture media was removed 

after treatment and washed with 1mL PBS. 500µL of Accutase® was added per well and placed in 

an incubator for 5mins at 37℃ to detach cells. Cell suspension was transferred to flow tubes 

(Falcon™) and centrifuged at 300g, 5mins. Cells were washed twice with 1mL of ice-cold PBS with 

cells at the end of each round spun down at 300g, 5mins and supernatant discarded. 100µL of 

Live/Dead™ Fixable Blue Dead Cell Stain (Invitrogen) was added to the cells and incubated on ice 

for 30mins according to manufacturer’s protocol. Cells were washed twice with ice-cold PBS 

before blocking with 1µL Human TruStain FCX™ (Biolegend) in 2% BSA in PBS for 15mins at room 

temperature. Antibodies and matching isotype controls were added to the cells and incubated 

for 30mins on ice (Table 4.7). Cells were then washed twice with ice-cold 2% BSA in PBS before 

the addition of 100µL 4% paraformaldehyde (PFA) and incubated at room temperature for 

15mins. PFA was discarded and cells were washed twice with 1mL ice-cold PBS and was 

resuspended in 2% BSA PBS before data acquisition on either the Fortessa X20 or Symphony A5 

flow cytometer (BD Biosciences). Data analysis was then done on FlowJo V9. 

Table 4.7 Antibodies used for conventional flow cytometry. 

Antibody Volume (µL) Fluorophore  Clone Manufacturer 

anti-human CD14 

2µL 

PE 63D3 Biolegend 

anti-human CD15 PE-Cy7 W6D3 Biolegend 

anti-human CD16 FITC 3G8 Biolegend 

anti-human CD193 APC 5E8 Biolegend 

anti-human CD71 APC CY1G4 Biolegend 

anti-human HLA-DR APC L243 Biolegend 

anti-human HLA-DQ PE HLADQ1 Biolegend 

anti-human CD31 FITC WM59 Biolegend 

anti-human CD54 (ICAM-1) FITC HA58 Biolegend 

IgG 2a, κ isotype control  APC MOPC-173 Biolegend 

IgG 2b, κ isotype control Matching 

concentration 

APC 27-35 Biolegend 

IgG1, κ isotype control PE P3.6.2.8.1 eBiosciences 

IgG1, κ isotype control FITC P3.6.2.8.1 Biolegend 
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4.7. Statistical analysis 

Statistical analysis was performed using GraphPad Prism version 9.5. Error bars represent the 

standard deviation of the mean, unless otherwise stated and statistical tests are described for 

each experiment individually. p-values for each comparison are either shown explicitly on the 

graphs or otherwise depicted as follows: 

*        p <0.05 

**      p <0.01 

***    p<0.001 

****  p <0.0001 
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5. Regulation of CXCL8 activity by nitration 

5.1. Introduction 

CXCL8 is an inflammatory chemokine released during the onset of inflammation and acute injury 

to recruit circulating neutrophils. During the recruitment process, binding of CXCL8 to its cognate 

receptors CXCR1 and CXCR2 along with other inflammatory stimuli, primes neutrophils and allows 

subsequent exertion of their anti-pathogenic functions (Raghuwanshi et al., 2012). These short-

lived immune cells respond to the inflammatory stimuli through a series of mechanisms ranging 

from phagocytosis to the delivery of noxious payloads (Németh et al., 2020). While such 

mechanisms are extremely potent, they are often unable to distinguish between self and non-

self. In turn, surrounding tissues often suffer collateral damage. 

Neutrophils trigger a transient increase in the reactive species within the inflammatory 

environment via an oxidative burst. Due to the lack of target specificity, the disruption of the 

tightly regulated redox balance not only result in excessive tissue damage, but also modifies 

surrounding biomolecules (Souza et al., 2008). One such species produced is peroxynitrite. In high 

concentrations, peroxynitrite is extremely cytotoxic and therefore effective in pathogenic 

clearance. However, the highly reactive nature also allows it to react with amino acids within 

proteins, potentially altering protein functions. Several inflammatory chemokines have been 

identified which can have their tyrosine or tryptophan residues nitrated by peroxynitrite (Sato et 

al., 1999, Sato et al., 2000b, Molon et al., 2011, Janssens et al., 2016, Barker et al., 2017).  

Furthermore, previous work done in the group has identified the tyrosine residue Y13 to be the 

only amino acid in CXCL8 to have modifications. Consistent with published data on other nitrated 

chemokines, these modified CXCL8 (herein nitrated CXCL8) was also shown to lack the capability 

to induce neutrophil recruitment both in vitro and in mice.  

Identification of nitrated CXCL8 in biological samples however remains a challenge with 

concentrations of chemokines in tissue and biological fluids in the low picomolar to nanomolar 

range (Schenk et al., 2001). Individual protein modification will only affect a proportion of any 

protein. Therefore, detection and quantification of nitrated chemokine will be challenging and 

require highly sensitive techniques that can distinguish between native and modified proteins. 
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This chapter hence focuses on the detection and identification of post-translationally modified 

CXCL8 in biological samples. 

5.2. Specific Aims 

• To assess the functional implication of tyrosine nitration in CXCL8. 

• To identify the presence of nitrated CXCL8 in biological samples. 

• To identify post-translational modification of CXCL8 in biological samples. 

5.3. Specific Materials and Methods 

5.3.1. Patient Samples 

BAL samples from patients with suspected ventilator associated pneumonia and healthy controls 

were collected as part of study (11/NE/0242) approved by a Research Ethics committee (Hellyer 

et al., 2015). 

Lung tissue biopsies from ex vivo lung perfusion (EVLP) was collected as part of NHSBT Study 66 

entitled “Further Evaluation of Ex Vivo Lung Perfusion to Improve Transplantation Outcomes” 

(16/NE/0230). Samples taken during EVLP were then stored in the Newcastle Institute of 

Transplantation (IOT) Tissue Biobank (17/NE/0022). 

5.3.2. Cell Culture and Treatment 

Confluent HMEC-1 cells were passaged as described in Chapter 4.2. Prior to treatment, cells were 

seeded at a density of 200,000 cells per well in 6-well plates and cultured overnight unless 

otherwise stated.  Cells were stimulated with tumour necrosis factor alpha (TNF-α) at a 

concentration of 10ng/ml for 2 hours in FBS free media. Subsequently, freshly prepared 3-

morpholinosydnoimine hydrochloride (SIN-1) in sterile deionised water were added to cells at 1-

5nM. Post treatment with SIN-1, culture media was collected in a 50mL Falcon tube and clarified 

by centrifugation at 300g, 5mins before storing at -20℃. mRNA was extracted from cells as 

outlined in Chapter 4.3.1 to quantify CXCL8 expression.  
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5.3.3. Cell Viability Assessment 

A spectrophotometric assay was used to assess HMEC-1 viability post-treatment with SIN-1. In 

brief, 10,000 cells were seeded per well in 96 well plates and cultured overnight. Cells were 

treated with varying concentrations of SIN-1 over time in FBS free media. Post treatment, SIN-1 

containing media was removed and cells were washed with PBS before replacing with 100µL of 

complete media. 50µL of XTT labelling mixture (Roche) consisting of 50 parts XTT labelling 

reagent: 1 part electron coupling reagent were added to each well (to obtain a final volume of 

150µL) and incubated for 24 hours. Corrected absorbance corresponding to cell viability was 

obtained by subtracting background (650nm) signal from 450nm using a plate reader (Synergy™, 

BioTek).  

5.3.4. ELISA (Enzyme-Linked Immunosorbent Assay) 

CXCL8 levels in HMEC-1 culture media as well as bronchoalveolar lavage (BAL) samples were 

measured using commercial ELISA kit (DuoSet, R&D systems) according to manufacturer’s 

protocol. 100µL of capture antibody was coated onto an ELISA plate (Immulon 4HBX, 

ThermoFisher) and incubated overnight. The wells were blocked for 1 hour with 300µL of 1% 

bovine serum albumin (BSA) in PBS. 100µL of prepared standards (2µg/ml - 31.3pg/ml) or culture 

media obtained from 5.3.1 was added and incubated for another 2 hours followed by an 

additional 2-hour incubation with the detection antibody. 100µL of streptavidin-horseradish 

peroxidase (HRP) was added and the plate was incubated in the dark for 20mins.  100µL of 

substrate solution (R&D systems) was then added and allowed to develop before quenching the 

reaction with 1M sulfuric acid (H2SO4). Absorbance of individual wells was immediately measured 

using a plate reader at 450nm (Synergy™, BioTek). Plates were incubated at room temperature 

throughout the entire assay and between each step, well contents were aspirated, and the wells 

were washed with 3 × 0.05% PBST before proceeding. 
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5.3.5. Trichloroacetic Acid (TCA) Precipitation of Proteins 

5µg of insulin (ThermoFisher) was spiked into culture media from 3.3.1. 100% (w/v) TCA was 

added to the insulin spiked cultured media at 1:4 and incubated overnight at 4℃. Subsequently, 

the mixture was centrifuged at 12,000g, 5mins to pellet the protein. The supernatant was 

discarded, and the precipitated pellets were washed twice by resuspending in 500µL of ice-cold 

acetone before centrifugation at 12,000g, 5mins. Excess acetone was removed by heating the 

pellet to 95℃ for 10mins before resuspending in 20µL of 4 x Laemmli buffer (Bio-Rad) containing 

β-mercaptoethanol and proceeded with sample preparation outlined in Chapter 4.4.3 to 4.4.6 for 

immunoblotting of CXCL8. 

5.3.6.  Circular Dichroism 

Native CXCL8 (Peprotech) or nitrated CXCL8 (Almac) was dissolved in 50mM phosphate buffer 

(Table 5.1) to obtain a 1mg/ml concentration. The solution was left to sit at room temperature 

for 30mins before centrifugation at 12,000g for 5mins at room temperature to remove 

undissolved protein. The supernatant was transferred to a new microfuge tube. Circular 

dichroism was conducted using a spectropolarimeter (J-810, Jasco) with a 0.02cm pathlength (far 

UV) and a 1cm pathlength (near UV) quartz cuvette. Scans for the far UV spectrum were 

conducted at 180-260nm and near UV spectrum was conducted at 260-320nm. All data was 

collected at room temperature as an accumulation of 10 measurements (N=10), adjusted to the 

background spectrum (buffer only control).  

Table 5.1 Phosphate buffer composition. 

Reagent Composition 

1M monobasic sodium 

phosphate buffer 

9.4ml 

1M dibasic sodium 

phosphate buffer 

40.6ml 

Water Top up to 1L 

pH 7 
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5.3.7.  Fluorescence Spectroscopy 

Native CXCL8 or nitrated CXCL8 was diluted to 20μg/ml in 50mM phosphate buffer (Table 5.1).  

Fluorescence was measured using a fluorescence spectrophotometer (Cary Eclipse, Agilent) with 

a 1cm path length cuvette. Data acquisition was done with a scan rate of 120nm/min with an 

excitation wavelength of 280nm and emission wavelength of 300-540m. All data collected was 

adjusted to the background spectrum (buffer only control). 

5.3.8. Chemotaxis Assays 

5.3.8.1. Trans-filter Chemotaxis 

24 well plates (Falcon™) were blocked with 1ml 2% BSA in PBS for 1 hour at 4℃. The blocking 

buffer was aspirated and replaced with 500μL FBS free RPMI-1640 or FBS free media containing 

CXCL8 variants. Rested neutrophils outlined in Chapter 2.2.8 were centrifuged at 300g, 10mins, 

and 0 break speed and placed in the top chamber of 3μm polycarbonate transwell insert (Corning) 

at a density of 200,000 cells/well in 500μL before incubating at 37℃ for 90mins. Media in the top 

chamber was aspirated and discarded while media in the lower chamber was collected into 

labelled flow cytometry tubes. 500μL of Accutase® was added to the lower chamber and 

incubated at 37℃ for 5mins to detached adhered neutrophils and transferred to the 

corresponding flow cytometry tubes. Cells were pelleted by centrifugation at 300g, 10mins and 0 

break speed before resuspending in 100μL of FBS free RPMI-1640 media. 15μL of CountBright™ 

beads (ThermoFisher) were added to each flow cytometry tube and cell count was obtained by 

Fortessa X20 flow cytometer using the following formula: 

𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑐𝑜𝑢𝑛𝑡 (
𝑐𝑒𝑙𝑙

µ𝐿
) =

(𝐶𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡 × 𝐶𝑜𝑢𝑛𝑡𝑖𝑛𝑔 𝑏𝑒𝑎𝑑𝑠 𝑣𝑜𝑙𝑢𝑚𝑒)

(𝐶𝑜𝑢𝑛𝑡𝑖𝑛𝑔 𝑏𝑒𝑎𝑑𝑠 𝑐𝑜𝑢𝑛𝑡 × 𝐶𝑒𝑙𝑙 𝑣𝑜𝑙𝑢𝑚𝑒)
× 𝐶𝑜𝑢𝑛𝑡𝑖𝑛𝑔 𝑏𝑒𝑎𝑑𝑠 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (

𝑏𝑒𝑎𝑑𝑠

µ𝐿
) 

Experimental controls include no chemokine and chemokinesis control. Results were expressed 

as neutrophil chemotactic index calculated using the following formula: 

𝐶ℎ𝑒𝑚𝑜𝑡𝑎𝑐𝑡𝑖𝑐 𝐼𝑛𝑑𝑒𝑥 =
(𝑀𝑖𝑔𝑟𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 𝑡𝑟𝑒𝑎𝑡𝑒𝑚𝑒𝑛𝑡 − 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛)

𝐶ℎ𝑒𝑚𝑜𝑘𝑖𝑛𝑒𝑠𝑖𝑠 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
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5.3.8.2. Trans-endothelial Chemotaxis 

200,000 HMEC-1 cells were seeded into the top chamber of 3μm polycarbonate transwell insert 

(Corning) 72 hours prior to chemotaxis assay. 24 hours before the experiment, HMEC-1 was 

activated with 100ng/ml of IFN-γ (Peprotech). The transwell insert was then transferred to a pre-

blocked 24 well plates and assay was conducted as per outlined in the transfilter chemotaxis 

assay. Additionally, unstimulated HMEC-1 cells were added as an additional control. 

5.3.9.  Glycosaminoglycan (GAG) Binding Assay 

GAG binding plates (BD Biosciences) were coated with 100μL of 25μg/ml heparan sulfate (Iduron) 

or heparin (Iduron) and left to incubate overnight. Subsequently, 300μL of 1% BSA in PBS was 

added to block the plate for 1 hour at room temperature. Native and nitrated CXCL8 diluted in 

the block buffer were added at 100μL per well and incubated for 2 hours at room temperature. 

100μL of rabbit anti-human CXCL8 antibody (Invitrogen) was added at 1μg/ml and incubated for 

1 hour at room temperature. Following which, goat anti-rabbit HRP antibody (Sigma) was added 

at 1:5000 dilution and incubated for another 1 hour. 100μL of 3,3',5,5'-Tetramethylbenzidine 

(TMB) substrate was added and left to develop before quenching the reaction with 50μL of 1M 

sulfuric acid (H2SO4). Absorbance of individual wells were immediately measured using a plate 

reader at 450nm (Synergy™, BioTek). Plates were incubated at room temperature throughout the 

entire assay and between each step, contents were aspirated, and wells were washed with 3× 

300μL of 0.2% PBST before proceeding. 

5.3.10. β-arrestin Recruitment Assay 

The β-Arrestin recruitment activity of CXCL8 variants was measured using CXCR1 and CXCR2 

PathHunter® Kits (DiscoverX®). The assay was carried out according to the manufacturer’s 

protocol in collaboration with Professor Krishnan Rajarathnam (University of Texas Medical 

Branch). In brief, PathHunter® U20S CXCR1 β-Arrestin cell and PathHunter® HEK293 CXCR2 β-

Arrestin cell were cultured using AssayComplete™ cell culture kit.  Transfectants were seeded in 

a 96-well white-walled, clear-bottom plate for 48 hours. Chemokine variants were added to the 

cells and incubated for 90mins at 37°C. Detection reagents were then added and incubated for 1 

hour in the dark. β-galactosidase induced luminescence upon β-arrestin–CXCR1/CXCR2 

interaction was then measured using FLUOstar Optima (BMG Labtech). 
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5.3.11. Immunoprecipitation 

BAL samples from patients with confirmed ventilator associated pneumonia were enriched for 

proteins containing 3-nitrotyrosine using a nitrotyrosine IP kit (Cayman Chemical). In brief, 100μL 

of BAL was diluted with 100μL of PBS. The nitrotyrosine affinity sorbent was mixed with gentle 

inversion of the tube and 40μL of the mixture was transferred to the spin columns. The affinity 

sorbent was washed 3 times, each time, 500μL of wash buffer was added to the spin columns and 

mixed with gentle pipetting before centrifugation at 1000g for 1 min. The flow through was 

discarded. 200μL of the diluted BAL samples were added to the column and incubated overnight 

at 4℃ with gentle agitation. Spin columns were subsequently centrifuged at 1000g for 1 min and 

flow through was retained as unbound fraction. The affinity sorbent was washed 3 times as per 

mentioned and 20μL of 4× Laemmli buffer was added before heating the spin column at 95℃ for 

5mins. Finally, the spin columns were centrifuged at 1000g for 1 min and the flow through as well 

as the unbound fraction were prepared as outlined in Chapter 4.4.3 to 4.4.6 for immunoblotting 

of CXCL8. 

5.3.12. Immunosorbent Sample Preparation and Nano-Scale Liquid Chromatography-Tandem 

Mass Spectrometry for Proteoform Analysis (ISTAMPA) 

The ISTAMPA methodology developed by Professor Paul Proost allowed identification and 

relative quantification of chemokine proteoform using mass spectrometry (Metzemaekers et al., 

2021). Biological samples were analysed in collaboration with Professor Paul Proost.  
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5.3.12.1. Sample Preparation 

5μg of biotinylated polyclonal rabbit anti-human CXCL8 antibody (Peprotech) was immobilised 

onto 25μL of Dynabeads™ M-280 Streptavidin-coated magnetic beads (ThermoFisher) with 

constant agitation for 30mins at room temperature. The antibody coupled beads were washed 

with 4 × 500μL of PBS using a Dynamag 2 magnet (ThermoFisher) and incubated with 100μL of 

BAL samples for 30mins at room temperature with constant agitation. Subsequently, antigen-

antibody bead complex was washed with 4 × 500μL of PBS using a Dynamag 2 magnet 

(ThermoFisher). Isolated proteins were then eluted with 20μL of 0.1M glycine, pH 2.8 and loaded 

in a pre-cooled autosampler at 5℃ and analysed by nano-LC-MS/MS. 

Nitrated CXCL8 was diluted in 0.1% (v/v) trifluoroacetic acid (TFA) prior to mass spectrometry 

analysis.  

5.3.12.2. Mass Spectrometer Settings 

5μL of diluted nitrated CXCL8 or eluted fraction from immunosorbent sample preparation were 

injected on an UltiMate 3000 nano-scale reverse-phase ultra-high performance liquid 

chromatography (ThermoFisher) equipped with an autosampler. Proteins were separated with a 

5 × 0.3mm PepMap 300 C4 pre-column (ThermoFisher) combined with a 50 × 0.15mm Proto 300 

C4 column (Higgins Analytical. Inc). Samples were loaded onto the pre-column with 4%(v/v) 

acetonitrile in 0.1% (v/v) TFA and eluted with an acetonitrile gradient in 0.1% (v/v) formic acid 

with a flow rate of 0.5μL/min. Eluate was directly injected into an amaZon Speed ETD mass 

spectrometer (Bruker Daltonics) with captive spray ionisation-ion trap technology. Collision-

induced dissociation (CID) was exploited for low energy fragmentation (MS/MS fragmentation 

amplitude of 1.0) of pre-selected precursor ions with specific m/z values ± 2 in multiple reaction 

monitoring (MRM) mode. Hystar 3.2 and Trap control 8.0 software (Bruker Daltonics) was used 

for data collection. Results were analysed with Compass Data Analysis 5.0 software (Bruker 

Daltonics). 
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5.4. Results 

5.4.1.  Generation of Nitrated CXCL8 

Previously, the functional alteration of nitrated CXCL8 was assessed by incubating peroxynitrite 

with native CXCL8 in vitro. While mass spectrometry confirmed the modification to be only at the 

Y13 residue and the most abundant protein was nitrated CXCL8, techniques to separate any 

remnant native CXCL8 from the nitrated CXCL8 are lacking. Hence, to delineate the findings, 

nitrated CXCL8 was outsourced to a commercial company (Almac) and was chemically synthesised 

using solid phase peptide synthesis (peptide sequence in Figure 5.1a). As indicated in Figure 5.1b, 

the reverse-phase high performance liquid chromatography (RP-HPLC) resolved with a single 

uniform peak at 21.33mins. Furthermore, the deconvoluted mass spectrometry data 

corresponded to the theoretical mass of nitrated CXCL8 (Figure 5.1c). 

5.4.2.  Nitration Impedes Neutrophil Chemotaxis 

Upon the confirmation that the synthesised nitrated CXCL8 was homogenous, we next assessed 

its chemotactic capability in vitro using a Boyden chamber assay. Using this system, we assessed 

the capability for nitrated CXCL8 to firstly recruit neutrophils to the inflammatory site using the 

trans-filter assay. We observed a similar level of migration towards native and nitrated CXCL8 at 

10nM. In contrast, when CXCL8 concentrations were increased to 30nM and 50nM, we observed 

a reduction in the chemotactic index for nitrated CXCL8, but this was not statistically significant 

(Figure 5.2a).  

Following neutrophil localisation, gaining access to the exact site of inflammation requires the 

transmigration of neutrophils across the vessel endothelium. To model this transmigration, an 

adapted Boyden chamber assay utilised a layer of pre-activated endothelium seeded on the upper 

surface of the filter. In this assay, we found that the capability of nitrated CXCL8 to initiate 

endothelial transmigration was completely abrogated across all concentrations when compared 

to native CXCL8 (Figure 5.2b). These findings collectively indicated that nitration of CXCL8 induced 

a lower level of neutrophil recruitment and subsequently impaired their translocation across the 

endothelium to access the site of inflammation.    
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Figure 5.1 HPLC chromatogram and mass spectra of nitrated CXCL8.  
Synthesised nitrated CXCL8 was identified as a pure homogenous population free of native CXCL8. a) Sequence of 
chemically synthesised nitrated CXCL8. b) HPLC chromatogram of the synthesised nitrated CXCL8 resolved as a 
uniform singular peak. c) The resolved peak from HPLC was subjected to mass spectrometry (ESI-microTOF) analysis 
with the different ionisation state annotated (left) and the deconvoluted spectra corresponded to nitrated CXCL8 
(right). 
 

 

Figure 5.2 Assessment of the migratory potential of nitrated CXCL8 in vitro.  
a) Trans-filter or b) trans-endothelial was used to assess the capability of CXCL8 variants to induce neutrophil 
migration across varying concentrations. Nitration of CXCL8 attenuates neutrophil recruitment whilst abrogates 
transmigration across an endothelium layer. Chemotaxis assays were carried out with 2 technical replicates per 
conditions with accompanying controls. Experiment was conducted n=3 for both trans-filter and trans-endothelial 
chemotaxis. Data shown as mean ± SD of n=3, with each dot representing a biological replicate (different blood 
donor). Statistical analysis was performed using Two-Way ANOVA with Šídák post-hoc test. 

 

a) b

) 

Trans-endothelial chemotaxisTrans-filter chemotaxis
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5.4.3.  Nitration of CXCL8 Attenuate GAG Binding and Cognate Receptors Signaling 

With the migration assays showing alteration to the chemotactic potential of nitrated CXCL8, we 

set out to investigate the reasons for the observed changes. As mentioned in Chapter 1.3, 

chemokines including CXCL8 requires interaction with GAGs, which in turn stabilizes a haptotactic 

concentration gradient. This provides a directional cue for neutrophils. Subsequently, binding of 

CXCL8 by the CXCR1 and CXCR2 expressed on the neutrophils triggers a signaling cascade and 

thereby activating downstream mechanisms involved in cellular locomotion.  Hence, we first 

assessed the binding capability of the CXCL8 variants to heparin and heparan sulfate. Results in 

Figure 5.3 showed that nitration impaired binding to both heparin and heparan sulfate compared 

to native CXCL8.  

We next sought to identify the implication of this for receptor signaling. As outlined in Chapter 

5.1, CXCL8 interacts with 2 receptors, namely CXCR1 and CXCR2. While CXCL8 binds both 

receptors with extremely high affinity (Nasser et al., 2007), marked differences were observed 

with their downstream signaling and the eventual cellular processes (Nasser et al., 2009, 

Raghuwanshi et al., 2012). Hence, we attempted to interrogate the signaling potential of the 

receptors independently using the PathHunter® platform.  As shown in Figure 5.4, treatment of 

PathHunter® CXCR1 transfected U2OS cells resulted in no recruitment of β-arrestin (Figure 5.4a) 

whereas a mark downregulated was observed in the PathHunter® CXCR2 transfected HEK293 cells 

(Figure 5.4b). Furthermore, the extent of signaling by native CXCL8 via CXCR1 was to a greater 

extent compared to CXCR2, which was in line with the published literature (Nasser et al., 2009). 
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Figure 5.3 Comparisons of CXCL8 variants for glycosaminoglycan binding.  
CXCL8 binding to immobilised a) heparin or b) heparan sulfate was assessed using immunodetection against CXCL8 
in conjunction with HRP conjugated antibody. The optical density (OD) at 450nm reflects the relative quantity of 
bound CXCL8 (300nM-4.6875nM) on the immobilised GAG. Binding of nitrated CXCL8 to heparin or heparan sulfate 
was consistently impaired across all concentrations compared to native CXCL8. GAG binding assays were carried out 
with 3 technical replicates per concentration. Heparin and heparan sulfate binding were repeated n=2 and n=3 
respectively. Data shown as mean ± SD. Statistical analysis was performed using Two-Way ANOVA with Šídák post-
hoc test. ** p< 0.01, ***p<0.001, ****p <0.0001. 
 

 

Figure 5.4  Differential signaling between CXCL8 variants with receptors.  
Binding of CXCL8 variants to receptors a) CXCR1 and b) CXCR2 induced β-arrestin recruitment was used as a surrogate 
for receptor downstream signaling. Nitration of CXCL8 completely abrogated CXCR1 downstream signaling whereas 
CXCR2 signaling was downregulated. CXCR1 and CXCR2 signaling assay were carried out with 3 technical replicates 
per condition and concentration. CXCR1 and CXCR2 signaling were repeated n=3 and n=2-3 respectively. Data shown 
as mean ± SD. Statistical analysis was performed using Two-Way ANOVA with Šídák post-hoc test. 

 

 

a)                                                                               b)        

Heparan sulfateHeparin 

  a)                                                                         b)        

CXCR1 CXCR2
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5.4.4. Nitration Did Not Alter CXCL8 Structure 

The Y13 residue sits on the unstructured N terminus tail of CXCL8. Therefore, the potential for 

protein misfolding as a result of tyrosine nitration is considered to be low. To confirm this 

hypothesis, we assessed the overall structure of nitrated CXCL8 using far UV circular dichroism. It 

was found that native and nitrated CXCL8 showed similar spectra (Figure 5.5), confirming that 

tyrosine modification did not impact secondary structure. 

 

Figure 5.5 Secondary structure assessment of CXCL8 variants.  
Protein folding of CXCL8 variants was assessed using far UV circular dichroism. The overlay of the spectra between 
native CXCL8 (red) with nitrated CXCL8 suggests that the overall secondary structure between variants is the same. 
All data was collected at room temperature as an accumulation of n=10 measurements, adjusted to the background 
spectrum (buffer only control).  
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5.4.5. In Vitro Model of CXCL8 Nitration 

In concordance with previous work in the group showing that nitration of the Y13 residue in CXCL8 

impaired neutrophil recruitment, we sought to develop an in vitro model to recapitulate the 

nitrosative stress in an inflammatory environment, thereby generating nitrated CXCL8. The half-

life of peroxynitrite is ∼10ms (Szabó et al., 2007) which presents technical difficulty to use as an 

inducer of nitrosative stress. As an alternative, we utilised 3-morpholinosydnoimine 

hydrochloride (SIN-1), which spontaneous releases both nitric oxide and superoxide in close 

proximity. We first set out to show that exposure of CXCL8 to SIN-1 results in tyrosine nitration. 

As shown in Figure 5b, co-incubation of CXCL8 with increasing concentrations of SIN-1 resulted in 

an increase in 3-nitrotyrosine signature. Interestingly, we also observed an increase in CXCL8 

reactivity at higher molecular weight when incubated with SIN-1 even though the protein was 

resolved in a reducing condition (Figure 5.6a).  

 

Figure 5.6 SIN-1 nitrates CXCL8 in vitro.  
Equal amounts of CXCL8 were incubated with varying concentrations of SIN-1 at 37℃ for 3 hours. The reaction was 
terminated with the addition of 4× Laemmli Buffer and heated at 95℃ for 10mins before resolving on an 18% SDS-
PAGE gel and detected with either a) anti-CXCL8 antibody or b) anti-3 nitrotyrosine antibody using western blot. 
Nitrated CXCL8 was loaded in b) as a positive control.  Western blot shown is representative of n=3. 
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Upon confirmation that CXCL8 can indeed be nitrated in the presence SIN-1, we proceeded to 

optimise the concentration of SIN-1 in vitro. Using human microvascular endothelial cells (HMEC-

1) as the model of inflammation, we first assessed the cell viability post exposure to varying 

concentrations of SIN-1. Significant increase in cell death was observed when the concentration 

of SIN-1 exceeded 1mM (Figure 5.7). Furthermore, it was previously reported that SIN-1 showed 

a lag time of 15mins before eliciting bactericidal activity (Brunelli et al., 1995). Coupled with the 

experimentally determined rate of degradation of SIN-1 as 1% per min (Brunelli et al., 1995), the 

treatment duration of 3 hours at 1mM was carried forward. 

Pre-formed CXCL8 is stored in the Weibel Palade bodies within endothelial cells to allow rapid 

release under inflammatory conditions (Utgaard et al., 1998). Hence, pre-stimulation with 

inflammatory stimuli like TNF-α was necessary to mobilise the release of CXCL8. HMEC-1 was 

therefore first treated with TNF-α to prime the release of CXCL8 into the culture medium before 

the addition of SIN-1. Upon treatment, we saw a significant increase in CXCL8 gene expression 

(Figure 5.8a). The levels of CXCL8 in the harvested media on the other hand showed an almost 

significant reduction when compared to the control (Figure 5.8b). This finding was however in 

line with previous work within the group which showed a drop in the detectability and sensitivity 

of commercial ELISA kits to nitrated CXCL8 compared to the native protein (Dr Sarah Thompson, 

PhD thesis).  

To further confirm the hypothesis that the quantities of CXCL8 released by HMEC-1 in response 

to SIN-1 was not reduced but was nitrated, we utilised an anti-CXCL8 antibody that was previously 

screened to detect native and nitrated CXCL8 with equal sensitivity. Total protein in the culture 

media was precipitated and subjected to detection by western blot. Indeed, we observed 

equivalent levels of CXCL8 between SIN-1 treated cells and control (Figure 5.8c). While we 

attempted to detect levels of nitrated CXCL8 within the precipitated protein, we did not observe 

any reactivity towards 3-nitrotyrosine antibody. We reasoned that this was in part due to the sub-

nanogram quantities of CXCL8 released by HMEC-1 cells and the lack of sensitive and specific 

means for the detection and quantification of nitrated CXCL8.  
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Figure 5.7 HMEC-1 viability in response to SIN-1.  
Cells were treated with varying concentrations of peroxynitrite donor SIN-1 over time and viability was assessed 
using XTT assay. A significant reduction in cell viability was observed at 3mM and 5mM SIN-1 whereas 1mM showed 
no difference in cell viability across all the time points assessed. Treatment and viability assessments were carried 
out in technical triplicates. Data shown as mean ± SD of n=3.  Statistical analysis was performed using Two-Way 
ANOVA with Šídák post-hoc test. 
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Figure 5.8 CXCL8 gene and protein expression in response to nitrosative stress.  
HMEC-1 cells were pre-stimulated with TNF-α before exposing to 1mM SIN-1 over time. SIN-1 treatment of HMEC-1 
resulted in an increase in a) CXCL8 gene expression compared to control. This increase in expression was also 
significant when directly compared between treatments at 3 hours. Levels of CXCL8 quantified by b) commercial 
ELISA kit indicated a reduction in CXCL8 production when HMEC-1 was exposed to SIN-1. This reduction was also 
significant when directly compared between treatments at 2 hours. Precipitated HMEC-1 secretome showed 
comparable levels of CXCL8 between SIN-1 exposure and control when detected using an antibody that showed 
equivalent detectability across variants. Treatment conditions were carried out in technical triplicates. Gene 
expression was normalised to HPRT1. Data shown as mean ± SD of n=3 for a) and b). Western blot shown is 
representative of n=3. Statistical analysis was performed using Two-Way ANOVA with Šídák post-hoc test. *p <0.05. 
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5.4.6. Detection of Nitrated CXCL8 in Lung Ischemia Reperfusion Injury. 

Ex vivo normothermic perfusion has been utilised as a platform to assess potential allograft 

function  before transplantation (Andreasson et al., 2017). Moreover, this platform also allows 

administration of therapeutics in aim to attenuate the inflammation associated with IRI and to 

further recondition marginal organs before transplantation. The capability to obtain tissue 

biopsies and biofluid pre- and post-perfusion of the organs also allows for in depth mechanistic 

study of IRI. 

Unpublished work in the group has shown that administration of human amniotic epithelial cells 

(hAECs) in a split lung ex vivo perfusion model improved inflammatory profiles of lungs compared 

to the control arm (Dr Chelsea Griffith, PhD thesis). To identify the possible presence of nitrated 

CXCL8 post-perfusion, lung biopsies obtained post-perfusion were stained for both CXCL8 and 3-

nitrotyrosine. Lungs perfused with hAEC showed a reduction in double positive cell infiltrates 

compared to control (Figure 5.9).  

 

Figure 5.9 Lung immunofluoresence staining for the presence of nitrated CXCL8. 
 Human lungs were perfused ex vivo with human amniotic epithelial cells (hAECs) or control and tissue biopsies were 
obtained at the end of perfusion. Immunofluorescence staining for CXCL8 (green), 3-nitrotyrosine (red) and nuclei 
(blue) showed lungs perfused with hAECs have reduced cellular infiltrates that are positive for CXCL8 and 3-
nitrotyrosine (orange) compared to control. Images are representative of n=3 pairs of lungs. Scale bar= 50μm.  
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5.4.7. Detection of Nitrated CXCL8 In Vivo 

As part of immune surveillance, neutrophils are known to infiltrate tissue under steady state. 

However, their tissue distribution varies across organs. In particular, lungs have been shown to 

have extremely high counts of infiltrating neutrophils (Casanova-Acebes et al., 2018). We 

therefore reasoned that the lungs would be a good starting point for the detection of nitrated 

CXCL8.  

High levels of CXCL8 are associated with many lung pathologies. One such condition is ventilator 

associated pneumonia. Accurate diagnosis of ventilator-associated pneumonia (VAP) has been 

particularly challenging due to the lack of clear clinical manifestations (Hellyer et al., 2015). 

However, it was reported that the levels of CXCL8 in bronchoalveolar lavage (BAL) functions as a 

good biomarker and assisted with the stewardship of antibiotics administration (Hellyer et al., 

2020).  

To confirm that the BAL samples from patients have a higher level of CXCL8, we first quantified 

the CXCL8 concentration using a commercial ELISA kit. Indeed, patients with VAP showed a 

significantly higher level compared to healthy control samples in which CXCL8 was almost 

undetectable (Figure 5.10). Following this, BAL samples were subjected to 3-nitrotyrosine 

immunoprecipitation and probed with anti-CXCL8 antibody to detect the presence of nitrated 

CXCL8. Within the antibody pulldown, antibody reactivity against CXCL8 was observed, thereby 

confirming that nitrated CXCL8 can be detected within the BAL samples from patients with VAP 

(Figure 5.11a). Furthermore, utilising an antibody developed specifically against nitrated CXCL8 

generated previously within the group (Figure 5.11b), we went further to confirm the findings 

from the immunoprecipitations. 9 out of the 12 BAL samples from patients with VAP showed 

reactivity against the anti-nitrated CXCL8 antibody whereas this reactivity was absent in healthy 

controls (Figure 5.11c). 
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Figure 5.10 CXCL8 levels in bronchoalveolar lavage samples.  
CXCL8 levels in bronchoalveolar lavage samples from patients with ventilator-associated pneumonia and healthy 
controls were quantified using commercial ELISA kit. Patients with confirmed VAP had significantly higher levels of 
CXCL8 compared to healthy controls. Data shown as mean ± SD of n=2 for healthy control and n=5 for VAP. Statistical 
analysis was performed using an unpaired Student’s T-test. 
 

 

Figure 5.11 Detection of nitrated CXCL8 in Bronchoalveolar lavage samples. 
BAL samples from patients with ventilator associated pneumonia were subjected to a) immunoprecipitation and 
subsequent detection with CXCL8 antibody. CXCL8 was detected in the pulldown fraction. b) An antibody specific for 
nitrated CXCL8 using phage display technology was developed previously in the group and showed reactivity in c) 
BAL samples from patients with ventilator associated pneumonia compared to healthy controls. Results shown are 
representative of a) n=3. 
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5.4.8. Mass spectrometry detection of nitrated CXCL8 

Mass spectrometry detection of cytokines and chemokines are challenging (Nilsson et al., 2010). 

This is due to the complex matrix within the biological samples coupled with the huge dynamic 

range of protein abundance within biological fluids. Furthermore, low molecular weight proteins 

like cytokines and chemokines do not ionise well within the spectrometer which further limits 

their overall detectability (Nilsson et al., 2010).  

Several strategies and workflows have been developed and optimised over the years to overcome 

such challenges. One such method recently developed for the quantification of CXCL8 within the 

biological samples is known as Immunosorbent Sample Preparation and Nano-Scale Liquid 

Chromatography-Tandem Mass Spectrometry for Proteoform Analysis (ISTAMPA) 

(Metzemaekers et al., 2021).  

This involves utilisation of the acidic hydrolysis between the Aspartic acid- Proline (D-P) bond 

within CXCL8 with an optimised mass spectrometry condition to generate 2 distinct N-terminus 

and C-terminus fragments (Figure 5.12). Subsequently, utilising MRM mode, fractions were then 

selected, and relative intensities quantified.  

 

Figure 5.12 Fragmentation of CXCL8 and theoretical mass to charge (m/z) of CXCL8.  
Theoretical calculation of CXCL8 fragmentation and m/z fragments from the N- and C- termini.  
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To first confirm that Y13 nitration of CXCL8 does not affect the ionisation pattern under the 

optimised conditions, nitrated CXCL8 was directly injected into the mass spectrometer. As shown 

in Figure 5.13, the ionisation of nitrated CXCL8 corresponded to the theoretical mass, confirming 

that nitration did not affect the generation of the ions. Next, nitrated CXCL8 was 

immunoprecipitation with magnetic beads conjugated to anti-CXCL8 antibody and analysed by 

mass spectrometry (Figure 5.14). Collectively, these experiments confirmed that nitrated CXCL8 

detection is amenable to the ISTAMPA workflow. 

 

Figure 5.13  Detection of nitrated CXCL8 using the ISTAMPA workflow.  
a) Theoretical calculation of nitrated CXCL8 fragmentation and m/z fragments from the N- and C- termini. Nitrated 
CXCL8 was directly injected into liquid chromatogram-mass spectrometry (LC-MS) to identify the fragmentation and 
ionisation pattern. The b) chromatogram (left) and the mass spectra (right) of nitrated CXCL8 and the theoretical m/z 
of nitrated CXCL8 shown below.    
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Figure 5.14 Nitrated CXCL8 detection post immuno-isolation.  
Nitrated CXCL8 was incubation with a magnetic bead bound anti-CXCL8 antibody to assess antibody recognition and 
binding. Protein in the pulldown fraction was isolated and subjected to liquid chromatogram-mass spectrometry (LC-
MS) detection. The chromatogram (top) and mass spectra (bottom) showed immuno-isolation of nitrated CXCL8. 
 

5.4.9. Detection of CXCL8 proteoforms in bronchoalveolar lavage by mass spectrometry 

CXCL8 has been shown to undergo post-translational modification within biological samples 

(Metzemaekers et al., 2021). Hence to increase the sensitivity of nitrated CXCL8 detection, we 

expanded the scope to include the possibilities of other nitrated CXCL8 proteoforms. Amongst 

the 12 VAP BALs, there are indications of 1 sample to carry 2 nitrated CXCL8 proteoforms and 

another to carry a single nitrated proteoform (Figure 5.15). However, due to the low abundance 

of these nitrated CXCL8 signals on the mass spectra, it still remains challenging to confidently 

determine their presence. Alongside the detection of the nitrated CXCL8, we also identified a total 

of 9 other proteoforms (Figure 5.16), suggesting that CXCL8 within an inflammatory environment 

is highly heterogenous.  
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Figure 5.15 Nitrated CXCL8 detection within BAL samples by mass spectrometry.  
BAL samples analysed by the ISTAMPA workflow identified 2 samples with nitrated CXCL8 proteoforms. Breakdown 
of a) patient 1 and b) patient 2 proteoform profile within the sample. 
 

 

Figure 5.16 Total CXCL8 proteoforms detected within the BAL samples by mass spectrometry.  
BAL samples subjected to ISTAMPA workflow and the relative abundance of each CXCL8 proteoforms confidently 
detected. Data shown as mean ± SD of n=12. 
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5.5. Discussion 

Effective inflammatory response requires rapid initiation and subsequent resolution upon the 

removal of stimuli. This often requires a timely orchestration of cellular activities including 

migration. Amongst these, the release of CXCL8 has immense capabilities to potentiate 

inflammation by recruiting neutrophils to the vicinity. While the production and spatiotemporal 

regulation have been well understood, understanding on the clearance of CXCL8 post 

inflammation remains limited. Erythrocytes express ACKR1, scavenging free CXCL8 and 

preventing high levels of circulating chemokines (Darbonne et al., 1991). Coupled with the 

cognate receptor mediated internalisation (Basran et al., 2013), this ensures not only a formation 

of tight chemokine gradient but also prevents non-specific desensitisation of neutrophils.  

To add to the knowledge regarding the turnover of chemokines within an inflammatory milieu, 

we showed in this chapter that nitration renders CXCL8 non-functional in part due to perturbed 

interactions with both the GAGs and receptors. Sitting on the unstructured N-terminus loop of 

CXCL8, the likelihood of functional changes as a result of global structural modification introduced 

by the nitro-group is unlikely. This was confirmed by our circular dichroism data showing that 

secondary structure between native and nitrated CXCL8 remains similar.  

The addition of the nitro group to tyrosine residues causes the amino acid to exist in an ionised 

state at physiological pH, resulting in a more polar side chain compared to native tyrosine residues 

(Filippis et al., 2009). In the context of CXCL8, many amino acids with important functional roles 

reside on the N-terminus in the periphery of the sole tyrosine residue. These include H18 and K20 

as well as K15 (Figure 5.17), which form the core and peripheral binding residues respectively and 

are essential to interact with the negatively charged GAGs through electrostatic force and 

hydrogen bonding (Lortat-Jacob et al., 2002, Joseph et al., 2015). Since the tyrosine residue Y13 

is in close proximity to these important amino acids that bind to GAGs, it is unsurprising that the 

introduction of a polar group in turn resulted in lower affinity, as shown by the GAG binding 

assays.  
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Figure 5.17 CXCL8 peptide sequence. 
 The full peptide sequence of CXCL8 was shown and the amino acid contribution to overall structure was indicated 
below. Cysteine residues contributing to the “CXC” motif are highlighted in red and the “ELR motif” in blue. Numbers 
above the peptide sequence corresponds to the starting amino acid for the various CXCL8 proteoforms. 
 

We also showed that nitrated CXCL8 downregulated CXCR1 and CXCR2 signaling. Indeed, overlaps 

in the residues involved in GAG binding and receptor recognition have previously been identified. 

In fact, GAG bound CXCL8 monomer and dimer were incapable of receptor binding (Joseph et al., 

2017). Moreover, many studies used site-specific mutagenesis or chemokine chimeras to show 

that the binding affinity and activation of the receptors by chemokines are mediated via a two-

step, two-site model (Rajagopalan and Rajarathnam, 2009). This model was further supported by 

the recent molecular dynamics (Sepuru et al., 2020) and Cryo-EM studies (Liu et al., 2020). The 

differences in the β-arrestin recruitment observed between CXCR1 and CXCR2 in nitrated CXCL8 

was also in concordance with a previous mutagenesis study, highlighting a greater importance of 

Y13 residue in CXCR1 than in CXCR2 (Lowman et al., 1996). 

While CXCL8 variants tested in vitro are at concentrations far below their dimerisation constant, 

we posit that the nitration at the tyrosine residue sits far from the dimerisation domains (Figure 

3.17, β-1 strand). Hence, there should not be alteration to the binding affinity. Furthermore, the 

implications to the overall function remains low since dimeric CXCL8 are shown to be the low 

affinity ligand for both receptors (Nasser et al., 2009).  

Alongside the characterisation of nitrated CXCL8, we also attempted to model the inflammatory 

milieu in vitro. Treatment of endothelial cells with SIN-1 induced an upregulation of CXCL8 gene 

expression which can be attributed to the direct NF-κB activation by peroxynitrite (Zouki et al., 

2001, Cooke and Davidge, 2002). When CXCL8 was quantified in the culture media using 

commercial ELISA, SIN-1 treated cells showed a reduction in detectable levels which is, contrary 

to what was reported (Zouki et al., 2001). Here, we reasoned that this reduction was due to the 

loss of epitope recognition as previously reported for CCL2 (Molon et al., 2011).  
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However, the overall yield of protein nitration is generally low (Souza et al., 2008), therefore the 

identification of nitrated CXCL8 in this in vitro system would be challenging. Hence, we pivoted to 

biological samples with high levels of CXCL8 to increase the potential detectability of nitrated 

CXCL8. This also emphasises the physiological relevance of nitrated CXCL8 as the majority of other 

nitrated chemokines were generated in vitro and not identified in in vivo settings (Sato et al., 

1999, Sato et al., 2000b, Janssens et al., 2016). Utilising immunoprecipitation, nitrated CXCL8 was 

confirmed in BAL samples from patients with VAP. To further remove any ambiguity of nitrated 

CXCL8 detection, an antibody was generated specifically against this modified variant of CXCL8 

and its presence was confirmed in these samples. Leveraging on the recently ISTAMPA workflow, 

we also attempted to show the presence of nitrated by mass spectrometry. Due to the low 

abundance of nitrated CXCL8 within these biological samples, the signature of nitrated CXCL8 was 

only detected in 2/12 samples.  

Instead, we confidently identified a total of 9 CXCL8 proteoforms within the BAL samples from 

patients with VAP of which 7 are a result of enzymatic truncation. This highlights the 

heterogeneity of CXCL8 within an inflammatory state as overall susceptibility of CXCL8’s N-

terminus to enzymatic truncation. The repertoire of CXCL8 proteoforms was also reflected in 

synovial fluids from patients with arthritis (Metzemaekers et al., 2021), suggesting that this 

observation is not unique to the lungs.  

The removal of the first 9 amino acids on the N-terminus of CXCL8 has been shown to increase 

the overall activity either by modulating receptor signaling or GAG binding capabilities (Cambier 

et al., 2023). Moreover, this also supports the notion that the inflammatory environment 

potentiates CXCL8 activities. What was different in the CXCL8 proteoforms detected in the BAL 

samples were the high levels of 10-77 amino acid CXCL8 (Figure 3.17). Unlike the other 8 

proteoforms, the truncation of the 9th amino acid removes the glutamic acid from the essential 

important Glu-Leu-Arg (ELR) motif for interaction with CXCR1 and CXCR2 (Hébert et al., 1991, 

Clark-Lewis et al., 1991, Liu et al., 2020). Removal of this glutamic acid also renders CXCL8 non-

functional (Clark-Lewis et al., 1991) and had never been identified in vivo. 
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What remains to be elucidated is the mechanism behind the generation of this highly truncated 

proteoform. One stark difference is that synovial joints are relatively sterile as compared to the 

lungs are constantly exposed to the external environment. This constant challenge with 

inflammatory stimuli might result in site specific adaptations unique to the lungs to resolve local 

inflammation. Furthermore, pathogens such as streptococcus pyogenes (Zinkernagel et al., 2008) 

and porphyromonas gingivalis (Dias et al., 2008) have been previously identified to produce 

enzymes that can result in truncation of CXCL8. With the difference in disease etiology between 

VAP and arthritis (bacterial and autoimmune respectively), it may also be possible that truncation 

to generate this proteoform might be a result of an immune evasion mechanism derived from a 

pathogen.  

In summary, this chapter characterised and identified the mechanism driving the loss of function 

in nitrated CXCL8. We also identified various post-translational modifications within VAP and 

showed the heterogeneity of CXCL8 within the inflammatory environment. While we did not 

identify the mechanism behind the formation of the 10-77 amino acid CXCL8, we reasoned that 

these post-translational modifications in vivo collectively assist in the resolution of inflammation.  
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6. miRNA Regulation in Glomerular Endothelium 

6.1. Introduction  

The kidney has a multifaceted role in ensuring normal body functions, resulting in it being one of 

the most energetically demanding organs. This includes the removal of waste products of protein 

metabolism, maintenance of fluid and electrolyte homeostasis and also functioning as an 

endocrine organ. In turn, this makes kidneys highly susceptible to IRI which triggers the onset of 

acute kidney injury (AKI). In the context of transplantation, AKI results in delayed graft function 

(DGF), which is associated with poor short- and long-term outcomes in the transplant recipients 

(Siedlecki et al., 2011).  

The proximal tubular epithelial cells are the most abundant cell type present within the kidney 

and are essential for reabsorption of water and electrolytes (Stewart et al., 2019, Parikh et al., 

2022). Besides playing an important function within the kidney, proximal tubule epithelial cells 

are also the most susceptible to IRI (Balzer et al., 2022). Hence, they have been extensively 

researched to understand how IRI results in the alteration and perturbation to overall cell 

function and survival. (Kusaba et al., 2013, Balzer et al., 2022). However, the cellular complexity 

within the kidney is extremely high and our understanding of some of the other cell types remains 

relatively limited. 

The glomerular endothelium are highly fenestrated endothelial cells that line the inner capillary 

walls within the glomeruli. Together with the glycocalyx, basement membrane and podocytes, 

these cells and structures collectively function as a selective filtration barrier for the nephrons. 

However, there is limited understanding of the impact of IRI on these specialised endothelial cell 

in part due to the glomerular endothelium representing a small subset of the endothelial cell 

population present within the kidneys (Stewart et al., 2019, Parikh et al., 2022, Menon et al., 

2022, Shan et al., 2023) as highlighted by single-cell RNA-sequencing. Furthermore, the difficulty 

in maintenance of these cells in vitro due to the early onset senescence as well as the alteration 

in cellular phenotype in culture (Satchell et al., 2006) over a long duration makes it even more 

challenging. 
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This chapter aims to understand how the transcriptome of the glomerular endothelium changes 

in response to hypoxia, a hallmark of IRI, and provide mechanistic insights into how these 

specialised endothelial cells adapt to cellular stress in vitro. 

6.2. Specific Aims 

• miRNA profiling of glomerular endothelial cells in response to hypoxia. 

• Identification of the mRNA targeted by the differentially expressed miRNA. 

• Functional implication of the differentially expressed miRNA.  

6.3. Specific Materials and Methods 

6.3.1. Hypoxia and Re-oxygenation 

80,000 cells/well were seeded in 12-well plates and left to grow either overnight (HGEnCs and 

PTECs) or 5 days (ciGenCs) at 37℃ in normoxia (21% O2). Spent culture media was removed and 

cells were washed with 1mL PBS before replacing with 1ml of complete media. Immediately, cells 

were transferred to a hypoxic (1% O2) incubator (Sanyo) and cultured for up to 24 hours. For re-

oxygenation experiments, cells were removed from the hypoxic incubator and spent media was 

removed. Subsequently, cells were washed with 1mL PBS before replacing with 1mL of complete 

media and cultured for up to further 48 hours. 

6.3.2. XTT Assay 

A spectrophotometric assay was used to assess HGEnC viability as well as nicotinamide adenine 

dinucleotide (NADH)/nicotinamide adenine dinucleotide phosphate (NADPH) levels post-

treatment. In brief, 10,000 cells were seeded per well in 96 well plates and cultured overnight. 

Cells were treated in hypoxia or transfected with miR-210-3p mimics for 24 hours. Post treatment, 

media was removed, and cells were washed with PBS before replacing with 100µL of complete 

media. 50µL of XTT labelling mixture (Roche) consisting of 50 parts XTT labelling reagent: 1 part 

electron coupling reagent were added to each well (to obtain a final volume of 150µL) and 

incubated for 24 hours in normoxia. Corrected absorbance corresponding to cell viability was 

obtained by subtracting background (650nm) signal from 450nm using a plate reader (Synergy™, 

BioTek).  
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6.3.3.  miRNA-Sequencing 

HGEnCs from 3 biological donors were subjected to hypoxia over a time course of 4 hours, 12 

hours and 24 hours as outlined in Section 4.3.1. Total RNA was extracted as described in Section 

4.3.2. Isolated RNA was submitted to Qiagen for miRNA sequencing. 

6.3.3.1. Library Preparation 

The library preparation was done using QIAseq miRNA Library Kit (Qiagen). A total of 5µl total 

RNA was converted into miRNA next generation sequencing (NGS) libraries. Adapters containing 

UMIs were ligated to the RNA. Then RNA was converted to cDNA. The cDNA was amplified using 

PCR (16 cycles) and during which the PCR indices were added. After PCR, the samples were 

purified. Library preparation was quality controlled using capillary electrophoresis. Based on 

quality of the inserts and the concentration measurements the libraries were pooled in equimolar 

ratios. The library pool(s) were quantified using qPCR. The library pool(s) were then sequenced 

on a NextSeq (Illumina® Inc.) with 75 base pair single ended reads. Raw data was de-multiplexed 

and FASTQ files for each sample were generated using the bcl2fastq software (Illumina® Inc). 

6.3.3.2. Read Mapping, Quantification and Gene Expression 

All primary analysis is carried out using the Qiagen CLC Genomics Sever 21.0.4. The workflow 

“QIAseq miRNA Quantification” of CLC Genomics Server with standard parameters is used to map 

the reads to miRBase version 22. In short, the reads are processed by (1) trimming of the common 

sequence, UMI and adapters, and (2) filtering of reads with length < 15 nucleotides or length > 

55 nucleotides. They are then de-duplicated using their UMI. Reads are grouped into UMI groups 

when they (1) start at the same position based on the end of the read to which the UMI is ligated, 

(2) are from the same strand, and (3) have identical UMIs. Groups that contain only one read 

(singletons) are merged into non-singleton groups if the singleton’s UMI can be converted to a 

UMI of a non-singleton group by introducing an SNP (the biggest group is chosen). 

 

 

 

https://digitalinsights.qiagen.com/
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All reads that do not map to miRBase, either with perfect matches or as isomiRs (maximum 2 

mismatches and/or alternative start/end position of 2 nucleotides), are mapped to the human 

genome GRCh38 with ENSEMBL GRCh38 version 97 annotation. This is carried out using the “RNA-

Seq Analysis” workflow of CLC Genomics Server with standard parameters. The ‘Empirical analysis 

of DGE’ algorithm of the CLC Genomics Workbench 21.0.4 was used for differential expression 

analysis with default settings which implemented ‘Exact Test’ for two-group comparisons and 

incorporated in the EdgeR package (Chen et al., 2016). 500 genes with the highest variance were 

used for the principal component analysis. The variance was calculated agnostically to the pre-

defined groups (blind=TRUE). 35 genes with the highest variance across samples were selected 

for hierarchical clustering. Significantly differentially expressed miRNA are defined as padj <0.05. 

6.3.4. mRNA Sequencing 

HGEnCs from 3 donors were subjected to hypoxia over a time course of 4 hours, 12 hours and 24 

hours as outlined in Section 4.3.1. Total RNA was extracted as described in Section 4.3.2. Isolated 

RNA was submitted to Newcastle Genomics Services for mRNA sequencing. 

6.3.4.1. Library Preparation 

The library preparation was done using TruSeq Stranded mRNA Library Kit (Illumina® Inc). mRNA 

was enriched using oligo-dT magnetic beads and fragmented. Then mRNA was converted to 

double stranded cDNA before ligating on sequencing adapters and indexing barcodes. The cDNA 

was amplified using PCR (16 cycles) and subsequently purified. Library preparation was quality 

controlled using capillary electrophoresis. Based on quality of the inserts and the concentration 

measurements the libraries were pooled in equimolar ratios. The library pool(s) were then 

sequenced on a NextSeq (Illumina® Inc.) with 75 base pair single ended reads. Raw data was de-

multiplexed and FASTQ files for each sample were generated using the bcl2fastq software 

(Illumina® Inc). 
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6.3.4.2. Read Mapping, Quantification and Gene Expression 

Data analyses were carried out in R. In brief, FASTQ files for each sample were merged with the 

package Rfastp before assessing read quality. Subsequently, raw FASTQ files were processed by 

(1) adapter sequence trimming and (2) filtering with minimum nucleotide length ≥20 using 

Trimmomatic. Reads were then mapped to the human genome Gencode GRCh38 V40 using 

RHISAT2 V3.15, and BAM files were passed to Rsubread V3.16 featurecounts function for reads 

quantification. Protein-coding genes were filtered before passing on for unsupervised analysis 

using DESeq2 V3.16 (Love et al., 2014). 200 genes with the highest variance were used for the 

principal component analysis. 35 genes with the highest variance across samples were selected 

for hierarchical clustering. Wald test was used for hypothesis testing when comparing between 2 

groups. The likelihood ratio test was used for the testing for deviances from the DESeq2 full model 

from the reduced model. K-means clustering algorithm from base R was utilised to cluster the 

differential expressed genes (DEGs) from the likelihood ratio test. Significantly differentially 

expressed genes (DEGs) are defined as padj <0.05. 

6.3.5.  Gene-Set Enrichment Analysis (GSEA) 

Normalised count matrix from DESeq2 was used as input files for GSEA analysis (Subramanian et 

al., 2005) using the GSEA software developed by the Broad Institute. Analysis was carried out with 

the “Hallmark Gene Sets” from the Molecular signature database (MsigDB). Phenotype labels 

were created for individual comparisons and a continuous phenotype label was also generated 

for analysis of the time-course.  

6.3.6. Over-representation Analysis 

Significant genes from each comparison were analysed for pathway enrichment using Gene 

Ontology Analysis (Ashburner et al., 2000) and the top 15 pathways were plotted using ggplot2. 

6.3.7. Transfection  

ciGEnCs were seeded at 80,000 cells/ well and cultured at 37℃ for 5 days. After which, cells were 

washed and replaced with 1mL antibiotics free EGM™-2MV. Separately, 1µL of Lipofectamine™ 

RNAiMAX (Invitrogen) was added to 99µL of Opti-MEM™ I Reduced Serum Media (Gibco™) and 

incubated with 100µL of RNA duplex diluted in Opti-MEM™ I Reduced Serum Media at room 
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temperature for 15mins. Following incubation, the total mix was added to the ciGEnCs and 

incubated for 24 hours. 

6.3.7.1. Efficiency Assessment  

Cells were transfected with a final concentration of AlexaFluor647 labelled AllStar Negative 

control siRNA (Qiagen) ranging from 1nM-50nM. Media containing the transfection mix was 

removed and cells were washed with PBS. Subsequently, cells were lifted with Accutase® before 

spinning down at 300g, 5mins. Cells were washed twice with PBS before incubation with 

Live/Dead™ Fixable Blue Dead Cell Stain (Invitrogen) for 30mins on ice according to 

manufacturer’s protocol. Cells were washed twice with ice-cold PBS before the addition of 100µL 

4% PFA and incubated at room temperature for 15mins. PFA was discarded and cells were washed 

twice with 1mL ice-cold PBS and was resuspended in 2% BSA PBS before data acquisition on 

Fortessa X20 flow cytometer. Data analysis was then done on FlowJo V9. Figure 6.1 shows the 

gating strategy for the analysis. 

 

Figure 6.1 Gating strategy for transfection efficiency determination.  
The cell population was first gated base off scatter profile before identifying the single cell population. Subsequently, 
live cells were identified as a Live/Dead™ Fixable Blue negative population and gated for AlexaFluor647 signal. 

 

6.3.7.2. miR-210-3p Transfection 

37.5nM of miR-210-3p (Qiagen) or Allstar Negative control siRNA (Qiagen), which gives a final 

concentration of 3.125nM was carried forward as determined in Section 6.3.7.1. Media 

containing the transfection mix was removed and cells were washed with PBS. Cells were lysed 

immediately as outlined in Section 4.3.1 or replaced with fresh media containing antibiotics and 

rested for an additional 24 hours before lysis. Target validation was carried out using mRNA PCR 

as outlined in Section 4.3.4 and 4.3.6. 
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6.3.8. Transferrin Receptor 1 (TfR1) Surface Expression 

ciGEnCs were transfected with 3.125nM of miR-210-3p or AllStar Negative control siRNA for 24 

hours. Cells were stained for surface transferrin receptor (CD71/TfR1) and expression assessed 

by via flow cytometry as outlined in Section 4.6. Data analysis was then carried out using FlowJo 

V9. Figure 6.2 shows the gating strategy for the analysis. 

 

Figure 6.2 Gating strategy for CD71 expression on ciGEnCs.  
The cell population was first gated base on scatter profile before identifying the single cell population. Subsequently, 
live cells identified as a Live/Dead™ Fixable Blue negative population was gated for APC signal. Positive gate for CD71 
was drawn based on the unstained and isotype control samples. 
 

6.3.9. Mitochondria Ultrastructure Visualisation 

ciGEnCs were transfected with a final concentration of 3.125nM of miR-210-3p or AllStar Negative 

control siRNA for 24 hours. Media containing the transfection mix was removed and cells were 

washed with PBS. Subsequently, cells were lifted with Accutase® before being spun down at 220g, 

5mins. Supernatant was decanted and the cell pellet was resuspended in 1mL of 2% 

glutaraldehyde in 0.1M sodium cacodylate buffer, pH7.4 (supplied by Newcastle Electron 

Microscopy Research Services). The cell suspension was transferred to a 1.5mL tube and 

centrifuged at 300g, 5mins using a swing bucket rotor. Supernatant was discarded and cell pellet 

was resuspended in 1mL 2% glutaraldehyde in 0.1M sodium cacodylate buffer, pH7.4 and 

submitted to Newcastle Electron Microscopy Research Services.  

 

 

 

 



80 
 

Briefly, secondary fixation in 1% osmium tetroxide (Agar Scientific) was carried out on the cells 

before coated in 4% agarose. The cells were then dehydrated in 25%, 50% and 70% acetone for 

30mins each before transferring to 100% acetone for 2× 60mins. The dehydrated cells were then 

placed in 100% epoxy resin (TAAB Laboratories Equipment) for a minimum of 3 changes over 24 

hours and finally embedded in 100% resin at 60℃ for an additional 24 hours.  

Subsequently, 0.5µm semi-thin survey sections were obtained from the epoxy embedded cells 

and stained with 1% toluidine blue in 1% borax (Leica). Ultrathin sections (70nm) were obtained 

using a diamond knife on an ultramicrotome (Leica) before stretching with chloroform and 

mounted on Pioloform-filmed copper grids (Agar Scientific). Finally, a drop of 1% uranyl acetate 

was added to the grid and stained for 30secs. Excess uranyl acetate was removed, and the grid 

was dried under a lamp. The grids were then imaged on a 120kV TEM (Hitachi HT7800) attached 

with a XAROSA CMOS camera (EMSIS). 

6.3.10. Real-time Cell Metabolic Assays 

10,000 ciGEnCs were seeded into Seahorse XF96 V3 PS cell culture microplates (Agilent) and 

cultured for 5 days at 37℃. The day before the experiment, cells were transfected with 3.125nM 

of miR-210-3p mimic or scramble control and left to culture for 24 hours. The sensor cartridge 

was hydrated with 200µL of Seahorse calibrant (Agilent) overnight in a 37℃ non-carbon dioxide 

(CO2) incubator.  
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6.3.10.1. Mitostress Test 

On the day of the experiment, the culture media containing transfection mix was removed and 

cells were washed with PBS. Subsequently, 180µL of Seahorse basal medium (Agilent) containing 

1mM pyruvate (Sigma), 2mM L-glutamine (ThermoFisher) and 5.55mM D-glucose, pH 7.4 was 

added to each well and left for 1 hour in a 37℃ non-carbon dioxide (CO2) incubator. 20µL of 

10mM Oligomycin (Sigma), 22µL of 10mM carbonyl cyanide-p-trifluoromethoxyphenylhydrazone 

(FCCP) and 25µL of 5mM rotenone (Sigma) together with 5mM antimycin A (Sigma) was added to 

ports A, B and C respectively of the sensor cartridge. Immediately, the sensor cartridge was placed 

in the Seahorse XF96 extracellular flux analyser (Agilent) for calibration following the Wave 

software V2.6.3 guide for Mitostress assay. Once calibration was completed, the companion plate 

was removed and replaced with the cells and the assay was carried out with the standard 

parameters. 

6.3.10.2. Glycolysis Stress Test 

On the day of the experiment, the culture media containing transfection mix was removed and 

cells were washed with PBS. Subsequently, 180µL of Seahorse basal medium (Agilent) containing 

2mM L-glutamine (ThermoFisher), pH 7.4 was added to each well and left for 1 hour in a 37℃ 

non-carbon dioxide (CO2) incubator. 20µL of 200mM D-glucose, 22µL of 10mM Oligomycin 

(Sigma) and 25µL of 500mM 2-deoxyglucose (Sigma) was added to ports A, B and C respectively 

of the sensor cartridge. Immediately, the sensor cartridge was placed in the Seahorse XF96 

extracellular flux analyser (Agilent) for calibration following the Wave software V2.6.3 guide for 

Glycolysis stress assay. Once calibration was completed, the companion plate was removed and 

replaced with the cells and the assay was carried out with the standard parameters. 
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6.3.10.3. Normalisation 

To quantify cell count per well, culture media was removed, and cells were washed with 200µL 

PBS. Subsequently, cells were fixed with 4% PFA for 10mins at room temperature and stained 

with 1µg/mL of DAPI for 20mins at room temperature. The plate was then imaged with 

CellDiscoverer 7 (Zeiss) high-content imager before segmentation and cell counts on ImageJ (NIH) 

using a custom script. The cell counts were then imported into the Wave software for 

normalisation of cells between wells.  

6.4. Results 

6.4.1. Viability of HGEnC Remains Unchanged in Hypoxia 

Prior to the identification of HGEnC transcriptomic changes, we first assessed the viability of the 

cells in a hypoxic environment. As indicated in Figure 6.3, there was no reduction in the viability 

of the cells post exposure to hypoxia. Instead, we observed a non-significant increase in the signal 

in the hypoxia treated cells. During hypoxia, the lack of oxygen prevents oxidative 

phosphorylation, which in turn results in accumulations of NADH and NADPH. Since these are the 

primary co-factors involved in the reduction of XTT to formazan, an increase in signal from 

hypoxia treated cells confirmed the induction of a hypoxic response. 

 

Figure 6.3 Viability assessment of HGEnC in hypoxia.  
Cells were cultured in 1% oxygen and viability was assessed via XTT assay. A non-significant increase in signal was 
detected in cells cultured in hypoxia compared to control. Treatment and viability assessments were carried out in 
technical triplicates. Data shown as mean ± SD of n=3 biological replicates.  Statistical analysis was performed using 
an unpaired student T-test. 
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6.4.2. miRNA Expression Clustered by Biological Replicates 

To assess how hypoxia regulates miRNA expression in HGEnC, cells were cultured in 1% oxygen 

for 4 hours, 12 hours and 24 hours to mimic acute and chronic hypoxia. miRNA sequencing of the 

HGEnC cells showed that the top 10 miRNA transcripts identified accounted for 65% of the total 

miRNA detected (Figure 6.4a). Amongst them, the most abundant miRNA sequenced was miR-

126. This miRNA is known to have its expression restricted to endothelial cells, thereby confirming 

that the cells were indeed of endothelial origin (Wienholds et al., 2005, Wang et al., 2008). When 

dimension reduction was applied to the samples, we observed a clustering by biological replicate, 

suggesting that the hypoxia treatment did not result in extensive perturbation of the miRNA 

expression (Figure 6.4b). This was further confirmed by hierarchical clustering with no discreet 

clusters observed (Figure 6.4c). 

6.4.3. Hypoxia Induced only miR-210-3p Upregulation 

Endothelial cells cultured in hypoxia have previously been reported to show minimal changes to 

miRNA expression (Voellenkle et al., 2012). In concordance with published literature, only miR-

210-3p was significantly upregulated when HGEnCs were exposed to hypoxia for 12 hours (Figure 

6.5b) and 24 hours (Figure 6.5c) (Voellenkle et al., 2012). Furthermore, short-term exposure (4 

hours) to low oxygen did not result in any significant changes to the miRNA expression (Figure 

6.5a).  

The upregulation of miR-210-3p in response to hypoxia has been previously identified to be a 

ubiquitous response in all cell types (Fasanaro et al., 2008, Huang et al., 2009, Liu et al., 2017, 

Virga et al., 2021). This is in part due to the presence of hypoxia response element (HRE) in the 

promoter region (Huang et al., 2009, Kulshreshtha et al., 2007). The finding by miRNA-seq was 

confirmed by qPCR of HGEnCs cultured under hypoxic conditions (Figure 6.6a). Furthermore, to 

assess whether other cell types in the kidney have similar responses, PTECs were also subjected 

to similar culture conditions. As shown in Figure 6.6b, a similar miR-210-3p expression pattern 

was observed, although variability between biological donors were more apparent compared to 

HGEnCs.  
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Figure 6.4 miRNA-sequencing of hypoxia treated HGEnCs.  
Cells were cultured in 1% oxygen for 4, 12 and 24 hours. Isolated RNA was sequenced to profile miRNA changes in 
response to hypoxia over time. a) The top 10 transcripts across all samples were shown as the donut plot, which 
accounted for 65% of the total miRNA detected. b) PCA clustering of the miRNA expression of the hypoxia treated 
HGEnCs showed clustering by biological replicate. c) Hierarchical clustering did not show any trend in the clustering 
of the miRNA expression.   
 

 

 

 

 

 

b)

a)

c)
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Figure 6.5 Differentially regulated miRNA between hypoxia and normoxia treated HGEnC. 
Volcano plots showing the differentially regulated miRNA when cultured in 1% oxygen for a) 4hours, b) 12 hours, c) 
24 hours when compared to control cells. Statistically significant (red) and non-significant (grey) regulated miRNAs 
are shown with log2 fold change plotted on the x-axis and -log10 (p-value) on the y-axis. 

 

Upregulated in 12 hours hypoxiaUpregulated in Normoxia

Unregulated in 4 hours hypoxiaUpregulated in Normoxia

Upregulated in 24 hours hypoxiaUpregulated in Normoxia

a)

b) c)



86 
 

 

Figure 6.6 miR-210-3p upregulation across HGEnCs and PTECs. 
 Cells were cultured in 1% oxygen for 4 hours, 12 hours and 24 hours before analysing the expression of miR-210-3p. 
An overall trend of miR-210-3p increase was observed over time in both a) HGEnCs and b) PTECs. Statistical 
significance was observed in HGEnCs at 12 hours and 24 hours but not in PTECs. miR-210-3p expression was 
normalised to U6. Data shown as mean ± SD of n=3 biological replicates. Statistical analysis was performed using 
One-way ANOVA with Holm- Šídák post-hoc test. 
 

6.4.4. miR-210-3p Remained Upregulated Post-Hypoxia  

The turnover and processing of mature miRNAs are not well understood and highly cell type 

specific. Various miRNAs have reported half-lifes ranging from minutes (Krol et al., 2010, Gantier 

et al., 2011) to weeks (Rooij et al., 2007, Gantier et al., 2011) after induction and maturation. For 

miR-210-3p, it was identified to be elevated for 8 hours in endothelial cells post-reoxygenation 

(Fasanaro et al., 2008). To determine the miR-210-3p turnover rate in HGEnCs and PTECs, cells 

were subjected to 24 hours hypoxia before re-oxgenation. Levels of miR-210-3p remained stable 

over the course of 48 hours post-reoxygenation in HGEnCs (Figure 6.7a) whereas a time 

dependent decrease was observed in PTECs (Figure 6.7b). 
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Figure 6.7 Elevated miR-210-3p levels detected post-hypoxia. 
a) HGEnCs and b) PTECs were cultured in 1% oxygen for 24 hours hypoxia before transferring to culture under 
normoxic conditions for 4 hours, 8 hours, 24 hours and 48 hours. miR-210-3p expression indicated the upregulation 
of miR-210-3p in hypoxia and subsequently a sustained upregulation in HGEnCs and PTECs compared to untreated 
cells. Unlike HGEnCs, the miR-210-3p expression in PTECs showed a time dependent decrease but not significantly 
different from the hypoxia treated only cells. miR-210-3p expression was normalised to U6. Data shown as mean ± 
SD of n=3 biological replicates. Statistical analysis was performed using One-way ANOVA with Holm- Šídák post-hoc 
test. 
 

6.4.5. mRNA Expression Clustered by Biological Replicates  

miRNA targeting of mRNA has been identified to be cell-type and context specific (Lu et al., 2015, 

Rogg et al., 2018). While there are existing prediction algorithms (Agarwal et al., 2015) and 

validated databases (Kehl et al., 2019, Huang et al., 2022) available to identify mRNA targets, 

empirical testing is still necessary. Therefore, we employed parallel mRNA-sequencing on the 

samples subjected to hypoxia for target identification. As indicated in Figure 6.8a, the application 

of dimension reduction to the samples resulted in clustering by biological replicate, suggesting 

that the hypoxia treatment did not result in extensive perturbation of the mRNA expression. This 

was further confirmed by hierarchical clustering with clustering by biological replicate (Figure 

6.8b). 
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Figure 6.8 mRNA-sequencing of hypoxia treated HGEnCs. 
Cells were cultured in 1% oxygen for 4, 12 and 24 hours. Isolated RNA was sequenced to profile mRNA changes under 
hypoxic conditions over time. a) PCA clustering of the mRNA expression of the hypoxia treated HGEnCs showed 
clustering by biological replicates. b) Hierarchical clustering of the mRNA showed the samples clustering by biological 
replicates. 
 

6.4.6. Hypoxia Exposure Induced Transcriptomic Changes 

To assess the transcriptomic changes of the HGEnCs over time, we compared the gene expression 

of the full design model in DESeq2 against a reduced model. This allowed us to identify changes 

in gene expression as a result of treatment using a likelihood test. A total of 1927 significant DEGs 

were identified and were further subdivided into 6 clusters based off their normalised z-score 

(Figure 6.9).  
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Subsequent analysis of these individual clusters revealed enrichment of biological processes over 

increasing duration of low oxygen exposure (Figure 6.10). 4 hours hypoxia resulted in increased 

overall cellular transcription of coding and non-coding RNA (cluster 5), activation of cellular 

response mechanism towards oxidative stress (cluster 5) and differentiation to mesenchymal 

phenotype (cluster 6). Increasing the exposure to 12 and 24 hours further initiated cellular 

responses classically associated with hypoxia such as decrease cell cycle transition (cluster 1), 

glycolysis (cluster 3) and reduction in overall transcription (cluster 4). Interestingly, enrichment in 

the NADH regeneration (cluster 3) was validated by the viability assay at 24 hours (Figure 6.3). To 

cross-validate the over-representation analysis, the unbiased GSEA confirmed positive 

enrichment of hypoxia and glycolysis pathways as well as negative enrichment of cell cycle and 

transcription over increasing duration of hypoxia exposure (Figure 6.11). 

 

Figure 6.9 Clustering of the DEGs.  

Significant genes that are differentially expressed as determined by the likelihood ratio test were clustered using k-
means algorithm with k=6. Optimum k was determined using the elbow method.
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Figure 6.10 Gene ontology analysis for  individual clusters.  
Top 15 biological processes enriched in each of the 6 clusters were plotted as a bar graph as fold enrichment and the colour representing -log10(p-value).
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Figure 6.11 GSEA of hypoxia time-course in HGEnCs.  
Hallmark pathway analysis of cells exposed to 1% oxygen over time showed a positive enrichment of pathways 
associated with stress response and negatively enriched for pathways associated with cell cycle and transcription. 
Enrichment plots showing pathway enrichment score as well as gene set ranking.  
 

6.4.7.  Gene Expression of HGEnC Post 4 Hours Hypoxia 

While culturing of HGEnCs under hypoxic conditions for 4 hours did not result in any significant 

changes in the miRNA, it resulted in the differential expression of 623 mRNA (Figure 6.12a). 

Among these DEGs, CXCL12, EGLN3, KDM3A were upregulated when compared to untreated 

HGEnCs (Figure 6.12a). These genes have been identified to contain HRE upstream in the 

promoter region and are known to be regulated by hypoxia (Ceradini et al., 2004, Pescador et al., 

2005, Osawa et al., 2013). Interestingly, GSEA did not indicate enrichment in hypoxia response in 

the cells. Instead, transforming growth factor-β (TGF-β), kRAS and androgen signaling were 

positively enriched in the hypoxia treated cells (Figure 6.12b). Similarly, biological processes did 

not indicate any cellular responses to hypoxia but instead resulted in a proliferative phenotype 

(Figure 6.12c).  
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Figure 6.12 mRNA expression of HGEnC post 4 hours exposure to hypoxia.  
Analysis of mRNA expression in hypoxia cultured HGEnC compared to untreated cells. a) Volcano plots showing the 
DEGs. In total, 623 genes were differentially regulated. b) GSEA showed only 3 hallmark pathways to be significantly 
positively enriched in the hypoxia cultured cells compared to controls. c) Top 15 biological processes enriched in the 
hypoxia treated cells showing an overall proliferative and developmental phenotype relative to the controls.  
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6.4.8.  Gene Expression of HGEnC Post 12 Hours Hypoxia 

When HGEnCs were subjected to 12 hours hypoxia, 164 genes were significantly differentially 

expressed (Figure 6.13a) when compared to the untreated controls. This decrease in DEG 

corroborated the cluster analysis (cluster 4) indicating a negative regulation of gene transcription 

(Figure 6.10). Previously, endothelial cells are reported to downregulate HIF1A gene expression 

in response to chronic hypoxia (Bartoszewski et al., 2019). This was also observed in HGEnCs 

(Figure 6.13a). Furthermore, GSEA indicated positive enrichment in hypoxia and glycolysis (Figure 

6.13b) and negative enrichment of cell cycle processes. Gene ontology pathways further 

highlighted alteration in cellular metabolism (Figure 6.13c). 

6.4.9. Gene Expression of HGEnC Post 24 Hours Hypoxia 

A similar gene expression profile was also observed when the duration of hypoxia increases to 24 

hours with 190 significantly DEGs identified when compared to the untreated control group 

(Figure 6.14a). Apart from the observed downregulation of HIF1A expression, EPAS1, the gene 

encoding for HIF-2α expression was also downregulated (Figure 6.14a). This was in concordance 

with previous reports of chronic hypoxia regulating EPAS1 expression in specific subsets of 

endothelial cells. (Bartoszewski et al., 2019). In addition to similar enrichment for hallmark 

pathways in the 12 hours treatment group (Figure 6.13b), there was additional positive 

enrichment for epithelial to mesenchymal transition and negative enrichment for oxidative 

phosphorylation (Figure 6.14c). Gene ontology analysis showed a similar biological pathway 

enrichment indicating perturbation in cellular metabolism (Figure 6.14c). 
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Figure 6.13 mRNA expression of HGEnC post 12 hours exposure to hypoxia.  
Analysis of mRNA expression in hypoxia cultured HGEnC compared to untreated cells. a) Volcano plot showing the 
DEGs. In total, 164 genes were differentially regulated. b) GSEA showed 3 significantly positively enriched and 6 
negatively enriched pathways in the hypoxia cultured cells compared to controls. c) Top 15 biological processes 
enriched in the hypoxia treated cells showing cellular responses to hypoxia and perturbation to bioenergetic 
processes. 
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Figure 6.14 mRNA expression of HGEnC post 24 hours exposure to hypoxia.  
Analysis of mRNA expression in hypoxia cultured HGEnC compared to untreated cells. a) Volcano plot showing the 
DEGs. In total, 190 genes were differentially regulated. b) GSEA showed 6 significantly positively enriched and 5 
negatively enriched pathways in the hypoxia cultured cells compared to controls. c) Top 15 biological processes 
enriched in the hypoxia treated cells showing cellular responses to hypoxia and perturbation to bioenergetic 
processes. 
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6.4.10. Validation of Gene Expression 

The validation of RNA-seq data was carried out on HGEnCs subjected to hypoxia over the time 

course of 4 hours, 12 hours, and 24 hours. As shown in Figure 6.15, HIF1A showed significant 

downregulation over the course of hypoxia treatment. VEGFA is known to be modulated by 

hypoxia and showed a trend of increased expression although it did not reach significance.  In 

addition, EPAS1 showed downregulation at 24 hours and NPTX1 showed upregulation at 4 hours 

in RNA-seq data but the trends were not observed during validation. 

6.4.11. Integrated Analysis Identified 22 miR-210-3p Regulated mRNA Targets 

To identify miR-210-3p targeting in HGEnCs, DEGs output from the likelihood ratio test was 

crossed with 2 experimentally validated (Kehl et al., 2019, Huang et al., 2022) and 1 prediction 

(Agarwal et al., 2015) databases. In total, we identified 11 unique genes that overlapped with 2 

databases and another 11 unique genes that overlapped with 3 databases (Figure 6.16a). Among 

these genes, the downregulation of HIF1A and TFRC expression were consistent with the 

upregulation of miR-210-3p at 12 hours and 24 hours hypoxia treatment as indicated by the dot 

plots (Figure 6.16b). 

6.4.12. CiGEnCs is a Valid Model of HGEnCs 

HGEnCs attained replicative senescence at relatively low passage as previously described in 

literature (Satchell et al., 2006). To overcome this issue, we switched over to the utilisation of 

ciGEnC which have been shown to retain phenotypes associated with their primary counterparts. 

(Satchell et al., 2006). To confirm that the gene expression is similar to HGEnCs, cells were 

subjected to 24 hours hypoxia and assessed their miRNA and mRNA expression. As indicated in 

Figure 6.17a, a significant increase in miR-210-3p expression was observed. Furthermore, the 

expression of ISCU, a putative miR-210-3p target (Chan et al., 2009) along with HIF1A and TFRC 

were in line with HGEnCs expression (Figure 6.17b).  
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Figure 6.15 RNA-seq validation.  
Validation of RNA-seq data was done by qPCR on separate technical replicates of each biological donor. A significant 
downregulation of HIF1A was observed when cells were cultured in 1% oxygen. VEGFA showed a trend of 
upregulation, albeit not significant. EPAS1 and NPTX1 expression did not show any observable trend in response to 
treatment. Gene expression was normalised to HPRT1. Data shown as mean ± SD of n=3 biological replicates. 
Statistical analysis was performed using One-way ANOVA with Holm- Šídák post-hoc test. 
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Figure 6.16 Co-analysis of the DEGs from mRNA sequencing with miR-210-3p targets.  
The identification of miR-210-3p targets in HGEnC was carried out by overlaying DEGs with databases of predicted 
and experimentally validated databases as indicated by the a) venn diagram. List of genes on either side of the venn 
diagram corresponds to the overlapping genes with 2 and 3 databases respectively. b) Dot plots represents the 
average normalised counts of the target genes per treatment group of the mRNA targets identified in the venn 
diagram. 

 

 

 

 

 

 

 



99 
 

 

Figure 6.17 miRNA and mRNA expression of ciGEnCs in hypoxia.  
Cells were cultured for 5 days at 37℃ to inactivate the viral transgene before culturing in 1% oxygen for 24 hours. 
miRNA and mRNA expression were quantified by qPCR. a) miR-210-3p expression was significantly increased in 
hypoxia cultured cells compared to control. b) HIF1A, TFRC were significantly downregulated compared to control. 
ISCU, a putative miR-210-3p target did not show any changes in gene expression in response to hypoxia. miR-210-3p 
expression was normalised to U6 and mRNA expression was normalised to HPRT1. Data shown as mean ± SD of n=3 
replicates. Statistical analysis was performed using an unpaired student T-test. 

 

6.4.13. Differential Regulation Between ciGEnCs and PTECs in Hypoxia 

To determine if there are cell specific targeting by miR-210-3p, we sought to compare the mRNA 

targets that were observed in ciGEnCs in PTECs. While both HIF1A and TFRC showed 

downregulation in both ciGEnCs (Figure 6.17) and PTECs (Figure 6.18), we observed a significant 

reduction in ISCU expression PTECs which was not seen in ciGEnCs. While we are unable to fully 

attribute this difference to miR-210-3p solely, we can confirm a differential response between 

the two cell types to culture in a hypoxic environment. 
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Figure 6.18 PTECs mRNA regulation in hypoxia.  
Cells were cultured under 1% oxygen for 24 hours and mRNA expression was quantified by qPCR. HIF1A, TFRC and 
ISCU were significantly downregulated compared to control. mRNA expression was normalised to HPRT1. Data shown 
as mean ± SD of n=3 biological replicates. Statistical analysis was performed using an unpaired student T-test. 
 

6.4.14. Transfection Efficiency of ciGEnCs 

Transient miRNA mimic transfection has been extensively used to study the functions of 

endogenous miRNA. Previously, it was reported that the common concentrations used in 

literature can result in the accumulation of high molecular weight RNA species as well the 

propensity for non-specific targeting (Jin et al., 2015). To determine the lowest possible 

concentration to achieve efficient transfection, we first determined the uptake efficiency using 

an AlexaFluor647-labeled siRNA. Transfection of ciGEnCs resulted in effective uptake of the 

labeled siRNA (Figure 6.19a). When the concentration of siRNA was increased from 1nM to 

3.125nM, we observed an increase in the overall median fluorescence intensity (MFI) (Figure 

6.19b). There was no observable increase in MFI when the concentrations were further increased. 

Furthermore, when we assessed the number of cells positive for AlexaFluor647, only 1nM showed 

a significant difference when compared to 25nM and 50nM (Figure 6.19c). Hence, 3.125nM was 

determined as the minimum concentration of mimics required to efficient transfection. 
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Figure 6.19 Transfection efficiency assessment of ciGEnCs for small RNA uptake.  
Cells were transfected with 1nM-50nM of Alexafluor647-labeled siRNA and the uptake efficiency was assessed by 
flow cytometry. a) Overlaid histogram showing transfection with labeled siRNA resulted in Alexafluor647 positive 
cells population. b) MFI assessment indicated an increase in Alexafluor647 signal from 1nM to 3.125nM before hitting 
a plateau. c) Overall cell population positive for Alexafluor647 signal post transfection was plotted as percentage 
transfection efficiency. Data shown as mean ± SD of n=3 replicates. Statistical analysis was performed using One-Way 
ANOVA with Tukey’s post-hoc test.  
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6.4.15. mRNA Targeting by miR-210-3p 

 ciGEnCs were transfected with 3.125nM (determined in Section 6.4.14) of miR-210-3p mimics or 

scramble control to determine the regulation of mRNA targets. As indicated in Figure 6.20, a 

significant decrease in HIF1A, TFRC and ISCU was observed when the cells were transfected with 

miR-210-3p mimics. Even though the scramble control resulted in a significant downregulation of 

ISCU expression, the extent of downregulation by miR-210-3p transfected cells was higher. 

However, this mRNA targeting of ISCU was not observed in both HGEnCs RNA-seq expression and 

ciGEnCs cultured under hypoxic conditions. This was previously observed in pulmonary vascular 

endothelial cells where mRNA targeting of ISCU was observed at protein levels at 0.2nM and 2nM 

but regulation at mRNA levels was only observed at the higher concentration (Chan et al., 2009). 

Moreover, removal of the transfection cocktail and allowing the cells to rest for further 24 hours 

still resulted in the downregulation of ISCU and TFRC (Figure 6.21), thereby confirming 

engagement of miR-210-3p on these 2 genes.   

 

Figure 6.20 miR-210-3p targeting in ciGEnCs. 
Cells were transfected with scramble or miR-210-3p mimic for 24 hours and gene expression of targets were 
determined via qPCR. A significant downregulation of HIF1A, TFRC and ISCU was observed compared to the untreated 
cells. mRNA expression was normalised to HPRT1. Data shown as mean ± SD of n=3 replicates. Statistical analysis was 
performed using One-Way ANOVA with Dunnett’s post-hoc test. 
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Figure 6.21 miR-210-3p targeting in ciGEnCs 24 hours post-transfection.   
Cells were transfected with miR-210-3p for 24 hours and replaced with fresh media before culturing for another 24 
hours. Gene expression of targets were then determined via qPCR. A significant downregulation of ISCU was observed 
when compared to the untreated cells. TFRC expression was also downregulated but not significant and HIF1A 
expression remained unchanged when compared to the controls. mRNA expression was normalised to HPRT1. Data 
shown as mean ± SD of n=3 replicates. Statistical analysis was performed using One-Way ANOVA with Dunnett’s post-
hoc test. 
 

6.4.16. TfR1 is Targeted by miR-210-3p 

With the transfection of miR-210-3p downregulating TFRC expression, we next sought to 

determine whether TfR1, the protein encoded by TFRC was also perturbed by the mimic. As 

shown in Figure 6.22, ciGEnCs transfected with miR-210-3p mimic showed a significant decrease 

in TfR1 expression whereas no significant change was observed with the scramble sequence 

control.  
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Figure 6.22 TfR1 expression post miR-210-3p transfection.  
ciGEnC expression of surface TfR1 was determined using flow cytometry. miR-210-3p transfected cells show a 
significant decrease in the TfR1 expression compared to untreated control. Relative TfR1 expression was calculated 
as a percentage MFI of the untreated group. Data shown as mean ± SD of n=4 replicates. Statistical analysis was 
performed using One-Way ANOVA with Dunnett’s post-hoc test. 
 

6.4.17. Overexpression of miR-210-3p Increased Glycolysis but not Mitochondria Function 

Pathway enrichment of the glomerular endothelium at 12 (Figure 6.13) and 24 hours (Figure 6.14) 

hypoxia showed alterations in the metabolic function. To determine the extent of miR-210-3p 

contribution to this altered metabolic state, extracellular flux assays were employed to measure 

the glycolytic and mitochondrial function of ciGEnCs. As shown in Figure 6.23, ciGEnCs transfected 

with miR-210-3p showed a significantly lower non-glycolytic acidification rate. Upon injection of 

glucose, the miR-210-3p over-expressing cells showed a higher rate of glycolysis and a higher 

glycolytic capacity when compared to untreated cells. Interestingly, when mitochondrial function 

was assessed, we did not observe any significant alterations in any of the measurable parameters 

(Figure 6.24) as reported in literature with miR-210-3p overexpression in other cell types (Chan 

et al., 2009, Song et al., 2022). 
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Figure 6.23 Assessment of ciGEnCs glycolytic function post miR-210-3p transfection.  
ciGEnCs cells were transfected with miR-210-3p mimic and glycolysis stress test was performed using Seahorse XF96 
analyser. miR-210-3p transfected ciGEnC cells showed a significantly lower non-glycolytic acidification whilst having 
a higher overall glycolysis and glycolytic capacity when compared to untreated control. No significant difference was 
observed in the glycolytic reserve of ciGEnC cells overexpressing miR-210-3p. Data shown as mean ± SD of n=4 
replicates, with 12 technical replicates per run. Statistical analysis was performed using One-Way ANOVA with 
Dunnett’s post-hoc test. 
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Figure 6.24 Assessment of ciGEnCs mitochondria function post miR-210-3p transfection.  
ciGEnCs cells were transfected with miR-210-3p mimic and mitostress test was performed using Seahorse XF96 
analyser. miR-210-3p transfected ciGEnC cells did not show any significant changes to the mitochondrial parameters 
when compared to the controls. Data shown as mean ± SD of n=4 replicates, with 12 technical replicates per run. 
Statistical analysis was performed using One-Way ANOVA with Dunnett’s post-hoc test. 
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6.4.18. Mitochondrial Morphology unaltered by miR-210-3p Overexpression 

To further confirm that the overexpression of miR-210-3p did not alter mitochondria function, we 

next assessed the ultrastructure using TEM imaging. Previously, overexpression of miR-210-3p 

have been reported to result in mitochondria swelling and loss of cristae (Puisségur et al., 2010). 

While the mitochondria post miR-210-3p transfection showed a more globular structure and the 

loss of elongated morphology, we did not observe any swelling and loss of cristae in ciGEnCs 

(Figure 6.25).  

 

Figure 6.25 Mitochondria ultrastructure of ciGEnCs post miR-210-3p transfection.  
Electron micrograph of negative stained ciGEnCs transfected with miR-210-3p. Mitochondria are shown as electron 
dense structure and miR-210-3p transfected cells showed more globular mitochondria morphology compared to 
untreated and scramble controls. Images are representative of n=3. Scale bar= 1μm for 5000x magnification and 
500nm for 12,000x magnification.  
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6.5. Discussion 

The capacity for oxygen sensing and regulation is key to ensure homeostatic function in living 

organisms. During the onset of hypoxia, adaptation to the hypoxic environment is predominantly 

driven by the HIF, the master regulator of hypoxia. However, subtle differences in these 

adaptations across cells in different organs and tissue have been known to impact the overall 

survival and outcomes. In kidney ischemia, renal tubular epithelial cells are amongst the most 

abundant and well-studied cell types. The onset of ischemia has shown miRNA dysregulation, 

which can result in tissue remodeling (Kuo et al., 2021) and impairing cellular adaptation (Liu et 

al., 2017). miRNA regulation and cellular adaptation to hypoxia in other less abundant renal cells 

however is less well understood. 

As such, the work from this chapter set out to determine the miRNA expression of glomerular 

endothelium in response to hypoxia. To identify miRNAs that are differentially regulated in 

hypoxia, we subjected HGEnCs to 4 hours, 12 hours, and 24 hours of culture in 1% oxygen. 

Importantly, the timepoints chosen for the experiments were set out to mimic short to long 

ischemic times experienced by renal allografts in the context of transplantation. While culturing 

of cells under low oxygen tension has been shown to not fully mimic tissue hypoxia in vivo, this 

model was chosen to ensure reproducibility and ease of downstream functional assessment and 

is currently still the most widely utilised in published literature (Wagner et al., 2011, Pavlacky and 

Polak, 2020). 

Similar to other small RNA libraries, the top 10 most abundant transcripts represented more than 

65% of the total miRNA identified within HGEnCs with miR-126 being the most abundant in 

endothelial cells (Voellenkle et al., 2012). The time course data showed that only miR-210-3p is 

upregulated when HGEnCs are cultured under hypoxic conditions from upwards of 12 hours 

(Figure 6.5 and Figure 6.6a), which was in concordance with the expression kinetics previously 

reported (Huang et al., 2009). It is however unsurprising to see this upregulation of miR-210-3p 

as it has been previously reported to be the single miRNA ubiquitously upregulated across all cell 

types under hypoxic conditions (Huang et al., 2009, Chan et al., 2009) due to the presence of HRE 

driving the transcription of this miRNA. 
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This HRE motif allows binding of HIF-1α and HIF-2α indiscriminately. However, several 

mechanisms have been identified to regulate the downstream signaling (Hu et al., 2007, Lau et 

al., 2007), resulting in HIF isoforms specifically target gene transcription. For miR-210-3p, it was 

reported to be HIF-1α dominant (Huang et al., 2009). Hence for endothelial cells like HGEnCs, 

where HIF-2α is the dominant isoforms (Bartoszewski et al., 2019), the extent of miR-210-3p 

upregulation would be to a lower extent compared to PTECs (Figure 6.6) in part due to the isoform 

preferences.   

Pathways regulated by miR-210-3p are often associated with cellular metabolism, angiogenesis, 

apoptosis and differentiation (Chan et al., 2012). In the context of IRI, miR-210-3p has been shown 

to protect tubular epithelial cells from cell death during the onset of ischemia (Liu et al., 2017) 

and sustained expression of miR-210-3p in a model of myocardial infarction also attenuated IRI 

associated injuries (Hu et al., 2010). Hence, to determine the stability of miR-210-3p, both HGEnCs 

and PTECs were subjected to 24 hours hypoxia to induce expression of miR-210-3p before 

exposing the cells to reoxygenation. We found that miR-210-3p levels remained elevated for up 

to 48 hours (Figure 6.7), which was longer than the 8 hours reported previously (Fasanaro et al., 

2008). Therefore, coupled with the inflammation induced HIF signaling (Virga et al., 2021), miR-

210-3p levels would likely remain elevated during reperfusion injury. While this sustained 

expression protects the heart from injury, the impact in the kidneys likely require experimental 

validation in part due to cell type and tissue specific mRNA targeting by miRNAs (Rogg et al., 2018, 

Lu et al., 2015). 

Since there is no one-size fit all model to assess the mRNA targeting, we took advantage of the 

remaining RNA and employed parallel mRNA sequencing to identify downregulated genes that 

coincided with miR-210-3p elevation. Without artificially inflating the miR-210-3p levels within 

the cells, we limited the non-specific targeting and regulation by the miRISC (Jin et al., 2015). 

Furthermore, mRNA sequencing also provided insights into the temporal regulation of the miRNA 

processing as enrichment of non-coding RNA processing and assembly of ribonuclearprotein 

biogenesis enriched at 4 hours (6.10, cluster 5) suggest priming of cells to elicit miRNA expression 

and downstream targeting.  
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Utilising existing databases that are either predictive (Agarwal et al., 2015) or experimentally 

validated (Kehl et al., 2019, Huang et al., 2022), we performed an integrated analysis of the 

sequencing data obtained from hypoxic HGEnCs (Figure 6.16). In total, 22 predictive and 

experimentally validated targets from the databases and temporal expression identified 7 mRNAs 

(HIF1A, PTBP3, UBQLN1, TFRC, TNRC6B, ZNF618) that downregulated with miR-210-3p 

upregulation (Figure 6.16). Since the role of HIF1A and TFRC in hypoxia is well established, we 

experimentally validated these targets by PCR (Figure 6.17), transfection (Figure 6.19) and protein 

expression (Figure 6.21). 

Functionally, the role of HIF1A and TFRC are intricately linked as TFRC have been shown to be 

regulated directly by HIF-1α (Lok and Ponka, 1999). While the importance of TfR1, the protein 

encoded by TFRC, has been shown in erythrocytes (Richard and Verdier, 2020), its role in other 

organ and tissue remains poorly characterised. However, iron regulation is extremely important 

for oxidative phosphorylation. In fact, the enzyme aconitase, which is essential for in the  

tricaboxylic acid (TCA) cycle functions as an iron response protein (Narahari et al., 2000). Together 

with the targeting of ISCU, perturbation to bioenergetics have been shown in cancer cells 

(Yoshioka et al., 2012). More recently, the increased understanding in cell death pathways also 

uncovered a new mechanism coined ferroptosis, which is a result in dysregulation of intracellular 

iron and redox imbalance. Additionally, TfR1 was identified to be a marker of ferroptosis (Feng et 

al., 2020). 
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Hence, to explore the impact of downregulating TfR1, ciGEnCs were transfected with miR-210-3p 

and assessed their glycolytic and respiratory capacity. These bioenergetic assays showed an 

increase in overall capacity to utilise glycolysis (Figure 6.23) for energy while mitochondrial 

function (Figure 6.24) remains unaltered. While endothelial cells predominantly utilise glycolysis 

for energy generation (Bock et al., 2013), this unaltered mitochondrial function was surprising as 

both TFRC and ISCU have previously been shown to be important for oxidative 

phosphorylation(Chan et al., 2009, Yoshioka et al., 2012). However, this also highlighted that 

while ISCU downregulation was unintended in ciGEnCs, it did not result in supramolecular 

accumulation of miR-210-3p as it would have resulted in altered mitochondria function (Puisségur 

et al., 2010). This was also confirmed by the ultrastructure analysis, where we did not observe 

any mitochondria swelling that is associated with mitochondrial dysregulation (Figure 6.25). This 

can also suggest the presence of additional regulatory mechanism present to regulate ISCU 

expression or a higher-than-expected levels transfected into the cells even after careful titration 

(Figure 6.19). However, we can confirm that this did not result in excessive off-targeting effects. 

In summary, work from this chapter has shown temporal induction of miR-210-3p in glomerular 

endothelium in response to hypoxia. Furthermore, we provide insights into the limited alterations 

in miRNA expression during early onset hypoxia due to the induction of miRNA biogenesis 

occurring only at the 4 hours mark. Differential ISCU regulation was also observed between the 

renal tubules and the glomerular endothelium, while TFRC was actively downregulated in both 

cell types. We reasoned that this downregulation must be due to miR-210-3p as the HRE upstream 

of the TFRC promoter would result in upregulation by HIF1 signaling and could be a mechanism 

for the kidneys to avoid the occurrence of ferroptosis. While more work is necessary to 

characterise the implication of miR-210-3p in the glomerular endothelial, the maintenance of 

mitochondrial function when this miRNA is overexpressed might provide additional survival 

advantage over the renal tubules in IRI. 
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7. Characterisation of Renal Allograft Derived Extracellular Vesicles  

7.1. Introduction 

The existing dogma states that allorecognition is mediated through two main pathways: direct 

and indirect. During direct allorecognition, passenger leukocytes within the allograft migrate into 

the recipient circulation and spleen, where host immune cells identify the mismatched major 

histocompability (MHC) molecules and mount an immune response. This contributes to the 

development of acute allograft rejection. On the other hand, indirect allorecognition is mediated 

by cross presentation of donor MHC peptides on recipient antigen presenting cells (APC) class II 

MHC, resulting in immune activation. Thus, this mechanism is more commonly associated with 

chronic allograft rejection. 

Recent discoveries have however uncovered novel cellular mechanisms mediating intercellular 

communication, which led to the proposal of semi-direct allorecognition, involving the active 

transfer of donor MHC molecules released by the allograft to recipient immune cells. The process 

of donor MHC transfer to recipient immune cells has been shown to be mediated either by  

recipient dendritic cell trogocytosis of donor MHC molecules (Herrera et al., 2004) or the transfer 

of intact donor MHC molecules via extracellular vesicles (EVs) (Marino et al., 2016, Ono et al., 

2018, Hughes et al., 2019, Prunevieille et al., 2020, Mastoridis et al., 2020, Zeng et al., 2021). In 

both instances, the recipient immune cells are “cross-dressed” with the donor MHC molecules 

allowing direct activation of allospecific recipient immune cells (Section 1.5.3.3). 

Beyond MHC molecules, EVs have been shown to transfer other biomolecules including lipids, 

nucleic acid and metabolites (Niel et al., 2018). This is further complicated by the alteration of EV 

composition and cargo in response to cellular stresses encountered by the parent cells (Niel et 

al., 2018). In particular, the enrichment of small RNA species have led to studies identifying how 

these miRNAs modulate inflammatory states (Zhou et al., 2014, Alexander et al., 2015) and 

allograft function post transplantation (Franzin et al., 2022). 

This chapter aims to show the presence of EVs within the microvasculature of kidney allografts 

prior to implantation. Subsequently, we also aim to characterise the molecular composition of 

the cargoes carried by these isolated EVs and identify how these biomolecules work in unison to 

mediate allorecognition of kidney allografts.   
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7.2. Specific Aims 

• To show the presence of extracellular vesicles within the microvasculature of renal 

allografts during cold static storage. 

• Profiling extracellular vesicles surface proteome and miRNA cargo to identify role their 

role in pathogenesis of allograft rejection. 

• In vitro modeling of endothelial cells to generate MHC class II high extracellular vesicles. 

7.3. Specific Materials and Methods 

7.3.1. Kidney Effluent Collection 

University of Washington (UW®) solution was instilled into the renal artery during surgical back 

benching of the kidney at the Freeman Hospital, Newcastle upon Tyne until 20mL was collected 

from the renal vein into a universal container. Samples were then transferred to Falcon tubes and 

centrifuged at 800g for 10mins, 4℃ before aliquoting and stored at -80℃. In total, 25 samples (8 

DCD, 9 DBD and 8 live kidneys) were withdrawn from the Institute of Transplantation Tissue 

Biobank (17/NE/0022) under study number IOT076. 

7.3.2.  Cell Culture and Treatment 

Confluent HMEC-1 cells were passaged as described in Chapter 2.2. Prior to treatment, cells were 

seeded at a density of 80,000 cells per well in 12-well plates and cultured overnight unless 

otherwise stated.  Cells were stimulated with interferon gamma (IFN-γ) concentration of 20ng/ml 

for 72 hours. Post treatment with IFN-γ, cells were prepared for flow cytometry staining for HLA-

DQ, HLA-DR, CD31, CD54 and CD105 as outlined in Section 4.6. The gating strategy is shown in 

Figure 7.1.  
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Figure 7.1 Gating strategy for HMEC-1.  
Cell population was first gated base on scatter profile before identifying the single cell population. Subsequently, live 
cells, determined as Live/Dead™ Fixable Blue negative population were gated for other labeled surface markers. 

 

7.3.3. Generation of EVs from In Vitro Culture 

Confluent flasks of HMEC-1 or HMEC-1 HLA-DR cultured in T175 was passaged at a ratio of 1: 5. 

Cells were cultured for 3 days in complete media or in complete media with the addition of 

20ng/ml of IFN-γ. After 3 days, spent culture media was remove and cells were washed twice with 

PBS. Serum free media or serum free media containing 20ng/ml of IFN-γ was added to the cells 

and cultured for another 3 days for the harvesting of EVs. Conditioned media was harvested from 

the cells and transferred to Falcon tubes. The media was centrifuged at 300g for 10mins at room 

temperature before decanting the supernatant into fresh Falcon tubes. The supernatant was then 

centrifuged at 2000g for 10mins at 4℃. The supernatant was collected and stored at -80℃ until 

isolation of EVs. 

7.3.4. Extracellular Vesicle Isolation 

7.3.4.1. Differential Centrifugation  

Cell and debris depleted kidney effluents were thawed overnight at 4℃. Subsequently, samples 

were transferred to high-speed centrifuge tubes and spun at 10,000g for 30min at 4℃ (Beckman 

Coulter, Avanti JXN26 equipped with JA25.50 fixed angle rotor) to deplete the microvesicles. 

Supernatant was collected and subjected to ultracentrifugation at 100,000g (RCF average of 

25,000rpm, Beckman Coulter, Optima XE-90 equipped with SW28 swing bucket rotor, k-

factor=246) for 2 hours at 4℃. Supernatant was collected before resuspending the pellet with 

particle-free PBS (Sigma) and centrifuged at 100,000g for 1hour 10mins. Supernatant was 

carefully removed, and the EV pellet was resuspended in 200µL PBS, aliquoted and stored at               

-80℃. 
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7.3.4.2. Size Exclusion Chromatography 

Conditioned media from cells was thawed overnight at 4℃. Subsequently, samples were 

transferred to high-speed centrifuge tubes and spun at 10,000g for 30min at 4℃ (Beckman 

Coulter, Avanti JXN26 equipped with JA25.50 fixed angle rotor) to deplete the microvesicles. 

Supernatant was collected and culture medium was concentrated using a 100kDa Amicon filter 

(Sigma) down to 150μL. The concentrate was then loaded onto a qEV single 35nm Legacy column 

(Izon) and samples were fractionated into 20x 200μL fractions. Protein concentration of the 

fractions were determined using a Nanodrop™ spectrophotometer (ThermoFisher) with the             

1 Abs =1mg/ml setting and particle concentration was determined using as outlined in 7.3.5. 

7.3.5. Nanoparticle Tracking Analysis (NTA) 

Size distribution and total particle estimation of isolated EVs were determined using a Nanosight 

LM10-HS microscope equipped with a red laser and analysed on NTA software V3.2 (Nanosight). 

Background extraction was applied and the automatic setting for minimum expected particle size, 

minimum track length and blur settings were employed. 5 × 60secs recordings at 30 frames per 

second were taken for each sample which was diluted in particle free PBS (Sigma) at appropriate 

concentrations. Only measurements with more than 500 completed tracks were analysed. 

7.3.6. Electron Microscopy 

Negative staining and visualisation under transmission electron microscopy (TEM) was utilised for 

morphological assessment of EVs. 20μL of isolated EVs was submitted to Newcastle University 

Electron Microscopy Research Services. In brief, carbon coated copper grids were glow discharged 

and 10μL of the isolated EVs were adsorbed onto the grid. Excess liquid was removed and a drop 

of 1% uranyl acetate was added to the grid and stained for 30secs. Excess uranyl acetate was 

removed, and the grid was dried under a lamp. The grids were then imaged on a 120kV TEM 

(Hitachi HT7800) attached with a XAROSA CMOS camera (EMSIS). 
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7.3.7. EV Surface Proteome Analysis 

The surface proteome of isolated EVs was analysed using the MACSPlex Human Exosome kit 

(Miltenyi). In brief, EV isolates were topped up to 120μL with MACSPlex buffer in a low bind tube 

(Sarstedt). Exosome capture beads were vortexed for 30secs and 15μL of the capture beads 

added to each sample. All samples were incubated overnight in the dark at room temperature on 

a MACSmix™ tube rotator on 12rpm, following which, 500μL of MACSPlex buffer was added to 

each tube and centrifuged at 3000g, 5mins at room temperature. 500μL of the supernatant was 

carefully aspirated and discarded. 15μL of antibody cocktail containing equal parts of CD9, CD81, 

and CD63 was added to each sample and incubated at room temperature for 1 hour on a 

MACSmix™ tube rotator on 12rpm. Subsequently, 500μL of MACSPlex buffer was added to each 

tube and centrifuged at 3000g, 5mins at room temperature. 500μL of the supernatant was 

carefully aspirated and discarded. Additionally, 500μL of MACSPlex buffer was added to each 

sample and incubated at room temperature for 15mins on a MACSmix™ tube rotator on 12rpm. 

500μL of the supernatant was removed and the samples were topped up to a final volume of 

200μL before transferring to flow tubes and data acquisition (Figure 7.2) on the Symphony A5 

flow cytometer. Data analysis was then done on FlowJo V9 and a custom Microsoft Excel template 

generated in-house. Background corrected data was log-transformed and used as inputs into R 

for data visualisation and clustering of the data was done using base R package. 

 

Figure 7.2 Gating strategy for MACSPlex Human Exosome kit.  
Singlet bead events were gated off the forward vs side scatter on a log-scale. Subsequently, the individual beads 
populations were resolved on a FITC vs PE channel before finally looking at the fluorescence intensity of the EV 
position populations on the PE vs APC channels. Median APC MFI of the individual channels was used for subsequent 
analysis.  
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7.3.8. Total RNA Extraction from EVs 

RNA from EVs isolated from kidney effluent was isolated using a modified miRNeasy mini kit 

(Qiagen). The volume of EV isolates used for RNA isolation was standardised at 120μL. Qiazol was 

added to the EV isolates at 10× the volume (1200μL) and the mixture was vortexed vigorously and 

left to sit at room temperature for 10mins. Chloroform was added at a 1:5 volume of Qiazol (240 

μL) and the mixture was vortexed vigorously for 15 secs. The mixture was incubated at room 

temperature for 3mins before spinning at 12,000g, 15mins at 4℃. The upper aqueous phase was 

transferred to a 1.5mL tube and 100% ethanol was added at 1.5× of the aqueous phase volume. 

Samples were mixed thoroughly before transferring to an RNeasy mini column. 

To remove any remaining cellular contaminant, the flow through was discarded before addition 

of 700µL of Buffer RWT. Subsequently, the RNeasy spin column was centrifuged at 8,000g for 

15secs. This was followed by 2× addition of 500µL Buffer RPE and centrifuged at 8,000g for 15secs 

and 2mins respectively. The spin column was then transferred to a new collection tube and 

centrifuged at 17,000g, 1 min to dry out the silica and remove any remaining buffer. Lastly, the 

silica column was transferred to a 1.5mL collection tube followed by the addition of 30µL of RNase 

free water and left to sit at room temperature for 10mins. The tube was then centrifuged at 

8,000g for 15secs to elute the RNA. 

7.3.9. RNA Quantification 

Total RNA isolated from EVs was quantified using the 2100 BioAnalyzer (Agilent) with the 

RNA6000 Pico kit (Agilent) following the manufacturer’s protocol. Pico gel matrix was prepared 

as per instructed prior to the assay and all samples and reagents were equilibrated to room 

temperature prior to commencement of the assay.  

In brief, 9µL of gel-dye mix was dispensed into a chip and primed before the addition of 9µL of 

the gel-dye mix into each of the sampling wells. 9µL of the RNA 6000 Pico conditioning solution 

was added into the well labeled “CS”. Following this, 5µL of RNA 6000 Pico marker was added 

into all the sampling wells and the well labelled with a ladder symbol. RNA samples were heat 

denatured at 70℃ for 2mins before loading 1µL onto the sampling wells on the chip. Finally, 1µL 

of the diluted RNA 6000 Pico ladder was added into the well labelled with a ladder symbol. The 

chip was then placed horizontally into the BioAnalyzer chip adapter mounted MS3 vortex mixer 
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(IKA) and vortexed for 60secs at 2400 rpm. Finally, the chip was transferred to the Bioanalyzer 

and ran following the instructions on the Agilent 2100 Expert Software. 

7.3.10. Nanostring®  

miRNA profiling of the RNA isolated from the EVs was carried out using the nCounter® Human V3 

miRNA expression panel. The RNA samples extracted was subjected to a clean-up process by 

topping the extracted RNA up to 400µL before centrifugation at 14,000g, 90mins at 4℃ using a 

3kDa Amicon filter (Sigma). Subsequently, these RNA samples were submitted to the Nanostring® 

facility in the Human Dendritic Cell group and prepared with an alteration to the manufacturer’s 

protocol described by Crossland et al (Crossland et al., 2023).  

7.3.10.1. Sample preparation 

miRNA assay controls were diluted at 1:500. Subsequently, an annealing master mix containing 

13µL of annealing buffer, 26µL of nCounter® miRNA Tag reagent and 6.5µL of the diluted miRNA 

assay controls. 5µL of RNA samples were mixed with 3.5µL of the annealing master mix before 

running it on a thermocycler with the following conditions:  94℃ for 1 min, 65℃ for 2mins, 45℃ 

for 10mins and hold at 48℃. 

A ligation mix consisting of 22.5µL of polyethylene glycol and 15µL of ligation buffer was prepared 

and 2.5µL of the ligation mix was added to the samples. The samples containing the ligation mix 

was returned to the thermocycler and incubated for 5mins at 48℃. 1µL of ligase was added to 

samples in the thermocyler at 48℃ and ran on a thermocycler with the following conditions: 48℃ 

for 3mins, 47℃ for 3mins, 46℃ for 3mins, 45℃ for 5mins, 65℃ for 10mins and finally holding the 

temperature at 4℃. 1µL of the ligation clean-up enzyme was added to the reaction and ran on a 

thermocycler with the following conditions: 37℃ for 1 hour, 70℃ for 10mins and holding the final 

temperature at 4℃. At the end of the run, 40µL of nuclease-free water was added to each sample 

and proceeded to the next step. 

 

 

 

7.3.10.2. Codeset Hybridisation  
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130µL of miRNA Reporter Codeset was mixed with 130µL of hybridisation buffer to prepare a 

hybridisation mastermix. 20µL of the mastermix was added to strip tubes. Samples prepared in 

Section 5.3.10.1 was heat denatured at 85℃ for 5mins and cooled quickly on ice and 5µL was 

transferred to the strip tubes. Subsequently, 5µL of the capture probeset was added to each 

individual tubes. Immediately sample was placed in a preheated thermocycler at 65℃ and left to 

hybridise for 22 hours.  

7.3.10.3. Sample Loading and Data Acquisition 

Hybridised samples were immediately removed from the thermocycler and transferred to the 

nCounter® GEN2 prep station 5s (Nanostring®) for purification and immobilization into the 

sample cartridge for data collection. Once completed, the cartridge was transferred to the 

nCounter® Digital Analyzer 5s for imaging with a field of view (FOV) of 550. 

7.3.10.4. Data analysis 

Data was generated as a custom RCC file and subsequently loaded into the nSolver™ software 

(Nanostring®). Samples were prepared over 3 different nCounter® Human V3 miRNA expression 

panels and normalisation were carried out within the software using the geometric means of 

positive control and the top 100 probe codeset content normalisation. miRNA was determined to 

be positively detected in each sample lane when the counts exceeds the mean ± 2× standard 

deviation of 5 out of the 6 negative controls, with the exclusion of Negative control C (Crossland 

et al., 2023). Post filtering for positively detected miRNA, counts were passed onto DESeq2 V3.16 

(Love et al., 2014) for unsupervised analysis. Initial data analysis identified batch effects arising 

from the profiling, hence batch was subsequently added to the design matrix and passed on to 

the function “limma:removeBatchEffect” before plotting the heatmaps and PCA plots shown. 
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7.4. Results 

7.4.1. Characterisation of EVs 

Following the latest Minimal Information for Studies of Extracellular Vesicles 2018 (MISEV 2018) 

guidelines (Théry et al., 2018), a combination of methodologies is required to confirm the 

presence as well as the purity of isolated EVs. Since the EVs derived from the kidney effluent have 

not been characterised previously, we set out to follow the criteria outlined.  

Firstly, TEM micrographs of EVs isolated from DBD, DCD and living donor category (Figure 7.3a, b, 

c respectively) showed the typical cup shape morphology. The isolated EVs were also identified 

to have modal sizes less than 200nm (Figure 7.3a, b, c) and NTA analysis of blank UW® solution 

did not detect any particles (data not shown as insufficient particle tracks were detected for the 

analysis to be valid). Finally, western blot demonstrated that the pooled EV isolates were highly 

enriched for EV-associated proteins CD9 and TSG101, whilst the endoplasmic reticulum marker 

calnexin was absent (Figure 7.3f). Collectively, these data confirmed that the isolated particles 

from kidney effluents are indeed EVs free of cellular contaminants. 

Hypoxia as one of the hallmarks of allograft ischemia have been previously shown to alter the 

number (Bister et al., 2020, Wang et al., 2023) and size (Bister et al., 2020, Ana Muñiz-García, 

2022) of EVs. Since these alterations to the released EVs are cell type dependent, we assessed for 

any observable changes in either quantity or size of the EVs isolated across kidney types. As 

indicated in Figure 7.3d, the modal size of the isolated EVs did not show any significant changes 

across all the groups. In contrast, the number of EVs isolated from DCD allograft effluents showed 

a significant increase when compared to living donor allografts (Figure 7.3e).
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Figure 7.3 Characterisation of EVs isolated from kidney effluents.  
EVs isolated from kidney effluent via differential centrifugation was analysed. Representative TEM micrograph and size distribution plot for a) Living donor, b) DBD and 
c) DCD effluent EVs isolated. d) Average modal size of the isolated EVs did not show any significant difference when compared across allograft groups. e)EVs isolated 
from DCD allografts showed a significant increase in total particle concentration isolated compared to  living donor allograft EVs. f) Western blot of pooled EVs (n=9) 
identified enrichment in CD9 and TSG101 expression and the absence of calnexin, indicating an isolate free of cellular contaminant. HMEC-1 and HKC8 (renal tubular 
epithelial cells) cells are loaded as controls. Modal size and particle concentration data shown as mean ± SD of n=8 for DCD, n=9 for DBD and n=8 for Live kidneys. 
Statistical analysis was performed using One-Way ANOVA with Tukey’s post-hoc test.
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Table 7.1 Donor allograft parameters and 1 year kidney function. 

 

7.4.2. Total EVs Isolated Correlated with Allograft Cold Ischemic Time (CIT) 

Deceased donors tend to have a longer CIT compared to living donor allografts and this was the 

case in our cohort (Table 7.1). With the significantly increased EVs isolated from DCD allografts 

compared to the living donors, we set out to identify any correlation between the ischemic times 

with the total EVs isolated. We found a positive correlation between the allograft CIT and the 

total EVs isolated (Figure 7.4). 

 

Figure 7.4 Correlation between total particles released with allograft cold ischemic time.  
Pearson’s correlation between allograft cold ischemic time and particle concentration showed a significant 
correlation. 
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7.4.3. Surface Proteome of Kidney Effluent EVs 

Surface marker expression on kidney effluent EVs was analysed with a commercial kit that allows 

detection of 37 pre-defined markers by flow cytometry (Koliha et al., 2016). Samples within each 

donation group were pooled to achieve data with high definition. EVs were pooled based on 

particle concentration in a manner to ensure almost equal contribution from each sample (Table 

7.2). These pooled samples were subsequently reassigned with a new sample ID for downstream 

analysis. As shown in Figure 7.5, kidney effluent EVs showed the expression of all 37 markers to 

varying degrees. Amongst the high expression markers, EV tetraspanins were highly expressed, 

further confirming the isolated particles to be EVs.  

Table 7.2 Pooled kidney effluent EVs and final particle count. 

 

 

Figure 7.5 Normalised MFI of kidney effluent EVs.  
Surface proteome of the kidney effluent EVs were assessed using Miltenyi MACSPlex exosome kit. Expression of 
surface marker is indicated as MFI normalised to the tetraspanins. Data shown as mean ± SD of n= 4 per kidney type. 
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7.4.4. Deceased Donors Associated with Increased EV MHC Class II Expression 

Tetraspanin expression on EVs are known to be highly heterogenous (Kugeratski et al., 2021). In 

fact, knockdown of CD9 (Brzozowski et al., 2018) and CD63 (Hurwitz et al., 2016) in the parent 

cells have been shown to alter the overall production of EV subpopulations. Within our cohort, 

we identified significantly higher expression of CD9 in the DCD group compared to both DBD and 

living donor (Figure 7.5 and Figure 7.6). On the other hand, CD63 expression was significantly 

higher in living donor group compared to DCD (Figure 7.6). While the implication of these altered 

tetraspanins within our cohort remains unknown, our findings remain in line with existing 

literature. 

In addition, DBD group showed the highest expression of CD29 whereas the living donor group 

showed a significantly lowered CD105 expression while expressing the highest levels of CD41b 

and CD42a (Figure 7.6). The most striking difference in the surface marker expression however 

was with MHC class II, which was the most highly expressed marker within the panel (Figure 7.5) 

and highly significantly increased in the deceased donor group compared to the living donor 

group (Figure 7.6). 
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Figure 7.6 Significant differentially expressed surface markers.  
Kidney effluent EVs assessed by Miltenyi MACSPlex exosome kit and the significant differentially expressed surface 
markers were plotted separately from the full panel. Expression of surface markers is shown as MFI normalised to 
the tetraspanins. Data shown as mean ± SD of n=4 per kidney type. Statistical analysis was carried out with the full 
panel using Two-Way ANOVA with Tukey’s post-hoc test. * p <0.05, **p <0.01, ***p<0.001, ****p <0.0001. 
 

7.4.5. Deceased Donors Clustered Independently from Living Donors 

To further delineate the implications of these different expressions of surface proteome across 

all allograft categories, hierarchical clustering was first applied to the data. As highlighted in 

Figure 7.7a, three main clusters were identified. Of which, the majority of the deceased donor 

allograft EVs clustered separated from the living donor counterpart. When dimensionality 

reduction and k-means clustering algorithm was applied to the data, we further observed distinct 

clustering of the DCD donor (Figure 7.7b).  

7.4.6. MHC Class II and CD105 Contributes to Distinct Clustering in DCD samples. 

While there was inconsistency with the clustering of the DBD group across the 2 separate 

unsupervised analysis (Figure 7.7), what was very distinct is the separation of DCD from the living 

donor group. Analysis on the PCA loading identified MHC class II, CD9 and CD105 to be the main 

surface markers driving the separation in clusters (Figure 7.8b).  
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Figure 7.7 Data clustering by surface marker expression on kidney effluent.   
Kidney effluent EVs assessed by Miltenyi MACSPlex exosome kit. Normalised MFI was transformed using 
log(Normalised MFI+1) before clustering or dimension reduction. a) Hierarchical clustering showed 3 main clusters 
identified and distinct separation between living and deceased donor was observed. b) PCA plot and k-means 
clustering with k=3 showed DCD samples clustering away from the rest of the donor category. Optimum k was 
determined using the silhouette method. 

 

 

Figure 7.8 PCA loading driving separation of samples.  

a) Analysis of the PCA plot showed distinct separation of DCD from other donor groups.  b) PCA loading showing the 
variables that are accounting for the placement of the samples when dimensionality is reduced.  
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7.4.7. RNA Isolation from Kidney Effluent EVs. 

The RNA cargo of EVs has been extensively characterised and shown to alter in response to 

cellular state (Niel et al., 2018). Total RNA was extracted and analysed using a Bioanalyzer 2100. 

As indicated in Figure 7.9, the majority of the RNA species isolated across the groups were smaller 

than 200 nucleotide, which was in line with published work suggesting enrichment of small RNA 

species within EVs (Garcia-Martin et al., 2021). Furthermore, there was no significant difference 

between the total RNA isolated from kidney allografts across the categories (Figure 7.9). 

7.4.8. No Distinct miRNA Signature was Identified from Kidney Effluent EVs.  

With the Bioanalyzer trace showing the majority of the RNA species isolated to be less than 200 

nucleotides, we reasoned that these RNA species would be highly enriched in miRNA. The low 

RNA yield isolated from these EVs presents difficulty for profiling by conventional sequencing. 

However, successful profiling of EV-derived RNA with a 100 fold lower than the recommended 

RNA input has been recently shown using the Nanostring® nCounter technology (Crossland et al., 

2023). A total of 24 kidney effluent samples were profiled for RNA expression. As indicated in 

Figure 7.10, dimension reduction did not result in discrete clustering of samples. Furthermore, 

top 35 expressing miRNA as shown in the heatmap also did not result in meaningful clustering of 

data (Figure 7.10). In addition, there were no significantly different expressed miRNAs detected 

across the donor groups.  

7.4.9. Induction of Endothelial MHC Class II Expression In Vitro 

Endothelial cells lining the microvasculature have been identified to express MHC class II on their 

surface in response to injury and inflammation (Satchell et al., 2006). Coupled with CD105 being 

a canonical endothelial cell marker, we reason that the separation we observed in the DCD EV 

samples can be in part derived from activated endothelium within the allograft microvasculature.  

To first show that endothelial cells can be stimulated to express MHC class II, HMEC-1 cells were 

stimulated with IFN-γ (Taflin et al., 2011, Cross et al., 2021). In order to confirm the activation of 

the cells, we assessed the adhesion molecule expression of HMEC-1 post stimulation. The 

treatment resulted in an increase in both CD31 (Figure 7.11a) and ICAM-1 (Figure 7.11b).  These 

activated endothelial cells were found to also increase their HLA-DR expression (Figure 7.12a) 

whereas only a marginal increase in HLA-DQ (Figure 7.12b) was observed. This was consistent 
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with a previous report where IFN-γ stimulation alone resulted in minimal HLA-DQ expression and 

only when stimulated in concert with TNF-α did HMEC-1 increase HLA-DQ expression after three 

days (Cross et al., 2021). 

 

Figure 7.9 RNA quantification from kidney effluent EVs. 
Total RNA from EVs were extracted using Qiagen miRNeasy kit and RNA was quantified using a Bioanalyzer RNA6000 
PICO kit. The representative RNA trace from each donor category shows the majority of the RNA species isolated are 
smaller than 200 nucleotides. No significant difference was observed between the total RNA present between 
allograft categories. Data shown as mean ± SD of n=24 biological replicates. Statistical analysis was performed using 
One-Way ANOVA with Tukey’s post-hoc test. 
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Figure 7.10 miRNA signature in kidney effluent EVs.  
miRNA profiling using Nanostring® nCounter Technology showed quantification of miRNA from the kidney effluents. 
a) Dimension reduction using PCA did not show any discrete clustering of samples. b) Hierarchical clustering on 
heatmap using the top 35 expressed miRNA did not show any clustering of donor groups.  
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Figure 7.11 Activated endothelial phenotype post-IFN-γ stimulation.  
HMEC-1 were treated with 20ng/ml IFN-γ for three days and surface adhesion molecules expression was determined 
by flow cytometry. a) CD31 and b) ICAM-1 show a significant increase in MFIs. An increase in the total percentage of 
cells expressing ICAM-1 was also observed. Data shown is representative of n=3 replicates. Statistical analysis was 
performed using an unpaired Student’s T-test.  
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Figure 7.12 MHC class II expression in activated endothelial cells.  
HMEC-1 were treated with 20ng/ml IFN-γ for three days and MHC class II expression was determined by flow 
cytometry. a) HLA-DQ and b) HLA-DR show a significant increase in MFIs as well as an increased in total percentage 
of cells expressing these MHC class II molecules in response to the treatment. Data shown is representative of n=3 
replicates. Statistical analysis was performed using an unpaired Student’s T-test. 
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7.4.10. EV Generation from HMEC-1 In Vitro 

Cells cultured in vitro have been identified to have different rates of EV production (Kugeratski et 

al., 2021, Garcia-Martin et al., 2022). Hence, to determine the quantities and properties of EVs 

derived from HMEC-1 cells, conditioned media from 4×T175 flasks was harvested and EVs were 

isolated as outlined in Section 7.3.4.2. Enrichment of EVs were identified in Fraction 7 and 

Fraction 8 of the size exclusion chromatography whilst the majority of the protein within the 

conditioned media eluted from Fractions 10 onwards (Figure 7.13c). Electron microscopy also 

showed EVs isolated with the typical cup-shaped morphology (Figure 7.13a) as well as enrichment 

in EV markers CD9, CD63, TSG101 and HSP70 and the absence of calnexin on western blot (Figure 

7.13b). Together with the particle modal size distribution in Fraction 7 and Fraction 8 around 

200nm (Figure 7.13d & 7.13e), we confirmed the isolation of EVs with minimal protein 

contaminants co-isolated. 

7.4.11. IFN-γ Stimulation Resulted in Co-isolation of Lipoprotein 

With the successful isolation of EVs from HMEC-1 at basal levels, we next sought to characterise 

EVs isolated under constant IFN-γ stimulation. As indicated in Figure 7.14a, EVs isolated from 4× 

T175 flasks HMEC-1 under basal conditions showed similar profiles in Figure 7.13c, demonstrating 

reproducibility of the EV generation in vitro. At similar scale however, cells stimulated with   IFN-

γ showed reduced capacity for EV production (Figure 7.14b) whilst three times higher peak 

protein eluted at Fraction 15 when compared to the controls. This is in part due to reduced 

proliferative capability as a result of IFN-γ stimulation (Lee et al., 2021). Next, 10μg of total protein 

from either cell lysates or EV Fraction 7 were resolved to characterise EV purity and enrichment 

of canonical EV markers. While EVs isolated under basal conditions and stimulation with IFN-γ 

showed the lack of cellular contaminant as indicated by calnexin, a reduced reactivity in TSG101 

was observed in the stimulated cells compared to the controls, confirming the total particle 

estimation (Figure 7.14c). Furthermore, whilst the electron micrograph from the control HMEC-1 

showed typical EV morphology (Figure 7.14d), the IFN-γ stimulated HMEC-1 showed co-isolation 

of contaminating lipoprotein (Figure 7.14e, red arrows). 
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Figure 7.13 Characterisation of HMEC-1 EVs.  
Conditioned media from HMEC-1 cultured in serum free condition was harvested and subjected to centrifugation to remove cellular debris and microvesicles. 
Subsequently, culture media was concentrated on an Amicon filter and purified via size exclusion chromatography. a) Electron micrograph showed typical cup-shape 
morphology of EVs. b) Western blot analysis of EVs with corresponding cell lysate for EV markers CD9, CD63, TSG101, HSP70 and ER marker calnexin. c) Combined plot 
showing enrichment of EVs in Fractions 7 and 8 from the size exclusion chromatography with minimal protein contamination co-eluted as determined by Nanodrop™. 
Particle concentration and modal size of d) fractions 7 and e) 8 indicating majority of the EVs eluting at fraction 7. Data shown represents the pooled EVs from n= 4×T175 
flask of cultured HMEC-1. Scale bar = 100nm. 
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7.4.12. EVs Isolated from HLA-DR Transduced HMEC-1 did not Show Contaminating Lipoprotein 

Lipoprotein contaminated EV isolates not only skews particle and total protein quantification but 

can also negatively impact on the functional studies using isolated EVs (Busatto et al., 2022). 

Previously, it was reported that HMEC-1 cells transduced with HLA-DR constitutively express MHC 

class II on cell surface under basal conditions (Taflin et al., 2011). We found 68% of the cell 

population showed HLA-DR expression under basal condition (Figure 7.15a). To determine if the 

HLA-DR expression would also be on the surface of the EVs derived from these cells, EVs were 

isolated from 4× T175 flasks. EVs isolated from the conditioned media were found to be enriched 

within Fraction 7 and Fraction 8 while maintaining similar protein enrichment profiles from the 

size exclusion chromatography (Figure 7.15b). Furthermore, electron microscopy showed isolated 

EVs with typical cup-shaped morphology without the presence of contaminating lipoprotein 

(Figure 7.15c) and the size distribution in both EVs fraction as less than 200nm (Figure 7.15d and 

7.15e). Finally, we confirmed the overall purity of the EV isolates using western blot and showed 

enrichment in EV markers while being negative for cellular contamination (Figure 7.15e). Surface 

marker assessment also confirmed the isolates to be enriched for EV markers and negative for 

cellular contaminant (Figure 7.15f). 
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Figure 7.14 Comparisons of EVs isolated under basal or IFN-γ stimulation.  
EVs were isolated from conditioned media from HMEC-1 cells cultured under basal or IFN-γ stimulation. Majority of the EVs eluted from fraction 7 and fraction 8 of the 
size exclusion chromatography in both a) untreated HMEC-1 and b) IFN-γ stimulated HMEC-1 while proteins present within the media eluted from fraction 10 onwards 
in both conditions. c) 10µg of total protein from fraction 7 EV isolates or accompanying cell lysate was loaded onto a western blot and detection for EV marker TSG101 
and ER marker calnexin. Reduced TSG101 signature was detected in EVs derived from IFN-γ stimulated HMEC-1 cell. Electron micrograph of EVs from HMEC-1 under d) 
basal or e) IFN-γ stimulated HMEC-1. Contaminating lipoprotein was highlighted by the red arrows. Data shown represents the pooled EVs from n= 4×T175 flask of 
cultured HMEC-1. Scale bar = 100nm. 
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Figure 7.15 Characterisation of EVs isolated from HLA-DR transduced HMEC-1.  
EVs were isolated from conditioned media from HLA-DR transduced HMEC-1. a) Flow cytometry analysis of the cells showing high expression of HLA-DR on cell surface 
under basal conditions. b) EVs were highly enriched in Fraction 7 and Fraction 8 while most of the protein in the conditioned media eluted from Fraction 10. c) Electron 
micrograph showing EVs isolated with the typical cup-shaped morphology. Modal size distribution of d) Fraction 7 and e) Fraction 8 were less than 200nm, confirming 
that the isolation was enriched for EVs. f) Western blot analysis of the EVs and cell lysate showing enrichment in EV markers CD9, CD63, TSG101, HSP70 while absence 
of calnexin confirmed isolation free of cellular contamination. Data shown represents the pooled EVs from n= 4×T175 flask of cultured HMEC-1. Flow cytometry data 
representative of n=3 replicates. Scale bar = 100nm. 
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7.4.13. HLA-DR is present on EVs derived from HLA-DR transduced HMEC-1 

EV surface marker expression was next characterised using the MACSPlex kit (Koliha et al., 2016). 

Cells transduced with HLA-DR showed a fifteen-fold increase in the normalized MFI expression 

for MHC class II when compared to the wild-type HMEC-1 derived EVs (Figure 7.16) while 

maintaining comparable expression profiles of other surface markers. Even though IFN-γ 

stimulation resulted in co-isolation of lipoprotein with the EVs, the MACSPlex kit utilises 

tetraspanins enriched in EVs for the signal detection, hence surface marker profiling is still 

possible. As indicated in Figure 7.16, EVs derived from IFN-γ stimulated HMEC-1 resulted in 100 

fold increase in class II MHC expression on the EVs. Furthermore, we also observed increased 

expression in the endothelial enriched markers CD29 and CD105 as well as co-stimulatory 

molecules CD40. 

 

Figure 7.16 Surface marker characterisation of EVs.  
EVs derived from wild-type and HLA-DR transduced HMEC-1 cell was characterised using the Miltenyi MACSPlex 
exosome kit. Surface marker expression on wild-type and HLA-DR transduced HMEC-1 showed similar profiles but 
only EVs derived from transduced cells show elevated class II MHC expression. IFN-γ stimulation resulted in 
upregulation of endothelial markers as well as increased class II MHC expression. Expression of surface markers are 
indicated as MFI normalised to the tetraspanins. Data shown represents n=1 for the characterisation. 

 

 

 

 

C
D

9

C
D

6
3

C
D

8
1

C
D

4
5

C
D

1
c

C
D

2
0
9

C
D

6
9

C
D

2
5

C
D

3

C
D

4

C
D

8

C
D

2

C
D

5
6

C
D

1
9

C
D

2
0

C
D

2
4

C
D

1
1
c

C
D

1
4

C
D

4
1
b

C
D

4
2
a

C
D

4
0

C
D

8
6

C
D

4
4

C
D

3
2
6

C
D

3
1

C
D

1
0
5

R
O

R
1

C
D

1
4
2

S
S

E
A

-4

C
D

2
9

C
D

4
9
e

C
D

6
2
P

C
D

1
3

3
/1

M
C

S
P

C
D

1
4
6

H
L

A
-A

B
C

H
L

A
-D

P
D

Q
D

R

0

10

20

30

50

75

100

125

150

N
o
rm

a
lis

e
d
 M

F
I

Wild-type

HLA-transduced

Immune cellsTetraspannins Adhesion/
Glycoprotein

Non-Immune cells

IFN-γ stimulated



138 
 

7.5. Discussion 

EVs have been shown to potentiate allorecognition by decorating recipient dendritic cells with 

donor MHC molecules and thereby triggering immune cell activation (Marino et al., 2016, Ono et 

al., 2018, Hughes et al., 2019, Zeng et al., 2021), highlighting a novel function for these 

extracellular organelles. Understanding the molecular mechanisms and cellular processes 

underpinning this allorecognition mediated by immune cell cross-dressing could therefore 

provide a new avenue for clinical intervention to reduce allograft rejection.  

The work from this chapter identified an alternative paradigm with regards to semi-direct 

allorecognition. As opposed to the bulk of the existing literature, we explored the possibility of 

EVs released by the allograft prior to implantation and how this could provide an initial immune 

cell priming of the recipient immune system upon transplantation. Firstly, EVs were successfully 

isolated from renal allograft effluent collected from the microvasculature. Furthermore, we also 

observed a difference in the total number of EVs isolated from DCD allograft compared to living 

donor allografts (Figure 7.3). 

Deceased donor allografts tend to experience a longer warm and cold ischemic time compared 

to living donor kidneys. In addition, an initial insult precedes the allograft retrieval from the 

deceased donor; catecholamine storm in DBD allografts or an extended uncontrolled warm 

ischemic time in DCD allografts. This damages cells in the kidneys (Kamińska et al., 2016), altering 

metabolic state (Erp et al., 2018, Erp et al., 2020) and promoting a hyper-inflammatory and hyper-

coagulative phenotype (Akhtar et al., 2016). While cold static storage of the allografts reduces 

cellular metabolism, it is now understood that cells remain bioenergetically active and cellular 

processes do not come to a complete halt (Ali et al., 2021). Hence the substantially longer CIT 

from deceased donor allografts can result in the increased EVs isolated. What was not addressed 

in our work was whether the other confounding factors between allograft categories can 

contribute to the differences observed within our cohort. 

Secondly, we identified enrichment of MHC class II molecules from the isolated kidney effluent 

EVs (Figure 7.5). In antigen presenting cells (APCs), loading of MHC class II molecules with antigen 

occurs in the MHC class II-containing compartment (MIIC). The MIIC compartment localise with 

the multivesicular bodies before trafficking to the cell surface or secreted as vesicles (Raposo et 
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al., 1996, Roche and Furuta, 2015). Under inflammatory conditions, activated endothelial cells 

can become semi-professional APCs (Amersfoort et al., 2022). Indeed, our initial hypothesis was 

that the bulk of EVs we isolate from the microvasculature must come from endothelial cells. 

However, our current finding identified EVs expressing multiple immune cell markers. These likely 

would have been released by tissue resident immune cells into the luminal surface of the 

microvasculature or via a breach in the endothelium layer as a result of the ischemic damage 

(Kramer et al., 1999) . Interestingly, live imaging of zebrafish has provided first evidence of EVs 

interacting with endothelium and subsequent transmigration across the endothelial cells into the 

stromal tissue (Verweij et al., 2019).  

Several surface markers were also identified to be differentially expressed across the allograft 

categories. This includes MHC class II, which was increased in deceased donor allografts 

compared to allografts from living donors. Pre-existing literature on organ transplantation has 

solely focused on MHC class I cross-dressed dendritic cell activating cytotoxic CD8+ T cells and 

resulting in acute rejection in allografts (Marino et al., 2016, Ono et al., 2018, Hughes et al., 2019, 

Zeng et al., 2021, Mastoridis et al., 2020). Whether cross-dressing recipient dendritic cells with 

donor MHC class II could lead to CD4+ T cell activation remains to be determined, but work in 

mice has shown that blockade of endothelial MHC class II expression can indeed mitigate acute 

rejection (Abrahimi et al., 2016).  

In addition, CD29 and CD105 showed significantly higher expression in EVs from deceased donor 

allografts (Figure 7.6). These surface markers are highly expressed on endothelial cells and 

thereby supporting the hypothesis that the allograft endothelium from deceased donors is 

activated to a greater extent compared to that of living donors. Furthermore, when dimension 

reduction algorithms were applied to the cohort, tight clustering of DCD donors were observed 

and was identified to be driven in parts by CD105 and MHC class II (Figure 7.8).  

To determine whether endothelial cells can indeed produce MHC class II high EVs, we attempted 

to recapitulate this in vitro. However, this proved to be difficult as there is no good endothelial 

cell model derived from the kidneys. This was also complicated by the heterogeneity within the 

renal endothelial cell population with their highly specialised roles (Dumas, 2020). Furthermore, 

cultured endothelial cells express MHC class II in response to interferon-γ stimulation (Figure 
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7.12). When we attempted to isolate EVs from the stimulated endothelial cells, we observed co-

isolation of lipoprotein contaminants, making downstream applications difficult. Instead, utilising 

HMEC-1 expressing constitutive HLA-DR, we showed the presence of MHC class II expression on 

their EVs. Yet, this model is unable to fully recapitulate endothelial cells under inflammatory 

conditions, and hence whether the levels of MHC class II expression would be higher remains 

undetermined in this study. 

CD9 and CD63 were also identified to be differentially expressed between donor allograft 

categories. These tetraspanins are ubiquitously expressed in EVs from all cell types (Niel et al., 

2018). However, the current assay is unable to pinpoint exactly which cells contribute to the 

altered expression across categories. Therefore, we are unable to draw any concrete conclusions 

from this observation. Platelets and platelet derived EVs have been shown to express high levels 

of CD41b and CD42a (Małgorzata S. Małys, 2023). This significantly higher detection within the 

living donor compared to the deceased donor category could be due to technical limitations as 

the vasculature of living donors receives reduced flushing relative to the deceased donor 

allografts. 

Finally, alongside the surface proteome profiling, we also attempted to identify differences in the 

RNA cargo across the allograft categories. Our initial Bioanalyzer trace indicated that the majority 

of the RNA detected were less than 200 nucleotides. This suggests that the EVs are enriched with 

small non-coding RNA. The limited quantities of RNA isolated, however, limited our utilisation of 

conventional sequencing to determine the cargo contents. Instead, we based our methodology 

on a recent published paper showing high sensitivity of the nCounter® platform from Nanostring 

for miRNA derived from EVs (Crossland et al., 2023). While we managed to detect miRNAs in all 

our samples, we did not show enrichment of miRNA across allograft categories. This can be 

explained in part due to the likely heterogenous origin of the EVs as indicated by the surface 

marker expression. Coupled with the cell type specific expression of miRNA (Simonas Juzenas, 

2017) and selective loading of miRNA into the EVs (Garcia-Martin et al., 2021), the identification 

of common miRNA profiles proved to be challenging. 

In this current study, we focused on the isolation of EVs from the allograft microvasculature prior 

to transplantation and identified surface markers that can distinguish between donor groups.  The 
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characterisation using the commercial kit however did not account for the co-expression of 

various surface markers on a single EV. While there is a shift in the paradigm towards high 

throughput single EV analysis to decipher the heterogeneity present within a bulk EV population 

(Lersner et al., 2022, Joshua A. Welsh, 2023), the small size still limits the overall number of 

surface markers one can co-detect without generating excessive noise. Furthermore, EVs have 

also been shown to play roles in sensitisation of recipients to neoantigens (Dieudé et al., 2015), 

induction of allograft tolerance (Pêche et al., 2006) and the possibility of non-invasive biomarkers 

(Vallabhajosyula et al., 2017, Sedej et al., 2022) which are not discussed in our work. Additionally, 

whether the high MHC class II expressions would be maintained following reperfusion injury 

remains to be addressed. 

What the field is starting to understand is that biomolecules sorting and expression on EVs is a 

highly regulated process which could confer survival advantage to the parent cells (Sebastian 

Rühl, 2018, Lamiaa El-Shennawy, 2022) under inflammatory conditions. These MHC high EVs are 

likely to potentiate a rapid amplification of immune response in order to allow clearance of the 

trigger. This mechanism, in the context of transplantation, may become a hinderance as we 

identified the possibility for these EVs to trigger allorecognition. 
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8. Discussion, Limitations and Future Directions 

8.1. General Discussion 

Organ transplantation is currently the gold standard of care for patients with end stage organ 

failure. However, widespread utilisation is currently limited by several factors, including the 

disparity between donors and recipients, organ quality, organ damage associated with ischemia 

reperfusion injury (IRI) and management of chronic allograft rejection post-transplantation. While 

a variety of trials have been tested to circumvent damage brought on by IRI, none have been 

translated into routine clinical practice (Eltzschig and Eckle, 2011). Therefore, this highlights a 

knowledge gap in the current understanding of IRI’s complex pathophysiology.  

The biphasic nature of IRI begins with the initial of ischemia, activating cellular adaptation to the 

nutrient depleted, hypoxic environment. Extended ischemia however renders the allografts to be 

highly inflammatory due to the perturbed redox balance, damaging the stromal cells and resulting 

in the release of cytokines and chemokines. This prolonged ischemia induces a highly 

inflammatory environment and in turn, primes and exacerbates the inflammatory responses 

during reperfusion.  

CXCL8 is one such chemokine released during ischemia (Fisher et al., 2000), which drives the rapid 

recruitment and localisation of neutrophils during inflammation. While several mechanisms have 

been shown to regulate this chemokine (Darbonne et al., 1991, Basran et al., 2013), resolution of 

CXCL8 in the inflammatory environment have yet to be fully characterised.  

Reactive nitrogen species (RNS) modifying chemokines have been previously reported in vitro 

(Sato et al., 2000a, Sato et al., 2000b, Sato et al., 2000c, Janssens et al., 2016) and in vivo (Barker 

et al., 2017, Molon et al., 2011), resulting in altered function to the native protein. Therefore, we 

hypothesised that during inflammation, high levels of CXCL8 and RNS would result in CXCL8 

nitration. Firstly, we showed that exposure of CXCL8 to peroxynitrite donor in vitro resulted in 

nitration of the single tyrosine residue albeit with a relatively low yield. However, using peptide 

synthesis, we generated nitrated CXCL8 for functional testing. Neutrophil migration was found to 

be impaired by nitration due to the reduced glycosaminoglycan binding and impaired signaling 

through cognate receptors CXCR1 and CXCR2.  
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To confirm that this modification is biologically relevant, we utilise bronchoalveolar lavage 

samples (BAL) from patients with ventilation associated pneumonia (VAP), which was reported to 

have high levels of CXCL8 (Hellyer et al., 2015, Hellyer et al., 2020). Immunoprecipitation indicated 

the presence of nitrated CXCL8, which was further confirmed with an antibody raised specifically 

against nitrated CXCL8. Finally, utilising targeted proteomics (Metzemaekers et al., 2021), we 

identified various modifications of CXCL8, including nitrated CXCL8. Furthermore, a highly 

truncated form of CXCL8 was identified through the targeted proteomics analysis. Interestingly, 

this 10-77 amino acid CXCL8 that was the most abundant proteoforms identified and was 

previously reported to be non-functional. (Clark-Lewis et al., 1991). Collectively, this chapter 

identified various post-translationally modified CXCL8 within inflammatory milieu and we reason 

that these is a mechanism to resolve CXCL8 induced inflammation. 

Another hallmark of ischemia is the induction of hypoxic response, predominantly driven by 

hypoxia inducible factor (HIF) signaling. While this oxygen sensing mechanism is ubiquitous across 

all cell types, there are however divergent responses driven by the preference for HIF isoforms, 

resulting in cell specific adaptations to hypoxia (Lau et al., 2007, Hu et al., 2007). Within the 

kidneys, much of the ischemic models and studies have focuses on the genotypic and phenotypic 

changed in the tubular epithelium (Kuo et al., 2021, Liu et al., 2017). However, the cellular 

composition of the kidneys is extremely complex, and the response of other cell types to hypoxia 

is less well-defined. Hence, in Chapter 6, we sought to profile the miRNA and mRNA of the 

glomerular endothelium in response to hypoxia. 

Firstly, glomerular endothelial cells (HGEnCs) were cultured in 1% oxygen to mimic hypoxia over 

the span of 24 hours and profiled the temporal changes to both the miRNA and mRNA expression. 

We observed upregulation of only miR-210-3p in HGEnCs, with expression kinetics congruent with 

other cells profiled previously (Huang et al., 2009). miR-210-3p was also identified to be the most 

ubiquitously regulated miRNA by hypoxia due to the presence of hypoxia response element and 

plays an essential role in hypoxia adaptation (Kulshreshtha et al., 2007). Interesting, we showed 

a longer miR-210-3p half-life than previously reported (Fasanaro et al., 2008), with stable 

expression for up to 2 days post re-oxygenation. 
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The miR-210-3p induction in renal tubular epithelial cells (PTECs) was also higher when we 

compared to HGEnCs, and this difference is driven by endothelial HIF-2α dependence 

(Bartoszewski et al., 2019) while miR-210-3p transcription showed a preference for HIF-1α (Huang 

et al., 2009). Additionally, differential mRNA targeting was observed between HGEnCs and PTECs. 

ISCU, the putative target was downregulated by miR-210-3p in PTECs but not in the conditionally 

immortalised glomerular endothelial cells (ciGEnCs) under hypoxic conditions. Instead, through 

integrated miRNA-mRNA analysis, we identified and confirmed HIF1A and TFRC as targets of miR-

210-3p in the ciGEnCs. The implications to metabolic functions of miR-210-3p overexpressing 

ciGEnCs was also assessed. We identified an increase in overall glycolysis whilst mitochondrial 

respiration remained unaltered. This was also confirmed by the mitochondria ultrastructure 

analysis with no gross alteration observed as previously reported in other cell types (Puisségur et 

al., 2010). Since endothelial cells predominantly utilise glycolysis for energy generation (Bock et 

al., 2013), we reasoned that this increased glycolysis would account for a disparate response to 

kidney ischemia and subsequent adaptation to reperfusion. 

Finally, extracellular vesicles (EVs) have been identified to be released by cells under all conditions 

and they are thought to reflect the parental cell state. There has been growing evidence in pre-

clinical models suggesting that allograft derived EVs can induce allorecognition through a semi-

direct presentation (Marino et al., 2016, Ono et al., 2018, Hughes et al., 2019, Mastoridis et al., 

2020, Prunevieille et al., 2020, Zeng et al., 2021). Whether these EVs are released during ischemia 

or reperfusion phase of IRI remains undetermined. Hence, in Chapter 7, we sought to determine 

the presence of EVs in the microvasculature of human renal allografts.  

The microvasculature of renal allografts was flushed, and we confirmed the presence of EVs 

within these effluents. Additionally, we showed that effluents from donation after circulatory 

death (DCD) donors have higher absolute counts of EVs, and a significant positive correlation was 

also identified. Upon profiling of these EV surface proteome, we identified a large repertoire of 

markers expressed on these EVs. Most prominently, major histocompatibility complex (MHC) 

class II expression was higher in deceased donors compared to living donors. This provided the 

first indication that some of these EVs that can result in cross-dressing of recipient antigen 

presenting cells are generated during the allograft ischemic phase. Furthermore, we also 

attempted to profile the miRNA cargoes of these EVs albeit unsuccessful due to the low quantities 
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isolated. Finally, we showed the possibility of generating endothelial derived EVs expressing high 

levels of MHC class II expression, laying the path to uncover the possibility of endothelial EV to 

driving allorecognition. 

In conclusion, the work across the three chapters highlighted the complexity of ischemia, 

involving multiple cellular processes and adaptations which can lead to desirable or undesirable 

outcomes post-transplantation. We showed nitration and truncation of CXCL8, which can lead to 

resolution of inflammation. We also showed a divergent adaptation by glomerular endothelium 

to hypoxia, which requires additional work to determine the implications. Finally, EVs released by 

the allograft during ischemia can potentiate allorecognition.  
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8.2. Limitations of Study and Future Directions 

In Chapter 5, we showed the presence of nitrated CXCL8 in the BAL samples from patients with 

VAP. Initial work set out to develop an in-house ELISA to quantitatively determine the levels of 

nitrated CXL8 present within biological samples with high sensitivity. However, we were unable 

to identify an antibody pair and hence, we adapted to the use of western blot to show the 

presence of absence of nitrated CXCL8. Within the cohort of samples, only 9 out of 12 samples 

showed antibody reactivity. Whether this undetectability is a result of the assay sensitivity was 

not interrogated. In addition, the presence of nitrated CXCL8 within transplant samples remains 

undetermined, and the implication in IRI remains undetermined. 

Furthermore, while we identified a highly truncated variant of CXCL8 that has been shown to be 

non-functional, we were unable to identify the mechanism behind the generation of this 

proteoform. Whether the production of this non-functional form of CXCL8 is a result of 

transcriptional or translational regulation remains to be determined, but previous work profiling 

CXCL8 proteoforms in synovial fluid did not identify this highly truncated form of CXCL8 

(Metzemaekers et al., 2021). Therefore, several key questions remain to be answered: 

• Identification of mechanism responsible for the generation of 10-77 amino acid length 

CXCL8. 

• Determine the presence of nitrated CXCL8 in transplant biofluid: perfusate from ex vivo 

perfusion, BAL from lung transplantation.  

In chapter 6, we focused on the transcriptomic changes in glomerular endothelium cultured 

under hypoxic conditions, showing upregulation of a single miRNA, miR-210-3p. The use of a 

relatively small sample size for the transcriptome study is one potential limiting factor behind the 

identification of other miRNAs differentially regulated. In particular, the miR-210-3p expression 

in tubular epithelial cells was highly variable across biological donors. Furthermore, in vitro 

cultured cells do not fully recapitulate the environment in vivo, hence, whether these findings are 

translatable to the conditions in vivo remains to be determined. Furthermore, while we showed 

targeting of transferrin receptor 1 (TfR1) by miR-210-3p, we did not fully understand the overall 

functional implication in aspects of iron regulation in the cells. Further work can therefore provide 

insights into the regulation of glomerular endothelium cells in kidney ischemia: 
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• Inhibit miR-210-3p expression and assess the TfR1 expression. 

• Assess the ferroptotic capability between miR-210-3p overexpressing compared to wild-

type cells. 

• IRI mice model with wild-type and miR-210-3p knockout mice and compare the kidney 

function and tissue histology. 

• Assess TfR1 and miR-210-3p expression in human kidney biopsies. 

In chapter 7, we have robustly shown EV release by allografts during ischemia. While the initial 

hypothesis was to identify the presence of miR-210-3p within the effluents isolated from renal 

allografts. Nanostring® analysis however did not detect robust signature of this miRNA. Hence, to 

ensure full utilisation of these EVs isolated from this unique biofluid, a natural extension of the 

project was to characterise the surface proteome. This eventually led to the identification of EVs 

from DCD allografts showing a unique protein signature that can possibly allude to semi-direct 

allorecognition in the transplant process. However, further mechanistic study is necessary, but 

this chapter also laid the groundwork by showing that in vitro modeling of endothelial cells can 

give rise to EVs with similar expression profiles. Additional work listed below is necessary to 

comprehensively show semi-direct allorecognition by these endothelial derived EVs: 

• Constitutive express class II transactivator (CIITA) in endothelial cells with fluorescently 

tagged MHC class II and isolate EVs. 

• Transfer isolated EVs to PBMCs with mismatched MHC class II. 

• Single EV flow cytometry to show co-expression of endothelial marker with MHC class II. 
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