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ABSTRACT
Ten percent of the world have chronic kidney disease (CKD). In some patients, CKD
can be catastrophic, leading to end stage kidney disease (ESKD), requiring lifelong
dialysis or kidney transplant. Identification and analysis of molecules that can halt the
progression of CKD to ESKD has the potential to save lives. The glomerulus is the
site of the kidney, where the blood is filtered to produce urine. The glomerular
filtration barrier consists of endothelial cells, a basement membrane and podocytes,
epithelial cells with a unique shape maintained by the actin cytoskeleton. Damage to
the structure of podocytes, is a significant contributing factor to CKD progression,
and disorganisation of the podocyte cytoskeleton is a key factor associated with
podocyte damage. Thymosin b4 (TB4) is the major G-actin sequestering molecule in
mammalian cells and it regulates cell morphology, inflammation, and fibrosis. TB4
has beneficial effects in rodent models of kidney injury, including protection of the
glomerulus, but the effect of exogenous TB4 on podocytes is currently unknown. The
aim of this thesis was to examine the effect of exogenous TB4 in cytotoxic and
immune mediated podocyte injury models. Podocyte injury induced by the toxin
Adriamycin (ADR) resulted in downregulation of the mRNA transcript for TB4 in
podocytes. Examination of the F-actin cytoskeleton in mouse immortalised
podocytes by phalloidin staining demonstrated that exogenous TB4 completely
prevented ADR-induced F-actin disorganisation in vitro, a key factor in glomerular
filtration barrier damage in vivo. The effect of exogenous TB4 was then examined in
ADR nephropathy and nephrotoxic serum (NTS) nephritis in mice. Systemic
upregulation of TB4 was achieved by recombinant adeno associated virus (AAV)
mediated gene delivery prior to disease induction. Exogenous TB4 prevented
damage to the glomerular filtration barrier, shown by reduced urine levels of albumin,
in ADR nephropathy and early NTS nephritis. This was most likely due to prevention
of podocyte loss, protection of glomerular F-actin in ADR nephropathy, and
suppression of inflammation in NTS nephritis, as determined by light and fluorescent
microscopy. In summary, this thesis has provided strong evidence that exogenous
TB4 is a beneficial molecule in the context of glomerular and podocyte injury. In the
future, it is hoped that use of exogenous TB4 can translate to human physiology and
be developed as a therapeutic strategy to alleviate the progression of CKD to ESKD.
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Chapter 1: General introduction
Structure and function of the kidney
1.1.1 What do the kidneys do?
The kidneys are two bean shaped organs located in the upper abdomen of most
vertebrates (Figure 1.1a) (Ditrich 2007). Each adult human kidney measures
between 12.4 – 13.7 cm in length and weighs between 81 – 176 g (Moëll 1956;
Molina and DiMaio 2012). The kidneys are vital for homeostasis, excreting unwanted
substances from the blood by filtering up to 180 litres of blood per day, whilst
conserving those substances that are required for healthy physiology (Shoskes and
McMahon 2012). The ultrafiltration of the blood is considered their main
responsibility, however the kidneys also produce erythropoietin to stimulate red
blood cell production (Zhou and Sacks 2001), renin which maintains sodium balance
and blood pressure (Castrop et al. 2010), calcitriol to modulate bone homeostasis
(Gallagher, Rapuri, and Smith 2007) and gluconeogenesis during fasting (Stumvoll
et al. 1998). The kidneys contain nerves from both the autonomic and somatic
nervous system to tailor their function to the body’s current requirements (Shoskes
and McMahon 2012).
1.1.2 Blood filtration and reabsorption by the nephron
Uninterrupted and regulated blood flow is critical for proper kidney function. The
kidneys regulate the composition of the blood plasma by filtration, secretion and
reabsorption of molecules (Pocock and Richards 2009). Blood enters the kidney via
the renal artery at the hilus, which branches into arcuate arteries distributed in the
outer medulla. The arcuate arteries branch into cortical radial arteries, then afferent
arterioles that enter the glomerulus, which supply nephrons (Shoskes and McMahon
2012). Nephrons are the functional unit of the kidney and are responsible for the
filtration of blood and production of urine (Figure 1.1b) (Bertram et al. 2011). The
nephron is composed of 5 main components: renal corpuscle; proximal convoluted
tubule; loop of Henle; distal convoluted tubule and the collecting duct (Shoskes and
McMahon 2012).

1

The renal corpuscle is where blood enters the nephron and is the site of ultrafiltration
(Deen et al. 1972). The renal corpuscle is composed of the Bowman’s capsule (lined
by parietal epithelial cells), afferent and efferent arterioles and the glomerular tuft.
The glomerular tuft contains a complex network of capillaries, mesangial cells, the
glomerular basement membrane (GBM) and glomerular epithelial cells called
podocytes (Mueller, Mason, and Stout 1955). Ultrafiltration of the blood occurs
across the glomerular filtration barrier, which is comprised of the capillary endothelial
cells, the GBM and podocyte foot processes (Figure 1.2a). Small (<40 nm),
positively charged molecules are forced through the glomerular filtration barrier into
the urinary space to form the ultrafiltrate (Pocock and Richards 2009; Shoskes and
McMahon 2012). Examples of such molecules are, glucose, amino acids, water,
sodium and calcium ions (Wartiovaara et al. 2004). Molecules that are larger than 40
nm and negatively charged, such as albumin, are not filtered in healthy glomeruli (G.
W. Liu et al. 2018; Rodewald and Karnovsky 1974). Neutrally charged molecules
smaller than 40 nm are also freely filtered through the glomerular filtration barrier
(Miner 2008). The ultrafiltrate exits the renal corpuscle via the proximal convoluted
tubule (Pocock and Richards 2009; Shoskes and McMahon 2012).
The glomerular capillaries re-join to form the efferent arteriole through which the
filtered blood exits the renal corpuscle. The efferent arteriole branches into
a

b
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Figure 1.1 – Macro and microstructure of the kidney. Diagram to illustrate the different
parts of the kidney responsible for the ultrafiltration of the blood. The diagram shows (a) the
whole kidney and (b) a single nephron. Black dashed line indicates cortex-medullary
boundaries. C, Cortex; M, Medulla; RP, Renal Pelvis; U, Ureter; RA, Renal Artery; RV,
Renal Vein; G, Glomerulus; PT, Proximal tubule; PTC, Peritubular Capillaries; LH, Loop of
Henle; DT, Distal tubule; CD, Collecting duct. Original figure.
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peritubular capillaries that wrap around the tubules throughout the whole nephron
(Seldin and Giebisch 2008). The proximal convoluted tubule is one of the sites of
reabsorption of molecules back into the blood stream and is lined by thick cuboidal
cells (Curthoys and Moe 2014). Reabsorption occurs via membrane transporters or
points of passive transport on the proximal tubular cells, and molecules such as
amino acids, small positively charged proteins and peptides, glucose and salts are
reabsorbed into the blood (Shoskes and McMahon 2012). Secretion from the
peritubular capillaries allows molecules that were not filtered by the glomerulus to be
added to the ultrafiltrate. Such molecules include urea, uric acid, some forms of
drugs, and hydrogen ions (Braam et al. 1993). The ultrafiltrate is forced through the
proximal convoluted tubule lumen by hydrostatic pressure to the descending limb of
the loop of Henle in the medulla (Vallon et al. 2011).
Secretion and reabsorption also occur in the loop of Henle, which is located in the
renal medulla and split into two components, the thin descending limb followed by
the thick ascending limb (Seldin and Giebisch 2008; Shoskes and McMahon 2012).
The squamous epithelial cells of the thin descending limb allow water to be
reabsorbed to concentrate the ultrafiltrate, and urea to be secreted from the
peritubular capillaries (Kokko 1970). When the ultrafiltrate reaches the thick
ascending limb, ions, such as sodium, potassium and chlorine are reabsorbed into
the blood stream while the ultrafiltrate travels to the distal convoluted tubule. The
thick ascending limb is impermeable to water, therefore the ultrafiltrate becomes
more dilute the further it travels (Mount 2014).
The thick ascending loop of Henle travels back to the renal cortex before becoming
the distal convoluted tubule. The distal convoluted tubular epithelial cells are
cuboidal and the lumen loops back on itself several times in the cortex (Pocock and
Richards 2009). Once again, the ultrafiltrate undergoes reabsorption and secretion,
where sodium and chlorine ions and water leave the ultrafiltrate to re-join the blood
stream, and hydrogen and potassium ions leave the blood stream (Elalouf, Roinel,
and de Rouffignac 1984). The distal convoluted tubule then becomes the collecting
duct. The peritubular capillaries drain into stellate veins, cortical radial veins and
arcuate veins before leaving the kidney via the renal vein (Pocock and Richards
2009). The collecting duct lumen is much wider than the tubular lumen in diameter
3

and travels deep into the kidney medulla (Shoskes and McMahon 2012). When the
ultrafiltrate travels through the medulla, water is reabsorbed into the blood stream
through aquaporin II channels to concentrate the urine (Deen, Van Balkom, and
Kamsteeg 2000). The collecting duct joins the minor and major calyces in the renal
pelvis, where it pools the urine produced by all nephrons. The kidneys are connected
to the bladder by a duct called the ureter, which transports freshly produced urine to
the bladder, ready for excretion (Shoskes and McMahon 2012).

Podocytes
1.2.1 What are podocytes?
The glomerular filtration barrier is comprised of 3 components, the capillary
endothelial cells, the GBM and podocytes (Jarad and Miner 2009). Podocytes are
terminally differentiated epithelial cells that form a key component of the glomerular
filtration barrier (Reiser and Altintas 2016). They are located in the renal corpuscle
on the glomerular tuft, wrapping around the glomerular capillaries and are highly
specialised with a unique structure that facilitates their crucial role in homeostasis.
Podocytes have a cell body, that projects cellular extensions called processes, that
vastly increase their surface area, allowing individual podocytes to reach distant
areas of the glomerular tuft (Faul et al. 2007).
There are three types of podocyte processes: primary processes, secondary
processes and foot processes (Garg 2018). The primary processes are the largest of
the three types and extend from the cell body. They are crucial for podocyte
structure as they protrude many secondary processes, which can reach a large
surface area of the capillary walls (Figure 1.2b) (Pavenstädt, Kriz, and Kretzler
2003). The secondary processes are affixed to the GBM and extend along the GBM
to portions that are relatively far from the cell body. The secondary processes then
project fine foot processes, which are ultimately responsible for ultrafiltration (Faul et
al. 2007).
Podocytes are constantly subjected to a strong hydrostatic pressure of the
ultrafiltrate, so tightly regulated adherence to the GBM is crucial for glomerular
health. A recent study in rat glomeruli in vivo characterised a “ridge like process” that
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runs longitudinal to the GBM, and serves to anchor the podocyte cell body and
primary processes to the GBM (Ichimura et al. 2019). The discovery and
characterisation of the sub-podocyte space (Arkill et al. 2014; Neal et al. 2005)
suggests that the cell body is “floating” in the urinary space and that podocytes
adhere to the GBM through their processes. The foot processes adhere to the GBM
via expression of a3b1 integrin and a & b dystroglycan molecules that bind to laminin
or agrin in the GBM (Korhonen et al. 1990; Pozzi et al. 2008; Raats et al. 2000;
Regele et al. 2000).

Figure 1.2 - Structure and components of the renal corpuscle. (a) Diagram depicting
the key components of the renal corpuscle. (b) Enhanced view of adjacent podocyte foot
processes wrapping around GBM. (c) Lateral view of the glomerular filtration barrier.
Podocyte foot processes of differing colours represent two different podocytes.

1.2.2 Podocyte development in mice
Most experiments undertaken in this thesis were based on mouse podocytes,
therefore this section will focus on mouse podocyte development. Kidney
development initiates at embryonic day 11 in mice from 2 distinct components, the
ureteric bud and metanephric mesenchyme (Costantini and Kopan 2010). Mature
podocytes, along with epithelial cells from other nephron components, are derived
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from metanephric mesenchymal nephron progenitor cells (Kobayashi et al. 2008).
Wnt signalling from the ureteric bud causes the formation of the pretubular
aggregate, which is a cluster of nephron progenitor cells (Stark et al. 1994). The
pretubular aggregate undergoes mesenchymal to epithelial transition to form a
spherical arrangement of cells called the renal vesicle (Carroll et al. 2005; Stark et al.
1994). The renal vesicle then elongates, and the nephron progenitor cells begin to
differentiate into their respective cell types. The proximal pole starts to express
podocyte related genes, such as Wt1, MafB and Sulf1 (Brunskill et al. 2014;
Moriguchi et al. 2006; Mundlos et al. 1993). A Wnt/b-catenin activity gradient is
formed along the nephron, with the lowest b-catenin levels at the proximal pole
(Lindström et al. 2014; Yoshimura and Nishinakamura 2019). The nephron epithelia
undergo segmentation, stimulated by different strengths and durations of ureteric
bud Wnt9b signalling, to form the S shaped body which contains the precursors to
podocytes. Fully formed glomeruli can be detected at embryonic day 14.5 in mice
and it is suggested that they start to filter urine at embryonic day 16.5 – 17.5
(McMahon 2016). New-born mice have a fully formed and functioning glomerulus
(Farber et al. 2018).

1.2.3 How do podocytes filter the blood?
Podocyte foot processes are approximately 500 - 600 nm in width in humans and
200 – 300 nm in mice (Deegens et al. 2008; Wharram et al. 2000) and adjacent
podocyte foot processes interdigitate to form a slit diaphragm (SD) (Karnovsky and
Ainsworth 1972). The foot process shape is dictated by the F-actin cytoskeleton and
is critical for glomerular function (Welsh and Saleem 2012), and will be described in
detail in later sections of this introduction (1.3.3). The SD is regarded as a modified
adherens junction that allows molecules smaller than 40 nm to be filtered into the
urinary space from the blood stream, while preserving larger molecules (Figure
1.2c) (Reiser et al. 2000; Wartiovaara et al. 2004).
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Figure 1.3 – Molecular view of the SD. A diagram of some of the proteins that compose
the SD, which is approximately 40 nm wide in mice. The large blue structures are adjacent
podocyte foot processes that form the SD. The red structures are F-actin filaments that
dictate the shape of the foot processes and anchor the cell to the GBM via integrin and
dystroglycan. Original diagram.
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The foot processes contain a rich network of extracellular and intracellular SD
proteins that form homophilic and heterophilic bonds, produce signalling cascades
and maintain the size and charge selectivity of the glomerular filtration barrier
(Barletta et al. 2003; Grahammer, Schell, and Huber 2013; Khoshnoodi et al. 2003).
Nephrin was one of the first SD proteins to be discovered in the late 1990s, when it
was identified that some cases of the congenital nephrotic syndrome of the Finnish
type were due to NPHS1 mutations (Kestilä et al. 1998). This study prompted more
investigation, and a year later it was shown that nephrin belongs to the
immunoglobulin G (IgG) superfamily of cell surface receptors and plays a crucial role
in cell-cell adhesion and intracellular signalling (Lenkkeri et al. 1999).
Since then, research on nephrin, and other SD proteins, has grown exponentially.
Nephrin is linked to the actin cytoskeleton by the CD2 associated protein
(CD2AP)/Nck complex (Jones et al. 2006; Yuan, Takeuchi, and Salant 2002) and its
phosphorylation sets off intracellular signalling cascades that affect podocyte
polarity, survival, calcium mechano-signalling, membrane trafficking and actin
organisation (Martin and Jones 2018). The extracellular SD protein podocin is also
linked to the cytoskeleton via CD2AP and Nck and interacts with nephrin (Roselli et
al. 2002; Schwarz et al. 2001; Tryggvason, Pikkarainen, and Patrakka 2006).
Podocin recruits nephrin to the SD and mutations to the podocin gene
NPHS2/Nphs2 have been linked with the development of nephrotic syndrome and
decline in kidney function (Amr et al. 2020; Tabatabaeifar et al. 2017) demonstrating
the crucial role of podocin in podocyte health. There are also two proteins, known as
NEPH1 and NEPH2 which are structurally similar and are ligands to nephrin in the
SD (Gerke et al. 2003, 2005). NEPH1 and NEPH2 link to the cytoskeleton via zonula
occludens-1 (ZO-1) and membrane associated guanylate kinase, WW and PDZ
domain containing 2 (MAGI-2) (Wagner et al. 2008; Yamada et al. 2020) and
disruption of their genes results in heavy proteinuria, foot process effacement and
perinatal death in mice (Donoviel et al. 2001).
The main SD protein that is responsible for charge exclusion of the ultrafiltrate is
podocalyxin (Nielsen and Mcnagny 2009). Podocalyxin is coated in sialic acid
residues (Kerjaschki, Sharkey, and Farquhar 1984), rendering the protein negatively
charged and repelling negatively charged molecules to remain in the blood stream.
8

Podocalyxin is linked to the cytoskeleton in foot processes via the ezrin/sodiumhydrogen exchange regulatory cofactor NHE-RF2 (Nherf2) complex (Orlando et al.
2001; Takeda 2003) and it has recently been shown that schwannomin interacting
protein 1 (Schip1), a novel foot process protein first characterised in the brain, is also
a member of this complex (Perisic et al. 2015). Breakdown of this complex and
mutations in the PODXL/Podxl gene has been linked with foot process effacement,
albuminuria and development of CKD in mice and humans (Lin et al. 2019; Takeda
et al. 2001).
FAT1 and FAT 2 are intracellular protocadherin SD proteins that are essential for the
maintenance of the SD (Yaoita et al. 2005). FAT1/2 are linked to the cytoskeleton via
ZO-1 and b-catenin molecules, and it has been shown that mice lacking Fat1
experience perinatal mortality through lack of SD formation and impaired renal
function (Ciani et al. 2003). In contrast, the intercellular protein P-cadherin is not
essential for SD development and maintenance, as P-cadherin null mice showed no
renal phenotype (Radice et al. 1997). Collectively, it is clear that the SD protein
network is complex and finely tuned. There are many different molecules that form
the SD and maintain its function; however, the one common feature is the majority of
SD molecules are all linked to the actin cytoskeleton (Figure 1.3).

The actin cytoskeleton
1.3.1 What is the cytoskeleton?
There are three main types of cytoskeletal structures: microtubules, intermediate
filaments and microfilaments (Gavin 1997; Goldman et al. 1996; Hollenbeck 2001).
Their names derive from their sizes, as microtubules are thought to be 24 nm in
diameter, intermediate filaments 10 nm and microfilaments 7 nm in diameter in mice
(Franke, Grund, and Fink 1978; Kandel et al. 2017; Steinert, Jones, and Goldman
1984). Microtubules are composed of heterodimers of a and b-tubulin that form
hollow, unstable, tubular polymers from less than 1 µm to more than 100 µm in
length (Goodson and Jonasson 2018). They are highly dynamic structures that
originate in the perinuclear region of podocytes and extend to the primary processes
(Andrews 1977). Microtubules undertake roles in maintaining cell shape and can
facilitate mitosis, actuation of cilia and intracellular trafficking (Hueschen et al. 2017;
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Vladar et al. 2012; Welte 2004). Podocyte microtubules are essential for process
formation and their role in the maintenance of cell shape is crucial, as impairment of
microtubule formation results in altered podocyte morphology in vitro (Kim et al.
2010; Kobayashi et al. 1998, 2001; Mon La et al. 2020; Welsh and Saleem 2012).
Intermediate filaments are located in the nucleus and the cytoplasm of cells and form
by self-assembly (Kim and Coulombe 2007; Pinto et al. 2014). Intermediate filaments
are extremely stable and less dynamic than microtubules and microfilaments, and
intermediate filaments mainly serve to preserve cellular structure, cell signalling and
cell adhesion (Etienne-Manneville 2018). In podocytes, intermediate filaments are
localised to the primary processes and cell bodies (Drenckhahn and Franke 1988).
Intermediate filaments are heterogenous, and podocytes express three types of
intermediate filament proteins: vimentin, desmin and nestin (Zou et al. 2006).
Intermediate filaments in podocytes are thought not to be essential to process
formation, however their role in signalling and transport of intracellular cargo is
hypothesised to be important for podocyte function (Schell and Huber 2017).
Microfilaments, also known as the actin cytoskeleton, are structural cellular
formations found in most eukaryotic cell types and can mediate a variety of
functions, such as motility, polarity, adhesion and mitosis (Faul et al. 2007; Heng and
Koh 2010; Mitchison and Cramer 1996; Parsons, Horwitz, and Schwartz 2010). The
actin cytoskeleton is comprised of globular actin (G-actin) monomers which
polymerise to form filamentous actin (F-actin) (Oosawa et al. 1959). F-actin
microfilaments are polarised, as the barbed end (positive) polymerises faster than
the pointed end (negative) (Woodrum, Rich, and Pollard 1975). F-actin
polymerisation is reversible at both ends and F-actin filaments are highly dynamic
structures that undergo “treadmilling” as a form of regulation. Treadmilling is defined
as the turnover of actin filaments, where “newer” G-actin monomers join at the
barbed end and “travel” down the filament as the “older” G-actin monomers
dissociate at the pointed end. Treadmilling is mediated by a number of cellular
proteins, such as the Rho family of small GTPases, Cofilins, Profilins, and TB4 (Hall
1998; Hotulainen et al. 2005; Neuhaus et al. 1983; Sanders, Goldstein, and Wang
1992).
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1.3.2 F-actin dynamics
There are three distinct stages of actin polymerisation: activation, nucleation and
elongation (Steinmetz, Goldie, and Aebi 1997). A visualisation of actin dynamics,
including all the following proteins, is provided (Figure 1.4).
1.3.2.1 Activation
G-actin exists in the cytosol bound to actin sequestering molecules, such as
thymosin b-4 (TB4), thymosin b-10 and profilin (Yu et al., 1993; Xue et al., 2014),
and actin dynamics are controlled by ATP hydrolysis (Rould et al. 2006). TB4 is the
main G-actin sequestering peptide in the cytosol and serves to preserve a pool of Gactin that does not readily polymerise (Sanders et al. 1992). G-actin bound to ATP,
Mg2+ and TB4 is the dominant form in the cytosol (Carlier et al. 1993). However,
there are small numbers of G-actin monomers that bind to Ca2+, ADP+Pi and AMP,
which are far less stable than the dominant form (Carlier et al. 1993; A Weber et al.
1992).
TB4 and profilin maintain the cytoplasmic G-actin concentration between 20 – 100
µM, which is 200 – 1000-fold higher than the critical concentration required for actin
polymerisation (0.1 µM) (Carliers, Pantalonis, and Korns 1987; Xue et al. 2014). The
TB4-G-actin complex is incapable of polymerisation (Yu et al., 1993), therefore, there
must be an exchange of G-actin between TB4 and profilin. The profilin-G-actin
complex readily promotes G-actin polymerisation and profilin competes with TB4 for
the binding of G-actin (Goldschmidt-Clermont et al. 1992), creating a system which
can be tuned by the cell to promote or prevent polymerisation (Figure 1.4a). The
TB4-G-actin complex can readily support the formation of a ternary complex
including profilin (Goldschmidt-Clermont et al. 1992; Xue et al. 2014). This ternary
complex formation causes TB4 to undergo allosteric changes and releases the Gactin monomer to profilin (Xue et al. 2014). The profilin-G-actin complex is then
ready for polymerisation. This exchange also promotes the conversion of ADP-Gactin to ATP-G-actin, which polymerises much more readily (Goldschmidt-Clermont
et al. 1992).
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1.3.2.2 Nucleation
All actin filaments must originate from somewhere and the process of polymerisation
initiation is called nucleation. Nucleation is mediated by several actin binding
proteins, such as formins. Formins have been associated with the formation of stress
fibres, actin rings and actin cables (Miao et al. 2013; Takeya et al. 2008; Tolliday,
VerPlank, and Li 2002). Formins contain the unique FH2 domain that promote de
novo actin nucleation. Two FH2 domains from a dimer that stabilises G-actin
monomers in the cytosol, bringing them to close proximity and catalyse G-actin
dimer formation. This is a slow process, as the affinity for FH2-G-actin is low (<5
µM), however, it has been shown that the actin binding protein profilin vastly
accelerates the subsequent elongation process (Figure 1.4a) (Neidt, Scott, and
Kovar 2009; Romero et al. 2004; Yu et al. 2018). At low cellular concentrations, it
has also been shown that cofilin promotes the de novo nucleation of F-actin
filaments (Andrianantoandro and Pollard 2006; Siton and Bernheim-Groswasser
2014).
The second actin nucleation promoting molecule is the Arp2/3 complex which works
in conjunction with nucleation promoting factors, such as Wiskott-Aldrich syndrome
protein (WASP) and SCAR/WAVE (Pollitt and Insall 2009; Robinson et al. 2001;
Rouiller et al. 2008). Arp2/3 complex catalyses polymerisation of an F-actin filament
that is branched from an already existing filament (Smith et al. 2013), mimicking the
structure of G-actin to recruit 1 to 2 G-actin monomers, therefore stimulating
nucleation and polymerisation (Figure 1.4a) (Rouiller et al. 2008). The key difference
between formins and the Arp2/3 complex is the necessity of a pre-existing F-actin
filament, however, both methods of nucleation serve their own respective cellular
purposes. This form of F-actin nucleation is most commonly associated with
lamellipodia and focal adhesion formation (Suraneni et al. 2012).
1.3.2.3 Elongation
Once nucleation is complete, actin filaments readily extend at their barbed end until
the reservoir of G-actin is depleted, or capping proteins halt this extension (Atkinson,
Hosford, and Molitoris 2004; Edwards et al. 2014). Since these capping proteins are
abundant in cells, there are factors present that “shield” the barbed end of the
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polymerising filament. The nucleation factors formins use their unique donut shaped
FH2 domain homodimers to encapsulate the barbed end of the filament and move
along the growing filament to shield the barbed end from capping factors (Vavylonis
et al. 2006). The FH1 domains of formins interact with profilin with an affinity of 3.4 –
17.8 µM (Kursula et al. 2008; Neidt et al. 2009) to recruit G-actin monomers to the
barbed end of the filament, accelerating F-actin polymerisation up to 5-fold over free
barbed ends (Kovar et al. 2006; Paul and Pollard 2009), although the exact
mechanism by which this occurs is still unclear. The dissociation constant of profilin
to G-actin monomers is much lower (~0.1 µM) than F-actin (~25 µM) (Bubb et al.
2003; Courtemanche and Pollard 2013; Le et al. 2020), meaning that profilin will
dissociate from the G-actin monomers once they polymerise (Figure 1.4b).
Another polymerising factor is the Ena/vasodilator stimulated phosphoprotein
(VASP) protein family (Kwiatkowski, Gertler, and Loureiro 2003). These proteins
localise to actin-rich areas of cells, such as focal adhesions, stress fibres, cell-cell
contacts, lamellipodia and filopodia and contribute to cell motility and adhesion
(Chesarone and Goode 2009). The Ena/VASP proteins have three parts: an Nterminal EVH1 domain, a central proline-rich region and a C-terminal EVH2 domain
(Gertler et al. 1996; Kwiatkowski et al. 2003). The EVH1 domain links VASP to key
ligands, such as formins and is important for cellular localisation (Ball et al. 2002;
Bilancia et al. 2014). The central region contains at least three binding sites for
profilin-G-actin and G-actin and the EVH2 region interacts with G-actin and F-actin
(Ferron et al. 2007; Hansen and Mullins 2010; Harker et al. 2019). Ena/VASP
proteins form tetramers that bind to the profilin-G-actin complex and can protect the
growth of the barbed from capping proteins, but this requires much higher
concentrations of Ena/VASP compared to formins (Applewhite et al. 2007;
Bachmann et al. 1999; Breitsprecher et al. 2011). Formins and Ena/VASP mediated
polymerisation are currently the only two known promotors of elongation (Figure
1.4b).
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1.3.2.4 Filament capping, severing and depolymerisation
Actin filaments will polymerise indefinitely if the components are available and
therefore need to be negatively regulated. Proteins that cap the barbed end of
filaments contribute to this negative regulation. The heterodimeric a and b subunits
of CapZ form a capping protein complex that binds to the barbed end of filaments
with a high affinity (dissociation constant of ~ 1 nM) (Wegner et al. 1989). The
binding of capping protein halts the polymerisation of actin and also prevents loss of
monomers, therefore stabilising the filament (Figure 1.4c) (Yamashita, Maeda, and
Maéda 2003). Gelsolin is another molecule involved in actin capping, which relies on
intracellular Ca2+ concentration (Silacci et al. 2004). Gelsolin has two G-actin
binding domains and one F-actin binding domain and can bind to the barbed end of
the filament, breaking non-covalent bonds between actin filaments and ceasing
polymerisation (Figure 1.4c) (Feldt et al. 2019; Nag et al. 2013).
F-actin is a slow hydrolyser of ATP, therefore the ATP-G-actin monomers that
comprise the newly polymerised F-actin will mediate ATP hydrolysis to ADP + Pi the
longer they remain in the filament (Carliers et al. 1987; McCullagh, Saunders, and
Voth 2014). F-actin bound to ADP is less stable than ATP bound F-actin, so is more
likely to disassemble at the pointed end, where polymerisation is slower than the
barbed end (Isambert et al. 1995; Kardos et al. 2007; Merino et al. 2018). Actin
depolymerisation factor (ADF) and cofilin are a protein family involved in the severing
and depolymerisation of F-actin filaments (Andrianantoandro and Pollard 2006;
Bernstein and Bamburg 2010). ADF and cofilin bind to F-actin regions that contain
ADP bound monomers creating ADF/cofilin domains of the filament (Suarez et al.
2011; Wioland et al. 2017). These saturated domains become more flexible and
shorten their helical structure (Fan et al. 2013; Huehn et al. 2018; Prochniewicz et al.
2005). The saturated regions themselves do not sever, but the regions at domain
boundaries will sever and in effect, these severed filaments become their own
outright filament (Figure 1.4d) (De La Cruz 2009; Ngo et al. 2015). It is currently not
clear how these severed filaments depolymerise, and it is suggested that the
severed filaments undergo slow depolymerisation from the pointed end (Figure
1.4d) (Brieher 2013), although cofilin/ADF is potentially involved in this process as it

14

Figure 1.4 – Schematic of actin dynamics in eukaryotic cells. Diagram depicting the
stages of actin treadmilling. (a) Activation and nucleation. G-actin exists in cells sequestered
by TB4. Profilin binding initiates activation and nucleation via either Formins or the Arp2/3
complex. (b) Elongation occurs after nucleation. F-actin filaments polymerise de novo from
G-actin monomers catalysed by formins or the Arp2/3 complex. (c) F-actin filaments are
capped by either gelsolin or capping proteins. (d) Severing of F-actin occurs via cofilin/actin
depolymerising factor (ADF) and depolymerisation occurs naturally from severed filaments.
Black lines indicate movement of G-actin. Dashed line indicates detachment of F-actin/Gactin. Original diagram.
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has been shown in vitro that cofilin/ADF knockout leads to a reduction in the G-actin
: F-actin ratio (Hotulainen et al. 2005).

1.3.2.5 Rho GTPases
The Rho family of small GTPases includes RhoA, Cdc42 and Rac1 and performs
several essential cellular functions, such as cytoskeletal organisation, regulation of
cell shape and motility (Etienne-Manneville and Hall 2002; Hanna and El-Sibai 2013;
Kim et al. 2018; Sit and Manser 2011). The Rho GTPases cycle between two states;
the active state bound to GTP and the inactive state bound to GDP. The active state
recognises target proteins, such as Rho-associated protein kinase-1 (ROCK1) and
ROCK2 to generate a cellular response until GTP hydrolysis to GDP returns the
GTPases to their inactive state (Etienne-Manneville and Hall 2002).
1.3.3 The podocyte cytoskeleton
The podocyte cytoskeleton is extremely complex and critical for glomerular function
(Blaine and Dylewski 2020; Schell and Huber 2017; Welsh and Saleem 2012).
Phalloidin staining, which is the gold standard to reveal F-actin (Melak, Plessner, and
Grosse 2017), of isolated glomeruli from adult rats displayed an intense F-actin
signal in podocyte foot processes, with a weaker signal in the cell body (Cortes et al.
2000), demonstrating that the foot processes are the main site of F-actin in
podocytes. Electron microscopy immunogold labelling of adult rat podocyte F-actin in
vivo further characterised this network as a thick F-actin cable that runs longitudinal
along the foot processes parallel to the GBM and cortical actin fibres which occupy
the cytoplasm around the cable (Ichimura, Kurihara, and Sakai 2003) (Figure 1.5a).
It has been suggested that the thick, central actin cable could be involved in
generating the tensional forces, whereas the cortical actin purely provides the unique
pyramidal structure of the foot processes (Ichimura, Kurihara, and Sakai 2007).
Recent studies have supported this hypothesis. Super-resolution microscopy to
visualise BALB/c adult mouse glomeruli suggested that the foot process network is
non-contractile due to the absence of myosin IIa and that the contractile actin fibres
are located in the cell body and major processes (Suleiman et al. 2017). The authors
went on to suggest that the contractile fibres in the cell body and primary processes
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Figure 1.5 – Comparison of podocyte foot processes in health and injury. (a) Lateral
view of the glomerular filtration barrier in healthy podocytes. Ultrafiltrate can freely filter
through into the urinary space while albumin is excluded due to charge and size. F-actin is
arranged with a thick central cable and cortical F-actin. (b) Example of how F-actin could be
disorganised in podocytopathies. Albumin is lost to urinary space through bare areas of
GBM and podocyte pseudocyst formation. F-actin is disorganised to a mat adjacent to the
GBM. Black dashed arrows indicate direction of albumin and green dashed arrows indicate
direction of ultrafiltrate. Original figure.
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generate tension to the foot processes that strengthen the focal adhesion complexes
in order to maintain the SD.
There are certain proteins in podocyte foot processes that have a role in F-actin
organisation. Synaptopodin is a proline-rich actin binding protein in podocytes that
promotes F-actin stress fibres formation and organisation, and cell motility (Asanuma
et al. 2006; Mundel, Heid, et al. 1997). Mice lacking synaptopodin have no renal
phenotype, but the effect of glomerular injury is exacerbated in vivo (Ning, Suleiman,
and Miner 2020). The authors also showed by immunofluorescent staining and
scratch wound assays that podocytes lacking synaptopodin in vitro displayed
reorganisation of F-actin, increased adhesion molecules and impaired motility (Ning
et al. 2020). Mechanistically, synaptopodin promotes the formation of stress fibres in
podocytes by inhibiting ubiquitination and proteasomal degradation of RhoA and the
activation of Rac1 (Asanuma et al. 2006; Buvall et al. 2013, 2017; Wong et al. 2012).
Synaptopodin works in conjunction with another important foot process actin binding
protein, a-actinin. The most well defined feature of a-actinin is its ability to bundle
and cross link F-actin filaments, creating a more resilient structure (Asanuma et al.
2005; Honda et al. 1998) (Figure 1.3). It has been demonstrated in vitro and in vivo
that synaptopodin directly interacts with and regulates the activity of a-actinin-4 in
the foot processes, leading to elongation of actin filaments and improved plasticity of
the actin filaments, meaning a lower chance of the filaments breaking (Asanuma et
al. 2005). More recently, it has also been shown that mutations to the gene encoding
a-actinin-4, which are present in some forms of focal segmental glomerulosclerosis
(FSGS), lead to exacerbated podocyte detachment and irreparable F-actin damage
in response to mechanical stress in vitro (Feng et al. 2018; Kaplan et al. 2000),
demonstrating the importance of a-actinin to podocytes.
The basal membrane of the foot processes adhere to the GBM through focal
adhesions. These focal adhesions are mostly composed of a3b1 integrin and ab
dystroglycan molecules, which bind to laminin and agrin in the GBM and are linked
to the cytoskeleton through linker proteins (Korhonen et al. 1990; Pozzi et al. 2008;
Raats et al. 2000; Regele et al. 2000) (Figure 1.3). Integrins link to the cytoskeleton
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via a complex of a-actinin-4, talin, vinculin and integrin linked kinase (ILK)
(Drenckhahn and Franke 1988; Faul et al. 2007; Otey et al. 1993; Yamaji et al.
2004), whereas dystroglycan links the cytoskeleton to the GBM via utrophin (Raats
et al. 2000). The focal adhesion complexes can also initiate intracellular signalling in
response to stimuli, such as mechanical stress (K. Endlich, Kliewe, and Endlich
2017; Friedland, Lee, and Boettiger 2009; Vogtländer et al. 2009).
Disorganisation of the foot process actin network in vivo has been associated with
foot process effacement, SD destruction and albuminuria (Faul et al. 2007;
McClatchey and Fehon 2009; Perico et al. 2016; Suleiman et al. 2017; Welsh and
Saleem 2012; Yu et al. 2013). When the foot processes efface and retract into the
primary processes, the cell body can adhere to the GBM and the F-actin network can
disorganise into a mat of F-actin running parallel to the GBM. This is accompanied
by widespread myosin IIa expression and an increase in F-actin, a-actinin and
synaptopodin expression (Figure 1.5b) (Shirato et al., 1996; Shirato, 2002; Suleiman
et al., 2017; Ning, Suleiman and Miner, 2020). The exact mechanisms and
disorganisation of F-actin in podocyte injury will be discussed later in this
introduction.

Chronic kidney disease
1.4.1 Prevalence of chronic kidney disease
The term CKD refers to a group of highly heterogenous diseases affecting the
structure and function of the kidney (Levey and Coresh 2012). Some patients with
CKD will progress to ESKD, requiring life-long dialysis or a kidney transplant
(Eckardt et al. 2013). CKD affects approximately 5.6 million people in the U.K. with
many cases remaining undiagnosed, and the mean age of ESKD diagnosis is 72.2,
suggesting that progression to ESKD occurs in older patients (Bikbov et al. 2020;
Hirst et al. 2020; Nguyen et al. 2018). Sadly, some patients with ESKD can succumb
to the condition. It was estimated that in 2017, 6766 people in the U.K. died of CKD
(Bikbov et al. 2020). However, the prevalence and death rate of CKD in the U.K. per
100,000 people fell 11.4% and 14.5% respectively from 1990 to 2017 (Bikbov et al.
2020). However, even though the prevalence per 100,000 people has declined, the
absolute number of people with CKD in the U.K. has risen, as population has
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increased between 1990-2017 (the time frame analysed by Bikbov et al.), therefore
the pressure on the NHS from CKD is still increasing.
It has been estimated that in 2009-2010 the cost to NHS England of CKD was
between £1.44-1.45 billion, equating to ~1.3% of all NHS spending that year. Renal
replacement therapy (dialysis or transplant) alone was responsible for over half of
this amount, but only 2% of CKD patients required it (Kerr et al. 2012). According to
NHS Kidney Care, the cost of CKD is more than breast, colon, lung and skin cancer
combined. The same report states that between ages of 65 and 74, 1 in 5 men and 1
in 4 women have CKD and that recipients could wait up to 3 years for a transplant
(Kerr et al. 2012).
CKD is not only a significant issue in the U.K. It is estimated that CKD affects up to
750 million people worldwide, which is a global prevalence of 9.1% (Bikbov et al.
2020). The global prevalence per 100,000 people increased 1.2% from 1990 - 2017,
demonstrating that CKD diagnosis globally is rising with time. In 2017 it was
estimated that globally 1,230,168 people died of CKD, an increase of 2.8% per
100,000 since 1990 (Bikbov et al. 2020). The prevalence and death rate of CKD is
much higher in countries with lower GDPs and less developed health care systems
(Bikbov et al. 2020) that may not be able to afford as many dialysis machines, drugs
or highly trained surgeons. Death by CKD is expected to rise to 4 million globally in a
worst-case scenario by 2040 (Foreman et al. 2018) underlying the urgent need for
novel, widely accessible therapies.

1.4.2 Risk factors of CKD
The prevalence of CKD increases with age and poor life-style choices. Diets with low
nutritional value, high caloric intake, high animal protein, saturated fat, sodium and
phosphorous intake are all related to higher CKD incidence (Crews et al. 2014;
Gutiérrez 2015). Physical inactivity leads to greater chance of cardiovascular
disease, and CKD can develop as a co-morbidity, through endothelial dysfunction
and hypertension (Bharakhada et al. 2012; Stengel et al. 2003; Stump 2011). It is a
well-established fact that physical activity improves cardiovascular health. The
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kidneys and heart have an intimate relationship, with pathogenesis in one organ
being linked to pathogenesis in the other (Chrysohoou et al. 2010).
A major risk factor for CKD is diabetes. It is thought that between 20% and 40% of
patients with diabetes will develop diabetic nephropathy, and advanced diabetic
nephropathy is the leading cause of glomerulosclerosis and ESKD worldwide
(Dronavalli, Duka, and Bakris 2008). The interaction between hyperglycaemiainduced metabolic and haemodynamic changes, as well as genetic predispositions,
are major mechanisms by which diabetic nephropathy occurs (Ziyadeh 2004).
Tobacco smoking is another factor associated with CKD onset. One study of a
population in Wisconsin, America, stated that tobacco smokers had almost a 2-fold
higher chance of developing CKD than non-smokers (Shankar, Klein, and Klein
2006). Another study based in America has shown that smokers have on average a
1.63 higher chance of developing CKD, and heavier tobacco use was associated
with a higher chance of CKD. The study also made distinctions between CKD
groups, and hypertensive nephropathy (2.85 higher chance) and diabetic
nephropathy (2.24 higher chance) showed an increased incidence compared to nonsmokers, whereas there was no increased risk of developing glomerulonephritis
(Yacoub et al. 2010).
Illicit and pharmacological drug use is a risk factor for decline in kidney function.
Cocaine and opiate use was associated with a 1.2 and 1.8 higher chance of
albuminuria development and estimated glomerular filtration rate (eGFR) decline
respectively in a study of a population in Baltimore, Maryland, U.S.A (Novick et al.
2016). Heroin use has also been associated with acute kidney injury, immunecomplex membranoproliferative glomerulonephritis, FSGS, amyloidosis and chronic
interstitial nephritis (Sethi 2018). Non-steroidal anti-inflammatory drugs (NSAIDs)
that inhibit cyclo-oxygenase mediated formation of prostaglandins, such as
ibuprofen, are also linked to decline in kidney function via damage to the
mesangium, GBM and podocytes (Gooch et al. 2007; Nasrallah et al. 2013).
It has been thought that high alcohol intake is also associated with declining kidney
function and CKD development, which was more apparent at younger ages
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compared with older people (Pan et al. 2018; Shankar et al. 2006), however,
conflicting reports are now emerging. One report showed that alcohol drinkers were
actually 30% less likely to develop CKD than non-drinkers in a 10 year follow up
study (Bundy et al. 2018) and another report associated heavy alcohol consumption
with an inverse risk of developing CKD (Koning et al. 2015). This is an area of
research that requires further investigation, especially due to how common alcohol
consumption is worldwide.

1.4.3 Current treatment for CKD
Pharmacological intervention aims to slow CKD progression. Angiotensin converting
enzyme (ACE) inhibitors are widely used to supress the progression of CKD to
ESKD. ACE inhibitors reduce proteinuria, rate of renal function loss, blood pressure
and protect against the cardiovascular comorbidities in CKD (Chiurchiu, Remuzzi,
and Ruggenenti 2005; Turner et al. 2012). ACE inhibitors interfere with renin
angiotensin aldosterone system (RAAS) activity by reducing the production of
angiotensin II and aldosterone. This leads to vasodilation of renal vessels, in
particular, efferent arterioles, and reduction of systemic, renal and glomerular blood
pressure (Sidorenkov and Navis, 2014). ACE inhibitors can however lead to adverse
effects, such as reduction in renal function, hypotension, hyperkalaemia, elevated
bradykinin levels and hepatotoxicity (Sidorenkov and Navis 2014).
Patients begin dialysis once they are diagnosed with ESKD, because there is a
build-up of waste products in the blood, such as urea and creatinine (Aronson,
Mittleman, and Burger 2004). Dialysis was first conceptualised by John Jacob Abel
in 1912 and the first dialysis performed on humans was in 1943 (Crowther,
Reynolds, and Tansey 2010; Eknoyan 2009). Haemodialysis involves an intravenous
needle attached to a tube that transports the patient’s blood into the dialysis
machine. The dialysis machine works in a similar way to the kidney – there is a
semipermeable membrane where molecules that are small enough to pass through
will, and other larger molecules, e.g. blood cells, will not pass through the
membrane. The filtered blood is then transported back into the patient (Mallick and
Gokal 1999). There are alternatives to haemodialysis, such as peritoneal dialysis,
which involves inserting a tube into the abdominal cavity and using the peritoneal
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membrane as the partially permeable membrane (Gokal and Mallick 1999). Since
metabolism causes a regular build-up of waste products, dialysis must be performed
3-4 times per week, which can have an impact on the patient’s quality of life
(Daugirdas, Blake, and Ing 2007).
Current and emerging treatment options are tailored to specific types of CKD. Many
forms of CKD are immune mediated, so immunosuppressive drugs such as steroids
are used to suppress the immune reaction (Berg and Nilsson-Ehle 1996; Hanamura
et al. 2012). Adenosine-3′,5′-cyclic monophosphate (cAMP) inhibitors, such as
tolvaptan are sometimes prescribed to PKD patients in attempts to lower total kidney
volume (Torres et al. 2012). Finerenone, a non-steroidal mineralocorticoid receptor
agonist (Kolkhof et al. 2014), is emerging as a candidate to treat diabetic kidney
disease as it has reduced albuminuria in randomised clinical trials (Bakris et al.
2015; Filippatos et al. 2016; Licette, Liu, and Schutte 2015). The novel use of SGLT2 inhibitors is also growing traction in the clinical field for treatment of CKD patients.
SGLT-2 inhibitors block the reabsorption of glucose into the blood during filtration in
order to reduce hyperglycaemia in diabetic kidney disease patients (Scheen 2015)
and have been shown to decelerate loss in eGFR and reduce proteinuria in patients
(Heerspink et al. 2020; Neuen et al. 2019; Sugiyama et al. 2019).
The final option for ESKD patients is a kidney transplant. Humans can live with only
one kidney, so it is possible to receive a transplant from a living or deceased donor.
If the transplant is successful, the patient would have their life extended by 10-15
years on average in comparison to a patient solely on dialysis (Wolfe et al. 1999).
However, there are complications with transplantation, such as organ rejection. The
patient’s antigens must be the same in order for rejection not to occur, and
immunosuppressive drugs used post-operatively that lower the risk of rejection may
pose a higher risk of infection (Zou et al. 2007). There may also a long waiting time
before a compatible donor becomes available. Kidney transplantation is the option
that all CKD patients will desire, as it offers the best clinical outcome. However, this
is a highly invasive procedure and requires recovery following the surgery. Also,
available organs for transplant are in short supply, highlighting the need for novel,
non-invasive interventions.
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1.4.4 CKD pathophysiology
CKD in humans and other mammals can be a result of defects in any component of
the nephron. Glomerular injury is regarded as damage to one more component of
the glomerulus that hinders its ability to perform ultrafiltration of the blood. This can
manifest in a diverse range of phenotypes, such as mesangial matrix expansion,
podocyte detachment, thickening of the GBM, macrophage infiltration, podocyte foot
process effacement, podocyte motility and glomerulosclerosis (Butt et al. 2020;
Gross et al. 2004; Reiser et al. 2004; Samnegård et al. 2005; Vasilopoulou et al.
2016; M.-S. Zou et al. 2010). This section will focus on the pathophysiology of
glomerular diseases in humans, and particularly FSGS and glomerulonephritis (GN).

1.4.4.1 Pathophysiology of FSGS
FSGS, by definition, is sclerosis of a compartment (not the whole glomerulus) of
some (but not all) glomeruli in the kidneys. FSGS is characterised as an increase in
sclerotic and mesangial matrix in the glomeruli, which causes capillary loop collapse
and a dysfunctional glomerular filtration barrier (Reidy and Kaskel 2007). The
glomerular compartment the sclerotic region is found in defines the classification of
FSGS. Sclerosis at the vascular pole is classified as the perihilar variant. The cellular
variant of FSGS is associated with hypercellularity in the capillary lumen. The tip
variant is sclerosis near the tubular pole of the glomeruli and the collapsing variant is
one or more glomeruli with global or segmental capillary loop collapse (Reidy and
Kaskel 2007). There are two types of FSGS based on their origins: primary and
secondary FSGS. Primary FSGS involves direct podocyte injury that contributes to
capillary loop collapse and sclerosis. Secondary FSGS is mediated by external
factors, such as drug toxicity, obesity, hypertension or viral infections (Lim et al.
2016). Both primary and secondary FSGS normally cause an increase in proteinuria
and are typically diagnosed by kidney biopsy (Rosenberg and Kopp 2017).
Podocyte injury is one of the earliest observable features in human FSGS. A number
of genetic defects in podocytes have been identified to contribute to the
pathogenesis of FSGS. NPHS1, NPHS2, CD2AP and ACTN4 are all transcripts
which encode podocyte SD proteins, and mutations in these genes can result in
FSGS (Boute et al. 2000; Gigante et al. 2009; Kaplan et al. 2000; Kestilä et al.
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1998). Alterations to one or more of these transcripts induces morphological and
functional changes to the foot processes and SD, resulting in a defective glomerular
filtration barrier. Mutations in WT1 (Wilms tumour 1) can also cause FSGS. WT1 is a
podocyte transcription factor which regulates NPHS1 transcription, therefore WT1
mutations can have detrimental effects to nephrin expression and SD integrity
(Wagner et al. 2004).
There is also evidence that circulating factors may contribute to podocyte injury in
FSGS patients. Electron microscopy studies have identified that within minutes of
blood reperfusion to healthy transplanted kidneys in FSGS patients, podocyte foot
process effacement is initiated (Chang et al. 2012). One serum factor possibly
involved in the pathogenesis of FSGS is soluble urokinase receptor (suPAR). suPAR
is a receptor for urokinase that can act as a signalling orchestrator by associating
with other transmembrane receptors, such as integrins (Wei et al. 2011). suPAR was
increased by 2-fold in the serum of patients with recurrent FSGS compared to
healthy patients (Wei et al. 2011), suggesting that suPAR may be an important
circulating factor causing FSGS. However, circulating suPAR increase has also been
identified in other glomerular diseases, such as lupus nephritis (Qin et al. 2015).
Therefore, more investigation is required into the role of suPAR, and other circulating
factors, in FSGS.
Podocyte loss is one mechanism of FSGS pathophysiology. Viable cells have been
collected from the urine of patients with FSGS. The cells were then cultured in vitro
and immunostained for podocalyxin, a SD protein found in podocyte foot processes,
strongly suggesting that FSGS causes podocyte detachment (Vogelmann et al.
2003). Cytoskeletal disorganisation has also been implicated in the pathogenesis of
FSGS by super resolution microscopy. The authors used synaptopodin as a marker
for podocyte foot process F-actin, and myosin IIa as a marker for contractile F-actin.
In healthy kidney biopsies, synaptopodin was restricted to the foot processes and
myosin IIa was localised to the podocyte cell bodies. In FSGS, myosin IIa was found
to co-localise with synaptopodin in the foot processes, which resembled sarcomere
like structures (Suleiman et al. 2017). This suggests that in FSGS, there is a shift of
contractile F-actin from the cell body to the foot processes, which could result in
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conformational changes to the podocytes and glomerular filtration barrier.
1.4.4.2 Pathophysiology of GN
GN is a term that describes a group of conditions where an autoimmune response is
generated against components of the glomerulus, resulting in nephrotic syndrome.
There are five main sub-groups of diseases classed as GN: post-infectious GN;
immunoglobulin A (IgA) nephropathy; anti-GBM nephritis; anti-neutrophil cytoplasm
antibodies (ANCA)-positive GN and lupus nephritis (Couser 2012). GN typically
results in proteinuria, glomerular crescent formation and high levels of glomerular
inflammation (Couser 2012).
Post-infectious GN occurs as the result of an infection and is generally not thought of
as an autoimmune response. Circulating immune complexes, composed of
pathogenic antigens and IgG antibodies to them, can get trapped in the glomeruli
(Couser 2012). This complex results in complement activation, resulting in neutrophil
activation and recruitment to the glomeruli, where oxidants and proteases are
released causing glomerular injury. The classical and alternative complement
pathways are important mediators of glomerular injury. Patients with complement
deficiencies often have long-term post-infectious glomerulonephritis, compared with
childhood patients who normally recover (Sethi et al. 2013).
IgA nephropathy is the most common form of glomerular injury worldwide and is a
result of an autoimmune response against the glomeruli (Cattran et al. 2009). Over
100 gene mutations that are associated with IgA nephropathy have been identified in
patients (Magistroni et al. 2015). It is likely that IgA nephropathy is triggered by a
genetically predisposed autoimmune reaction following exposure to toxins (Couser
2012). Staphylococcus aureus antigens have been identified in the mesangium of
IgA nephropathy patients, causing deposition of IgA and IgG in the glomerular tuft
(Nasr and D’Agati 2011; Worawichawong et al. 2011). Immunoglobulin deposition
results in complement activation and sub lytic C5b-9 attack on mesangial cells and
endothelial cells (Daha and van Kooten 2016). The mesangial cells then become
activated and proliferate, and also release cytokines to recruit neutrophils and
macrophages, causing the immune response against the glomeruli (Couser 2012).
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The antigen that is mostly targeted in anti-GBM GN is a 14 amino acid fragment of
type IV collagen, and some immunoreactivity has also been seen in type III collagen
(Pedchenko et al. 2010). These antigens have been shown to have an almost
identical structure to some pathogen associated molecular patterns in some bacteria,
such as Clostridia botulinum (Arends et al. 2006). The antigens in collagen have to
undergo confirmational changes in order to become exposed, but it is unclear what
the cause of these conformational changes are (Pedchenko et al. 2010). IgG
antibodies bind to the exposed antigens activating the classical complement pathway
and recruitment of T helper cells. The innate and adaptive immune response then
causes damage to the glomeruli, such as what is seen in IgA nephropathy and postinfectious GN (Couser 2016).
ANCA-associated vasculitis is a group of autoimmune diseases that target antigens
on the endothelial cells in the glomerular capillaries. In vitro studies have shown that
cytokines released in response to some infections can prime neutrophils and
upregulate adhesion molecules in glomerular endothelial cells and neutrophils, that
could result in neutrophil localisation to the glomeruli (Nagao et al. 2007; Radford,
Savage, and Nash 2000). Primed neutrophils trapped in the glomeruli express
ANCA-specific antigens on their cell surface, which ANCAs bind to causing over
activation of neutrophils (Nakazawa et al. 2019). Excessive neutrophil activation
induces abnormal cytokine production, release of lytic enzymes and reactive oxygen
species that damage the glomerular endothelial cells and can cause endothelial cell
death (Nakazawa et al. 2019).
Lupus nephritis is a complication that can occur in patients with systemic lupus
erythematosus (SLE) (Almaani, Meara, and Rovin 2017). Viral infections that initiate
interferon-a signalling pathways can trigger lupus nephritis (Gatto et al. 2013).
Defects in clearing of apoptotic cells can lead to nucleosome, containing DNA,
presenting on the surface of cells, and sometimes histones containing DNA can
escape into the blood stream (Liu and Anders 2014). It is theorised that the
negatively charged components of the glomerulus (podocyte foot processes and
endothelium) can bind to the cationic histones in circulation (Couser 2016). Deposits
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of IgG are formed inside the glomeruli and the glomerular injury is primarily mediated
by activation of the classical complement response (Birmingham and Hebert 2015).
Complement C5b-9 induces cell lysis of glomerular cells and recruits leukocytes to
the glomeruli which release reactive oxygen species and proteases, causing
glomerular tissue damage (Birmingham and Hebert 2015).
Although the triggers and targets differ between forms of GN, some of the basic
mechanisms are similar. Glomerular deposits of IgG result in complement activation,
neutrophil and macrophage accumulation (Couser 2012). Macrophages trigger the
release of pro-inflammatory cytokines and chemokines to promote the inflammatory
response (Couser 2016). Neutrophils release proteases, reactive oxygen species
and other factors that damage and lyse glomerular cells (Nagao et al. 2007; Radford
et al. 2000). The collective result of the autoimmune response is damage to the
glomerular filtration barrier and nephrotic syndrome, which can result in CKD
progression (Couser 2016).

Glomerular and podocyte injury
Experimental models of rodent diseases have been developed to mimic some of the
phenotypes observed in human glomerular disease models. These experimental
models of rodent kidney disease allow deeper investigation into the cellular and
molecular mechanisms that occur in kidney injury. Podocytopathies are a common
mechanism of glomerular injury in humans and mice (Bierzynska, Soderquest, and
Koziell 2014), therefore, this section will aim to explain some causes and underlying
mechanisms in podocyte injury, with a focus on the cytoskeleton. Some of the
features of glomerular and podocyte injury can be found in Figure 1.6.

1.5.1 Adriamycin nephropathy
1.5.1.1 Overview of Adriamycin nephropathy
Adriamycin (ADR), also known as doxorubicin hydrochloride, is an anthracycline
chemotherapeutic drug. It has been historically used in combination with other
chemotherapeutic drugs to treat leukaemia, breast cancer, lung cancer, myelomas,
bladder cancer and Hodgkin’s lymphoma, among other forms of cancer (Lankelma et
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al. 1999; Lipshultz et al. 2010; Von Der Maase et al. 2005; Myrehaug et al. 2008;
Orlowski et al. 2007; Piscitelli et al. 1993). ADR prevents cancer cell proliferation
by DNA intercalation to prevent transcription and translation of RNA and replication
of DNA (Cutts et al. 1996; Raje, Pandav, and Barthwal 2020). ADR also inhibits
topoisomerase-II activity, an enzyme which cleaves double stranded DNA for repair,
therefore promoting apoptosis (Berger et al. 1996; Deffie, Batra, and Goldenberg
1989; Walker et al. 1991). However, it has been documented that some patients
receiving ADR chemotherapy experience nephrotoxic side effects, such as
decreased creatinine clearance and podocyte foot process effacement (Burke et al.
1977; Klastersky et al. 1985; Wollina, Graefe, and Karte 2000).
ADR can be used to cause podocyte injury in vitro and in rodents in vivo to replicate
some of the characteristics of FSGS in humans (Bertani et al. 1986; Chen et al.
1998; Lee and Harris 2011). While most strains of rat are susceptible to ADR
nephropathy, this is not the case with mice (Pippin et al. 2009). The mouse strains
FVB/NJ, CAST/EiJ and the widely used C57BL/6 strain are all resistant to ADR
nephropathy, whereas BALB/c and 129/SvJ are both susceptible to ADR injury
(Pippin et al. 2009). The difference in sensitivity is due to the presence of protein
kinase, DNA activated, catalytic subunit (PRKDC), a protein responsible for the
protection of the mitochondrial genome (Papeta et al. 2010). Genome-wide analysis
of a range of mouse strains localised the ADR susceptibility locus to chromosome
16A1-B1 (Zheng et al. 2005) and identified the Prkdc gene. To confirm that Prkdc
was responsible, the authors obtained a C57BL/6-Prkdc global knockout mouse
strain (Kurimasa et al. 1999) and found that the level of glomerulosclerosis was
comparable to BALB/c mice after 10 mg/kg intravenous ADR administration. It was
also found that podocytes express Prkdc in vitro by Western blot, and
overexpression of Prkdc prevented any loss in cell survival after 0.1 µg/ml and 0.2
µg/ml ADR treatment (Papeta et al. 2010). Mitochondrial genome damage is a major
mechanism for toxicity in senescent cells (Suliman et al. 2007), such as podocytes,
therefore the authors analysed the mitochondrial genome after ADR injury. There
was a significant reduction in the mitochondrial DNA to nuclear DNA ratio in BALB/c
mice compared to wild-type C57BL/6 mice, demonstrating a potential mechanism for
ADR susceptibility in BALB/c mice (Papeta et al. 2010). Therefore,
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Figure 1.6 – Glomeruli and podocytes in health and disease. (a) Comparison of glomeruli
in health and disease. Green dashed arrow indicates foot process effacement. Blue dashed
arrow indicates podocyte migration. Black dashed arrow indicated podocyte mitotic
catastrophe. Red dashed line indicates loss of podocytes to urine. (b) Comparison of
podocytes in health and disease. Dashed line indicates barrier between health and disease.
Original diagram.
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the majority of in vivo studies employing ADR as a glomerular injury model use
BALB/c or 129/SvJ mice.
One of the first studies to associate rodent administration of ADR with nephrotoxicity
was in the 1980’s (Bertani et al. 1982). The authors administered 7.5 mg/kg of ADR
to rats and found proteinuria, foot process effacement and loss of sialic acid residues
on foot processes at 13 and 28 days after administration (Bertani et al. 1982). Since
then, ADR has become a widely used podocyte cytotoxin and the histologic and
molecular events have been documented (Lee and Harris 2011; Okuda et al. 1986;
Pereira et al. 2015; Wang et al. 2000, 2015; Yang et al. 2018). The standard dosing
for ADR in mice is 10 mg/kg, but this can be fine-tuned to increase or reduce disease
severity. There are standard biochemical and histological features that scientists
employing the ADR injury model can expect. Mice will experience a drop in body
weight from which they do not recover (Lee and Harris 2011; Wang et al. 2000).
After 5 days, albuminuria will be significantly increased and can peak after 1 week
before remaining steadily high up to 6 weeks after induction (Lee and Harris 2011;
Wang et al. 2000). Serum albumin concentration and creatinine clearance will drop
after 1 week and 4 weeks respectively (Lee and Harris 2011; Wang et al. 2000).
Histologically, glomerulosclerosis will begin to occur after 2 weeks and steadily
progress (Lee and Harris 2011; Wang et al. 2000). Podocyte foot processes will
begin to fuse after 1 week. Podocyte detachment from the GBM and tubular protein
casts will be visible after 2 weeks (Lee and Harris 2011; Wang et al. 2000). Some
macrophage and immune cell interstitial accumulation may occur in the later stages
of injury (Lee and Harris 2011). ADR nephropathy is a model that causes a low
degree of mortality, with a high degree of tissue damage, however, mortality may
occur after over dosing (Lee and Harris 2011; Wang et al. 2015).

1.5.1.2 Cytoskeletal reorganisation
Cytoskeletal disorganisation in podocytes has been associated with foot process
effacement and albuminuria in vivo (Shirato et al., 1996; Welsh and Saleem, 2012;
Yu et al., 2013; Suleiman et al., 2017; Blaine and Dylewski, 2020). In BALB/c mice
injured with 14 mg/kg of ADR for 9 days where synaptopodin and myosin IIa were
used as surrogates for F-actin staining, there was a shift from non-contractile actin to
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contractile actin in podocyte foot processes. There was also an increase in the
thickness and distance between synaptopodin clusters in the foot processes,
indicative of actin spreading in effaced foot processes (Suleiman et al. 2017).
Another recent study administered mice with a C57BL/6 background 12 and 18
mg/kg of ADR and assessed the glomerular F-actin cytoskeleton with FITCphalloidin after 4 weeks. This study stated that there is a reorganisation of F-actin in
the glomeruli from a capillary loop pattern to a collapsing pattern, accompanied by
an increase in F-actin fluorescence intensity (Woychyshyn et al. 2020). Podocytes,
endothelial cells and mesangial cells all express F-actin (Cortes et al. 2000), so the
alterations to F-actin organisation and fluorescence intensity cannot be deemed
podocyte specific as there was no double labelling performed. C57BL6/J mice are
also inherently less sensitive to ADR nephropathy (Papeta et al. 2010), so the Factin phenotype in this study may not be representative of human FSGS.
One study using mouse immortalised podocytes exposed them to 0.125 µg/ml ADR
and quantified F-actin reorganisation by FITC-phalloidin staining. In this study, the
authors found that the predominant form of F-actin in healthy podocytes was
cytoplasmic stress fibres, and administration of ADR caused cortical F-actin
accumulation and lamellipodia formation (Marshall et al. 2010). Another study
treated mouse immortalised podocytes with 0.27 µg/ml of ADR, visualised F-actin
with FITC-phalloidin, and quantified stress fibre percentage and mean fluorescence
intensity over time. After 12 hours of ADR treatment, the stress fibre prevalence fell
from 100% to 75%, which steadily decreased to 20% at 24 hours. From the
representative images, the stress fibres formed a “mat” of unorganised F-actin
throughout the cell body, with no clear arrangements following ADR treatment,
however, this would be clearer if quantification was performed by the authors. The
mean fluorescence intensity also fell by over 50% at 12 hours and remained at this
level until 24 hours after ADR treatment (Liu et al. 2012). There was also a 3-fold
increase in a-actinin-4 mRNA and protein expression, which is responsible for actin
bundling (Asanuma et al. 2005). The authors postulated that an increase of aactinin-4 may be responsible for the uncontrolled F-actin reorganisation that was
quantified.
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In another study, mouse immortalised podocytes in vitro were treated with a higher
dose of 0.5 µg/ml of ADR and the cytoskeleton was visualised with FITC-conjugated
phalloidin 12 hours later (Ni et al. 2018). The authors did not quantify the F-actin
changes, but they could be observed from the representative images displayed. The
non-treated podocytes showed a mix of cytoplasmic stress fibres and cortical stress
fibres, however, treatment with ADR decreased the F-actin fluorescence shown in
representative images. It was not clear if the distribution of F-actin changed following
ADR treatment, as this was not quantified. This was accompanied by a reduction in
synaptopodin and Wilms tumour 1 (WT-1) expression, as quantified by Western blot
(Ni et al. 2018).
One of the most recent papers exploring the effect of ADR on the podocyte
cytoskeleton comprehensively quantified F-actin reorganisation in primary podocytes
isolated from BALB/c mice injected with 8 mg/kg of ADR via the retro-orbital sinus
(Ning et al. 2020). The authors classified F-actin organisation into cytoplasmic or
cortical F-actin arrangements and found that there was over 20% reduction in stress
fibre prevalence in ADR treated mice compared to saline treated mice. Incidentally,
this loss of stress fibres was aggravated by synaptopodin knockout, demonstrating
the crucial role of synaptopodin in slowing disease progression (Ning et al. 2020).
The deficiency in synaptopodin also decreased RhoA activation, which is responsible
for stress fibre formation (Asanuma et al. 2006), and a-actinin-4 did not co-localise
with stress fibres, suggesting loss of synaptopodin meant crucial actin regulating
signalling cascades did not occur.
WT-1 is a nuclear transcription factor that is specific to podocytes in the glomerular
tuft and crucial for proper podocyte development and function (Guo et al. 2002;
Morrison et al. 2008). In BALB/c mice treated with 10.5 mg/kg ADR, Wt1 mRNA was
significantly downregulated in kidneys compared to untreated controls. This was
accompanied by a 2-fold upregulation of the microRNA miR-206, which was shown
to target the 3’ untranslated region of WT-1. Furthermore, the characteristics of ADR
were mimicked by upregulating miR-206 in podocytes in vitro, including a significant
reduction in synaptopodin and a reorganisation of podocyte cytoplasmic stress fibres
to cortical stress fibres (Guo, Guo, and Su 2016). The wide range of published
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literature demonstrate that F-actin reorganisation is a common feature of ADR
podocytopathy in vitro and in vivo.

1.5.1.3 Podocyte motility
Two different types of cellular motility have been described – translocative motility
and stationary motility (Haemmerli, Arnold, and Sträuli 1983). Translocative motility
was described as motility in the X, Y or Z plane, whereas stationary motility was
described as cellular motility without any directional migration. An example of
stationary motility in podocytes is the theory proposed that the foot processes are
slightly motile in vivo in order to “clean” the sub-cellular space between the GBM and
the foot processes of proteins that have been trapped there during ultrafiltration
(Welsh and Saleem 2012). This theory has been supported by the evidence of a
sub-podocyte space between podocyte cell bodies, podocyte foot processes and the
GBM in healthy rat and human samples as visualised and quantified by electron
microscopy (Arkill et al. 2014). Rat and zebrafish glomeruli imaged with high
powered, time lapse, multi-photon microscopy revealed that healthy podocytes show
very little translocative motility (Endlich et al. 2014; Peti-Peterdi and Sipos 2010).
The authors theorised that the low number of podocytes showing translocative
motility was due to these podocytes becoming activated and damaged in the healthy
kidney by an unknown cause. Therefore, the available evidence and theory currently
is that healthy podocytes display high levels of stationary motility and low levels of
translocative motility in order to maintain a functioning filtration barrier.
Multiphoton microscopy using fluorescently tagged cells is the main way to assess
podocyte motility in vivo as it is the only technique that allows serial imaging of intact,
living tissue (Larson 2011). One study, using podocin-Cre mice of a C57BL6/J,
crossed with R26R-Confetti construct expressing mice, to fluorescently label
podocytes different colours, assessed podocyte motility in ADR nephropathy (Hackl
et al. 2013). The study revealed that glomerular injury caused podocyte clustering
and the podocyte processes seemed to overlap and form bridges with the parietal
epithelial cell layer and the glomerular tuft. This effect was also mimicked in the early
stages (<6 days) of ADR nephropathy. Critically, the study used confetti mice to label
individual podocytes different colours in order to track the fate of individual
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podocytes to confirm their findings (Hackl et al. 2013). Since both the C57BL6/J and
FvB mice are both resistant to ADR nephropathy, the results shown here may not
fully mimic the human FSGS phenotype, nevertheless, this study shows that
podocytes that are subjected to ADR injury show increased motility.
1.5.1.4 Podocyte loss
Podocyte adhesion to the GBM is critical for a functioning glomerulus and podocytes
face strong hydrostatic force from the capillary blood flow, which pushes them away
from the capillary wall towards the urinary space (Kriz et al. 1994; Kriz, Gretz, and
Lemley 1998). One of the classical features of ADR administration is podocyte loss
(Kubo et al. 2020). Sprague-Dawley rats injected with 10 mg/kg of ADR displayed a
1/3 decrease in podocyte number per glomerulus and the protein level of a3b1
integrin and a + b dystroglycan, the major podocyte adhesion molecules, in the
glomeruli was also markedly decreased. BALB/c mice injected with a slightly lower
dose of ADR (8 mg/kg) showed ~45% decrease in podocyte number at 14 days
which increased to ~55% decrease at 28 days (Hosoe-Nagai et al. 2017). (M.-S. Zou
et al. 2010). Primary podocytes cultured from 129S5 background mice and treated
with 1 µmol/ml of ADR showed a 50% decrease in cell adhesion to the matrix. The
cells also showed a 90% decrease in a3 integrin and 50% decrease in b1 protein
levels with a ~2 fold increase in ILK (Dai et al. 2019). ILK activation has been shown
to be a downstream effector in the onset of proteinuria and blockade of ILK activation
in puromycin aminonucleoside (PAN) nephrosis prevented podocyte detachment by
protection of cell adhesion molecules (Kretzler et al. 2001; De Paulo Castro Teixeira
et al. 2005).
Intermediate filaments are normally found in the podocyte cell bodies and primary
processes, with no presence in the podocyte foot processes (Zou et al. 2006).
Immortalised mouse podocytes treated with 0.25 µg/ml of ADR showed increase in
transcript levels of Nefh, a type IV intermediate filament, at 6 and 24 hours (Wang et
al. 2018). The authors then explored the role of NEFH in cell detachment. Wild type
cells treated with ADR showed ~30% cellular detachment, which was increased to
~40% when in NEFH knockdown cells, whereas NEFH overexpression showed no
increase in detachment when compared to the wild type (Wang et al. 2018). This
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finding implies that the intermediate filaments of podocytes may play a role in cellular
adhesion, however, more investigation is required. There have been direct links
shown between intermediate filaments and molecules involved in cellular adhesion,
such as a-actinin-4, vinculin and utrophin (Leube, Moch, and Windoffer 2015), which
are all expressed in podocytes.
Podocytes are terminally differentiated cells that do not replicate under normal
conditions, and mitosis in podocyte injuries can lead to podocyte loss (Liapis,
Romagnani, and Anders 2013). ADR has been shown to cause mitosis prior to
podocyte loss in BALB/c mice injected with 13 mg/kg of ADR (Mulay et al. 2013).
Murine double minute-2 (MDM-2) inhibits p53 dependent cell cycle arrest and
apoptosis, therefore promoting mitosis (Haupt et al. 1997) and inhibiting MDM-2 in
ADR-treated treated mice suppressed podocyte mitosis and detachment. Podocyte
mitosis was confirmed by tubulin immunostaining (to identify mitotic spindle),
analysis of nuclei shape (bi-nucleated or mini-nucleated cells) and histone-3
immunostaining (marker for metaphase) (Mulay et al. 2013). Furthermore, presence
of the cyclin-dependent kinase inhibitor p21 has been shown to prevent podocyte
loss in ADR injury in C57BL/6 mice injected with 12 mg/kg of ADR (Marshall et al.
2010). Overall, ADR administration to rodents is an ideal candidate to inflict damage
targeted to podocytes.

1.5.2 Nephrotoxic serum nephritis
1.5.2.1 Induction of nephrotoxic serum nephritis
Nephrotoxic serum (NTS) nephritis is an inducible model of rodent glomerular injury
that mimics some of the pathological features of human autoimmune
glomerulonephritis (Pippin et al. 2009). It is one of the oldest models of rodent
glomerular injury and studies can be found as early as the 1930’s (Smadel 1937).
NTS nephritis has the advantage over ADR injury in that it can be used in C57BL/6
mice, which makes using transgenic mice much more accessible (Pippin et al. 2009).
NTS nephritis can be induced in two forms; an acute form and a chronic form, which
depends on the addition or omittance of a pre-immunisation step (Chen et al. 2002;
Hoppe and Vielhauer 2014). Pre-immunisation of the experimental animal with
sheep IgG in complete Freund’s adjuvant, which normally occurs 5 days before NTS
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administration primes the immune system to recognise the NTS antibodies, therefore
accelerating the onset of the autologous phase (Chen et al. 2002; Hoppe and
Vielhauer 2014).
To create the nephrotoxic serum, glomerular extracts from the experimental species
(normally mouse or rat) are homogenised and injected into a secondary species
(normally rabbit or sheep) in incomplete Freund’s adjuvant (Hoppe and Vielhauer
2014). The secondary species will then create an immune response and polyclonal
antibodies against the glomerular structures, such as the GBM, podocytes and
endothelial cells. The serum and said antibodies are then extracted. There are two
phases of NTS injury – the heterologous and autologous stages (Hoppe and
Vielhauer 2014). The heterologous stage is initiated within minutes of injection of
NTS, where the polyclonal antibodies will bind to their respective glomerular
structures. The binding of the antibodies can also sometimes interfere with podocyte
integrin molecules causing foot process effacement (Shirato et al., 1996). Glomerular
injury is mediated by complement activation and neutrophil inflammation in the
heterologous stage (Assmann et al. 1985; Hébert et al. 1998). Podocytes and
endothelial cell toll like receptor molecules can also be stimulated which activates
the production of cytokines and chemokines, accelerating macrophage accumulation
and NTS nephritis onset (Hoppe and Vielhauer 2014).
The heterologous phase then develops into the autologous phase within 1 week
which is the development of the systemic, adaptive immune response against the
anti-glomerular antibodies (Chen et al. 2002; Hoppe and Vielhauer 2014). T-cells are
released that promote macrophage accumulation to the glomerulus (Tipping and
Holdsworth 2006). Furthermore, the T-cells stimulate B-cell activation to promote the
production of autologous antibodies against the sheep anti-glomerular antibodies,
which are deposited in the glomerulus (Hoppe and Vielhauer 2014). This glomerular
deposition of autologous antibodies exacerbates glomerular injury by forming large
immune complexes of IgG (Chen et al. 2002; Hoppe and Vielhauer 2014). This
glomerular deposition of IgG is reflective of IgG build up in human vasculitis patients
(Jennette and Falk 1997).
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1.5.2.2 Expected renal outcomes of NTS nephritis
Since NTS nephritis is a widely used glomerular injury model, the renal
manifestations are well characterised. One study documented the course of NTS
nephritis 7, 14 and 21 days after NTS induction in C57BL/6 mice. Urinary albumin to
creatinine ratio rose at 7 days, then then further rose at 14 days and finally rose even
more at 21 days, suggesting progressive glomerular filtration barrier degradation
(Hoppe and Vielhauer 2014). Serum protein concentration was decreased, but
serum cholesterol and urea concentration were sharply increased after 21 days.
There was also severe glomerular crescent formation and sclerosis, and monocyte,
T cell and macrophage accumulation at 21 days (Hoppe and Vielhauer 2014).
Further studies have confirmed and expanded on these characteristics. One study
pre-immunised male wild type C57BL/6 mice with 200 µg of sheep IgG 5 days prior
to intravenous injection of 150 µl of NTS per 20 g of body weight (Tham et al. 2020).
The urinary albumin to creatinine ratio rose sharply after 7 days, suggesting a high
level of damage to the glomerular filtration barrier. Damage to the glomerular
filtration barrier was further confirmed where serum creatinine levels doubled after 7
days. Histologically, over 35% of glomeruli assessed showed crescent formation and
signs of thrombosis, as analysed by light microscopy. Immunofluorescent
experiments also revealed a high level of neutrophils and IgG deposition within the
glomerular tuft, confirming the role of the immune system in this model of NTS
nephritis (Tham et al. 2020).
In another study, C57BL/6 mice injected with sheep IgG prior to administration of
sheep NTS were examined 21 days after disease induction (Vasilopoulou et al.
2016). Both urinary albumin concentration and the albumin to creatinine ratio of NTS
injected mice increased significantly. This was accompanied by glomerulosclerosis
and increased glomerular Col4a1 expression. There was also an increase in
glomerular IgG1 and IgG2a protein expression, as determined by enzyme linked
immunosorbent assay (ELISA), demonstrating that the disease induction was in the
autologous phase by 21 days post NTS injection. Interestingly, there was an
increase in TUNEL positive (apoptotic) glomerular cells which were not WT-1

38

positive (podocytes) indicating there was significant apoptosis of either mesangial
cells or capillary endothelial cells (Vasilopoulou et al. 2016).
It has been shown in the non-accelerated NTS nephritis model (omitting preimmunisation) that CD1 mice are more sensitive to intravenous NTS injection than
C57BL/6 mice (Ougaard et al. 2018). Albuminuria was exacerbated in CD1 mice 2
and 16 days after NTS injection, but interestingly, albumin excretion returned to
basal levels after 42 days (Ougaard et al. 2018). There was also an increase in
complement 3 and monocyte chemoattractant protein 1 (MCP-1) gene expression in
kidney lysates at 7, 21 and 42 days (Ougaard et al. 2018).
One major mediator of glomerular and kidney injury is the innate immune response,
and in particular, macrophages. This has been proven in a study injecting mice of a
FVB/N background intravenously with NTS, where macrophages were conditionally
ablated using diphtheria toxin (Duffield et al. 2005). The authors found that ablating
macrophages protected the glomerular filtration barrier, as serum creatinine
concentration and the urinary protein to creatinine ratio were both reduced compared
to non-ablated mice after 15 and 20 days of NTS treatment. Furthermore,
suppressing macrophages reduced glomerulosclerosis and crescent formation, and
there were less apoptotic and proliferative cells within glomerular crescents (Duffield
et al. 2005). This key study demonstrated that macrophages significantly contributed
to the pathogenesis of NTS nephritis.
Another of the key mediators of kidney injury is the adaptive immune response.
C57BL/6 mice were pre-immunised with 200 µg of rabbit IgG and then injected with
rabbit anti-mouse GBM antiserum 3 days later and the authors assessed the effect
of stimulating glucagon-like peptide-1 receptor (Glp1r), a receptor found in the preglomerular vascular smooth muscle cells and juxtaglomerular cells (Moschovaki
Filippidou et al. 2020). Glp1r is known to have anti-inflammatory properties, including
inhibiting cytotoxic T-cell proliferation and increasing the number and function of
regulatory T-cells in mice and humans (Hadjiyanni et al. 2010). Treatment with the
Glp1r agonist Liraglutide ameliorated some of the effects of NTS nephritis, including
increase in the albumin to creatinine ratio, number of glomerular crescents,
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expression of Col1a1, and macrophage and T-cell accumulation (Filippidou et al.,
2020).
Another feature of NTS nephritis is glomerular cell proliferation. Mice with a mixed
129/Sv and C57BL/6 background were pre-immunised with sheep IgG and then 6
days later injected with NTS. Ki-67 immunostaining revealed a significant increase in
glomerular proliferative cells compared with vehicle injected mice, although the exact
cell type was not identified. Interestingly, NTS also induced an increase in the
parietal epithelial cell marker claudin-1 in the glomerular tuft, suggesting that there
may be parietal epithelial migration into the glomerular tuft (Dai et al. 2017). Another
study administered Wistar-Kyoto rats with 1 ml/kg body weight of sheep anti-rat NTS
and studied glomerular proliferation 14 days after NTS nephritis induction by Ki67
immunohistochemistry (IHC). The authors found there was a 7.1 fold increase in
Ki67 positive glomerular nuclei compared to saline treated rats, however, there was
no double labelling so it was unclear which glomerular cells were proliferating
(Succar et al. 2014).
1.5.2.3 NTS and the podocyte cytoskeleton
Studies have also attempted to quantify changes to the F-actin cytoskeleton in NTS
nephritis. One study in the 1990’s associated F-actin disorganisation in the foot
processes in vivo with foot process effacement (Shirato et al., 1996). NTS nephritis
was induced in Sprague-Dawley rats with rabbit anti-rat-GBM serum and F-actin was
visualised in the foot processes by immunogold electron microscopy. The authors
described an increase in podocyte foot process F-actin accumulation at day 3, 10
and 28 after NTS injection. Interestingly, the F-actin expression in the mesangium
was markedly decreased at days 1 and 3 (Shirato et al., 1996). The cytoskeletal
disorganisation in the foot processes correlated with foot process effacement,
suggesting this is a key underlying mechanism in the pathogenesis of NTS nephritis.
C57BL/6 mice injected with NTS per g body weight were culled after 9 days, and
kidneys cryosections were immunostained to visualise synaptopodin and F-actin
(Kvirkvelia et al. 2013). NTS induction decreased the glomerular fluorescence
intensity of synaptopodin and F-actin. There was also a reorganisation of the
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staining, where the glomeruli of control mice would display a “fine linear” expression
of F-actin and synaptopodin which was reorganised to a thicker expression. This
thicker expression in disease in the study by Kvirkvelia et al., may be representative
of the accumulation of F-actin described by Shirato et al. The authors also attempted
an in vitro model of NTS injury, where they incubated mouse immortalised podocytes
with 6% NTS in media for 5 hours. The synaptopodin in untreated cells was spread
throughout the whole podocyte cell, but NTS administration led to peri-nuclear
accumulation of synaptopodin. Untreated cells also showed a cortical arrangement
of F-actin, which was reorganised to accumulation of cytoplasmic stress fibres in
NTS treated cells (Kvirkvelia et al. 2013). This in vitro model does not fully represent
the in vivo effects of NTS to podocytes, as the injury is due to a mix of multi-cellular
actions in vivo, however, is a reasonable starting point and may provide some insight
into the earlier mechanisms of podocyte injury.
A different study attempted to replicate the conditions of NTS nephritis in vitro by
incubating podocytes with macrophage conditioned media. This media had been
generated by incubation of macrophages in Dulbecco’s modified eagle medium
(DMEM) with 5 mg/ml of lipopolysaccharide (LPS) to activate the macrophages for
48 hours and is a good in vitro model of NTS nephritis. The macrophages and LPS
were then extracted by filtration followed by the addition of the DMEM to mouse
immortalised podocytes for 6, 24, 48 and 96 hours (Succar et al. 2016). The
untreated podocytes showed cortical F-actin stress fibres, which did not change over
time. The macrophage conditioned media treated cells showed an increase in stress
fibre accumulation and fragmentation of F-actin filaments to form unorganised Factin structures, with 90% of podocytes displaying disorganised F-actin by 96 hours
(Succar et al. 2016). This was accompanied by an increase in ZO-1 disorganisation
and mRNA expression, a marker for tight junctions and is present in the SD of
podocytes connected to the cytoskeleton (Huber et al. 2003). Perhaps cytoskeletal
disorganisation could be prevented by modulating ZO-1 transcript levels. Although
these conditions do not fully replicate NTS nephritis in vivo, this study does provide
interesting insight into the role of macrophages in podocyte health, and the
conditions of this experiment could be improved by co-culturing with macrophages.
Macrophage-induced podocyte cytoskeletal disorganisation has been attributed to
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the secretion of tumour necrosis factor a (TNF-a) (Ikezumi et al. 2008), which may
potentially be the active pathway in this study.
Another protein expressed by mesangial cells and podocytes during the
inflammatory response in NTS nephritis is heparin-binding epidermal growth factor
(HB-EGF) (Feng et al. 2000). HB-EFG is a growth factor that is involved in cellular
development and inflammatory processes (Miyata et al. 2012), and is not normally
found in healthy glomeruli (Nakagawa et al. 1997). HB-EGF mRNA and protein was
upregulated after NTS induction in 129S2 mice, as determined by in situ
hybridisation and immunofluorescent assays. Therefore, the authors then incubated
mouse immortalised podocytes with 30 nM of HB-EGF for 48 hours and then
visualised F-actin with phalloidin. HB-EGF led to a 60% increase in the formation of
F-actin ring-like structures in the podocytes, with the accumulation of membrane Factin ruffles, similar to lamellipodia (Feng et al. 2000). Ring-like F-actin structures
have been associated with mitosis induction in other cell types (Lu et al. 2014),
which is detrimental to podocytes and may be occurring here, however the authors
did not assess proliferation.
Overall, the diverse effects to the glomeruli and podocytes make NTS nephritis a
prime candidate to explore potential therapeutic agents.

Thymosin b4
1.6.1 Discovery of TB4 and early characterisation
Thymosin b4 (TB4) was first isolated in 1981 from calf thymus through a combination
of ion-exchange chromatography and gel filtration, and the authors originally thought
it to be a thymic hormone that induces terminal deoxynucleotidyl transferase activity
in thymocyte populations (Low, Hu, and Goldstein 1981). After its isolation from the
thymus, it was discovered by high performance liquid chromatography (HPLC) that
TB4 was ubiquitous in mouse and rat tissues, including the spleen, thymus, brain,
lung, liver and heart muscles and that TB4 was composed of 43 amino acids and 4.9
kDa in size (Hannappel et al. 1982; Low and Goldstein 1982). The same study found
that in rats, TB4 was most abundant in the spleen, with the brain, kidney, liver and
testis contained 10 – 20% of splenic levels, and the heart and muscles containing 5
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– 10% (Goodall, Hempstead, and Morgan 1983). This was the first study to identify
TB4 in the kidney. The same year, synthetic TB4 was generated for the first time in
Staphylococcus aureus using isolated rat splenic mRNA and validated using coimmunoprecipitation (Filipowicz and Horecker 1983), paving the way for in vitro and
in vivo studies using synthetic and recombinant TB4. The secretion of TB4 has been
confirmed in the thymus of rats (Wise et al. 1992).
Nine years after the isolation of TB4 from calf thymus, an actin sequestering peptide
was isolated from human platelets using a combination of nondenaturing
polyacrylamide gel electrophoresis and N-(iodoacetyl)-N’-1-sulfo-5naphthylethylenediamine actin labelling. The authors described the peptide as
“binding to the bulk of the unpolymerized actin in platelets and preventing it from
polymerising” and designated the protein “Fx” (Safer, Golla, and Nachmias 1990).
They found this peptide bound stoichiometrically to muscle G-actin and the authors
investigated the amino acid composition of Fx by HPLC. However, they did not link
the Fx amino acid composition and the TB4 amino acid sequence discovered
previously until a year later, when the actin binding and sequestering abilities of TB4
and Fx were compared by nondenaturing polyacrylamide gel electrophoresis. The
amino acid sequence of Fx was deciphered by HPLC and compared to the amino
acid sequence of TB4 as published in 1981. The authors found that Fx and TB4
were identical, and therefore the same peptide (Safer, Elzinga, and Nachmias 1991).
1.6.2 TB4 and the actin cytoskeleton
TB4 is a member of the actin binding b-thymosin family and is the major G-actin
sequestering protein in mammalian cells (Cassimeris et al. 1992; Nachmias 1993;
Safer et al. 1991). One of the first studies to fully investigate the actin binding
properties of TB4 determined that TB4 would not bind to isolated muscle and platelet
F-actin, only G-actin, and that TB4 suppressed the rate of actin polymerisation. The
authors also determined that the dissociation constant of G-actin : TB4 complexes
was between 2 – 3 µM (Weber et al., 1992). Since then, the actin binding properties
of TB4 have been investigated in detail. Using muscle actin and TB4 purified from
sheep spleen by HPLC, it was shown that TB4 binds to ATP-G-actin with a much
higher affinity than ADP-G-actin. The former produced a dissociation constant of 1.7
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– 2 µM, whereas the latter gave a dissociation constant of 80 – 85 µM (Carlier et al.
1993). The difference in the affinity is most likely due to alteration of the TB4 binding
site on actin due to the nucleotide that is bound to it, as shown by HPLC (Carlier et
al. 1993).
Around the same time, TB4 was found to decrease the rate in which the barbed end
of F-actin grew (Yu et al., 1993), prolong the nucleation phase of actin and decrease
the rate of initial elongation of actin filaments (Sanders et al. 1992). This occurs
when the concentration of the intracellular pool of G-actin falls below the critical
concentration of actin polymerisation (0.1 µM) so actin polymerisation stalls. The
mechanism was proposed that once G-actin disassociates from the ends of the
filaments in vivo, TB4 binds to the G-actin monomers and blocks these monomers
from re-polymerising (Sanders et al. 1992) (Figure 1.7). TB4 primarily binds to
subdomain 2 on G-actin molecules and the binding of TB4 causes conformational
and steric changes to the G-actin molecule, as determined by mass spectrometry
(Enrique M. De La Cruz et al. 2000). It was also shown by circular dichroism that
TB4 binds preferentially to Mg-G-actin than to Ca-G-actin (De La Cruz et al., 2000),
suggesting that actin dynamics can be controlled by the ratio of Mg and Ca in the
cell. A recent in vitro study that overexpressed fluorescently labelled TB4 and profilin
in COS-7 cells (fibroblast-like cells derived from monkey kidney tissue), and
observed no effect on the rate of polymerisation or density of actin filaments when
either protein was overexpressed (Zhang et al. 2017). The authors suggested that
this was due to most of the G-actin being naturally sequestered by each molecule
respectively, so overexpression had no effect. TB4 forms 4 cross links with
subdomains 1, 2 and 3 of G-actin. It is also proposed that a ternary complex of
DNase1 and cross-linked actin-TB4 is formed when DNase 1 binds (De La Cruz et
al., 2000). G-actin acts as an inhibitor to the activity of DNase 1 (Lazarides and
Lindberg 1974), which degrades DNA in nuclei (Choi et al. 2020), and it has been
shown that the dissociation of G-actin from DNase 1 leads to increased chromatin
degradation (Eulitz and Mannherz 2007), suggesting that the binding of G-actin to
TB4 could also mediate this cellular function.
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Figure 1.7 – Mechanism of G-actin sequestering. Simplified diagram depicting how TB4
sequesters G-actin that detaches from F-actin. Original diagram.

A recent study has explored the role of TB4 in the F-actin cytoskeleton in the
developing epidermis and eyes. The study found that embryonic Tmsb4x
knockdown by lentiviral short hairpin RNA transfection prevented eyelid closure of
neonatal mice, which is an essential morphogenetic process (Padmanabhan et al.
2020). Eyelid closure is often hindered by mutated planar cell polarity genes (Curtin
et al. 2003; Wang and Nathans 2007), defects in planar cell polarity were seen in
Tmsb4x knockdown in the form of improper hair follicle alignment and orientation of
papillary dermal cells in embryos. Planar cell polarity is required for the correct
orientation of cells, embryogenesis and embryonic physiological functions
(Papakrivopoulou et al. 2021). The embryos also showed a lower fluorescence
intensity of F-actin in the epidermis, which can be directly correlated to defective
adherens junction formation and stability, as shown by an increased thickness in E45

cadherin immunostaining. The decrease in F-actin was mirrored by a decrease in Gactin in keratinocytes in vitro and the authors suggested that the defect in adherens
junction formation was via the loss of the G-actin pool that would normally be
available in wild type mice (Padmanabhan et al. 2020).
The actin binding ability of TB4 has been shown to protect the actin cytoskeleton
from disorganisation. One study explored the interaction of advanced glycosylation
end products (AGE) and their receptors (RAGE) in human umbilical vein epithelial
cells (HUVEC) in vitro, two molecules which are known to disrupt the cytoskeleton
(Kim and Kwon 2015). AGE caused a reduction in cell viability, RAGE expression,
increased the F-actin to G-actin ratio. The authors found that increasing
concentrations of exogenous TB4 (0.01 – 0.5 µg/ml) protected AGE induced
increase in F-actin to G-actin ratio. TB4 siRNA was used to decrease the expression
of endogenous TB4, and it was shown that loss of endogenous TB4 exacerbated the
effects of AGE on HUVECs, demonstrating the importance of endogenous and
exogenous TB4 in cytoskeletal protection (Kim and Kwon 2015). Another in vitro
study using Henrietta Lacks (HeLa) cells found a reduction in F-actin filaments and
lamellipodia when endogenous TB4 was overexpressed by transfection with the
opposite effect seen in TB4 downregulation by siRNA. It was also shown in this
study that TB4 inhibits the cofilin-stimulated F-actin-ATPase, therefore slowing the
progression of F-actin depolymerisation (Al Haj et al. 2014).
Cell migration is modulated by the F-actin cytoskeleton (Svitkina 2018) and
endogenous TB4 has been shown to prevent migration in podocytes (Vasilopoulou
et al. 2016), but increase migration in other cell types, such as colon cancer cells
(Tang et al. 2011). TB4 has been shown to interact with the kinase domain of
integrin linked kinase (ILK) in endothelial cells by surface plasmon resonance (Fan et
al. 2009) and the increase in migration in colon cancer cells was attributed to TB4
overexpression enhancing the ILK activation. This ILK activation, in turn, caused an
upregulation of IQGAP1 (Brown and Sacks 2006), an activator of Rac1, which
indeed caused an increase in Rac1 signalling and cell migration, as shown by
Transwell assay (Tang et al. 2011). Since an increase in cancer cells is known as
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metastasis, which is detrimental to disease progression, this is one potential
drawback of using exogenous TB4 as a therapy.

1.6.3 TB4 and inflammation
The suppression of inflammation is vital in preventing disease progression in a wide
range of pathologies. TB4 has moonlighting abilities, meaning it can perform multiple
cellular functions (Husson et al. 2010; Tompa 2005; Xue and Robinson 2016).
One of the first studies to implicate a therapeutic role of TB4 in inflammation was
published in 1999. Through reverse-phase HPLC, it was identified that an alternative
form of TB4, called TB4 sulfoxide (TB4-SO), is formed by oxidation of methionine-6
residue. By live cell tracking, it was shown that TB4-SO, but not TB4, caused altered
motility of neutrophils, where the neutrophils migrated in a more disperse manner
compared with untreated cells. Furthermore, scratch wound assay of neutrophils
revealed that TB4-SO improved wound closure compared to both TB4 and untreated
cells. The authors then transitioned to an in vivo study, and induced footpad swelling
by carrageenin-induced inflammation. Daily intraperitoneal injection of 1 µg TB4-SO,
but not an equivalent dose of TB4, was found to significantly reduce swelling in the
footpads compared to untreated cells (Young et al. 1999).
Thirteen years later, TB4-SO was examined in inflammation using zebrafish larvae
(Evans et al. 2013). TB4-SO absorbed into latex beads were injected into the larvae,
causing inflammation. Imaging after 3 and 6 hours revealed a significantly lower
number of macrophages proximal to the TB4-SO bead compared to vehicle beads,
suggesting TB4-SO induced macrophage dispersion. Next, the authors used laser
and needle-induced injuries in the cardiac tissue of the zebrafish larvae. At both 3
and 6 hours, administration of TB4-SO resulted in a reduced number of leukocytes in
the injury area compared to vehicle treated fish. The authors then examined the
effects of exogenous TB4 or TB4-SO (6 mg/kg every 2 days) in a murine model
myocardial infarction, while also using TB4 global knockout mice to examine the role
of endogenous TB4 in inflammation and observe the effects of exogenous TB4
administration in the absence of endogenous TB4. Exogenous TB4 attenuated
neutrophil and macrophage infiltration into injured tissue at 4 and 7 days respectively
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compared to vehicle treated mice, but the number of immune cells in TB4 knockout
mice, without exogenous TB4, was exacerbated. TB4 administration also resulted in
lower levels of TNFa, interleukin (IL)-6 and IL-10 cytokines compared to vehicle
treated mice, which TB4 knockout also exacerbated. Flow cytometry determined that
TB4-SO reduced the number of macrophages and monocytes 28 days after
infarction. Serial magnetic resonance imaging (MRI) determined that TB4 and TB4SO reduced infarct volume and reduced fibrosis in the heart (Evans et al. 2013). This
study showed that when TB4 is oxidised in would sites, immune cells are resolved,
which promotes reparative wound healing and anti-inflammation.
The anti-inflammatory effects of exogenous TB4 have been examined extensively in
eye injuries. Topical administration of TB4 to treat corneal wounds in rats showed
that 1 µg/µl of TB4 induced closure of the corneal wounds 12 and 24 hours after
administration. The study then went on to investigate this further in vitro using
primary human corneal epithelial cells (HCECs), where it was found that 50 – 1000
ng/ml of TB4 induced cell migration in a dose dependent manner (Sosne et al.
2001). A year later, the therapeutic role of TB4 was further characterised in corneal
alkali injury in 129 Sv mice, which showed increased corneal re-epithelialisation and
suppression of inflammatory genes, such as MCP-1, IL-1, IL-2 and MIP1&2 (Sosne
et al. 2002). This was then further expanded in BALB/c mice inflicted with alkali
corneal injury. The authors found using quantitative polymerase chain reaction
(qPCR) and ELISA that TB4 inhibited neutrophil infiltration, decreased chemokine
expression and modulated corneal matrix metalloproteinase (MMP) levels, which are
involved in promotion of cell motility (Sosne et al. 2005). Furthermore, using TNF-a
injured HCEC culture in vitro it was demonstrated with ELISA and
immunofluorescence that TB4 administration prevented NFkB phosphorylation and
translocation to the nucleus, therefore suppressing the TNF-a induced activation of
the NFkB pathway, one of the earliest signalling events in the inflammatory response
(Sosne, Qiu, Christopherson, et al. 2007).
The extensive studies of TB4 in the eye prompted investigation into the inflammatory
response of other cell/tissue types. LPS administration to rodents, which mimics
some phenotypes of septic shock in humans (Amura, Silverstein, and Morrison
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1998), led to a sharp decrease in blood TB4 concentration, indicating that TB4 was
being metabolised in response to the early inflammatory response (Bongiovanni et
al., 2015). Intraperitoneal administration of 100 µg of synthetic TB4 dramatically
improved survival rate compared to LPS alone. Use of adeno associated virus (AAV)
expressing Tmsb4x improved LPS induced systemic inflammation by prevention of
pericyte loss and perivascular leakage protection. TB4 also prevented the
haemodynamic effects, such as drop in blood pressure, that are normally seen in
murine sepsis models (Bongiovanni et al., 2015). A reduction of circulating TB4
concentration was also seen in patients that had been admitted to an intensive care
unit with septic shock (Badamchian et al. 2003).
Interestingly, it was also found that TB4 was increased in the sera of inflammatory
bowel disease (IBS) patients (Mutchnick et al. 1988). Rodent models of colonic
inflammation were suppressed after TB4 overexpression, in the form of reduced
inflammatory cell infiltration, suppression of colonic epithelial cell apoptosis,
prevention of oxidative damage and modulation of pro-inflammatory cytokines
(Zheng et al. 2017). The anti-inflammatory properties of TB4 have also been
demonstrated in the lungs of male C57BL/6 mice injected with bleomycin, which
mimics some of the characteristics of human pneumonitis (Yoshimi et al. 2008).
Intraperitoneal injection of 6 mg/kg of TB4 suppressed polymorphonuclear leucocyte
infiltration, lung oedema and collagen deposition (Conte et al. 2013). Mice of a
C57BL/6 background with chronic granulomatous disease, which is an autoimmune
disorder that targets phagocytes (Holland 2010), were challenged with a fungal
infection of Aspergillus fumigatus and treated daily intraperitoneally with 5 mg/kg of
exogenous TB4. TB4 was shown to suppress the inflammatory response and
granuloma formation in these mice (Renga et al. 2019).
1.6.4 TB4 in angiogenesis and cardiac injury
Another well documented property of TB4 is its protection of the heart muscle and
vasculature. TB4 has been detected as early as embryonic day 10 in the hearts of
murine embryos on a 129 background (Smart et al. 2002) indicating that TB4 may
play a role in development of the heart. Mice in which TB4 was knocked down in
cardiomyocytes using short hairpin RNA were developmentally hampered and there
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was a clear lack of neovascularisation and evidence of ischaemia (Smart et al.
2007). The effect of exogenous TB4 in myocardial infarction in C57BL/6 mice was
then explored (Smart et al. 2011). Mice were primed with daily intraperitoneal
injection of 12 mg/kg of TB4 for 10 days and myocardial infarction was induced 3
days later. Priming with exogenous TB4 significantly improved cardiac functional
parameters after 28 days compared to vehicle treated mice, such as reducing infarct
volume and improving diastolic and systolic volumes. Exogenous TB4 also reduced
cardiac scar volume, with increased left ventricular mass at 28 days, as determined
by MRI (Smart et al. 2011).
In a model of acute myocardial infarction in C57BL/6 mice, treatment with 1.6
mg/kg/day of TB4 via an osmotic mini pump (OMP) reduced death by cardiac rupture
by 30% compared with vehicle treated mice. TB4 treated mice also showed less
cardiac inflammatory cell infiltration, cardiac TUNEL+ (apoptotic) cells and increased
angiogenesis after 1 week (Peng et al. 2014). More recently, it has been shown that
endothelial progenitor cells in vitro treated with 10 ng/ml of TB4 formed tubules more
readily (mimicking angiogenesis) than untreated cells, and increased the expression
of angiogenic growth factors, such as platelet derived growth factor (2b subunits)
(PDGF-BB), insulin-like growth factor 1 (IGF-1) and vascular endothelial growth
factor (VEGF). The authors then transplanted these cells to diabetic fatty rats in vivo
after myocardial infarction and saw increased angiogenesis, and increased
recruitment of endogenous cardiac progenitor cells, therefore an improvement in
cardiac function (Poh et al. 2020). A study using the hind limb ischaemia model in
mice suggested that TB4 may actually enhance the NKkB pathway to promote
angiogenesis (Lv et al. 2020), which is in contrast to the inflammatory studies that
stated TB4 suppresses this pathway (Sosne et al. 2001).
TB4 has been shown to be involved in other pathways that affect angiogenesis. TB4
competes with myocardin-related transcription factor A (MRTF-A) for the binding of
G-actin. Once MRTF-A is released from G-actin, it translocates to the nucleus,
activating serum response factor (SRF) target genes. This was shown by Luciferase
activity in HeLa cells (Morita and Hayashi 2013). MRTF-A signalling upregulates the
expression of cysteine-rich angiogenic protein 61 (CCN1) and cellular
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communication network factor 2 (CCN2), two molecules which drive angiogenesis
and vessel stabilisation (Hanna et al. 2009; Hinkel et al. 2014). Using AAV vectors,
upregulating TB4 and MRTF-A resulted in a significant upregulation in angiogenesis
in a model of ischaemia in the hindlimbs of rabbits, suggesting that the MRTF-A
release, modulated by TB4 binding to G-actin, could be responsible for TB4s role in
angiogenesis (Ziegler et al. 2018).
It was also shown in rat cardiomyocytes in vitro that addition of 10 ng/µl of TB4
promoted cell migration and survival and increased the beating frequency of rat
neonatal cardiomyocytes 2 and 4 weeks after explant through ILK and Akt activation.
The most physiological significant finding of the paper was that TB4 was able to
protect heart function in mice after myocardial infarction, as represented by a higher
volume of blood ejection and increased cardiac contraction 4 weeks after infarction
(Bock-Marquette et al. 2004; Srivastava et al. 2007).
It is clear from the extensive literature that TB4 plays a major role in protection of the
heart, however, it is emerging that it also plays a role in the vasculature in other
organs, such as the brain (Morris, Zhang, and Chopp 2018). Stroke refers to a
number of conditions that cause haemorrhage or blockage of the blood vessels that
supply the brain (Lo, Dalkara, and Moskowitz 2003). In a model of acute stroke in
aged Wistar rats, where the middle cerebral artery was occluded, daily treatment
with 12 mg/kg of TB4 intraperitoneally reduced vascular lesion volume (Morris et al.
2017). The same model was also undertaken in younger Wistar rats, where
exogenous TB4 improved neurological outcome, promoted myelination and
oligodendrocyte progenitor cell proliferation (Morris et al. 2014).

1.6.5 TB4 in the kidney
The role of TB4 in the kidney is a relatively new and unexplored area compared to
other organs. A study from 2010 analysed the expression of TB4 in human foetal
kidneys using IHC. The authors found TB4 expression in the developing and adult
kidney was restricted to the tubules and ducts and was absent from the glomeruli
(Nemolato et al. 2010). Endogenous Tmsb4x transcripts have also been identified in
the kidney by qPCR, where Tmsb4x was found to be enriched in the glomeruli of
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adult mice compared to the rest of the kidney and glomerular Tmsb4x transcripts
could be detected at embryonic day 16.5. By embryonic day 18, some TB4
expression also co-localised with nephrin, a major SD protein found in the podocyte
foot processes, as confirmed by immunocytochemistry (Vasilopoulou et al. 2016).
The discrepancies in glomerular TB4 positive immunostaining between these two
studies are likely due to different antibodies used, different techniques used
(immunofluorescent versus IHC), and different stages of kidney development.
Another study used in situ hybridisation and immunocytochemistry on C57BL/6 mice
kidney sections. Tmsb4x was present throughout the kidney, but more extensively in
the cortex. The authors stated that TB4 peptide immunoreactive cells had small cell
bodies and long branched processes, and were clearly in direct contact with the
Bowman’s capsule and lined the tubules (Paulussen et al. 2009). However, the exact
cell types expressing TB4 were not identified.
A recent study that assessed the amniotic fluid of patients with developmental kidney
disease found that TB4 was upregulated and positively correlated with the severity of
disease (Klein et al. 2020). The study used ELISA to quantify the amniotic fluid
concentration of TB4 where it was shown that TB4 was upregulated 2-fold in
compromised renal outcome patients compared to healthy patients. The authors
performed IHC on human foetal kidney formalin fixed, paraffin embedded (FFPE)
sections, and showed that in healthy foetuses, TB4 was expressed mainly in the
tubules, with no glomerular staining, which did not change with disease. The
absence of glomerular staining is likely due to the developmental stage (foetal), as
other studies have reported a lack of TB4 expression in developing glomeruli
(Nemolato et al. 2010). Finally, they generated mutant zebrafish larvae using
CRISPR/CAS-9 to form a truncated TB4 protein. TB4 knockout lead to defective
development of the tubular components of the developing zebrafish kidney, but no
change to the glomeruli (Klein et al. 2020). This is the first study to implicate TB4 in
the progression of developmental defects to the human kidney. Another recent study
in human adult CKD patients showed by mass spectrometry that urinary TB4 was
upregulated 44.3-fold in ESKD patients compared to healthy patients (Kim et al.
2021). These studies combined suggest that TB4 may have a role in the progression
of CKD in humans.
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The expression and function of TB4 in kidney disease has been further investigated
in rodent models (Vasilopoulou, Riley, and Long 2018). One study quantified the
expression of TB4 in CKD using the 5/6 nephrectomy model of FSGS in rats, which
involves removing 1 kidney and 2/3 of the other kidney. In this model, the authors
performed mass spectrometry and showed that TB4 expression was increased 3-fold
in non-sclerotic glomeruli and 4-fold in sclerotic glomeruli of 5/6 nephrectomy rats
compared with sham operated rats, with the expression predominantly in the
endothelial cells (Xu et al. 2005). A later study employing mass spectrometry in the
same 5/6 nephrectomy model of kidney injury in rats also reported a 4-fold
upregulation of TB4 peptide in whole kidney tissues compared to sham operated rats
(Kim et al. 2021).
The first study to explore the role of endogenous Tmsb4x was published by
Vasilopoulou et al. Global knockout of TB4 was achieved by deleting exon 2 of the
Tmsb4x locus in mice of a C57BL/6 background. Interestingly, global knockout of
Tmsb4x in these mice had no renal phenotype – the albuminuria and blood urea
nitrogen (BUN) concentrations were equivocal to their wild type littermates. There
was also no glomerulosclerosis or foot process effacement, exhibiting that
endogenous Tmsb4x is expendable for healthy glomeruli and kidneys. However, this
was not the case in the context of glomerular injury. The authors employed NTS
nephritis in order to create an immune mediated glomerular injury, which mimics
some of the features seen in human glomerulonephritis (Pippin et al. 2009). Loss of
endogenous Tmsb4x exacerbated the effects of NTS nephritis at 21 days after
disease induction, including a further 5-fold enhancement of albuminuria in Tmsb4x
knockout mice with NTS nephritis compared to wild type mice with NTS nephritis,
indicating glomerular filtration barrier leakage. Loss of Tmsb4x caused a significant
decrease in creatinine clearance and an increase in BUN when compared with wildtype mice with NTS injury. Tmsb4x knockout also led to exacerbated glomerular
histological damage, in the form of enhanced crescent formation and hyaline
deposits. The distribution of podocytes was further analysed by WT-1
immunofluorescence. NTS did not cause changes to the number of WT-1 positive
cells inside the glomerular tuft or in the parietal epithelium in wild type mice,
however, Tmsb4x knockout caused a reduction of glomerular tuft WT-1 positive cells
and increase in parietal WT-1 expression. The total number of renal corpuscle WT-1
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positive cells did not change (Vasilopoulou et al. 2016), suggesting that the
podocytes may be migrating from the glomerular tuft towards the parietal epithelium,
which has previously been seen in podocyte injury in vivo (Brähler et al. 2016;
Burford et al. 2014; Hackl et al. 2013).
Next, the authors looked at glomerular inflammation at 21 days after disease
induction by IHC. There were no statistical changes to the number of CD3 cells (T
cell marker (Call et al. 2002)) or F4/80 positive cells (macrophage marker (Austyn
and Gordon 1981)) inside or outside the glomerular tuft in wild type NTS nephritis
compared with vehicle treated mice. Lack of Tmsb4x, however, caused a significant
increase in the number of glomerular CD3 positive cells, glomerular F4/80 positive
cells and F4/80 positive peri-glomerular cells compared to wild type littermates
treated with NTS. The final in vivo component analysed was fibrosis, which was
assessed by IHC and qPCR. NTS nephritis led to significant fibrosis in wild type
mice, which was presented as collagen IV deposition inside and around the
glomerular tuft and increased whole kidney Col4a gene expression compared with
vehicle treated mice. NTS nephritis in Tmsb4x knockout mice caused an
exacerbated increase in whole kidney Col4a and Acta2 (a-SMA) gene expression
compared with wild-type mice with NTS nephritis. The in vivo data taken as a whole
demonstrates a potential role of endogenous Tmsb4x in limiting onset of glomerular
disease.
To further explore the role of endogenous TB4 specifically in podocytes, the authors
transfected mouse immortalised podocytes (Mundel, Reiser, et al. 1997) with siRNA
that targeted Tmsb4x. A greater than 95% reduction in Tmsb4x mRNA levels
following siRNA transfection was confirmed by qPCR. Three aspects were analysed:
cell viability (MTT assay); cell migration (scratch wound) and F-actin (phalloidin
staining and Rho GTPase activity). There was no change to podocyte viability 24, 48
or 72 hours after Tmsb4x siRNA transfection. Knock-down of endogenous Tmsb4x
led to a 50% increase in podocyte migration in vitro. This may be a potential
mechanism to explain the effects of NTS nephritis in vivo, podocyte migration has
been associated with foot process effacement and proteinuria in vivo (George et al.
2012; Harris et al. 2013; Kriz et al. 2013). Finally, the analysis of the cytoskeleton
showed an increase in cytoplasmic stress fibres in Tmsb4x knock-down podocytes,
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with an upregulation of RhoA activity. RhoA activation has been shown to increase
the formation of stress fibres in podocytes (Asanuma et al. 2006), so is likely to
contribute to the mechanism by which this reorganisation of the actin cytoskeleton
occurred.
Two of the major properties of TB4 are G-actin regulation and suppression of
inflammation. The disorganisation of podocyte F-actin in vitro provides evidence that
this could be the mechanism of exacerbated albuminuria in vivo. The podocyte
cytoskeleton is critical for the unique shape of the foot processes and its
disorganisation leads to albuminuria (Shirato et al., 1996; Blaine and Dylewski,
2020). It is possible that the absence of the actin binding properties of endogenous
TB4 from podocytes caused exacerbated damage to the glomerular filtration barrier
leading to an increase in albuminuria in NTS nephritis. The anti-inflammatory
properties of TB4 also clearly played a role in the enhanced progression of injury in
this model of immune mediated glomerular disease as shown by the increased
macrophage accumulation in Tmsb4x knockout with NTS nephritis. It would be
interesting to explore if the anti-inflammatory effect of TB4 was mediated by changes
in the expression and activity of TNF-a and NFkB, as shown in the eye (Sosne, Qiu,
Christopherson, et al. 2007).
Angiotensin II administration to rodents is a model of renal injury that mimics some of
the effects of hypertension in humans (Johnson et al. 1992). A study explored the
effects of globally knocking out Tmsb4x and inducing hypertension in mice of a
C57BL/6 background (Kumar et al., 2018). Tmsb4x knockout exacerbated
albuminuria ~26-fold and reduced Nphs1 mRNA levels compared with wild type
hypertensive mice, suggesting significant damage to the SD and glomerular filtration
barrier. Macrophage infiltration and expression of ICAM-1, a pro-inflammatory
protein, were also exacerbated in Tmsb4x knockout along with interstitial fibrosis
(Kumar et al., 2018). Interestingly, loss of Tmsb4x did not exacerbate the increase in
blood pressure, suggesting that the protective effects of endogenous TB4 were not
involved in blood pressure regulation.
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Further studies investigated the use of TB4 as a therapeutic agent in renal injury.
One of the first studies used the unilateral ureteral obstruction (UUO) model in
C57BL/6 mouse kidneys to induce interstitial fibrosis, tubular dilation, tubular atrophy
and interstitial collagen deposition. Endogenous expression of TB4 in interstitial and
tubular cells increased as disease progressed in UUO mice compared with control
mice. Administration of 150 µg/day of TB4 intraperitoneally reduced interstitial
fibrosis by 33% 14 days after obstruction as determined by Sirius red staining (Zuo
et al. 2013). Another study employed the UUO model in Sprague Dawley rats to
induce tubular interstitial fibrosis and a low dose (1 mg/kg/day) and high dose (5
mg/kg/day) of TB4 were administered via intragastric lavage (Yuan et al. 2017). The
low dose suppressed the onset of UUO-induced proteinuria, and the effect was more
pronounced when the high dose was used. UUO also increased the relative area of
fibrotic interstitial tissue, as determined by Sirius red staining, which both the low and
high dose of TB4 prevented. TB4 also prevented UUO induced glomerulosclerosis,
tubular lumen dilation and apoptosis of tubular epithelial cells. Transforming growth
factor b (TGF-b) is a cytokine that promotes fibrosis and can induce tubular epithelial
cells and mesangial cells to transform into fibroblast cells (Qiao et al. 2013; Yang
and Liu 2001) and TB4 suppressed whole kidney expression of TGF-b and a-SMA in
UUO mice, suggesting a potential mechanistic pathway. Interestingly, TB4
administration in UUO also preserved E-cadherin expression in tubulointerstitial
tissue, providing more evidence of its role in adherens junction preservation
(Padmanabhan et al. 2020). The authors expanded on their in vivo findings by
challenging tubular epithelial cells in vitro with TGF-b and treating with exogenous
TB4. Exogenous TB4 prevented alterations to the gene transcripts and protein levels
of E-cadherin and a-SMA. TB4 also prevented the TGF-b-induced increase in
tubular apoptotic cells and markers, such as cleaved caspase-3, Bax and Bcl2 in
tubular cells in vitro (Yuan et al. 2017). Combined, these two studies of the UUO
model of kidney injury demonstrate that TB4 has a potential therapeutic role in this
model of fibrosis.
KK Cg-Ay mice of a C57BL/6 background are commonly used as a model of
glomerular injury that reflects some of the features of human type 2 diabetic
nephropathy (O’Brien et al. 2013). A study in these mice has explored the role of
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exogenous TB4 via intraperitoneal administration of 100 ng/10 g body weight daily.
TB4 decreased blood glucose levels and suppressed the urinary albumin
concentration by 33%. TB4 also suppressed glomerular hypertrophy and mesangial
matrix expansion seen in the KK Cg-Ay mice, suggesting that TB4 decelerates the
onset of early-stage diabetic nephropathy (Zhu et al. 2015). There were no
mechanistic assays undertaken in this study so the improvement of renal function
could be associated with the reduction in blood glucose seen following TB4
administration. The injury model induced in KK Cg-Ay mice is less severe than in the
more widely used db/db mouse strain (Kitada, Ogura, and Koya 2016), and perhaps
it would have been a more informative study to explore the role of exogenous TB4 in
a more severe form of diabetic nephropathy.
Exogenous TB4 has also been explored in the ischaemia reperfusion injury (IRI)
model of kidney injury. Sprague-Dawley rats injected intravenously with 10 mg/kg of
exogenous TB4 showed decreased inflammatory and apoptotic markers than sham
control rats (Aksu et al. 2019). TB4 also suppressed the increase in BUN and blood
creatinine concentration seen in IRI, indicating TB4 was protective of kidney function
(Aksu et al. 2019). This work could have been taken further by showing the
localisation of the inflammatory and apoptotic markers by IHC experiments, to
identify if these markers were located in the medulla or cortex.
All together, the in vitro and in vivo data strongly demonstrate that endogenous TB4
is crucial in the progression of glomerular disease in mice, providing further rationale
to explore the role of exogenous TB4 in glomerular disease models.
1.6.6 Clinical applications of TB4
The World Health Organisation has recently declared that the international nonproprietary name for use of TB4 in clinical settings is Timbetasin (World Health
Organisation 2018) and the company RegenRx is heavily involved in the clinical
application of TB4. A number of clinical trials have investigated the safety and
efficacy of administering exogenous TB4 to humans in 3 main forms; RGN-137,
RGN-259 and RGN-352, all manufactured by RegeneRx. RGN-137 is a topical gel
containing TB4 that was designed to be applied to external skin wounds, RGN-259
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comes in the form of sterile TB4 containing eye drops and RGN-352 is a solution
containing TB4 that was designed to be administered intravenously (Anon 2021)
The earliest clinical trials of TB4 were in skin conditions. Venous stasis ulcers can
develop on the ankle or lower leg of patients with chronic vascular diseases (Olin et
al. 1999). A phase 2 clinical trial applied 0.01%, 0.03% and 0.1% of TB4 in the form
of RGN-137 to patients experiencing these ulcers. There were no major adverse
events when using any doses, showing that TB4 was safe to use and 0.03% of
RGN-137 led to a 45% decrease in wound closure time compared to placebos
((Guarnera, DeRosa, and Camerini 2010; RegeneRx - NCT00832091 2010) all
references containing NCTXXXXXXXX refer to the clinical trial identification number
on www.clinicaltrials.gov). Epidermolysis bullosa is a genetic group of skin conditions
that can cause blistering of the skin in response to mechanical trauma (Pai and
Marinkovich 2002) which can be due to the absence or functional loss of laminin332, type XVII collagen or integrin a6b4 (Keith et al. 2020). TB4 has been shown to
synthesise laminin-332 (Sosne et al. 2004), making it an attractive therapy for
epidermolysis bullosa. A previous phase 2 clinical trial using RGN-137 in
epidermolysis bullosa was established between 2006 – 2012, however this was
terminated due to lack of patient enrolment (RegeneRx - NCT00311766 2012). In
mid-2019 patient recruitment re-started to study the efficacy and safety of RGN-137
in patients with junctional and dystrophic epidermolysis bullosa, with the aim to apply
RGN-137 topically to wounds once a day for up to 84 days. The primary outcome is
to achieve a 50% reduction in the area of the wounds in less than 84 days
(RegeneRx - NCT03578029 2019).
Exogenous TB4 to treat disorders of the eye has almost fully completed the journey
from lab bench to bedside in the form of RGN-259 (Sosne 2018). The stage two
clinical trials for dry eye syndrome were successful. There was a statistical difference
in mean ocular discomfort, tear film break up time and corneal fluorescein scores
(marker for inflammation) (Nichols, Evans, and Karpecki 2020) in patients treated
with RGN-259 groups compared to the vehicle groups, with a very low percentage of
adverse events (RegeneRx - NCT01393132 2015; Sosne et al. 2013; Sosne and
Ousler 2015). Stage three trials are currently ongoing. According to the RegenRx
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website, as of August 2020 there had been 600 patients recruited to the current
stage 3 clinical trials of RGN-259 in dry eye syndrome (Anon 2021; RegeneRx NCT03937882 2020). RGN-259 is also currently in the third stage of phase 3 trials to
treat neurotrophic keratopathy, which is a disease of the eye that causes corneal
epithelial breakdown, impairment of healing and development of corneal ulceration,
melting and perforation (Sacchetti and Lambiase 2014). The phase 2 trials
performed in neurotrophic keratopathy were in four patients that all showed a
reduction in epithelial defects with no discomfort when administered RGN-259 (Dunn
et al. 2010). There was also an early clinical trial to examine the effect of RGN-259 in
corneal wounds of diabetic patients following vitrectomy surgery, however this trial
was terminated due to slow recruitment (RegeneRx - NCT00598871 2010).
Doses of 42 mg, 120 mg, 420 mg and 1260 mg of RGN-352 have been tested in
phase 1 clinical trials for their safety and efficacy when administered intravenously.
There were no toxic or adverse events to patients given RGN-352 as a single dose
or daily for 14 days (Ruff et al. 2010). RGN-352 was designed to be an interventional
treatment for patients with myocardial infarction and other vascular and neurological
disorders, such as multiple sclerosis and stroke (Anon 2021). Phase 2 trials hoped to
improve cardiac function in a 28-day time frame by a single injection of 1200 mg or
daily injection of 450 mg (for 3 three days) and then weekly injections of 450 mg.
Unfortunately, the recruitment of patients was suspended in 2015 due to RegeneRx
not being good manufacturing practice (GMP) compliant (exact reason unknown)
(RegeneRx - NCT01311518 2015).
It is also worth noting that TB4 has recently begun clinical trials sponsored by a
Chinese company called Beijing Northland Biotech. Co., Ltd under the name of
NL005 (Beijing Northland Biotech. Co. Ltd. 2021). These trials are similar to RGN352, where they have completed phase 1 clinical trials of recombinant human TB4 in
an injectable form to study the safety at doses of 0.5 µg/kg, 2.0 µg/kg, 2.5 µg/kg, 5.0
µg/kg, 12.5 µg/kg and 25 µg/kg of TB4 in healthy patients. The phase 1a and 1b
trials were completed In late 2020 (Beijing Northland Biotech. Co. Ltd. NCT04555850 2020; Beijing Northland Biotech. Co. Ltd - NCT04555824 2020) but
no results have been posted to the clinical trial data base (www.clinicaltrials.gov).
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However, the company website states that the phase 1 trials were successful and
that they are currently in phase 2a clinical trials to study NL005 in patients with
ischaemia-reperfusion injury caused by myocardial infarction (Beijing Northland
Biotech. Co. Ltd. 2021).
Overall, the safety data from the clinical trials is promising, and paves the way for
TB4 to be explored in other tissue pathologies, such as CKD.

1.6.7 AcSDKP
In vivo, TB4 is metabolised relatively quickly as demonstrated by a time course study
injecting synthetic TB4 into Swiss-Webster mice (Mora et al. 1997). Synthetic TB4
(400 µg) was injected intraperitoneally and serum was collected via cardiac puncture
at 2 minutes, 2 hours, 6 hours and 24 hours after administration and TB4
concentration assessed by ELISA. Serum TB4 concentration peaked after 2 hours
and returned to baseline after 6 hours, indicating that TB4 is metabolised during this
time (Mora et al. 1997). One of the peptides that TB4 is metabolised to is a
tetrapeptide termed N-acetyl-seryl-aspartyl-lysyl-proline (AcSDKP), which is
ubiquitous throughout mammalian cell types and also present in the plasma and
urine (Junot et al. 1999; Le Meur et al. 2001; Pradelles et al. 1991). AcSDKP is
located at the N terminus of TB4 and is generated through stepwise hydrolysis,
involving meprin-a and prolyl oligopeptidase (POP) (Kumar et al. 2016). AcSDKP
has anti-inflammatory and anti-fibrotic benefits in animal models of hypertension,
stroke, myocardial infarction, autoimmune diseases and CKD, by reducing organ
macrophage infiltration, cytokine and chemokine expression, NFkB activation, TGF-b
expression and collagen deposition (Cavasin et al. 2007; Ding et al. 2014; Kumar
and Yin 2018; C. Li et al. 2019; Yang et al. 2004). This section will focus on the role
of AcSDKP in CKD models.
The plasma concentration of AcSDKP in patients with CKD increases proportionally
with disease severity and ACE inhibitors further enhance AcSDKP plasma
concentration (Azizi et al. 1999; Le Meur et al. 2001). ACE is known to degrade
AcSDKP, therefore the exacerbated increase in plasma concentration is likely due to
ACE inhibition (Nagai et al. 2015). Diminished AcSDKP in Sprague-Dawley rats, as
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achieved by inhibiting prolyl oligopeptidase via OMP secretion of buprenorphine,
causes increased collagen formation around the glomeruli and vasculature, and
glomerulosclerosis, as determined by IHC (Cavasin et al. 2007). This occurred
without any disease induction, suggesting that endogenous AcSDKP is essential for
regulation of renal collagen.
The role of exogenous AcSDKP in the UUO model of renal fibrosis and inflammation
has been explored in detail. Administration of 0.4 mg/kg/day of AcSDKP by OMP to
Wistar rats was initiated on the day of UUO induction, which led to decreased
fibrosis and inflammation in the obstructed kidney after 14 days. AcSDKP
suppressed macrophage infiltration, lowered activation of NFkB and suppressed
expression of TGF-b, aSMA and MCP-1 (Wang et al. 2010). In mice of a C57BL/6
background, 1.6 mg/kg/day of AcSDKP was administered via OMP and the effects
were assessed 5 and 14 days after UUO induction. AcSDKP decreased fibrosis at
both time points, which was determined by a reduction in Sirius red IHC. There was
also a decrease in fibronectin, plasminogen activator inhibitor-1 (PAI-1) and TGF-b
signalling compared to UUO mice without AcSDKP (Zuo et al. 2013). Finally, in
BALB/c mice, 1 mg/kg/day of AcSDKP via OMP suppressed tubulointerstitial fibrosis
and collagen deposition in the cortex in UUO mice. Surprisingly, there was no
reduction of macrophage accumulation after AcSDKP administration, which could be
due to different doses and strains of mice (Chan et al. 2015).
Exogenous AcSDKP has also shown therapeutic benefits in glomerulonephritis
models. Wistar-Kyoto rats were administered with 1 mg/kg/day AcSDKP by
subcutaneous OMP 2 weeks after the induction of anti-GBM glomerulonephritis
(Omata et al. 2006). Exogenous AcSDKP suppressed the onset of
glomerulosclerosis, interstitial collagen deposition and fibrosis 42 days after disease
induction, as determined by IHC. Albuminuria increase and BUN development were
prevented and levels of fibronectin, collagen I and collagen III were all suppressed
with AcSDKP administration. TGF-b, a signalling protein that induces fibrosis, was
also suppressed 42 days after disease induction (Omata et al. 2006).
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Systemic lupus erythematosus (SLE) is another autoimmune disorder in which the
body generates autoantibodies that target the glomerulus (Almaani et al. 2017). A
study used transgenic MRL/MpJ-Faslpr/2J mice, which develop renal phenotypes that
simulate SLE (Wu et al. 2016), that were treated with 800 ug/day of AcSDKP via
OMP (Liao et al. 2015). Protein array analysis, Western blot and IHC revealed that
AcSDKP suppressed glomerular complement levels and ICAM-1 expression as well
as attenuated macrophage and T cell infiltration to the kidney. The suppression of
these inflammatory compounds proved beneficial to kidney function, as AcSDKP
significantly improved eGFR, albuminuria, and glomerulosclerosis. Furthermore,
AcSDKP suppressed interstitial collagen formation, demonstrating its antiinflammatory and anti-fibrotic effects (Liao et al. 2015).
AcSDKP is detectable in the urine of diabetic patients and urinary concentration
increases as eGFR declines (Nitta et al. 2019). The role of exogenous AcSDKP has
been explored in rodent models of type 1 and type 2 diabetic nephropathy, which
were achieved by injection of streptozotocin and using db/db transgenic mice
respectively (Wu and Yan 2015). Sprague-Dawley rats, 8 weeks after streptozotocin
injection, were treated with 1 mg/kg/day of AcSDKP by OMP. While there was no
improvement in renal function, AcSDKP improved fibrosis and diabetes-induced loss
of glomerular nephrin (Castoldi et al. 2013). Further studies explored AcSDKP coadministration with the ACE inhibitor Imidapril in type 1 diabetic nephropathy.
AcSDKP (0.5 mg/kg/day via OMP) and Imidapril co-treatment of CD1 mice 16 weeks
after streptozotocin injection was maintained for 8 weeks. Mesangial expansion,
fibrosis and aSMA positive cells were all reduced with commination treatment
compared to ACE inhibitor treatment alone (Nagai et al. 2014). AcSDKP was also
found to restore the expression of the anti-fibrotic microRNAs miR-29 and miR-let-7
in diabetic kidneys. To further elucidate potential mechanisms, the authors cultured
human dermal microvascular endothelial cells and found that AcSDKP blocked
endothelial to mesenchymal transition, which has been shown to contribute to
glomerulosclerosis in diabetic nephropathy (Li, Qu, and Bertram 2009; Nagai et al.
2014). More recently, type 1 diabetic CD1 mice were also treated with 0.5 mg/kg/day
of AcSDKP via OMP, in co-treatment with Imidapril 16 weeks after disease induction.
It was shown that co-treatment of Imidapril and AcSDKP prevent endothelial to

62

mesenchymal transition, collagen 1 and fibronectin deposition in the kidney.
AcSDKP and ACE inhibition disrupted the metabolic reprograming in diabetic
nephropathy by restoring the protein levels of SIRt3, CPT1a and PGC1a, while
suppressing the diabetic-induced increased protein levels of GLUT1, PKM2 and
PDK4 (Srivastava et al. 2020). AcSDKP has also been administered (1 mg/kg/day
via OMP) in a model of type 2 diabetes in db/db mice of a C57BL/6 background.
Although AcSDKP was not able to prevent the increase in albuminuria, it was able to
supress the increase in glomerular mesangial matrix expansion and plasma
creatinine concentration. AcSDKP also alleviated the upregulation of fibronectin in
db/db mice, and collagen IV, through suppression of TGF-b expression (Shibuya et
al. 2005).
Finally, AcSDKP has been shown to be therapeutic in hypertension related CKD
rodent models. C57BL/6 mice treated with DOCA-salt, which reproduces some of the
effects of hypertension in humans, saw a reversal of detrimental effects when treated
with 800/kg/day AcSDKP by OMP. AcSDKP suppressed kidney monocyte and
macrophage infiltration, reduced glomerulosclerosis and mesangial matrix expansion
and furthermore, prevented albuminuria and glomerular nephrin loss. The protective
effects of AcSDKP were independent of blood pressure regulation, as the systolic
blood pressure of treated mice remained high (Rhaleb et al. 2011). More recently,
exogenous 1.6 mg/kg/day of AcSDKP has been administered to Zucker Obese rats
via OMP that develop hypertension upon consuming a high salt diet. The rats also
developed diabetes-like symptoms, as glucose intolerance and urine volume rose.
IHC revealed that the Zucker obese rat kidneys had more Cd68 positive
macrophages on the high salt diet compared to the normal salt diet, which AcSDKP
prevented. AcSDKP also prevented the high salt induced development of cortical
and medullary fibrosis, as quantified by Sirius red staining. Zucker obese rats
developed glomerulosclerosis compared to the Zucker lean rats, which was
exacerbated by the high salt, but AcSDKP prevented this exacerbation (Maheshwari
et al. 2018). Overall, the protective effects of AcSDKP are well documented in rodent
models of kidney injury, in particularly demonstrating anti-inflammatory and antifibrotic effects.
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Gene therapy using AAVs
1.7.1 What is AAV?
TB4 is metabolised rapidly when administered to mice. Therefore, some previous
studies have used AAV encoding Tmsb4x as a therapeutic strategy in experimental
models of animal injury to induce a persistent, systemic upregulation of TB4.
AAV.Tmsb4x has been shown to induce neovascularisation and vessel maturation in
a model of ischaemia in rabbit hind limbs (Hinkel et al. 2014). AAV.Tmsb4x also
improved the cardiac output of pigs 56 days after myocardial infarction when used as
a preventative strategy, as determined by increased ejection fraction, reduced blood
pressure and improved myocardial contractile capability (Ziegler et al. 2018). These
studies have shown that AAV.Tmsb4x can provide a beneficial effect in experimental
models.
AAV is a non-pathogenic single stranded DNA parvovirus with potential as a
therapeutic tool (Schultz and Chamberlain 2008). AAV normally require a helper
virus, such as an adenovirus, for replication and assembly in vitro (Muzyczka 1992),
hence the name AAV. The first documented production of genetically modified AAV
particles that could infect and transduce mammalian cells in vitro was in the mid1980’s (Hermonat and Muzyczka 1984; Tratschin et al. 1984). Since then, AAV gene
vectors are emerging as serious candidates to induce long term gene expression in
scientific and clinical settings. The viral genome is ~4.7 kilobases that contains two
open reading frames (ORFs) – the rep (replication proteins) and cap (capping
proteins) regions (Vincent, Piraino, and Wadsworth 1997). The capsule is composed
of 3 types of proteins; Virion protein 1 (VP1), VP2 and VP3, which assemble to form
a spherical shell composed of ~60 subunits in a 1:1:10 ratio (Li and Samulski 2020;
Xie et al. 2002).
The viral genome is flanked by inverted terminal repeats (ITRs) which can be
manipulated to package recombinant DNA into the viral particles (Zhou et al. 2017).
Since the viral particles are so small in size, the recombinant transgene must be
smaller than ~5 kilobases in length (Muzyczka 1992). The transgene is inserted into
the ITR between a promotor and a poly (A) tail (Gao et al. 2002). One common
method to engineer the transgene into the cassette is by triple transfection of host
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cells in vitro (Nass et al. 2018). Commonly used host cells are human embryonic
kidney (HEK) cells, due to the human-like post translational modifications and high
transfection efficiency (Feng et al. 2007; Hu et al. 2018; Senís et al. 2014). The
recombinant transgene, equipped with the ITR of choice and a promotor (commonly
cytomegalovirus (Gorman et al. 1989)), are transfected into the host cells in vitro with
cis-plasmid adenovirus helper plasmids along with a second plasmid in trans
containing the viral cap and rep genes (Gao et al. 2002). The third plasmid contains
the adenoviral helper plasmid, which assists the formation of the viral particles in the
host cells. The host cellular machinery then generates the viral proteins and, along
with the helper plasmid, assembles them into the viral particles (Sonntag et al.
2011). Once the viral assembly has occurred, cells are harvested and the virus is
purified (Gao et al. 2002).
Although there are hundreds of serotypes and pseudo-serotypes of AAVs, 12 main
primate isolated serotypes have been described (AAV 1-12) (Chiorini et al. 1997,
1999; Gao et al. 2004; Mori et al. 2004; Muramatsu et al. 1996; Rutledge, Halbert,
and Russell 1998; Schultz and Chamberlain 2008; Srivastava, Lusby, and Berns
1983; Xiao et al. 1993). The capsid subunits each contain 9 variable regions that
determine tissue tropism and intracellular trafficking (Li and Samulski 2020; Xie et al.
2002). Researchers can also generate hybrids of two different serotypes to tailor the
viral characteristics to their needs. For example, AAV 2/7 can be generated by the
triple transfection method on the trans plasmid to produce a hybrid virus that
contains the reproduction genome of serotype 2 and the capsid of serotype 7
(Hildinger et al. 2001). Therefore, the tissue tropism of this hybrid virus would be the
same as serotype 7.
AAVs are commonly used in rodents as a vector to upregulate genes of interest (Li
and Samulski 2020; Schultz and Chamberlain 2008), but the appropriate serotype
must be used depending on the target organ. Tissue tropism means that the virus
will bind to a receptor on a cell type located in said tissue, be internalised and take
effect. An excellent study assessed the tissue tropism of AAV serotypes 1-9 in
BALB/c mice by loading each serotype with luciferase (Zincarelli et al. 2008). The
AAVs were injected via the tail vain (1x1011 viral particles). D-Luciferin substrate was
then injected intraperitoneally before the whole mouse was imaged in a light-tight
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chamber that detected photons emitted by luciferase binding to its substrate. The
injection of D-luciferin took place 7, 14, 29, 59 and 100 days after AAV administration
(Zincarelli et al. 2008). AAV serotypes 1, 6, 7, 8 and 9 luciferase activity could be
detected at day 7, serotypes 4 and 5 at day 14 and serotypes 2 and 3 at day 29.
Serotypes 2, 3, 4 and 5 were deemed low expression due to the number of photons
emitted. AAV1, 6 and 8 were deemed medium expression and AAV7 and 9 were
deemed to cause high expression (Zincarelli et al. 2008). The authors then isolated
the heart, liver, lung, hamstring, gastrocnemius muscle, quadricep, brain, testes and
kidney to measure luciferase activity. The heart contained high luciferase levels from
serotypes 1-4 and 6-9, but AAV5 luciferase was not present. The liver was also
transduced by a wide range of serotypes and only AAV3 luciferase expression was
not present. Luciferase from AAV4, 6, 7, 8 and 9 were present in the lung and
luciferase from all serotypes (AAV1-9) were present in the hamstring. The
gastrocnemius muscle was transduced by AAV1, 3, 6, 7 8 and 9 and the quadricep
was transduced by AAV 3, 6, 7, 8 and 9. The brain showed transduction of only AAV
8 and 9 and the testes only AAV9. There was no signal from the kidneys, suggesting
AAV transduction had not occurred. However, all serotypes were detected in all
tissue types analysed by qPCR (Zincarelli et al. 2008). The serotypes could have
infected the cells but not have been packaged and transported to the nucleus so that
transcription and translation of the transgene could occur. Another more recent study
has confirmed this theory and found that while most AAV serotypes can infect cells
in most organ systems, some were unable to express their respective transgenes at
the RNA level (Westhaus et al. 2020). The mechanism is not fully understood;
however, a working theory is that although AAV serotypes can enter the cells, they
require helper viruses to express their transgene.
The ability of AAV for effective gene transduction to the kidney is currently unclear,
as researchers face challenges targeting the kidney in animal studies. Studies are
beginning to emerge that altered AAV capsids and administration methods may have
improved tropism to the kidney in experimental models (Kevany et al. 2019; C. Yang
et al. 2020), A synthetic AAV has recently been generated, serotype Anc80, that has
shown high efficiency to transduce adult kidney mesenchymal cells and
myofibroblast progenitors (Ikeda et al. 2018). Furthermore, engineering of AAV
serotypes with alternative promotors to target the kidney has also shown effective
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transduction of kidney cells (Schievenbusch et al. 2010). Alternatively, transduction
with AAVs that encode secreted peptides presents another way to deliver viral
peptides to the kidney.

1.7.2 Mechanisms of cellular entry and transgene expression
For the transgene to be upregulated, the AAV needs to gain entry to the host cell
and translocate to the nucleus (Figure 1.8). A glycosylated cell surface AAV receptor
(AAVR) was identified in host cells through genome-wide screening for genes
essential for signal transduction (Pillay et al. 2016). The authors then used
CRISPR/Cas9 to genetically alter AAVR to block the binding to AAV1, 2, 3, 5, 8, and
9 in HeLa cells and showed no serotype could enter the cells. Furthermore, they
then created AAVR knockout mice with an FVB background and demonstrated by
luciferase assay that AAVR knockout mice were resistant to AAV infection (Pillay et
al. 2016). Finally, they also demonstrated through immunofluorescence in vitro in
HeLa cells that binding of AAV to AAVR causes endocytosis of AAVR which then
traffics AAV to the Golgi-apparatus (Pillay et al. 2016). However, another study
emerged that showed some AAV serotypes are able to enter cells independently of
AAVR (Dudek et al. 2018). The authors demonstrated in AAVR knockout cells of
different cell lines (HeLa, Huh7 and A549) that AAV4 was able to gain entry to the
cells in a comparable manner to wild type cells. Furthermore, they proved that AAV4
was unable to bind to AAVR, even in the presence of adenovirus helpers,
demonstrating multiple entry mechanisms for different virus serotypes (Dudek et al.
2018).
It is thought that the AAV particles are delivered to the nucleus via endosomes and
lysosome trafficking, in which the cytoskeleton is implicated (Li and Samulski 2020;
Wang, Tai, and Gao 2019). The theory is that after internalisation the virus is
encapsulated in an early endosome that is coated in clathrin. The clathrin coated
endosome is then tracked to the peri-nuclear area, carried by the microtubule
cytoskeleton, as demonstrated by disruption of microtubules in HeLa cells where
AAV2 was unable to translocate to nuclei (Xiao and Samulski 2012). The intact virus
inside the endosome will be exposed to an increasingly acidic environment, as the
early endosome (pH 6) transitions to the late endosome (pH 5) and then the
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Figure 1.8 – Mechanism of AAV entry and transgene expression. Diagram depicting
AAV transduction. Viral particles can enter cell via AAVR and endocytosis. AAVs are
translocated to nucleus in an endosome/lysosome before escape. AAVs are either degraded
by proteosome or enter the nucleus. The capsid is uncoated, and the transgene undergoes
second strand synthesis and circularisation. The episomal DNA is then converted to mRNA,
exits the nucleus and the viral protein is synthesised by the cell. The viral protein is then
either secreted by the cell or it undertakes its cellular duties. ssDNA, single stranded
deoxyribonucleic acid; ER, endoplasmic reticulum; AAV, adeno associated virus; AAVR,
adeno associated virus receptor. Original diagram.
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lysosome (pH4) (Sonntag et al. 2006). The AAV then escapes from the lysosome (or
late endosome) as the membrane is degraded (Sonntag et al. 2006).
The virus can then follow 1 of 2 paths – it can either enter the nuclear pores
(successful gene delivery) (Kelich et al. 2015; Xiao et al. 2002), or it can be
ubiquitinated and degraded by proteasomes into peptides (unsuccessful gene
delivery) (Zhong, Li, et al. 2008). If the gene delivery is successful, the AAV capsid is
uncoated in the nucleus and the viral single stranded DNA is exposed (Thomas et al.
2004). However, this single stranded DNA molecule must undergo second strand
synthesis to form double stranded DNA, a rate limiting step in gene transduction
(Ferrari et al. 1996; Fisher et al. 1996). Second strand synthesis is initiated at the
self-primed 3’ end of the ITR (Zhong, Zhou, et al. 2008; Zhou et al. 2008). The
transduction window can be shortened by utilising a mutated ITR to form selfcomplementary genome configurations. This can also be achieved by strand
annealing, where 5’ and 3’ genomes are packaged into separate viral particles and
when the capsid degradation occurs, the two strands pair inside the nuclear
envelope (McCarty et al. 2003; Nakai, Storm, and Kay 2000). The genome is then
circularised to increase the stability (Duan et al. 1998). It is important to note that in
most AAV transduction, the viral gene is not integrated into the host genome (Li and
Samulski 2020). The AAV genome is classed as episomal DNA, as it is located in
the nucleus, but not in the hosts chromatin (Wang et al. 2019). This is particularly
important, as it means that the expression of the trans gene persists even after
mitosis (Wang et al. 2019).
The transgene then undergoes transcription, translation and post-translational
modifications like any other protein innately synthesised by the host cell. The viral
protein will then undertake its natural cellular tasks, or it can be secreted into the
blood stream to reach off site targets (Streck et al. 2005; Subbarayan et al. 2020;
Yoshioka et al. 2004). The persistence of AAV transgenes can be months or years
depending on the host or virus serotype. One study injected rhesus monkeys with
AAV9 and AAV2/8 that carried a firefly luciferase cassette and measured the
transgene expression monthly and found stable expression up to 2 years after first
injection (Tarantal et al. 2017). This was taken further and the levels of AAV1 and its
transgene erythropoietin were assessed 5 years after administration to Macaca
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fascicularis (Guilbaud et al. 2019). The authors found that there was a peak in
erythropoietin levels throughout the first year but the level remained steadily higher
than control animals after 5 years (Guilbaud et al. 2019).
Transgene persistence studies in mice take place over considerably less time than
non-human primates due to differences in life span. One early study injected Swiss
Webster mice with 3x106 viral particles of AAV-LacZ (study does not state serotype)
and immunostained various muscles with anti-b-galactosidase antiserum 8 months
after injection. The study found stable expression of b-galactosidase at 8 months
post injection and the level of positive immunostaining was comparable to mice
analysed after 7 days (Xiao, Li, and Samulski 1996). Luciferase encoding AAV 1-9
administration in BALB/c mice demonstrated luciferase activity 9 months after the
injections of each respective AAV and found that only AAV2 transgene expression
was not sustained (Zincarelli et al. 2008).
Gene therapy strategies have been trialled in clinical settings since the first clinical
trial in 2012 that restored lipoprotein lipase deficiency in order to prevent pancreatitis
attacks (Ylä-Herttuala 2012). Since the success of this trial, more clinical trials have
been approved. AAV therapy has been successfully trialled in haemophilia A and B
by restoring Factor VII and Factor IX (George et al. 2017; Nathwani et al. 2011,
2014). Clinical trials have also been undertaken and well tolerated in a range of eye
disorders with some success, however a large amount of variability between patients
(Jacobson et al. 2015; Li and Samulski 2020; Moore et al. 2018). AAV therapy has
also been explored in heart disease, however, with limited success. AAV therapy
was well tolerated with no adverse effects, but failed induce a therapeutic benefit (Li
and Samulski 2020). Currently, there are no clinical trials listed to treat any kind of
kidney disease with AAVs.
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Aims and hypothesis
Ten percent of the world have CKD. In some patients, CKD can be catastrophic,
leading to ESKD, requiring lifelong dialysis or kidney transplant. Identification and
analysis of molecules that can slow the progression of CKD to ESKD has the
potential to save lives. Prevention of podocyte cytoskeletal disorganisation is thought
to be a mechanism that can slow the development of ESKD by protection of the
glomerular filtration barrier. Therefore, manipulation of actin regulating molecules is
an attractive target to alleviate glomerular disease. To investigate this, this thesis
examined the role of TB4, a molecule which sequesters G-actin (Sanders et al.
1992), in animal and cell culture models of glomerular a podocyte injuries.
The hypothesis of this thesis was that administration of exogenous TB4 would
prevent the onset of podocyte and glomerular damage via its actin modulating and
anti-inflammatory properties.
The aims of this thesis were to:
•

Develop an in vitro model to assess the therapeutic effect of exogenous TB4
on healthy and ADR-injured mouse immortalised podocytes.

•

Explore the protective role of exogenous TB4 in cytotoxic ADR injury in vivo.

•

Examine the effects of exogenous TB4 in immune-mediated NTS nephritis in
vivo.
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Chapter 2: Exogenous thymosin b4 prevents Adriamycin
induced cytoskeletal disorganisation in vitro
Introduction
CKD is a devastating condition that affects around 5.6 million people in the U.K.
(Bikbov et al. 2020). Screening studies revealed many cases of CKD remain
undiagnosed (Hirst et al. 2020) causing a number of CKD patients to progress to
ESKD. The current therapies for CKD patients include lifestyle changes, lifelong
dialysis, pharmacological intervention (such as ACE inhibitors) or kidney
transplantation (Chen, Knicely, and Grams 2019). However, these therapies are not
sufficient to stop the progression of CKD to ESKD. One of the main causes of ESKD
is the breakdown of the glomerular filtration barrier (Gorriz and Martinez-Castelao
2012), which consists of capillary endothelial cells, the GBM and epithelial cells
named podocytes (Patrakka and Tryggvason 2010). Podocytes project finger like
extensions called foot processes, which wrap around the glomerular capillaries. The
unique shape of healthy podocytes is maintained by the actin cytoskeleton (Faul et
al. 2007; Welsh and Saleem 2012), a dynamic structure found in most eukaryotic
cells (Gunning et al. 2015). The responsibilities of F-actin include maintenance of
cellular architecture (Clarke and Spudich 1977), cell motility (Mitchison and Cramer
1996), focal adhesion (Parsons et al. 2010) and vesicular transport (Schuh 2011).
Regulation of F-actin architecture in podocytes is essential for a functioning filtration
barrier and is maintained by a number of actin regulating proteins, including TB4
(Paavilainen et al. 2004). During podocyte injury, the foot process network of F-actin
can become disorganised, leading to foot process effacement and proteinuria (Faul
et al. 2007; Welsh and Saleem 2012).
The cellular role of TB4 is to sequester G-actin monomers in the cytosol (Sanders et
al. 1992) to maintain a cellular reservoir of G-actin that is readily available for
polymerisation. Expression of TB4 peptide, and its mRNA precursor Tmsb4x, have
been found in embryonic mouse and human kidneys as well as mature mouse, rat
and human podocytes (Guinobert et al. 2005; Vasilopoulou et al. 2016, 2018; Xu et
al. 2005). Loss of podocyte Tmsb4x mRNA leads to reorganisation of cortical actin
stress fibres to cytoplasmic stress fibres and an increase in podocyte migration in
vitro (Vasilopoulou et al. 2016). As it is thought that F-actin reorganisation and
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podocyte migration in vitro represents foot process effacement in vivo (N. Endlich,
Siegerist, and Endlich 2017; Suleiman et al. 2017). This data demonstrates the
critical role of endogenous TB4 in maintaining the cytoskeletal structure and function
in podocytes. The same study showed that while a loss of global Tmsb4x transcripts
in C57BL/6 mice had no effect on healthy glomeruli, it exacerbated nephrotoxic
serum nephritis, with an increase in albuminuria, glomerulosclerosis accompanied by
podocyte loss (Vasilopoulou et al. 2016). These in vivo findings indicate that
endogenous TB4 may play an important role in the progression of CKD, however,
the effects of exogenous TB4 on podocytes are not known.
Due to the critical role that the presence of TB4 plays in maintaining the function of
the podocyte cytoskeleton, it was postulated that treatment with exogenous TB4 may
have a therapeutic role in a podocyte injury model that directly targets the
cytoskeleton. ADR, an anti-cancer drug (Kim and Kim, 1972; Momparler et al., 1976;
Mirski, Gerlach and Cole, 1987) that has been associated with nephrotoxic side
effects in some patients (Burke et al. 1977; Klastersky et al. 1985; Wollina et al.
2000), was used to induce podocyte injury in this chapter. ADR mimics some of the
characteristics of human FSGS (Wang et al. 2000) when administered to rodents,
and has previously been shown to lead to podocyte damage in vitro and in vivo
(Huang et al. 2016; Marshall et al. 2010; Xie et al. 2019). The specific characteristics
of ADR-injury in vitro include F-actin rearrangements, a loss of cytoplasmic and
cortical actin stress fibres (Chen et al. 2017; Liu et al. 2012; X. Liu et al. 2018), and a
decrease in podocyte viability, either by apoptosis (Karger et al. 2016; Xu et al.
2018) or detachment from the matrix (Dai et al. 2019; Wang et al. 2018). These
detrimental effects to podocytes make ADR an ideal injury model to employ in this
study.

Aims and Hypothesis
The hypothesis of this section of the thesis is that exogenous TB4 prevents ADRinduced podocyte cytoskeletal reorganisation, changes to motility and loss of cell
viability in vitro. The first aim of this section is to assess the effects of TB4 on healthy
podocytes by analysis of the F-actin cytoskeleton, motility and viability. Secondly,
this section aims to determine the optimal concentration of ADR to induce podocyte
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injury. The final aim of this chapter is to assess the effect of exogenous TB4 on
ADR-injured podocyte F-actin organisation, cellular motility, and cell viability.

Materials and methods
Unless stated otherwise, all materials were obtained from ThermoFisher Scientific,
MA, U.S.A.
2.3.1 Immortalised mouse podocyte cell culture
The flasks used for mouse podocyte cell culture were coated in 0.1 mg/ml of
collagen I (Merck U.K., Dorset, U.K.) for 1 hour in a 37 °C incubator. The collagen I
solution was extracted from the flasks, which were then washed twice with
Dulbecco’s phosphate buffered saline (D-PBS) before adding the cells. The media
used to culture mouse podocytes was Roswell Park Memorial Institute – 1640
(RPMI-1640) cell culture media with 10% foetal calf serum (FCS) and 1%
penicillin/streptomycin (P/S). All reagents were prewarmed to 37 °C prior to use
unless stated otherwise.
To study the therapeutic effect of exogenous TB4 on podocytes, an immortalised cell
line was used, kindly provided by Dr Peter Mundel, Harvard Medical School (Mundel,
Reiser, et al. 1997). The cell line was generated from isolated glomeruli of kidneys
from adult H-2Kb-tsA58 mice. The mice harbour the gene transcript for simian virus
40 (SV40) under the control of the mouse major histocompatibility complex H-2Kb
promoter. SV40 is a large T antigen on the surface of the cell which, when exposed
to interferon gamma (IFN-g) at 33 °C, allows cells to freely proliferate (Jat et al.
1991). When cells are then deprived of IFN-g and thermo-switched to 37 °C, the
SV40 large T antigen is inactivated, inducing cell growth arrest and cellular
senescence leading to podocyte differentiation (Mundel, Reiser, et al. 1997).
Undifferentiated mouse podocyte cells were thawed rapidly from -80 °C in a 37 °C
water bath, added to 9 ml of media and centrifuged at 1200 rpm for 5 minutes. The
cell pellet was resuspended in 5 ml of media and the cell suspension added to a
collagen I-coated T25 flask along with 50 U/ml of IFN-g. The flask was then placed in
a 33 °C incubator with 5% CO2. Once the cells reached 90% confluence, the media
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was extracted, and the cell layer washed with D-PBS. Next, the cell layer was
disrupted with 1 ml of 0.25% Trypsin-EDTA at 33 °C for no more than 5 minutes.
Trypsinisation was halted by diluting in 9 ml of media before centrifuging for 5
minutes at 1200 revolutions per minute (rpm). Fresh collagen-1 T75 flasks were
washed with D-PBS prior to addition of cells. After centrifugation, the cell pellet was
resuspended in 10 ml of RPMI-1640 media. To achieve 1:10 dilution, 1 ml of the cell
suspension was added to the flask and the remaining 9 ml was discarded. Finally, 9
ml of RPMI-1640 was added to the new flask containing the cells, with 50 units per
ml (U/ml) of IFN-g. The cells were then returned to 33 °C for maintenance of the
undifferentiated cell line. Fresh media/IFN-g changes occurred every 2 days.
The protocol for induction of podocyte differentiation was similar to the maintenance
of the undifferentiated cell line. After trypsinisation and centrifugation, the cells were
once again diluted 1:10 before addition to a collagen coated T75 flask. Differentiated
podocytes were cultured in the absence of IFN-g and were thermoswitched to 37 °C
for 14 days. Media changes occurred every 2 days. For experimental studies, all
cells were used between passage 15 and 30.
2.3.2 Counting and plating of differentiated mouse podocytes
All plates were coated with 1% of Matrigel basement matrix membrane (Corning, NY,
USA) in RPMI-1640 for 40 minutes at 37 °C. Matrigel contains a high concentration
of cell matrix proteins, such as laminin and collagen IV, to facilitate cell adhesion.
The Matrigel solution was then removed, and the plates were washed twice with DPBS before adding the differentiated cells. The cells were harvested by
trypsinisation, media was added to the disrupted cells and the suspension was
centrifuged at 1200 rpm for 5 minutes. The supernatant was then discarded, and the
pellet resuspended in 2 ml of media. To determine cell number, 10 µl of the cell
suspension was mixed with 10 µl of 0.4% Trypan Blue and transferred to a
haemocytometer. The average cell number of 4 fields of view was calculated and it
was ensured there were no more than 10% of dead cells present in the suspension.
For 6 well plate assays, 50,000 cells were plated, for 4 well chamber slides, 5,000
cells were plated and for 96 well plates, 2,000 cells were plated per well. The cells
were then placed back in 37 °C for a further 24 hours before each assay.
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2.3.3 Administration of TB4 or ADR to mouse podocytes
Synthetic TB4 was obtained in a stock solution of 1.5 mg/ml dissolved in D-PBS
(ReGeneRx Biopharmaceuticals Inc, USA). Working doses were achieved by serial
dilution; 66.67 µl of the 1.5 mg/ml TB4 stock was diluted in 9.93 ml of RPMI-1640
media for a concentration of 10,000 ng/ml TB4. The 10,000 ng/ml TB4 solution was
then further diluted 1:100 to achieve the working concentration of 1000 ng/ml TB4.
Further 1:10 serial dilutions achieved the three doses of 10 and 100 ng/ml TB4. The
final doses of 10, 100 and 1000 ng/ml were chosen due to their occurrence in
previous studies using exogenous TB4 in vitro (Sosne et al. 2004; Sosne, Qiu,
Christopherson, et al. 2007; Zhang et al. 2008). RPMI-1640 media alone was used
as the control for all cell culture experiments. A wide range of ADR concentrations
have previously been used to induce podocyte injury (Cormack-Aboud et al. 2008;
Dai et al. 2010; Nijenhuis et al. 2011; Schneider et al. 2017). Therefore, dose
response assays were undertaken to determine the appropriate concentration to
induce podocyte injury. Concentrations of 0, 0.0125, 0.125, 0.25, 0.5, 1.0 or 2.5
µg/ml of ADR (Merck U.K.) were achieved by serial dilutions before addition to the
cell culture media. Finally, to determine the effect of exogenous TB4 on ADR injured
podocytes, concentrations of 0.0125 µg/ml and 0.125 µg/ml ADR were chosen with
or without all three doses of 10 ng/ml, 100 ng/ml and 1,000 ng/ml TB4 used
previously. A summary of the experimental set up can be found below (Figure 2.1).
Day -15

Maintaining cells
at 33oC in the
presence of IFN-ɣ

Differentiation

Thermo-switch
to 37oC without IFN-ɣ

Day -1

Plate cells
onto
dish for assay

Day 0

Treat with
ADR/TB4

Day 1/2/3

End points

Figure 2.1 - Experimental design for in vitro assays. Schematic of the in vitro
experimental design. Immortalised, undifferentiated mouse podocytes were grown at 33 °C
before thermoswitching to 37 °C for 14 days. The differentiated podocyte cells were then
plated onto the appropriate dish for 24 hours before assays were undertaken.
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2.3.4 Cell viability
Cell viability was determined by methyltetrazolium (MTT) assay 24, 48 and 72 hours
after RPMI-1640/TB4/ADR treatment to 2,000 mouse immortalised podocytes in a 96
well plate (Greiner Bio-One, Kremsmünster, Austria). At the desired end point, 10%
(v/v) MTT reagent (3-(4,5-Dimethylthiazole-2-yl)-2,5-diphenyltetrazolium Bromide)
(Merck U.K.) (dissolved in 5 mg/ml in PBS) was added to the media of each well for
3 hours at 37 °C. After 3 hours, the media was aspirated and 100 µl of dimethyl
sulfoxide (DMSO) (Merck U.K.) was added to each well for 15 minutes in the dark.
Absorbance of 4 replicates was read at 565 nm on a plate reader (Tecan Infinite
M200 Pro, Männedorf, Switzerland). Due to variability of the assay, the results were
normalised to the 24-hour RPMI-1640 only values of their respective independent
experiments. Experiments were repeated independently at least 3 times.

2.3.5 Scratch wound assay
To assess podocyte migration, a scratch wound assay was used. Mouse podocytes
were plated onto 6 well plates and treated with RPMI-1640 alone or containing TB4
and/or ADR as described in 2.3.2 and 2.3.3. After 24 hours, the scratch wound was
generated by dragging a 200 µL pipette tip along the cell surface so that the cells
detached from the plate, creating a wound. The wells were washed with 2 ml of
warmed media, so that there were not detached cells left in the well. Cells were
treated with 2 ml of media alone or the media containing ADR/TB4 were added to
each well. Four fields of view of the cells were imaged at 0, 6 and 24 hours at 10x
magnification. The images were taken on the brightfield mode of an Olympus IX71
inverted Tissue Culture scope (Olympus, Tokyo, Japan). The number of cells that
migrated into the wound area were counted at 6 and 24 hours after wound induction.
The average of 4 fields of view were calculated and the experiments were repeated
independently at least 3 times.
2.3.6 Phalloidin staining of mouse podocytes
F-actin organisation and amount was analysed after staining and visualisation with
Acti-stainTM 488 Phalloidin (Cytoskeleton Inc., USA). Cells were plated onto 4 well
chamber slides and administered with RPMI-1640 alone or TB4 and/or ADR as
described in 2.3.2 and 2.3.3. After 24 hours, media was aspirated, and the cells were
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treated with the desired dose of TB4/ADR for 24 hours at 37 OC. The cells were then
washed with D-PBS and fixed with 5% PFA and 5% sucrose in PBS for 20 minutes.
After fixation, cells were washed in PBS and permeabilised in 0.5% Triton X-100 in
PBS for 10 minutes. The cells were then washed in 0.1% Triton X-100 in PBS and
incubated in block solution (10% FCS, 1% BSA and 0.1% Triton X-100 in PBS) for
60 minutes. Directly after blocking, the cells were incubated with 100 nM of ActistainTM 488 Phalloidin for 30 minutes in the dark to stain for F-actin. After another
washing stage in PBS, the cells were incubated in 10 µg/ml Hoechst 33342 to stain
nuclear chromatin for 10 minutes in the dark. The slide was then mounted on a
coverslip with SlowFade fluorescent mounting media prior to imaging with an air 40x
objective on an Eclipse 50i upright fluorescent microscope (Nikon Instruments,
Melville, USA). Hoechst 33342 was excited with a DAPI filter cube and imaged at
405 nm. Acti-stainTM 488 Phalloidin was excited with a Nikon filter B-2A and imaged
at 520 nm. Fifty cells were imaged per dose in each experiment.
The composite images of nuclei and F-actin were opened in Fiji ImageJ software
(Schindelin et al. 2012) and the channels were split. Only the F-actin channel was
used for analysis. The doses were made blind to the scorer to eliminate any form of
bias. The circumference of the cell was traced and measured, obtaining the area of
the podocyte cells, mean grey value and integrated density of podocyte F-actin. An
area of the background adjacent to the cell was also measured. Corrected total cell
fluorescence (CTCF), which is proportional to the fluorescence of F-actin in the cell
was calculated by the following formula: CTCF = Integrated density – (cell area x
mean grey area of background). The F-actin arrangements were then classed
according to their arrangements. Cortical F-actin stress fibres were defined as the
majority of the F-actin accumulated around the cortex of the cell. Cytoplasmic stress
fibres were defined as F-actin filaments that traversed the cell body in parallel
organisation. Unorganised F-actin filaments showed no recognisable organisation
and resembled a “mat” of unorganised F-actin across the whole cell. Cell area and
CTCF were normalised by dividing each dose by 0 ng/ml TB4 and 0 µg/ml of ADR of
the same experiment due to variability between experiments. Experiments were
repeated independently at least 3 times.
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2.3.7 mRNA extraction
To determine mRNA levels of gene in different conditions, mRNA was extracted from
podocytes. Mouse podocytes were plated onto 6 well plates and exposed to either
RPMI-1640 alone or containing TB4 and/or ADR as described in in 2.3.2 and 2.3.3.
After 24 hours mRNA was extracted using an RNeasy mini kit (Qiagen, Düsseldorf,
Germany). The media was aspirated and 350 µL of buffer RLT with 1% bmercaptoethanol was used to disrupt and lyse the cell layer. The cell suspension
was then vortexed for 1 minute before mechanical homogenisation with a blunt 20guage RNAse-free syringe and needle. An equal homogenous mixture with 70%
ethanol was then created with the cell lysate by pipetting. The homogenous cell
lysate-ethanol mixture was then transferred to a spin column attached to a collection
tube and centrifuged at 8000 x g for 15 seconds. Genomic deoxyribonucleic acid
(gDNA) was digested by incubation for 15 minutes at room temperature in RNase
free DNase 1 (Qiagen). Buffer RW1 (350 µl) was added to the column which was
then centrifuged at 8000 x g for 15 seconds. The flow through was discarded in each
of the following steps after centrifugation. The collection tube was reused and 700 µl
of buffer RW1 was added to the spin column and centrifuged for a further 15
seconds at 8000 x g. Next, 500 µL of buffer RPE (diluted to 20% buffer RPE in 100%
ethanol) was added twice to the spin column and centrifuged at 8000 x g for 15
seconds and 2 minutes for the first and second addition respectively. The collection
tube was then discarded, and the spin column placed in an RNAse free Eppendorf
tube before 50 µl of RNAse free water was added to the column membrane and
centrifuged at 8000 x g for 1 minute. The resulting flow through contained purified
mRNA which was stored at -80 °C until ready for further use.
2.3.8 cDNA synthesis
mRNA was converted to cDNA prior to qPCR. The following protocol used the iScript
cDNA synthesis kid (Biorad, CA, USA). Prior to cDNA synthesis, the purity and
concentration of mRNA was determined using a Nanodrop machine. To assess
purity, the absorbance at 260 nm and 280 nm was read. An A260/A280 ratio between
1.8 – 2.1 is indicative of highly purified mRNA. mRNA concentration was calculated
by the Nanodrop automatically using the Beer-Lambert law (𝐴 = ∈ 𝐶𝑙), which predicts
a linear change in absorbance with concentration, where A is absorbance at 260 nm,
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∈ = extinction coefficient of mRNA (0.025 mg/ml)-1cm-1, 𝐶 = concentration of mRNA
and 𝑙 = path length of the chamber.
The amount needed for 0.1 µg mRNA was added to a PCR tube (Greiner Bio-One)
and made up to 15 µl with RNase free water. A master-mix was prepared with 4 µl of
5x iScript reaction mix and 1 µl of iScript reverse transcriptase per sample. Negative
controls were also prepared, one without reverse transcriptase and one without
mRNA. The PCR tubes containing the mRNA were then mixed with 5 µl of the
master-mix (excluding reverse transcriptase negative control, which contained
mRNA plus 5 µl of reaction mix alone). The PCR tubes were then placed into a PCR
Thermocycler (Eppendorf, Stevenage, U.K.) and the following program was started:
25 °C – 5 minutes (primer annealing)
42 °C – 30 minutes (reverse transcription)
85 °C – 5 minutes (removal of mRNA template)
4 °C – hold
The samples were then stored at -20 °C until further analysis undertaken.

2.3.9 Primer design
Primers for qPCR experiments were designed using Primer-BLAST
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and Primer3
(https://primer3.ut.ee/). The details of the primers used are listed (Table 2.1). The bthymosin family of peptides was examined to determine if ADR leads to a loss of
actin sequestering molecules. TB4 is predicted to bind to Schip1 (Miyamoto-Sato et
al. 2010), a protein in the ezrin complex that preserves cortical F-actin arrangements
in podocytes in vitro (Perisic et al. 2015). Other members of the ezrin complex were
examined to see if they were altered by potential interactions. Other actin regulating
proteins, such as synaptopodin, destrin, cofilin and profilin were examined to
determine changes following ADR injury.
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Table 2.1 – Primer details
Target gene/translated protein
(annealing temp, °C)
Tmsb4x/TB4 (60)
Tmsb10/Thymosin β10 (60)
Tmsb15a/Thymosin β15a (64)
Tmsb15b/Thymosin β15b (64)
Tmsb15l/Thymosin β15-like (60)
Schip1/Schip1 (60)
Slc9a3r2/Nherf2 (58)
Podxl/Podocalyxin (58)
Ezr/Ezrin (64)
Clic5/CLIC5a (58)
Nf2/Neurofibromin 2 (60)
Dstn/Destrin (60)
Synpo/Synaptopodin (62)
Cfl1/Cofilin 1 (58)
Pfn1/Profilin 1 (60)
Pfn2/Profilin 2 (60)
Gapdh/Glyceraldehyde-3phosphate dehydrogenase
(same as gene of interest)

Location on mRNA
Primer sequence (5' to 3')

(amplicon size,
base pairs)

Fwd: ATGTCTGACAAACCCGATATGGC

Bp 76 - 200. Exon 1

Rvs: CCAGCTTGCTTCTCTTGTTCA

– 2 (125)

Fwd: CAGCTTCGATAAGGCCAAGC

Bp 264 - 337. Exon

Rvs: CAATGGTCTCTTTGGTCGGC

3 – 4 (74).

Fwd: CCAGACTTGTCGGAAGTGGAG

Bp 153 - 260. Exon

Rvs: CTCCTTCTCTTGCTCGATGGT

2 – 3 (108).

Fwd: AGCGATAAACCAGACTTGTCAGA

Bp 125 - 231. Exon

Rvs: TGCTGGATAGTTTCATTCGACG

2 – 3 (107).

Fwd: TGAGCGATAAACCAGACTTGTCA

Bp 88 - 196. Exon 1

Rvs: TGCTGGATAGTTTCCTTCGAC

– 2 (109).

Fwd: GCACACAGAACAAGATGCCA

Bp 1337 - 1557.

Rvs: GCTCGGACGTTACCAATGAC

Exon 7 – 8 (221).

Fwd: TGCTGGTAGTCGATCCTGAG

Bp 829 - 967. Exon

Rvs: CACACAGAGCCACCATTGAG

4 – 6 (139).

Fwd: GCCTGTGGATTCTTCACCGA

Bp 808 - 959. Exon

Rvs: CTTCAGAGGTGCCCAATGGT

2 – 3 (152).

Fwd: AAGTGTGGTACTTCGGCCTG

Bp 259 - 936. Exon

Rvs: AGTCAGGTGCCTTCTTGTCG

3 – 8 (678).

Fwd: TCTACACAACCTGGCTCCTG

Bp 998 - 1123. Exon

Rvs: AGTTTGGGGTACTTCTCGGG

6 (126).

Fwd: AAAAGGTCTACTGCCCTCCC

Bp 945 - 1033. Exon

Rvs: GTGCACAGAGGGGTCATAGT

4 – 5 (89).

Fwd: TCTCCTGCTTTTGCTACCCG

Bp 227 - 329. Exon

Rvs: AACTCCTGAGGCCATGTTCG

1 – 2 (103).

Fwd: ACCCAATCAGAACCTCTCGG

Bp 1735 - 1879.

Rvs: TGAAGGCAGGGACATGGTAG

Exon 2 (145).

Fwd: AGACAAGGACTGCCGCTATG

Bp 373 - 460. Exon

Rvs: GGCCCAGAAGATGAACACCA

2 (88).

Fwd: GTGGAACGCCTACATCGACA

Bp 623 - 786. Exon

Rvs: TTGACCGGTCTTTGCCTACC

3 (164).

Fwd: GCTACTGCGACGCCAAATAC

Bp 346 - 537. Exon

Rvs: TGTCCATTGTGCAGTCACCA

1 – 2 (192).

Fwd: TGCCCCCATGTTTGTGATG
Rvs: TGTGGTCATGAGCCCTTCC
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Bp 801 - 951. Exon
5 – 6 (151).

Table 2.1 – Primer details. Details of all primers used for in vitro experiments, including
target gene and its translated protein; the nucleotide sequences; the size of the amplicons;
the location of the amplicon on the target gene and the annealing temperature used in
quantitative PCR experiments. Tmsb4x, Thymosin b4, TB4; Schip1, Schip1, Schwannomin
interacting protein 1; Slc9a3r2, Nherf 2, Sodium-hydrogen exchange regulatory cofactor 2;
fwd, forward; rvs, Reverse; temp, temperature. Bp, base pairs.

2.3.10 qPCR
qPCR experiments used cDNA that was prepared as in 2.3.8. A master-mix was
prepared containing the necessary components for the reaction and included per
sample:
10 µl of 2x SYBR Green supermix (PCR Biosystems, London, U.K.)
0.5 µl of forward primer (10 µM) (Fisher Scientific, NH, USA)
0.5 µl of reverse primer (10 µM) (Fisher Scientific)
8 µl nuclease-free water (Qiagen).
Following this, 1 µl of cDNA samples was added to each well of a 96 well plate
(Roche, Basel, Switzerland) in duplicate for the gene of interest and also
glyceraldehyde-3-phosphate deydrogenase (Gapdh) (housekeeping gene) along
with 19 µl of the master-mix. The plate was then sealed with transparent film
(Roche), and vortexed and then added to the real-time PCR Light Cycler 480
(Roche), the experiment was started using a previously determined protocol (below),
where X refers to annealing temperature of primers (Table 2.1).
95 °C

-

3 mins

95 °C

-

30 secs

X °C

-

30secs

72 °C

-

30secs

65 °C

-

15secs

95 °C

-

15secs

x45 cycles

The average Ct value for each duplicate was calculated for the target gene and the
housekeeping gene. The difference in the Ct values (DCt) of the target gene and
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housekeeping gene was calculated. The average DCt value for RPMI-1640 alone
was calculated and then subtracted from the DCt value of the treated cells giving the
DDCt.
The formula 2-DDCt was used to determine fold changes in mRNA levels. Negative
controls omitting cDNA or reverse transcriptase were included on each plate to
identify potential contamination. Melt curves with a single peak were generated to
confirm primer specificity. Experiments were repeated independently at least 4 times.
Expression of Gapdh was unaltered by ADR/TB4 treatment, confirming the validity of
Gapdh as the housekeeping gene (Figure 2.2).

Gapdh expression
TB4 (ng/ml)
0

Gapdh Ct value

25
20

10
100

15

1000

10
5
0

0

0.0125

0.125

ADR (µg/ml)
Figure 2.2 – Effect of ADR/TB4 on Gapdh expression. The threshold values of Gapdh
were unaffected by ADR/TB4 treatment compared to media alone. Each data-point
represents 1 experiment showing the mean ±SEM of 2 replicate wells. Experiments were
repeated independently at least 4 times.
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2.3.11 Statistical analysis
All statistical analysis was performed using GraphPad Prism 9.00 for Mac, GraphPad
Software, La Jolla California USA, www.graphpad.com. All data were plotted as the
mean value ±SEM. Normal distribution was assessed by Shapiro-Wilk test. If data
were not normally distributed, they were either log10 or square root transformed or
normalised to RPMI-1640 only treated values to achieve normality before statistical
tests were used.
For experiments with just 1 variable, for example TB4 dose response cytoskeleton
analysis, one-way analysis of variance tests (ANOVA) with Dunnett’s multiple
comparison tests were used to compare experimental doses with RPMI-1640. For
experiments with two variables, such as TB4 and ADR co-treatment experiments,
two-way ANOVA with Tukey’s multiple comparison test was used to compare
statistical difference between all values.

Results
2.4.1 Exogenous TB4 has no effect on podocyte viability, migration or
cytoskeleton
It has been previously shown that loss of endogenous Tmsb4x mRNA and TB4
peptide leads to increased podocyte motility and cytoskeletal disorganisation in vitro
(Vasilopoulou et al. 2016). It is not known if exogenous TB4 has any effect to
podocytes, therefore the first section of the chapter aims to identify any effects of
TB4 to podocyte viability, migration, and the cytoskeleton.

2.4.1.1 Exogenous TB4 has no effect on podocyte viability
Podocyte viability was assessed by MTT assay as per 2.3.4. There was no statistical
significance between any value, indicating exogenous TB4 did not affect podocyte
viability at 24, 48 or 72 hours after treatment (Figure 2.3).
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Figure 2.3 – TB4 has no effect on podocyte viability. Differentiated immortalised mouse
podocytes were treated with 0 - 1000 ng/ml of TB4 and cell viability was assessed by MTT
assay 24, 48 and 72 hours after TB4 treatment. Each data point represents the average of 4
replicates. Individual experiments were repeated at least 5 times. Data has been normalised
to 0 ng/ml of TB4 to reduce variability and achieve normal distribution. Data shown as the
mean ±SEM.

2.4.1.2 Exogenous TB4 does not alter podocyte migration
Podocyte migration was assessed by scratch wound assay as described in 2.3.5.
Images were taken at 0, 6 and 24 hours after wound formation, with representative
images of each time point provided in Figure 2.4a, b, c. All doses of TB4 and media
only treated cells showed increase in cell migration between 6 and 24 hours (P<0.01
for 0 ng/ml, 100 ng/ml, 1000 ng/ml; P<0.001 for 10 ng/ml), however, there was no
statistical difference between cells treated with TB4 compared to media treated cells
alone at 6 or 24 hours (Figure 2.4d). Therefore, exogenous TB4 does not alter
migration of healthy podocytes.
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Hours after treatment of TB4
Figure 2.4 – Exogenous TB4 does not alter podocyte migration. Differentiated
immortalised mouse podocytes were treated with 0 - 1000 ng/ml of TB4 and cell migration
assessed by scratch wound assay. Representative images of podocytes treated with 0 ng/ml
of TB4 at (a) 0 hours, (b) 6 hours and (c) 24 hours imaged with x10 magnification. The black
line indicates the boundaries of the wound which was transferred from 0h to images of
subsequent time points. Each data point represents the average of 4 fields of view of 1
experiment. Data are shown as mean ±SEM of 4 independent experiments. **P≤0.01,
***P≤0.001.
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2.4.1.3 Exogenous TB4 does not alter the podocyte cytoskeleton
To analyse the podocyte cytoskeleton cells were fixed and stained with Acti-StainTM
488 Phalloidin and analysed as described in 2.3.6. Podocyte F-actin arrangements
were sorted into three sub-types: cortical actin stress fibres (Figure 2.5a);
cytoplasmic stress fibres (Figure 2.5b) or unorganised actin fibres (Figure 2.5c).
Cortical actin stress fibres displayed as an F-actin network around the periphery of
the cell. Unorganised actin fibres did not show any specific actin arrangement.
Cytoplasmic stress fibres displayed as organised F-actin filaments traversing the cell
body perpendicular to adjacent fibres.
The results show that the predominant F-actin organisation in podocytes is cortical
actin stress fibres, with a prevalence of 53.5 ± 2.2% (Figure 2.5d), whereas the
prevalence of cytoplasmic stress fibres was 26.4 ± 2.5 (Figure 2.5e) and
unorganised actin was 12.4 ± 2.0% (Figure 2.5f). Exogenous TB4 had no effect on
the proportion of cells displaying each type of F-actin organisation, total F-actin
fluorescence in podocytes (Figure 2.5g) or the cell area (Figure 2.5h).
Collectively, the results presented in this subsection provide evidence that
exogenous TB4 had no effects on healthy podocyte cells in vitro. Next, the effect of
ADR on podocyte cells in vitro was examined to determine appropriate doses to
explore if TB4 modulates podocyte injury induced by ADR.
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Figure 2.5 – Exogenous TB4 does not alter podocyte F-actin organisation.
Differentiated immortalised mouse podocytes were treated with 0 - 1000 ng/ml of TB4, fixed
after 24 hours and stained with phalloidin conjugated to Actin-stain 488 to examine F-actin.
Nuclei were stained using Hoechst 33342. Representative images of cells with (a) cortical
actin stress fibres, (b) unorganised actin fibres and (c) cytoplasmic actin stress fibres at 40x
magnification. White arrowheads indicate stress fibres. Scale bar = 10 µm. Quantification of
the effect of exogenous TB4 on the percentage of cells with (d) cortical actin stress fibres,
(e) unorganised actin fibres, (f) cytoplasmic stress fibres, (g) the normalised F-actin
fluorescence and (h) total area of the cell. (g) and (f) have been normalised to media only
treated cells to reduce variability. Each data point represents the average of 50 cells. Data
are shown as mean ±SEM of 5 independent experiments.
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2.4.2 Characterisation of ADR-induced podocyte injury in vitro
ADR was identified as a candidate to induce podocyte damage, however, a range of
0.125 µg/ml – 2.5 µg/ml have been used previously (Cormack-Aboud et al. 2008; Dai
et al. 2010; Nijenhuis et al. 2011; Schneider et al. 2017). Therefore, dose response
experiments were conducted in order to determine appropriate concentrations to use
in co-treatment experiments with TB4.
2.4.2.1 ADR reduces podocyte viability
Firstly, a dose response experiment was carried out to determine the effect of ADR
on podocyte viability by MTT assay as described in 2.3.4. Treatment of podocytes
with doses equivalent to or higher than 0.125 µg/ml of ADR caused between 60-70%
decrease in podocyte viability after 24 hours (Figure 2.6a). At 48 and 72 hours,
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Figure 2.6 – ADR reduces cell viability.
Differentiated immortalised mouse
podocytes were treated with 0 – 2.5 µg/ml
of ADR and assessed by MTT assay at
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0.0125 µg/ml of ADR reduced podocyte viability by 60% (P<0.01 versus media
treated cells) and 0.125 – 2.5 µg/ml of ADR decreased cell viability by 90% (P<0.001
vs media treated cells for both time points) (Figure 2.6b c).
2.4.2.2 Effect of ADR on podocyte migration
Next, the effect of ADR on podocyte migration was assessed by a scratch wound
assay as described in 2.3.5 at 0, 6 and 24 hours after ADR treatment (Figure 2.7a,
b, c). ADR did not cause changes to podocyte migration after 6 hours (Figure 2.7d).
As expected, the cells treated with media only showed a significant increase in
wound closure between 6 and 24 hours (P<0.01).
The representative images display cells treated with 1 µg/ml of ADR, where there is
a significant loss of cells at 24 hours (Figure 2.7a, b, c). Comparing this data with
the representative image of untreated cells 24 hours after scratch wound (Figure
2.6d), where 0.125 µg/ml and above caused a loss in podocyte viability after 24
hours, the conclusion can be drawn that doses above this concentration are
inappropriate for scratch wound analysis due to significant loss of viability.
The number of cells migrating into the wound was reduced when podocytes were
treated with ADR compared to cells treated with media alone; this was significant at
doses of 0.25 µg/ml ADR and above (Figure 2.7e). Between 6 and 24 hours, 0.0125
– 0.5 µg/ml ADR showed no difference in cell number compared with and 1 – 2.5
µg/ml ADR showed a decrease in cell number (P<0.05 vs respective 6-hour values).
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Figure 2.7 – Assessment of cell motility after ADR treatment. Differentiated immortalised
mouse podocytes were treated with 0 – 2.5 µg/ml ADR and cell migration was assessed by
scratch wound assay at (a) 0, (b) 6 and (c) 24 hours after wound induction. (d)
Representative image of untreated cells 24 hours after scratch wound. Black line indicates
borders of wound area. Images taken at 10x magnification. (e) Quantification of cells that
migrated into wound at 6- and 24-hour time points. Each data point represents the average
of 4 fields of view. Data are shown as the mean ±SEM of 3 independent experiments.
**P≤0.01, ***P≤0.001.
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2.4.2.3 ADR causes podocyte cytoskeletal disorganisation
To determine which concentrations lead to significant cytoskeletal changes in these
laboratory conditions, a comprehensive analysis of a wide range of doses was
undertaken. Cells were treated with 0 – 2.5 µg/ml ADR and stained with Acti-StainTM
488 Phalloidin as described in 2.3.6. Podocyte cytoskeletal organisation was sorted
into the same three sub-groups as the TB4 dose response experiment (Figure 2.5a,
b, c) after 24 hours of ADR treatment.
The lowest dose of 0.0125 µg/ml of ADR caused a 21 ± 0.7% reduction in cortical
stress fibres (P<0.01 versus untreated cells), 0.125 µg/ml caused a 50 ± 2.9%
decrease in cortical stress fibres (P<0.001 versus untreated cells). Treating cells with
2.5 µg/ml ADR caused a 42 ± 1.1 % reduction in cortical stress fibres compared with
untreated cells (P<0.001). Both doses of 0.5 µg/ml and 1 µg/ml ADR caused a 41 ±
2.9 % reduction in cortical stress fibre prevalence compared with untreated cells
(P<0.001 for both doses). The highest dose of 2.5 µg/ml caused a 44 ± 1.2%
reduction in cortical stress fibres compared with untreated cells (P<0.001) (Figure
2.8a). No dose of ADR altered cytoplasmic stress fibre prevalence compared with
untreated cells (Figure 2.8b). The low dose of 0.0125 µg/ml of ADR lead to 3.5 ±
0.4-fold increase in unorganised actin filaments (P<0.001 versus untreated cells).
Cells treated with 0.125 µg/ml ADR showed 5.3 ± 0.1-fold increase in unorganised
actin prevalence (P<0.001 versus untreated cells). Podocytes treated with 0.25
µg/ml ADR showed a 5.7 ± 0.1-fold increase in unorganised actin prevalence
(P<0.001 versus untreated cells). In cells treated with 0.5 µg/ml ADR, there was a 6
± 0.1-fold increase in unorganised actin compared with untreated cells (P<0.001). In
cells treated with 1 µg/ml and 2.5 µg/ml ADR, there was a 5.4 ± 0.1 and 6.3 ± 0.1fold increase in unorganised F-actin respectively (P<0.001 in both doses versus
untreated cells) (Figure 2.8c).
Next, the podocyte cell area and total F-actin fluorescence were also analysed.
Doses of 0.0125 µg/ml 0.125, 0.25 and 0.5 µg/ml of ADR did not significantly alter Factin fluorescence. Doses of 1 (P<0.05) and 2.5 (P<0.001) µg/ml of ADR lead to a
55 ± 0.23% and 82 ± 0.06% decrease in podocyte F-actin fluorescence respectively
compared with untreated cells (Figure 2.8d).
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Figure 2.8 - ADR induces podocyte cytoskeletal disorganisation. Differentiated
immortalised mouse podocytes were treated with 0 – 2.5 µg/ml of ADR, fixed after 24 hours
and stained with phalloidin conjugated to Actin-stain 488 to assess F-actin. Nuclei were stain
with Hoechst 33342. Quantification of the effect of ADR on the percentage of cells with (a)
cortical actin stress fibres, (b) unorganised actin fibres, (c) cytoplasmic stress fibres, (d) the
normalised podocyte F-actin fluorescence and (e) total area of the cell. All statistical
annotations are in comparison to 0 µg/ml of ADR. Data points represent the average of 50
podocytes. Data are shown as the mean ±SEM of 3 independent experiments. *P≤0.05,
**P≤0.01, ***P≤0.001.
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Finally, the podocyte cell area was examined. Cells treated with 0.0125 µg/ml, 0.125
µg/ml, 0.25 µg/ml or 0.5 µg/ml ADR did not show significantly altered cell size
compared with untreated cells. Cells treated with 1 µg/ml ADR showed a 49 ± 0.1%
reduction in F-actin fluorescence compared with untreated cells (P<0.05). Cells
treated with 2.5 µg/ml ADR showed a 63 ± 0.1% reduction in F-actin fluorescence
compared with untreated cells (P<0.01) (Figure 2.8e).
2.4.2.4 ADR alters actin associated gene levels
After 24 hours, the lower dose of 0.0125 µg/ml ADR did not cause a loss of viability
(but loss of viability was seen at 48 and 72 hours), podocyte cell area or F-actin
fluorescence but did cause cytoskeletal disorganisation. Since foot process F-actin
disorganisation leads to foot process effacement in vivo (Suleiman et al. 2017) and
which can precede podocyte loss in vivo (Ichimura et al. 2019), it was concluded that
0.0125 µg/ml ADR in vitro mimics the early stages of ADR injury in vivo. In contrast,
the higher dose of 0.125 µg/ml ADR led to a decrease in viability at 24, 48 and 72
hours, decrease of podocyte cell area and F-actin fluorescence, while also causing a
higher degree of cytoskeletal disorganisation. Therefore, it was decided that these
two doses would be used to study the effect of treating the cells with exogenous TB4
in ADR-induced podocyte injury; one dose where there is minor damage to the
cytoskeleton but initially not effect on cell viability, and another dose where there was
significant podocyte damage associated with a reduction in cell number after 24
hours of ADR exposure.
After the working doses of ADR had been determined, the mRNA expression of
Tmsb4x, Cfl1 and Schip1 were examined by qPCR after ADR injury. The translated
proteins (TB4, cofilin-1 and Schip1) of these transcripts have been shown to
modulate podocyte actin (Garg et al. 2010; Perisic et al. 2015; Vasilopoulou et al.
2016), therefore a small number of actin regulating protein transcript expression
were screened to determine if ADR induces changes.
The low dose of 0.0125 µg/ml ADR slightly reduced podocyte Tmsb4x expression by
15 ±0.1%, however this was not significant compared to media only treated cells.
The higher dose of 0.125 µg/ml led to an exacerbated loss of 65 ± 0.1% Tmsb4x
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Figure 2.9 – ADR reduced actin associated mRNA expression. Differentiated
immortalised mouse podocytes were treated with 0, 0.0125 and 0.125 µg/ml of ADR and
mRNA was extracted after 24 hours. Expression of (a) Tmsbx4, (b) Cfl1 and (c) Schip1 was
quantified by qPCR and Gapdh was used as a housekeeping gene. Statistical annotations
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expression compared to the control (P<0.01) (Figure 2.9a). This observation
alongside the finding of cytoskeletal disorganisation provides a strong rationale for
replenishing ADR-injured podocyte TB4 levels with exogenous TB4.
Cofilin-1 is a major actin regulating protein in eukaryotic cells (Bernstein and
Bamburg 2010) that contributes to actin severing and treadmilling (Al Haj et al. 2014;
De La Cruz 2009). Endogenous TB4 suppresses the expression of Cfl1
(Vasilopoulou et al. 2016) therefore the effect of ADR on Cfl1 was examined. The
low dose of 0.0125 µg/ml ADR caused a 19 ± 0.2% reduction in Cfl1 compared to
media only treated cells, but this was not statistically significant. The higher dose of
0.125 µg/ml ADR reduced Cfl1 expression by 44 ± 0.1% (P<0.05) compared to
media only treated cells (Figure 2.9b).
Schip1 is expressed in podocytes and associates with the membrane-ezrincytoskeleton complex playing a role in actin dynamics by promoting cortical F-actin
accumulation (Perisic et al., 2015). The human homologue, which shares 98.77%
sequence similarity with the mouse homologue, is predicted to interact with TB4
(Miyamoto-Sato et al. 2010). There was no statistical difference between media
treated cells and cells treated with 0.0125 µg/ml ADR. Podocyte Schip1 expression
was decreased by 45 ± 0.8% in cells treated with 0.125 µg/ml of ADR (P<0.05)
compared with media only treated cells (Figure 2.9c).
These results suggest that there is a loss of actin regulating protein gene expression
in podocytes in ADR-injury. This may provide insight into why cytoskeletal
disorganisation in podocytes is occurring (2.4.2.3). The next subsection of this thesis
chapter will explore the effect of ADR and TB4 on podocyte actin regulating gene
expression in more detail.
2.4.3 The effect of exogenous TB4 on ADR-injured podocytes
The data so far in this chapter has shown that exogenous TB4 does not induce
changes to healthy podocyte viability, migration or cytoskeletal organisation.
Subsequently, ADR-induced podocyte injury has been characterised at a wide range
of doses and 0.0125 µg/ml ADR and 0.125 µg/ml ADR were selected to study the
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effect of exogenous TB4 on injured podocytes. These two doses allowed the effect
of exogenous TB4 to be studied in: (i) cells that have a constant expression of
Tmsb4x with only damage to the cytoskeleton at 24 hours and (ii) cells with depleted
expression of Tmsb4x, loss of viability at all time points and higher damage to the
cytoskeleton. This part of the thesis therefore proceeded to investigate the effect of
exogenous TB4 on ADR-injured podocytes.

2.4.3.1 Exogenous TB4 does not prevent ADR-induced loss of podocyte viability
While exogenous TB4 did not alter podocyte viability, 0.0125 µg/ml reduced
podocyte viability at 48 and 72 hours and 0.125 µg/ml reduced cell viability at all 3
time points (2.4.2.1). It was hypothesised that TB4 would prevent ADR-induced
podocyte viability loss, therefore, cell viability was assessed by MTT assay as
described in 2.3.4.
The lower dose of 0.0125 µg/ml ADR did not alter cell viability after 24 hours
compared with untreated cells, but reduced cell viability by 45 ± 6.4% at 48 hours
(P<0.001 versus untreated cells) and 51 ± 10% at 72 hours (P<0.001 versus
untreated cells) respectively. The higher dose of 0.125 µg/ml ADR caused a 49
±7.8% reduction of cell viability at 24 hours compared to media only treated cells
(P<0.01). Furthermore, 0.125 µg/ml ADR caused a 87 ± 3.5% reduction at 48 hours
(P<0.001 versus untreated cells) and 93 ± 1.5% decrease at 72 hours (P<0.001
versus untreated cells). Exogenous TB4 was unable to prevent this loss of viability at
either dose or time point (Figure 2.10a, b, c).
These results indicate that while ADR causes a decrease in podocyte viability at all
3-time points studied, this could not be prevented by doses of 10, 100 and 1000
ng/ml of exogenous TB4.
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Figure 2.10 – Exogenous TB4 does not protect ADR-induced loss of podocyte
viability. Differentiated immortalised podocytes were treated with 0 – 0.125 µg/ml ADR and
0 – 1000 ng/ml exogenous TB4 and viability was assessed by MTT assay at (a) 24, (b) 48
and (c) 72 hours after treatment. Data have been normalised to media only treated cells of
respective experiments to achieve normal distribution and reduce variability. Each data point
represents the average of 4 replicates of 1 individual experiment. Data are shown as the
mean ±SEM of 4 individual experiments. *P≤0.05, **P≤0.01, ***P≤0.001 between treatment
groups.

2.4.3.2 Exogenous TB4 prevents ADR-induced F-actin disorganisation
Both doses of ADR caused cytoskeletal rearrangements in podocytes, namely a
reduction in cortical actin stress fibre frequency and an increase in the prevalence of
unorganised actin filaments. Due to its actin sequestering and regulating properties
(Safer et al. 1991; Sanders et al. 1992) it was hypothesised that exogenous TB4
treatment would be able to prevent these cytoskeletal rearrangements.
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Podocytes were treated with TB4 and/or ADR and stained with Acti-StainTM 488
Phalloidin as described in 2.3.6. Podocytes injured with 0.0125 µg/ml ADR reduced
their cortical actin stress fibre prevalence from 61 ± 2.2% to 33 ± 2.3% (P<0.001),
while increasing the prevalence of unorganised actin from 12 ± 2% to 31 ± 3.2%
(P<0.001) compared with media only treated cells. The higher dose of 0.125 µg/ml
ADR exacerbated this effect, decreasing cortical actin stress fibre prevalence to 25 ±
2.1% (P<0.001) and increasing the prevalence of unorganised fibres to 50 ± 4.2%
(P<0.001) compared with media treated cells (Figure 2.11a, c).
Cells exposed to 10 ng/ml of exogenous TB4 suppressed reduction of cortical actin
stress fibre prevalence at 0.0125 µg/ml ADR (47 ± 3.7%, P<0.001 compared with
0.0125 µg/ml ADR only) and 0.125 µg/ml ADR (40 ± 2.4%, P<0.01 compared with
0.125 µg/ml ADR only) while supressing the unorganised fibre formation at 0.125
µg/ml (35 ± 3.7%, P<0.01 compared with 0.125 µg/ml ADR only) (Figure 2.11a, c).
Treatment of podocytes with 100 ng/ml of exogenous TB4 fully prevented the
reduction of cortical actin stress fibres at both doses of 0.0125 µg/ml (63 ± 1.3%,
P<0.001 compared to 0.0125 µg/ml ADR alone) and 0.125 µg/ml (57 ± 2.6%,
P<0.001 compared to 0.125 µg/ml ADR). This was accompanied by the suppression
of unorganised actin prevalence at 0.0125 µg/ml ADR (20 ± 2.6%, P<0.05 compared
with 0.0125 µg/ml ADR) and 0.125 µg/ml ADR (24 ± 4.2%, P<0.001 compared with
0.125 µg/ml ADR) (Figure 2.11a, c). ADR injured cells exposed to 1000 ng/ml of
TB4 also displayed cytoskeletal stability. Cortical stress fibre prevalence was
preserved at both 0.0125 µg/ml (63 ± 1.8%, P<0.001 compared to 0.0125 µg/ml
ADR) and 0.125 µg/ml ADR (51 ± 2.2%, P<0.001 compared to 0.125 µg/ml ADR).
Unorganised actin fibre prevalence was suppressed at 0.0125 µg/ml (12 ± 2.5%,
P<0.001 compared with 0.0125 µg/ml ADR) and 0.125 µg/ml ADR (24 ± 2.8%,
P<0.001 compared with 0.125 µg/ml ADR) (Figure 2.11a, c).
Neither dose of ADR altered cytoplasmic stress fibre prevalence compared to media
treated cells. At the lower dose of 0.0125 µg/ml ADR, 100 ng/ml and 1000 ng/ml of
exogenous TB4 reduced the prevalence of cytoplasmic stress fibres (P<0.01
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Figure 2.11 – Exogenous TB4 prevents ADR-induced cytoskeletal disorganisation.
Differentiated immortalised mouse podocytes were treated with 0, 0.0125 or 0.125 µg/ml of
ADR and 0, 10, 100 or 1000 ng/ml of TB4, fixed after 24 hours and stained with phalloidin
conjugated to Actin-stain 488 to examine F-actin. Nuclei were stained with Hoechst 33342.
Quantification of the effect of exogenous TB4 on the percentage of cells with (a) cortical
actin stress fibres, (b) unorganised actin fibres, (c) cytoplasmic stress fibres, (d) the
normalised corrected total cell fluorescence and (e) total area of the cells that have been
injured with ADR. (d) and (e) have been normalised to achieve normal distribution and
reduce variability. Each data point represents the average of 50 cells from an individual
experiment. All data are shown as the mean ±SEM of 5 individual experiments. *P≤0.05,
**P≤0.01, ***P≤0.001.
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compared with 0.0125 µg/ml ADR alone) (Figure 2.11b). The low dose of 0.0125
µg/ml ADR did not affect podocyte F-actin fluorescence or cell area. Podocytes
treated with 0.125 µg/ml ADR showed a 35% decrease in F-actin fluorescence
(P<0.01) and 25% decrease in cell area (P<0.05), which exogenous TB4 was unable
to prevent (Figure 2.11d, e).
Taken together, these results demonstrate that exogenous TB4 prevented ADR
induced podocyte cytoskeletal rearrangements.
2.4.3.3 TB4 had no effect on ADR-altered gene expression
The data presented so far suggest that doses of 100 ng/ml and 1000 ng/ml
exogenous TB4 exhibited similar effects in ADR injury, specifically, the level of
cytoskeletal preservation was comparable. The lowest possible beneficial dose of
exogenous TB4 was desired, therefore, 100 ng/ml of exogenous TB4 was selected
to assess the effect of TB4 on ADR-injured podocytes.
Gene levels are analysed by qPCR 24 hours after treatment. Firstly, the effect of
ADR and exogenous TB4 were examined on the b-thymosin family of actin
sequestering genes. Tmsb4x encodes TB4 and Tmsb10 encodes thymosin b-10, a
homologue of TB4 with identical actin sequestering properties, but with a 5 fold
higher affinity for G-actin (F.-X. Yu et al. 1993; Yu et al. 1994). Thymosin b-15 has
three isoforms; thymosin b-15a (Tmsb15a), thymosin b-15b (Tmsb15b) and thymosin
b-15-like (Tmsb15l) peptide which bind to G-actin with a 2.4x higher stability than
TB4 (Eadie et al. 2000).
Cells treated with 0.0125 µg/ml ADR showed no statistical difference in expression
of Tmsb4x and Tmsb10 compared with media treated cells. The higher dose of
0.125 µg/ml led to a 61 ± 5% reduction in Tmsb4x and a 52 ± 13% reduction in
Tmsb10 expression compared to media treated cells. Exogenous TB4 was unable to
prevent the reduction in either transcript (Figure 2.12a, b). While 0.0125 µg/ml ADR
had no effect on podocyte Tmsb15a, 0.125 µg/ml ADR caused 3.3-fold (± 0.4)
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Figure 2.12 – Exogenous TB4 does not prevent ADR-induced b-thymosin mRNA level
alterations. Differentiated immortalised mouse podocytes were treated with 0, 0.0125 and
0.125 µg/ml of ADR with 0-1000 ng/ml of TB4 and mRNA was extracted after 24 hours.
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quantified by real time PCR and Gapdh was used as a housekeeping gene. Each data point
represents the average of replicates of a single experiment. All data are shown as the mean
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upregulation in Tmsb15a compared to media treated cells (P<0.01) which
exogenous TB4 did not prevent (Figure 2.12c). There were no alterations to
Tmsb15b or Tmsb15l in any treatment group compared to media treated cells
(Figure 2.12d, e).
Collectively, these results demonstrate that ADR alters the mRNA level of some of
the b-thymosin family, suggesting there could be changes to the balance of the actinregulating molecules within the cell.
Consistent with 2.4, 0.0125 µg/ml ADR did not alter Schip1 or Cfl1 expression but
0.125 µg/ml ADR lead to a 50 ±0.4% reduction in both genes compared to media
treated cells (P<0.01). However, cells treated with 0.0125 µg/ml ADR and 1000
ng/ml exogenous TB4 showed an increase of 44 ±0.1% in Schip1 levels compared
with cells treated with 0.0125 µg/ml ADR (P<0.05). Exogenous TB4 was unable to
prevent the reduction in Cfl1 expression (Figure 2.13a, b).
Dstn encodes destrin/ADF, an F-actin regulating protein that promotes actin severing
and depolymerisation (Vartiainen et al. 2002) and Pfl1 and Pfl2 encode Profilin 1 and
profilin 2 respectively. Profilin has been shown to promote actin polymerisation in the
presence of TB4 (Pantaloni and Carlier 1993). Profilin 1 and profilin 2 have opposing
effects on the actin cytoskeleton – profilin 1 promotes actin bundling whereas profilin
2 supresses actin bundling (Ding and Roy 2013). There were no alterations to Dstn,
Pfl1 or Pfl2 levels after exogenous TB4 administration compared to media treated
cells or either dose of ADR (Figure 2.13c, d, e).
Synpo encodes synaptopodin, a podocyte actin regulating serine/threonine kinase
(Mundel, Heid, et al. 1997). Treatment of podocytes with 0.0125 µg/ml of ADR
showed no change in the level of Synpo compared with media treated cells.
Treatment with 0.125 µg/ml of ADR showed a 4-fold (± 0.9) increase in Synpo
expression in comparison to untreated podocytes (P<0.01). Exogenous TB4 had no
effect on Synpo expression at any dose of ADR (Figure 2.13f).
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Ezrin and Nherf2 link the cytoskeleton to the SD plasma membrane via interactions
with podocalyxin (Takeda 2003), a SD molecule coated with sialic acid residues that
Schip1 expression
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complex. Differentiated immortalised mouse
podocytes were treated with 0, 0.0125 and
0.125 µg/ml of ADR with 0-100 ng/ml of TB4
and mRNA was extracted after 24 hours.
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Nherf2; Clic5, Chloride intracellular channel 5;
Nf2, neurofibromatosis 2.
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promotes charge exclusion of negatively charged plasma molecules from the
ultrafiltrate (Nielsen and Mcnagny 2009). Adjacent to this complex is the chloride
intracellular channel 5a (CLIC5a), which phosphorylates ezrin (Wegner et al. 2010),
stimulating the essential process of ezrin binding to F-actin, leading to coupling of
podocalyxin to the cytoskeleton (Orlando et al. 2001; Takeda et al. 2001).
Treatment with 0.0125 µg/ml or 0.125 µg/ml ADR did not alter podocyte levels of
Podxl, Ezr, Slc9a3r2 or Clic5 compared with untreated cells. Exogenous TB4 also
did not alter the levels of these transcripts in any condition compared with the media
treated only cells, suggesting that this complex may not be involved in the TB4
mediated podocyte cytoskeletal protection (Figure 2.14a, b, c, d).
Nf2 encodes the protein neurofibromin 2, a protein that has only been shown
previously to be expressed in glial cells, linking the cortical cytoskeleton to the
plasma membrane (Cole et al. 2008) and interacting with Schip1 (Goutebroze et al.
2000). It was not known previously if Nf2 was expressed by podocytes, however Nf2
was detected at Ct values between 19-24, showing relatively high expression. Again,
neither ADR nor exogenous TB4 altered the expression of Nf2 (Figure 2.14e).

Discussion
This chapter of the thesis has demonstrated that exogenous TB4 has no effect on
healthy podocyte viability, migration or the podocyte cytoskeleton. Subsequently, a
strategy was employed to explore the effect of exogenous TB4 on podocytes
damaged by ADR. A dose response experiment identified two appropriate
concentrations of ADR to induce (i) cytoskeletal disorganisation without a significant
loss of cell viability at 24 hours after ADR and (ii) cytoskeletal disorganisation
accompanied by significant reduction in podocyte viability and reduced Tmsb4x.
Importantly, this chapter has provided strong evidence that exogenous TB4
prevented ADR-induced cytoskeletal disorganisation but has no effect on ADRaltered cell viability.
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2.5.1 The effect of exogenous TB4 on healthy podocytes
To date, no studies have examined exposure of healthy podocytes to exogenous
TB4 in vitro. Therefore, this chapter has provided the first evidence that exogenous
TB4 does not alter healthy podocyte viability, migration or the F-actin cytoskeleton.
The only study to date examining TB4 in podocytes showed that TB4 was expressed
in mouse podocytes and then subsequently investigated the effects of knocking
down endogenous TB4 by siRNA (Vasilopoulou et al. 2016). Loss of endogenous
TB4 did not alter podocyte viability, suggesting that endogenous TB4 is expendable
for podocyte survival (Vasilopoulou et al. 2016). In accord with the findings in
podocytes, exogenous TB4 does not alter cell viability in other cell types. Healthy
human corneal epithelial cells cultured with 1 µg/ml of exogenous TB4 showed no
change in viability after 24 hours of exposure as measured by MTT assay (Ho et al.
2007). Similarly, exogenous TB4 (100 ng/ml – 5000 ng/ml) also did not affect cell
viability of adipose derived stem cells compared to untreated cells when assessed by
trypan blue staining 24 hours after treatment (Jeon et al. 2013). Therefore, the data
presented in this thesis have provided further evidence that exogenous TB4 has no
effect on cell viability of healthy cells grown in culture.
Whilst endogenous TB4 knockdown did not affect cell viability, there was a
reorganisation of cortical stress fibres to cytoplasmic stress fibres and an increase in
cell migration (Vasilopoulou et al. 2016). It was subsequently postulated that since a
lack of endogenous Tmsb4x caused an increase in podocyte migration, exogenous
TB4 may reduce migration of healthy podocytes, however this proved not to be the
case.
There was ~10-fold increase in migration between 6 and 24 hours in healthy
untreated podocytes reported in this thesis. Other studies examining podocyte
migration indicate that healthy podocytes do undergo motility in culture. One study
that utilised the scratch wound method found that healthy primary podocytes from
C57BL/6 mice showed 50% wound closure after 24 hours (Cechova et al. 2018).
Another study using the same scratch wound assay with mouse immortalised
podocytes found at least 20 cells had migrated into the wound after 72 hours, and
live imaging revealed these cells travelled at 0.1 µm/min (Kruger et al. 2018).

107

Furthermore, human immortalised podocytes showed complete wound closure after
just 17 hours (Yu et al. 2020). Therefore, there is significant evidence that healthy
podocytes do display a migratory phenotype in vitro, but different culture conditions
and cell lines influence rates of migration.
Exogenous TB4 has been shown to induce migration in healthy cultured cells.
Exogenous TB4 (100 ng/ml) induced a 4-fold increase in healthy embryonic mouse
myocardial cell migration (Bock-Marquette et al. 2004). HCECs exposed to 1 µg/ml
exogenous TB4 showed increased scratch wound healing 24 and 48 hours after
wound induction compared to untreated cells, which was dependent on the presence
of MMP4 (Qiu, Kurpakus-Wheater, and Sosne 2007). Additionally, 100 ng/ml of
exogenous TB4 stimulated HUVEC migration as shown by a Boyden chamber assay
after 4 hours (Philp et al. 2003). The results presented in this thesis chapter provide
contrasting results to these other cell types, as no alterations to motility compared to
untreated cells were present. There could be multiple explanations as to why the
effects on podocytes differ from other cell types. It would not be due to the dose of
TB4, as the previous doses used were the same as in this thesis. The culture
conditions and type of assay used may have caused the variations. Myocardial cells
were exposed to TB4 for 24 hours longer than in this thesis, which allowed more
time for migration to occur. The HUVEC cells were examined by Boyden chamber
assay, which may facilitate migration more than scratch wound assay. In fact, the
cells on the wound line in the scratch wound assay may have been damaged by the
wound induction, which could have affected their health and motility. Boyden
chamber assay does not inflict a wound on the cell; therefore, the cells have less
chance to be damaged. The natural migratory behaviour of each cell type may have
influenced the variations; podocytes may not be as naturally motile as HUVEC or
myocardial cell types.
Endogenous TB4 is responsible for cytoskeletal stability in healthy podocytes in vitro,
as loss of TB4 resulted in a reorganisation from cortical actin fibres to cytoplasmic
stress fibres (Vasilopoulou et al. 2016). However, the effect of exogenous TB4 on
podocyte F-actin has not been examined, and this chapter has provided evidence
that the amount and organisation F-actin is unaffected by exogenous TB4 in healthy
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podocytes in vitro. The actin regulating properties have influenced actin dynamics in
other healthy cell types. Increasing concentrations (10 ng/ml – 500 ng/ml) of
exogenous TB4 reduced the F-actin to G-actin ratio in HUVECs, indicating that a
higher degree of G-actin was sequestered in these cells (Kim and Kwon 2015). A
reduction in the F-actin to G-actin ratio was also identified in human cerebral
endothelial cells exposed to 10 ng/ml – 500 ng/ml of TB4. However, the
representative images of the cells stained with phalloidin to visualise F-actin seem
identical to untreated cells, and quantification was not undertaken indicating no
change to overall F-actin organisation (Song et al. 2020). Changes to F-actin
organisation could be expected if there were reductions to the F-actin to G-actin
ratio, as there could be less F-actin fibres in certain cellular compartments such as
the cortex or centre of the cell. Further studies could examine the F-actin to G-actin
ratio in healthy podocytes to determine if exogenous TB4 is indeed causing further
G-actin sequestration as seen in other cell types.
There could be due to a number of reasons why exogenous TB4 does not alter the
F-actin cytoskeleton in podocytes. Healthy podocytes have an innate level of
endogenous TB4 peptide that is already sequestering the majority of G-actin,
therefore saturating the cells with exogenous TB4 and causing further G-actin
sequestering would be unlikely to alter F-actin organisation stability. Cell motility is
dependent on actin polymerisation (Mogilner and Oster 1996), which could explain
why Tmsb4x knockdown in podocytes displayed increased migration (loss of G-actin
sequestering leading to actin polymerisation) (Vasilopoulou et al. 2016), but not in
podocytes with increased levels of TB4. Furthermore, treatment with exogenous TB4
did not alter the mRNA transcript levels of some members of the b-thymosin family
or other known actin regulating proteins, such as cofilin-1, profilin and destrin. The
lack of alterations to other actin sequestering and regulating molecules induced by
exogenous TB4 suggests that intracellular actin regulation is unaffected and TB4 is
the only molecule that is present in excess.
A potential caveat of our experiment using exogenous TB4 is that the internalisation
of TB4 into the cells has not been examined. Internalisation of exogenous TB4 has
been proven in HUVECs by an increase in intracellular TB4 immunostaining (Grant

109

et al. 1999). The effects of exogenous TB4 treatment and transfection of Tmsb4x to
cardiac endothelial cells were comparable, suggesting that exogenous TB4 was also
internalised in this cell type (Bock-Marquette et al. 2004). Furthermore,
internalisation of TB4 was confirmed in human corneal endothelial cells by utilising a
His-tagged TB4 peptide, as the intracellular immunofluorescent staining of Histidine
dramatically increased 2 hours after treatment (Ho et al. 2007). The exact
mechanisms of TB4 internalisation are not well understood, however, due to the
small size (4.9 kilodaltons) it is likely that TB4 enters cells via active or passive
transport. Other mechanisms of internalisation have not been explored, but TB4 has
been shown to bind to two extracellular purinergic receptor classes, P2X and P2Y
classes (Freeman, Bowman, and Zetter 2011), which are expressed on podocytes
(Forst et al. 2016; Szrejder et al. 2020). TB4 induced purinergic signalling has been
associated with corneal epithelial cell migration (H. M. Yang et al. 2020),
demonstrating that this TB4-induced stimulation of this pathway does have
intracellular effects, even though there was no alterations to motility in healthy
podocytes in this thesis. To confirm internalisation of exogenous TB4 to podocytes,
future studies could utilise previously reported methods, such as using His-tagged
TB4, to quantify an increase in intracellular TB4 amount by immunofluorescence.
Additionally, co-immunoprecipitation assays to detect TB4/purinergic receptor
binding could be utilised to identify if there is an increase in binding after treatment
with exogenous TB4. Finally, podocyte transfection to overexpress Tmsb4x mRNA
could also be undertaken to see if similar effects are observed.

2.5.2 Optimising an in vitro model of ADR-induced podocyte injury
ADR is a widely used podocyte injury model, that leads to decreased podocyte
viability and cytoskeletal rearrangements (Marshall et al., 2010; Liu et al., 2012).
Previously, a wide range of concentrations between 0.125 µg/ml, to 20 µg/ml ADR
have been used to induce loss of cell viability and cytoskeletal disorganisation in
vitro (Chen et al. 2017; Liu et al. 2012; X. Liu et al. 2018; Maimaitiyiming, Zhou, and
Wang 2016; Marshall et al. 2010). It was therefore important to identify the optimum
dose to induce podocyte damage in the available laboratory conditions.
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Doses of 0.0125 µg/ml and 0.125 µg/ml ADR were selected for subsequent
experiments utilising exogenous TB4, as 0.0125 µg/ml did not reduce cell viability at
24 hours, but 0.125 µg/ml did. The doses above 0.125 µg/ml all induced the same
extent of cell viability reduction and cytoskeletal reorganisation. In fact, doses above
0.125 µg/ml caused such an extreme loss of cell viability (>90%) that there were few
cells left to analyse in subsequent assays. Other studies have examined cell viability
following ADR exposure in podocytes. Human immortalised podocytes treated with
20 µg/ml of ADR (160-fold higher concentration than 0.125 µg/ml) showed 15%
prevalence of apoptotic cells, one cause of reduced cell viability, and a loss of Factin cortical fibres to unorganised F-actin after 24 hours (Maimaitiyiming et al.
2016). In contrast to this, immortalised mouse podocytes (the same cell line used in
this study), exposed to 0.2 µg/ml, 0.3 µg/ml and 0.4 µg/ml ADR led to 15 – 20%
prevalence of apoptotic cells (Xie et al. 2017; Yi et al. 2017). It is clear from previous
studies that external factors influence the extent by which ADR induces podocyte
damage. These factors may include culture conditions, the matrix the cells are grown
on, the source of the cell line used, and the batch of ADR used. This has been
confirmed in a study using different lines of human, mouse and rat immortalised
podocytes exposed to ADR. The mouse and human cells displayed similar
reductions in cell viability when exposed to 0.05 µg/ml, 0.2 µg/ml, 0.5 µg/ml, 1 µg/ml
and 2.5 µg/ml ADR, whilst the rat immortalised podocytes did not experience a loss
in cell viability at any concentration (Chittiprol et al. 2011). Therefore, it is important
for researchers to identify appropriate doses to induce desired outcomes when
performing experiments with podocytes exposed to ADR.
The doses of 0.0125 µg/ml and 0.125 µg/ml ADR (and also higher concentrations)
led to F-actin disorganisation. The podocyte cytoskeleton is critical for maintaining
the glomerular filtration barrier in vivo (Welsh and Saleem 2012) with the majority of
podocyte F-actin in vivo is located in the foot processes (Shirato et al., 1996).
Therefore, molecules that induce changes in podocyte F-actin in vitro are likely to
alter F-actin in vivo. F-actin disorganisation which presents as a “mat” of
disorganised actin parallel to the GBM has been associated with ADR-induced foot
process effacement in vivo (Kriz et al. 2013; Suleiman et al. 2017), therefore, highly
regulated cytoskeletal organisation and structure is critical for maintaining the unique
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architecture of podocytes. Alterations to F-actin in vitro and in vivo have been
demonstrated in Ste20-like kinase (SLK) knockout mice exposed to ADR, where
glomerular phalloidin mean fluorescence increased and there was an increased
prevalence of an F-actin mat juxtaposed to the GBM, rather than F-actin bundles
lining capillary walls. SLK knockdown podocytes with ADR in vitro conversely
showed a decrease in phalloidin staining and loss of F-actin cytoplasmic fibres
(Woychyshyn et al. 2020). Even though the effects on F-actin fluorescence were
contrasting, alterations did indeed occur in vitro and in vivo, therefore, the changes
to F-actin reported in this thesis chapter are likely to translate to podocytes in vivo.
One of the most interesting results of the ADR dose response study is the loss of
podocyte Tmsb4x after 24 hours of 0.125 µg/ml ADR exposure. To date, there have
been no studies associating a lack of Tmsb4x with glomerular disease. An increase
in interstitial TB4 prevalence was reported in the UUO model of kidney injury, but it
was confirmed that the increased TB4 was from macrophages (F4/80 co-labelling)
and myofibroblasts (aSMA co-labelling) (Zuo et al. 2013). Since lack of Tmsb4x
accelerates glomerular injury in vivo and leads to podocyte cytoskeletal
reorganisation in vitro (Vasilopoulou et al. 2016), this finding provides rationale that
restoring the level of TB4 in podocytes with exogenous TB4 may prevent the
cytoskeletal disorganisation that is observed in ADR-injury in vitro (Marshall et al.,
2010; Liu et al., 2012, 2018; Chen et al., 2017) and prevent albuminuria in vivo.
Due to the significant reduction in podocyte viability after ADR-treatment, assessing
migration in this model is a challenge. There is a limited amount of research into
ADR-induced motility in vitro, however some authors have succeeded. Mouse
immortalised podocytes treated with 0.27 µg/ml ADR for 18 hours showed a 50%
increase in wound closure compared to untreated cells when measured by scratch
wound assay (Gao et al. 2010). The short ADR exposure time used in this
experiment may have contributed to the fact that the researchers were able to
assess migration before cell detachment. Another study utilised the scratch wound
assay with mouse immortalised podocytes exposed to 0.25 µg/ml ADR for 24 hours
and saw a 25% increase in wound closure compared to untreated cells,
accompanied by an increased assembly and disassembly of podocyte focal
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adhesions (Xu et al. 2014). Podocyte viability was not examined in this study, so it is
unclear how ADR-induced loss of viability was accounted for. It is possible that in the
laboratory conditions the cells were assessed in, ADR did not reduce cell viability at
this dose, due to variable factors mentioned previously. Future studies employing
ADR as an injury model could therefore identify a suitable end point where podocyte
loss does not occur to enable the assessment of migration. Alternatively, live cell
imaging is another assay that could be utilised to track the distance that individual
cells travel before detaching.
These dose response assays in this thesis provided valuable information for
subsequent assays in this study. The two doses of 0.0125 µg/ml and 0.125 µg/ml of
ADR were deemed appropriate to analyse the therapeutic potential of TB4 in cotreatment experiments. The dose of 0.0125 µg/ml caused a high degree of
cytoskeletal disorganisation without a loss of Tmsb4x or cell viability at 24 hours,
allowing the effect of exogenous TB4 to be studied at a level of moderate podocyte
injury. The higher dose of 0.125 µg/ml of ADR allowed the effect of exogenous TB4
to be studied in podocytes which express lower levels of endogenous Tmsb4x, have
a greater extent of cytoskeletal disorganisation, a significant decrease in cell viability
at 24, 48 and 72 hours and thus more severe podocyte injury.

2.5.3 Assessing the effect of exogenous TB4 on ADR-injured podocytes
A key finding of this chapter is that exogenous TB4 prevented ADR-induced
disorganisation of the podocyte F-actin cytoskeleton. Specifically, TB4 prevented the
loss of cortical actin stress fibres and the increase in the prevalence of unorganised
actin fibres that was caused by ADR. TB4 is protective of cytoskeletal
disorganisation in other cell types. Exogenous TB4 was shown to prevent
uncontrolled F-actin polymerisation and loss of cell viability in HUVECs challenged
with AGE in vitro (Kim and Kwon 2015). Uncontrolled F-actin polymerisation was
also reported in human cerebral cells injured with scrapie prion protein, which
exogenous TB4 completely prevented (Song et al. 2020). The findings presented in
this chapter provide further evidence of the cytoskeletal stabilising effect of
exogenous TB4. Since exogenous TB4 can prevent ADR-induced cytoskeletal
disorganisation in vitro, it is postulated that TB4 may also be able to prevent the
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cytoskeletal disorganisation seen in vivo. Cytoskeletal reorganisation is a common
factor in many podocyte injury models in rodents and cultured cells, including PAN,
ADR and diabetic nephropathy (Marshall et al., 2010; Liu et al., 2012; Wang et al.,
2016; Ling et al., 2018). There have been no reported studies specifically examining
the F-actin cytoskeleton in healthy human samples, or FSGS patients, potentially
due to difficulty obtaining cryo-samples of human kidney tissue. Phalloidin staining,
the gold-standard for labelling F-actin, only works on cryo-sections, therefore FFPE
sections are unsuitable.
The protection of F-actin by exogenous TB4 may be mediated by other podocyte
actin-associated proteins, such as a-actinin-4 and integrins. Mouse immortalised
podocytes transfected to overexpress the actin-focal adhesion cross linking protein
plectin showed almost complete prevention of ADR-induced reduction of podocyte Factin fluorescence (Ni et al. 2018). The cytoskeletal protection was mediated by
suppression of a6b4 integrin and maintenance of a3b1 integrin, focal adhesion
kinase and p38 activation (Ni et al. 2018). Exogenous TB4 has been shown to
increase a1, a2 and a3 integrin mRNA levels in human dental pulp cells (Lee et al.
2013). A3 integrins are the dominant type in healthy podocytes (Shirato 2002), and
changes in integrin balance can alter cytoskeletal organisation (Defilippi et al. 1999).
The shift of ADR-induced integrin expression may warrant further investigation to
determine if changes in integrin subunit expression are occurring in this injury model
which TB4 could be preventing. Increased a-actinin-4, an actin bundling protein
found in podocytes (Asanuma et al. 2005), was shown to be involved in the
formation of unorganised actin in mouse immortalised podocytes exposed to 0.27
µg/ml ADR (Liu et al. 2012), the same phenotype observed in this study.
Dexamethasone, a glucocorticoid, was able to fully prevent the ADR-induced actin
disorganisation via modulation of a-actinin-4 (Liu et al. 2012). Dexamethasone has
been shown to preserve the F-actin to G-actin ratio in injured mouse hippocampi (N.
Yang et al. 2020), suggesting that de novo formation of F-actin from G-actin could be
associated with the actin bunding properties of a-actinin-4. Since TB4 is a G-actin
sequestering peptide (Safer et al. 1991) future studies could examine the effect of
exogenous TB4 on a-actinin-4 levels to determine if this could be a potential
mechanism of protection of F-actin organisation. The F-actin to G-actin ratio could

114

also be examined to determine if the protective effects induced by exogenous TB4
were via G-actin sequestering.
It was hypothesised that due to its anti-apoptotic properties, such as the inhibition of
caspase-3 activation (Moon, Song, and Yang 2007), and prevention of oxidative
stress (Ho et al. 2008; Kumar and Gupta 2011), exogenous TB4 would be able to
prevent ADR-induced loss of cell viability, however this was not the case. ADR has
been shown to induce apoptosis by activation of NFkB pathway (Karger et al. 2016).
TB4 prevented activation of the NFkB pathway in HCECs treated with TNF-a,
therefore preventing apoptosis (Sosne, Qiu, Christopherson, et al. 2007). ADR also
leads to detachment of podocytes from the matrix via integrin loss facilitated by
activation of ILK (Dai et al. 2019; Wang et al. 2018). Studies in other cells types have
shown that TB4 binds to and activates the ILK pathway (Bock-Marquette et al. 2004),
which may contribute to reduction in cell viability. However, the decrease in podocyte
viability following ADR injury was not affected by exogenous TB4 treatment, so this
was unlikely to be the case in the context of podocyte injury mediated by ADR.
Exogenous TB4 has previously been shown to improve cell viability in other
damaged cell types. Tmsb4x knockdown in human cerebral endothelial cells and
then subsequently treated with 500 ng/ml exogenous TB4 were injured with
damaged with prion protein (106-126). Cell viability was improved compared to nonexogenous TB4 treated cells, as assessed by MTT assay 24 hours after treatment
(Song et al. 2020). This data showed that exogenous TB4 was protective of the
human cerebral cells, even in TB4 knockdown cells. In endothelial progenitor cells
challenged with AGE to induce oxidative stress, 0.5 µg/ml of exogenous TB4 fully
prevented a reduction in cell viability as measured by MTT assay 24 hours after
treatment (Q. Chen et al. 2019). Exogenous TB4 (2,500 ng/ml and 5,000 ng/ml) also
prevented H2O2-induced reduction in neural stem/progenitor cell viability in vitro. This
was associated with prevention of reactive oxygen species and inflammatory
cytokine (interleukin -1b and -6, and toll like receptor 4) production (Li et al., 2019).
There are significant differences between these studies and the experimental set up
of this thesis chapter; the first is the cell type used. Different cell types have varying
intracellular signalling patterns and proteins, which may have worked in parallel with

115

TB4 to prevent the loss of cell viability. The previous studies also used a higher
dosage of TB4 than this thesis chapter: 500 ng/ml, 2,500 ng/ml and 5,000 ng/ml
compared to 1000 ng/ml in this thesis. It is possible that the higher dosage of TB4
provided further protection than the doses used in this thesis and follow up studies
could attempt to prevent ADR-induced cell viability in podocytes with increased
concentrations of TB4.
Thymosin b10 and thymosin b15 are TB4 homologues which also bind to and
sequester G-actin (Yu et al., 1993; Yu et al., 1994; Eadie et al., 2000). This thesis
has provided the first evidence that Tmsb10 and Tmsb15a, Tmsb15b and Tmsb15l
transcripts are localised to podocytes. Tmsb10 mRNA levels were reduced and
Tmsb15a transcript levels were upregulated in response to ADR-injury. There is
relatively little known about thymosin b10 and thymosin b15 in the kidney compared
to TB4. Thymosin b10 is expressed in the human kidney in development, and
localised to the proximal and distal tubules (Gerosa et al. 2010), suggesting that it
has a role in nephrogenesis. Tmsb10 transcripts have been detected in human adult
kidneys by Southern blot analysis (Hall 1994) and adult C57BL/6 mice by qPCR
(Vasilopoulou et al. 2016). The human protein atlas (www.proteinatlas.org) identifies
Tmsb10 transcripts in human kidneys, but only localised to proximal tubular cells,
distal tubular cells, collecting duct cells and immune cells, with no mention of any
glomerular specific cell. The protein atlas also states the three isoforms of Tmsb15
are present in very low levels in the kidney compared to Tmsb10, with some
expression only seen in collecting duct cells, T cells and some proximal tubular cells.
However, it seems from the website that glomerular cell types have not been
examined in any context, so it is possible that the mRNA transcripts are present in
human glomeruli. Further studies using in situ hybridisation of FFPE kidney sections
or single cell RNA sequencing (scRNAseq) could confirm this. Thymosin b15 is
expressed in the mouse adult kidney, but it hasn’t been localised to specific cells.
Future studies could explore the effects of knocking down Tmsb10 or Tmsb15a in
podocytes in vitro to see if similar cytoskeletal disorganisation occurs. The loss of
both Tmsb4x and Tmsb10 mRNA in ADR injury is interesting and warrants further
exploration. Future studies could perhaps treat ADR-injured podocytes with a
combination of exogenous TB4 and thymosin b10 to examine if this synergistic
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approach is able to maintain cell viability and further prevent cytoskeletal
disorganisation.
To date, there have been no reports on the effect of ADR on cofilin-1, profilin-1 or -2,
therefore this thesis has provided the first evidence that the transcripts of these
actin-regulating proteins are unchanged in ADR nephropathy. Collectively, the
effects of ADR on actin modulating genes were not altered by TB4, except for
Schip1. Previous studies have shown that in whole kidney homogenates, lack of
Tmsb4x upregulates Cfl1 levels (Vasilopoulou et al. 2016). It has been suggested
that TB4 promotes cofilin-1 activity, by disassociating G-actin:cofilin-1 complexes,
therefore allowing cofilin-1 to sever F-actin (Al Haj et al. 2014). The steady mRNA
expression of Pfl1 and Pfl2, proteins that promote actin polymerisation (Mouneimne
et al. 2012), coupled with the loss of Tmsb4x, Tmsb10 and Cfl1 in ADR-injury may
provide an explanation of the ADR-induced F-actin disorganisation, as collectively
there is significantly reduced expression of factors that negatively regulate F-actin
polymerisation.
Synaptopodin is a mature podocyte actin-associated protein (Mundel, Reiser, et al.
1997) that has previously been shown to orchestrate cytoskeletal organisation
through RhoA signalling (Asanuma et al. 2006) and regulating the actin-bundling
activity of a-actinin (Asanuma et al. 2005). The results presented in this study show
that Synpo was upregulated 4-fold in response to ADR-injury. This data is in contrast
to previously reported Synpo levels in ADR injury. Mouse immortalised podocytes
treated with 0.25 µg/ml ADR showed a 50% reduction in Synpo mRNA expression
and synaptopodin protein expression as measured by qPCR and Western blot
respectively (Wang et al. 2018). It is possible that the higher concentration of ADR
induced a different effect on Synpo levels in podocytes in this study. This would have
to be confirmed by repeating the experiment in the same laboratory conditions as
this thesis and treating with an increased dose of ADR. Previous studies have shown
that when Tmsb4x is downregulated, the expression of Synpo remains constant
(Vasilopoulou et al. 2016). ADR induced a reduction of Tmsb4x in this thesis, so the
upregulation of Synpo is unlikely to be directly due to the reduction of Tmsb4x, but
other intracellular effects of ADR. Endogenous Synpo expression has been recently
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shown to decelerate ADR nephropathy in vivo through suppression of Rac1 activity
and activation of RhoA (Ning et al. 2020). Although this study did not quantify Synpo
mRNA expression after ADR exposure, perhaps podocytes upregulate Synpo as a
protective mechanism in ADR injury.
One gene of interest that exogenous TB4 affected the levels of was Schip1. Schip1
is a member of the complex linking the cytoskeleton to podocalyxin (Perisic et al.,
2015), a protein that is essential for charge based filtration of the blood (Kerjaschki et
al. 1984). Schip1 overexpression was shown to prevent the loss of the podocyte
cortical actin cytoskeleton and formation of cytoplasmic stress fibres in response to
PDGF-BB (Perisic et al., 2015) and TB4 is predicted to bind to the human
homologue of Schip1 (Miyamoto-Sato et al., 2010). The other members of the
podocalyxin-cytoskeleton complex were unaltered, except Schip1, meaning that if
this complex breaks down in ADR injury, the loss of Schip1 is likely to be the cause.
Neurofibromin 2 has mostly been characterised in glial cells, linking the cortical
cytoskeleton to the membrane (Cole et al. 2008) and Schip1 has been shown to bind
to Neurofibromin 2 (Goutebroze et al. 2000), however the significance of this binding
is not yet clear. The presence of Neurofibromin 2, a member of the ERM family of
proteins that organise membrane-cytoskeletal interactions (Fehon, McClatchey, and
Bretscher 2010; McClatchey and Fehon 2009) in podocyte cells, may be significant
in the future of understanding cytoskeletal-membrane interactions and receptor
organisation in podocytes.

Conclusions
The results demonstrated in this thesis chapter show that in ADR-injury there is a
clear downregulation of endogenous Tmsb4x expression. ADR causes a disruption
of the F-actin cytoskeleton, unravelling the highly organised cortical actin stress
fibres to unorganised F-actin. Exogenous TB4 has a protective role of the podocyte
cytoskeleton in response to ADR-induced cytoskeletal rearrangements (Figure
2.15).
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Figure 2.15 - Diagram depicting the function of TB4 in ADR injury. ADR causes a
reduction in podocyte Tmsb4x expression and actin cytoskeletal disorganisation. Treatment
with exogenous TB4 prevented ADR-induced disorganisation of the actin cytoskeleton.
Original diagram.
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Chapter 3: Systemic thymosin b4 delivery alleviates
Adriamycin-induced glomerular injury
Introduction
The results presented in the previous chapter of this thesis demonstrate that
exogenous TB4 prevents ADR-induced F-actin disorganisation in cultured
podocytes. However, it is imperative to explore the role of exogenous TB4 in vivo.
The in vitro model allows exploration into cell specific mechanisms, however, using
in vivo models of glomerular injury provides insight into the therapeutic potential of
molecules in a living system, which encompasses blood flow, a key component
missing from culture systems.
So far, there have been a limited number of studies that have used exogenous TB4
as a therapeutic agent in kidney injury. In the UUO model, a model of renal fibrosis,
C57BL/6 mice were treated with 150 µg/day of TB4, resulting in a 33% reduction of
interstitial fibrosis compared to sham mice. Administration of either 1 mg/kg or 5
mg/kg of synthetic TB4 to UUO injured Sprague-Dawley rats reduced 24h proteinuria
and histopathological changes (Yuan et al. 2017). Daily injection of synthetic TB4
(100 ng/g/day) to C57BL6 mice attenuated albuminuria and histopathological
changes in the diabetic nephropathy model (Zhu et al. 2015). Furthermore, SpragueDawley rats injured with the acute ischaemia reperfusion kidney model and injected
intravenously with 10 mg/kg synthetic TB4 showed reduced inflammatory and
apoptotic markers and improved kidney function (Aksu et al. 2019). These studies
show that exogenous TB4 may have a protective role in acute and CKD models,
however, the effect of exogenous TB4 in glomerular injury is unknown.
It is estimated that in the U.K., around 0.8 in 100,000 individuals are diagnosed with
FSGS but many cases do not respond to the current treatment of steroids to slow the
progression to ESKD (Hogg, Middleton, and Vehaskari 2007), highlighting the urgent
need for novel therapies that can circumvent steroid resistance. ADR mimics some
of the characteristics of human FSGS when administered to rodents (Bertani et al.
1986; Lee and Harris 2011; Wang et al. 2015), including albuminuria, foot process
effacement, glomerulosclerosis, podocyte detachment and cytoskeletal
disorganisation (Guo et al., 2008; Heikkilä et al., 2010; Zou et al., 2010; Lee and
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Harris, 2011; Suleiman et al., 2017). The previous chapter showed that exogenous
TB4 is able to prevent ADR-induced cytoskeletal reorganisation in vitro, suggesting
that exogenous TB4 may have beneficial effects in ADR injury in vivo.
To examine this, a systemic gene therapy strategy was undertaken. TB4 is
metabolised relatively quickly when the recombinant peptide is administered in vivo,
and the concentration of circulating TB4 returns to basal levels within 6 hours (Mora
et al. 1997). Therefore, an AAV construct encoding Tmsb4x was used (Bongiovanni
et al., 2015) to achieve systemic, long-term upregulation of TB4. AAV 2/7 has the
capsule of AAV 7, which displays strong tissue tropism for the liver and brain (Van
Der Perren et al. 2011). AAV infects liver cells before inducing transgene expression
via transcription and translation (Schultz and Chamberlain 2008). Specific targeting
of the kidney is a challenge that renal scientists employing AAV therapy face, due to
low tissue tropism of known serotypes (Zincarelli et al. 2008). Therefore, this thesis
chapter employed a systemic upregulation of TB4 with AAV.Tmsb4x (the mRNA
precursor of TB4), as it has been proven that TB4 is a secreted peptide (Mora et al.
1997). AAV infection is also slow and can take over 1 week for full infection and
replication to occur (Davidoff et al. 2005), so AAV.2/7 was used as a preventative
therapy, rather than an intervention after disease had been induced.

Aims and hypothesis
It was hypothesised that exogenous TB4 would prevent ADR-induced glomerular
injury by protection of the podocyte cytoskeleton. The first aim of this chapter is to
examine if endogenous TB4 is downregulated in glomeruli and podocytes in ADR
injury in vivo. The second aim of this chapter is to confirm that AAV.Tmsb4x can
infect liver cells and induce systemic upregulation of TB4. The final aim of this
chapter will aim to investigate if exogenous TB4 can prevent ADR-induced
glomerular injury and to determine if ADR or TB4 affect the podocyte cytoskeleton in
vivo.
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Materials and methods
3.3.1 Analysis of single cell RNA sequencing data
Analysis of scRNAseq data from a recently published study (Chung et al. 2020) was
performed in collaboration with Mr Daniyal J. Jafree and Mr Gideon Pomeranz, from
University College London Great Ormand Street Hospital Institute of Child Health.
scRNAseq analysis was performed using RStudio for Macintosh (RStudio Inc.,
v1.2.5042) using R (v4.0.2).
3.3.1.1 Data acquisition
The raw scRNAseq dataset used in this analysis was acquired from a study
characterising the single-cell transcriptome of murine ADR nephropathy using the
10X Genomics platform (Chung et al. 2020). Matrices of gene counts per droplet,
generated after alignment of reads to genes, were acquired from the National Center
for Biotechnology Information Gene Expression Omnibus (GSE146912) and are
available at https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE146912.

3.3.1.2 Quality control, data processing and integration
All of the following analyses were performed using the Seurat toolkit (Butler et al.
2018). The count matrices from n = 2 control samples (8,412 cells) and n = 2
samples with ADR nephropathy (8,296 cells) were merged into a single object.
Genes expressed in two or fewer droplets were excluded and droplets with < 200
and > 4000 detected genes and > 10% of features mapping to the mitochondrial
genome were excluded. The data were then normalized using the NormalizeData
function and the data scaled by all detected genes using the ScaleData function
before principal component analysis (PCA), using the top nine components for
downstream analyses. Integration and matching of cell types between experimental
conditions was performed using the Harmony package for R (Korsunsky et al. 2019).

3.3.1.3 Clustering, cell type identification and counting
Shared nearest neighbour graphing was performed using the FindNeighbors
function. Unsupervised clustering was performed with the FindClusters function
using the Louvain algorithm and a resolution of 0.4, generating 14 transcriptionally
distinct clusters of cells, before dimension reduction using Uniform Manifold
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Approximation and Projection (UMAP). Cell type identification was performed by
assessing the top ten differentially expressed genes per cluster calculated using the
FindAllMarkers function and canonical markers for glomerular cell types were
compared from previous scRNAseq studies (Chung et al. 2020; Fu et al. 2019;
Karaiskos et al. 2018). Ten glomerular cell types were subsequently identified and
assigned. The number of cell types by experimental condition was exported and
graphed in Prism (GraphPad, v9.0.0)

3.3.1.4 Comparison of Tmsb4x expression
The FindAllMarkers function was used to compare the scaled expression of Tmsb4x
between ADR nephropathy and control datasets. The average log fold change was
calculated for podocytes or all glomerular cell types (glomerular endothelial cells,
mesangial cells, and podocytes) between experimental conditions. Wilcoxon Rank
Sum tests was used to assess statistical significance.

3.3.2 Experimental animals and procedures
ADR nephropathy was induced in BALB/c mice, as they harbour low levels of
PRKDC, rendering them sensitive to ADR-induced glomerular injury (Papeta et al.
2010). All procedures described were approved by the Home Office. All materials
listed below were obtained from Merck U.K unless stated otherwise. All incubations
were at room temperature unless stated otherwise.
Male BALB/c mice aged between 7 – 10 weeks were housed in cages of three,
exposed to constant temperature (22 °C) and light cycle (12 hours light, 12 hours
dark), and provided with standard laboratory chow and tap water ad libitum. Blood
and urine were collected prior to the mice being injected with 5x1012 viral particles of
either AAV.LacZ serotype 2/7 or AAV.Tmsb4x serotype 2/7 via the tail vein. The AAV
constructs were a kind gift from the lab group of Professor Christian Kupatt
(Bongiovanni et al., 2015). Three weeks later (day 0 in Figure 3.1), mice were
weighed and then injected with 10 mg/kg of ADR or vehicle (0.9% saline) via the tail
vein and culled 14 days later. The final treatment groups to be compared were
administered (i) AAV.LacZ and vehicle (control group) (LacZ/saline), (ii) AAV.LacZ
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and 10 mg/kg ADR (glomerular injury group) (LacZ/ADR) and (iii) AAV.Tmsb4x and
ADR (glomerular injury and treatment group) (Tmsb4x/ADR).
Mice were weighed at day 0, 2, 7 and 14 after ADR/vehicle administration. Blood
(collected in MicroVette EDTA coated capillary action tube, SARSTEDT, Nümbrecht,
Germany) and urine were collected at day 2 and mice were culled by CO2
asphyxiation at day 14 after ADR administration for kidney and liver collection,
following overnight urine collection in metabolic cages. Death was confirmed by
exsanguination. A 25G needle was used for blood collection via the lateral
saphenous vein while the mice were alive and via cardiac puncture post-mortem.
The collected blood was centrifuged for 15 minutes at 3000 rpm. The separated
plasma was extracted and stored at -80 °C until further use. Urine was centrifuged at
10,000 rpm for 5 minutes and the supernatant was stored at -80 °C until further use.
An overview of the experimental set up can be found (Figure 3.1).
Day-22

Urine and
plasma
collected

Day -21

Day 0

Administration of
rAAV-TB4 or
rAAV-LacZ

Administration of
10 mg/kg ADR or
vehicle (saline)

Day 2

Urine
collected

Day 14

Mice culled, kidneys and
liver collected, urine
and plasma collected

Figure 3.1 – Experimental design for in vivo ADR experiment. A graphic displaying the
chronological experimental design for the in vivo experiment. Day 0 was designated as the
day of ADR/vehicle administration.

3.3.3 Tissue processing
Left kidneys and part of the liver were immediately snap frozen on dry ice after
extraction from the mice. Right kidneys were weighed to obtain kidney weight to
body weight ratio and then cut in half with a scalpel medially along the basal side.
The kidney halves along with the liver were fixed in 4% PFA in dH2O overnight at 4
°C while rotating. After fixation, one half of the kidney was cryo-preserved and the
other half, along with the liver and heart, was embedded in paraffin wax.
For cryo-preservation, the tissue was incubated in 30% sucrose in dH2O overnight
following fixation at 4 °C while rotating. The kidney was then rinsed in OCT medium
(Agar Scientific, Stansted, U.K.) before cryo-preservation in OCT medium on dry ice,
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with the cut side of the kidney face down, and stored at -80 °C until further use. Cryosections were cut on a cryostat (Clinicut 60, Bright Instruments, Huntingdon, U.K.) to
8 µm, adhered to SuperFrost Plus microscope slides (VWR International, PA, U.S.A)
and stored at –20 °C until further use. For paraffin wax embedding, the tissue was
prepared by a series of dehydration and washing steps. The tissues were
dehydrated by 1-hour subsequent incubations in 70%, 80%, 90% and 100% ethanol.
The tissues were then cleared by 2 one-hour incubations in Histoclear II (National
Diagnostics, GA, USA). The Histoclear II was drawn out from the tissues by
incubation in a 1:1 solution of Histoclear II and paraffin wax at 80 °C for 1 hour.
Finally, the tissues were washed in paraffin wax for 2 one-hour incubations at 80 °C.
Tissues were then embedded in fresh wax with cut side face down until solidified.
The wax blocks were then sectioned to 5 µm on a microtome (RM2255, Leica
Biosystems, Milton Keynes, U.K.) and adhered to SuperFrost Plus microscope
slides.

3.3.4 Antibodies used
Table 3.1 – List of primary antibodies used in in vivo experiments
Antibody

Dilution

Antigen retrieval

(application)

method

Polyclonal sheep IgG a-

1:200 (IHC, IF)

Proteinase K

human TB4

1:4000 (ELISA)

Goat a-mouse albumin

1:100 (ELISA)

N/A

1:200 (IF)

N/A

1:200 (IHC)

Tris-EDTA

Abcam, Cambridge, U.K.,
AB89901

1:1000 (IHC)

Trypsin

Bio-Rad, CA, USA,
MCA497R

F4/80
Polyclonal rabbit a-mouse

2B Scientific, Oxfordshire,
U.K., 163-004-SY

WT-1
Monoclonal rat a-mouse

Bethyl Laboratories, TX,
USA, A90-134A

a-mouse synaptopodin
Monoclonal rabbit a-mouse

R&D Systems, MN, USA,
AF6796

(capture)
Polyclonal guinea pig

Reference

1:400 (IF)

N/A

Abcam, Cambridge, U.K.,
AB15580

Ki67

Table 3.1 – List of primary antibodies used. a, anti; IgG, immunoglobulin G; WT-1,
Wilms tumour 1; F4/80, EGF-like module containing mucin-like hormone receptor-like 1;
Ki67, antigen Ki67; IHC, immunohistochemistry; IF, immunofluorescence; ELISA, enzyme
linked immunosorbent assay; N/A, not applicable; EDTA, ethylenediaminetetraacetic acid.
acid.
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Table 3.3.2 – List of secondary antibodies used in in vivo experiments
Antibody

Dilution

Reference

(application)
Goat a-mouse albumin HRP

1:40,000 (ELISA)

A90-134P-7

conjugate (detection)
Goat a-sheep HRP conjugate
Goat a-guinea pig Alexa Fluor 488

1:2000 (ELISA)
1:200 (IF)
1:200 (IF)

ThermoFisher Scientific, MA, USA,
A11076

conjugate
Donkey a-sheep Alexa Fluor 594

Dako, Ely, U.K., P0450
ThermoFisher Scientific, MA, USA,
A11073

conjugate
Goat a-guinea pig Alexa Fluor 594

Bethyl Laboratories, TX, USA,

1:200 (IF)

ThermoFisher Scientific, MA, USA,
A11016

conjugate
Rabbit a-rat IgG HRP conjugate

1:200 (IHC)

Agilent, CA, USA P0450

Rabbit a-sheep IgG HRP conjugate

1:200 (IHC)

ThermoFisher Scientific, MA, USA,
61-8620

Donkey a-rabbit IgG Alexa Fluor 594

1:200 (IF)

Abcam, Cambridge, U.K.,
AB89901

conjugate

Table 3.2 – List of secondary antibodies used. a, anti; IgG, immunoglobulin G; IHC,
immunohistochemistry; IF, immunofluorescence; ELISA, enzyme linked immunosorbent
assay.

3.3.5 TB4 ELISA
To determine if TB4 was upregulated in the mice treated with AAV.Tmsb4x
compared with AAV.LacZ treated mice, plasma concentration of TB4 was measured
by a customised ELISA, which was refined based on a previously used protocol
(Mora et al. 1997). Standards using synthetic TB4 (ReGeneRx Biopharmaceuticals
Inc), diluted in incubation buffer (pH 7.4, Na2HPO4 (0.01M), NaCl (0.15M), Tween-20
(0.055 % v/v), BSA (1 % v/v)), were prepared by serial dilutions to obtain the
following concentrations: 10,000 ng/ml, 5,000 ng/ml, 2,500 ng/ml, 1,250 ng/ml, 625
ng/ml, 312.5 ng/ml, 156 ng/ml, 78 ng/ml, 39 ng/ml, 0 ng/ml. A 1:1 homogenous ratio
of standards/samples and incubation buffer was added to a sterile borosilicate tube
(Scientific Laboratory Supplies, Nottingham, U.K.). Sheep anti-serum to TB4 (Table
3.1) was diluted 1/4000 in incubation buffer and 100 µl was added to each tube of
standard/sample. The tubes were sealed, vortexed and incubated at 4 °C overnight.
The ELISA plate (Greiner Bio-One, 96 well, flat transparent) was coated with 100 µl
of 50 ng/ml synthetic TB4 in coating buffer (carbonate/bicarbonate capsule in 100 ml
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H2O). Negative control wells with coating buffer only were also prepared and the
ELISA plate was incubated at 4 °C overnight.
The plate was washed 5 times with washing buffer (pH 7.4, Na2HPO4 (0.01M), NaCl
(0.15M), CaCl2 (1 mM), MgCl2 (0.5 mM), Tween-20 (0.55% v/v)) (all subsequent
washes were 5x with washing buffer) and blocked with 200 µl of blocking buffer (5 %
dry fat milk in incubation buffer) for 1 hour. After washing, 100 µl of the
standards/samples were added to the ELISA plate wells and left to incubate for 2
hours. The plate was then washed and 100 µl of goat anti-sheep HRP-conjugated
(Table 3.2) secondary antibody, diluted 1/2000 in incubation buffer was added to
each well. The plate was left for 1 hour to incubate and then washed again.
Substrate solution (containing equal parts stabilised H2O2 and stabilised
tetramethylbenzidine) was prepared (R&D Systems, Stansted, U.K.) and 100 µl was
added to each well of the plate, which was left to incubate for 15 minutes in the dark.
The reaction was stopped with the addition of 50 µl of 2M sulphuric acid per well and
absorbance (Abs) was read at 450 nm using a plate reader.
A blank value (incubation buffer only) was subtracted from each Abs450 value before
a standard curve of the log10 values vs Abs450 was generated on Graph Pad Prism
9.0 (Figure 3.2). Sample log10 transformed values were compared to the standard
curves to determine sample TB4 concentration.

Log of concentration (ng/ml)

TB4 ELISA Standard Curve
4

r2 = 0.9857

3
2

Figure 3.2 - TB4 ELISA standard
curve. Example of a standard curve
used to calculate plasma TB4
concentration. r2 value indicates how
0.0 well points align to line of best fit
(0.9999 = perfect fit).

1
0
2.0

1.5

1.0

0.5

Absorbance at 450nm
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3.3.6 Albumin ELISA
To measure albuminuria, a commercially available ELISA kit was used (Bethyl
Laboratories, TX, USA). Tris Buffered Saline (TBS) (5 x 50 mM), pH 8.0 in H2O was
prepared; using Tris Base (44.37 mM), Tris HCl (0.21 M), NaCl (0.69 M) and KCl
(13.42 mM). The wash solution (pH 8.0, 1 x TBS in H2O and 0.05 % (v/v) Tween-20),
postcoat solution (pH 8.0, 1 x TBS in H2O and 0.1 % BSA (v/v) and sample diluent
(postcoat solution and 0.05 Tween-20 (v/v)) were also prepared prior to the start of
the experiment.
Goat a-mouse albumin antibody (Table 3.1) was diluted 1/100 in coating buffer,
added to each well of the ELISA plate and left to incubate for 1 hour. After
incubation, the ELISA plate was washed 3x with wash buffer (all subsequent washes
were 3x in wash buffer) and blocked by adding 200 µl of PostCoat solution to each
well for 30 minutes. Standards of mouse albumin were prepared by serial dilutions to
obtain concentrations of: 500 ng/ml, 250 ng/ml, 125 ng/ml, 62.5 ng/ml, 31.25 ng/ml,
15.625 ng/ml and 7.8 ng/ml in sample diluent. Urine samples were either diluted
1/1,000 or 1/10,000 in incubation buffer depending on the amount of urinary albumin
present. The plate was then washed before the standards/samples were added to
the appropriate wells and left to incubate for 1 hour. The plate was washed and 100
µl of the goat a-mouse albumin antibody conjugated to HRP (Table 3.2) diluted in
sample diluent for a final dilution of 1:100 was added to each well. After washing
again, 100 µl of substrate solution (containing equal parts H2O2 and
tetramethylbenzidine) (R&D Systems) was added to each well for 15 minutes in the
dark. The reaction was halted with 50 µl of 2M sulphuric acid and the Abs was read
at 405 nm. All standards and samples were assessed in duplicate.
The average Abs405 – blank (sample diluent only) values, were transferred to Graph
Pad Prism 8.0 where a standard curve of Abs405 vs log10 was plotted. The sample
albumin concentrations (ng/ml) were determined based on comparison of their
Abs450 values with the standard curve (Figure 3.3). The concentration was then
multiplied by the volume of urine produced by the mouse at each time point to give
the amount of albumin in the urine (ng). The final value of µg of albumin over a 24-
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hour period was calculated by the following formula: amount of albumin (ng)/time in
metabolic cage (hours) X 24 (hours)/1000.

Log of concentration (ng/ml)

Albumin ELISA standard curve
3

2

r2 = 0.9975
1

0
0.0

0.5

1.0

1.5

Figure 3.3 – Albumin ELISA
standard curve. Example of a
2.5 standard curve used to calculate
urinary albumin amount.

2.0

Absorbance at 450nm

3.3.7 Creatinine assay
Creatinine is a muscle metabolite that freely filtered through the glomerular filtration
barrier and used to adjust urinary albumin amount for body weight (Wyss et al.
2000), so urinary creatinine levels were quantified using a commercially available kit
(Cayman Chemicals, MI, USA). Creatinine standards were serially diluted in distilled
H2O: 0 mg/dl, 2 mg/dl, 4 mg/dl, 6 mg/dl, 8 mg/dl, 10 mg/dl, 12 mg/dl, 15 mg/dl, and
the urine samples were diluted 1/10 in distilled H2O. Next, 15 µl of the diluted sample
was added to the assay plate in duplicate. The reaction was started by the addition
of 150 µl of alkaline picrate solution, the plate was sealed and incubated on a shaker
for 10 minutes. The Abs was then read at 495 nm, designated initial Abs (Iabs), and 5
µl of acid solution was added to each well and left to incubate for 20 minutes on a
shaker. The Abs495 was once again read, designated final Abs (Fabs).
The average Iabs and Fabs of duplicate values were calculated and the corrected Abs
was calculated by subtracting Fabs from Iabs. The change in Abs of the standard 0
mg/dl was subtracted from itself and all other standards and the standard curve was
generated from these values. The concentration of creatinine in mg/dl was calculated
by the formula - ((Sample absorbance – standard curve y intercept)/slope of
standard curve) X sample dilution. Sample creatinine concentration was converted
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from mg/dl to µmol/l by multiplying by 88.4 (creatinine molecular weight is 113.12)
and then to µmol/µl by division by 1,000,000. This value was then converted to µmol
by multiplication with the urine volume of each sample. Conversion to mg was
achieved by multiplying the µmol value by 113.12 (creatinine molecular weight) and
dividing by 1000. Albumin to creatinine ratio was determined by dividing this value by
the amount of albumin (µg) in the urine as calculated in 3.3.6.

3.3.8 BUN assay
BUN assay was used as a measure of plasma urea concentration and was assessed
using a commercially available kit (BioAssay Systems, CA, USA). Blood was
collected and plasma was prepared as described in 3.3.2. Standards were prepared
of 50 mg/dl, 10 mg/dl, 5 mg/dl, 2.5 mg/dl, 1 mg/dl, 0.5 mg/dl and 0 mg/dl of urea in
distilled H2O. The 96 well plate wells were filled with 5 µl of water (blank), standards
or plasma samples in duplicate and 200 µl of the working reagent was added before
tapping to mix. Abs was read at 520 nm after 20 minutes of incubation. A standard
curve was generated of Abs520 against concentration of urea standard (mg/dl).
Sample urea concentration was calculated with the following formula: [urea (mg/dl)]
= (Abs520 of sample – Abs520 of blank)/ (Abs520 of standard – Abs520 of blank) x
concentration of standard. Urea concentration was then converted to BUN by
division by 2.14. BUN reflects only the nitrogen content of urea (molecular weight
28), but urea measurement reflects the whole molecule (molecular weight 60).
Hence, urea is 2.14 x (60/28 =2.14) that of BUN.

3.3.9 Glomerular extraction
Glomerular extraction was undertaken by Dr Eugenia Papakrivopoulou of the
Clinique Saint Jean, Brussels (Eugenia Papakrivopoulou et al. 2018) in male BALB/c
mice administered 10 mg/kg ADR intravenously. The mice were anesthetised and
perfused with 1x108 Dynabeads (Invitrogen, Paisley, U.K.) through the left ventricle
of the heart. The kidneys were removed, decapsulated, minced and digested. The
glomeruli containing Dynabeads were extracted by a magnetic particle concentrator
before mRNA was extracted for qPCR analysis (Long et al. 2013).
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3.3.10 qPCR
Snap frozen tissues were thawed and mechanically homogenised (PRO Scientific
Inc, PRO 200, Oxford, U.K.) in 700 µl of buffer RLT (RNEasy Mini kit, Qaigen, USA).
One volume of 70% ethanol in dH2O was added to the lysate and mRNA extraction
was undertaken as described in 2.3.7. cDNA synthesis was performed as described
in 2.3.8 and qPCR was performed as described in 2.3.10 using primers previously
listed to examine Tmsb4x, Tmsb10, Tmsb15a, Tmsb15b, and Tmsb15l (Table 2.1).

3.3.11 IHC
IHC was performed on FFPE sections, prepared as described in 3.3.3. Sections
were dewaxed twice for 5 minutes in Histoclear II (National Diagnostics) and
rehydrated by sequential incubations in 100% ethanol (twice for 5 minutes), 70%
ethanol (5 minutes) and distilled H2O (5 minutes). For immunoreactivity to occur,
antigen retrieval must take place. The antigen retrieval methods used in this thesis
are listed below:
•

Proteinase K – slides were incubated in 20 µg/ml Proteinase K diluted in
distilled H2O for 20 minutes at 37 °C.

•

Trypsin – 1 mg tablet was dissolved in 1 ml distilled H2O. Slides were
incubated in trypsin for 15 minutes at 37 °C.

•

Tris-EDTA (pH 9.0) – 10 mM Tris-buffer (Fisher Scientific) 1 mM EDTA,
0.05% Tween-20 dissolved in distilled H2O was prepared. The buffer was
heated in a microwavable container for 10 minutes on high power. Slides
were placed in the heated buffer and then heated for another 25 minutes on
medium power. Slides were allowed to cool before proceeding.

After antigen retrieval, the slides were washed in dH2O before incubation in 1.6%
hydrogen peroxide diluted in 1xPBS, to quench any endogenous peroxidase on the
tissue. The sections were washed in dH2O and a hydrophobic ring was drawn
around the tissues using a PAP pen (Vector Laboratories, Inc, Peterborough, U.K.).
The slides were rinsed in 0.1% PBS-Tween 20 and then incubated in block solution
(10% FCS, 1% BSA in 0.1% PBS-Tween 20 in dH2O) for 1 hour in a humidified
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Dewaxing and rehydration of tissues

Antigen retrieval

Block non-specific antibody binding

Primary antibody incubation

Incubation in secondary antibody
conjugated to HRP

Amplification of signal with
⍺-rabbit EnVision or ImmPRESS

Exposure to DAB

Nuclear staining with
Mayer’s haematoxylin

Dehydration of stained tissue

Mounting of slides
Figure 3.4 – Flow diagram of IHC protocol. Simplified protocol of IHC experiments to aid
in the explanation of the procedure. HRP, horse radish peroxidase; DAB, 3,3’Diaminobenzidine.
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chamber. Immediately after blocking, the primary antibody (Table 3.1), diluted in
block solution was applied to the sections before overnight incubation at 4 °C in the
humidified chamber.
The primary antibody was then washed off in 0.1% PBS-Tween 20 in dH2O. In cases
where the primary antibodies were not raised in rabbit, an additional HRPconjugated secondary antibody (raised in rabbit) step (Table 3.2), diluted in block
solution, was undertaken for 1 hour to display a rabbit epitope. The sections were
washed in 0.1% PBS-Tween 20 for three times for 5 minutes and incubated in either
a-rabbit EnVision (Dako, Ely, U.K.) or a-rabbit ImmPRESS (Vector Laboratories) for
40 minutes in the humidified chamber to amplify positive staining. The slides were
then washed in PBS and incubated in 3,3’-Diaminobenzidine (DAB) for up to 5
minutes to reveal positive staining. After another washing stage of 5 minutes in tap
water, counterstaining with Mayer’s haematoxylin for 30 seconds to 1 minute to
visualise nuclei took place. Subsequently, the sections were thoroughly washed in
running tap water for 10 minutes. The slides were then rehydrated in 70%
ethanol (5 minutes), 100% ethanol (twice for 5 minutes) before washing in Histoclear
II (National Diagnostics) (twice for 5 minutes). Finally, the sections were mounted
with Histomount (National Diagnostics) and stored at room temperature. A flow
diagram simplifying this protocol can be found in Figure 3.4. Negative controls were
also generated by omitting the primary antibody to confirm antibody specificity.
Immunohistochemically stained sections were imaged on a Leica DM5500 B
histological microscope (Leica Biosystems) with either the 20x or 40x objective.
3.3.12 Immunofluorescence
All washing steps were three times for 5 minutes unless stated otherwise. To
fluorescently label proteins, cryo-sections were prepared as described in 3.3.3 and
the slides were defrosted in PBS before a hydrophobic ring was drawn around the
tissue with a PAP pen. The sections were then permeabilised for 10 minutes in 0.3%
PBS-Triton X-100 before incubation in block solution (10% FCS, 1% BSA, 0.3%
PBS-Triton X-100) for 1 hour in a humidified chamber. The primary antibody (Table
3.1) was diluted in block solution and applied to the section, which was then
incubated overnight at 4 °C in a humidified chamber.
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The primary antibody was then washed off with 0.3% PBS-Triton X-100 before
incubation with the appropriate fluorophore conjugated secondary antibody (Table
3.2) diluted in block for 1 hour in the humidified chamber. The antibody was then
washed off in 0.3% PBS-Triton X-100, and the slides incubated in 0.1% Sudan black
(in 70% ethanol) for 20 minutes to suppress tissue autofluorescence and then
washed again in PBS. The tissues were then incubated in 10 µg/ml Hoechst 33342
diluted in PBS for 10 minutes to stain nuclei and washed in PBS. The slides were
then dabbed dry, mounted with SlowFade then a coverslip was placed over the
tissue and sealed with nail varnish. The slides were kept at 4 °C until further use.
Negative control sections were also generated that omitted the primary antibody to
confirm antibody specificity.

3.3.13 Confocal microscopy
Fluorescent images were obtained using a Laser Scanning 880 confocal microscope
(Zeiss, Oberkochen, Germany) with the 63x 1.4 objective lens with immersion oil
(Zeiss). ZEN Black software (Zeiss) was used for image acquisition set up. The
images were captured with a diode (405 nm), an Argon (488 nm) and a Helium-Neon
laser (594 nm). A negative control slide was prepared as described in 3.3.12,
omitting either the 488 nm fluorophore or the 594 nm fluorophore so that channel
bleed through and exposure could be assessed. The glomerulus with the brightest
fluorescence was located on a control section and the gain was adjusted to
maximise the fluorescence visualisation without inducing saturation (Figure 3.5a, b,
c). The selected gain for each channel was adjusted so that any bleed through in the
488 nm channel (Figure 3.5d, e, f) and the 594 nm channel (Figure 3.5g, h, i) was
minimised. The “best signal” mode of image acquisition was selected, and the
emission spectra (Figure 3.6) generated by ZEN black software indicated
approximately 3% bleed through from the 405 nm channel into the 488 nm channel,
however it was clear from the control images (Figure 3.5) that this did not affect the
image acquisition.
The image was acquired unidirectionally to reduce the number of scan lines the laser
undertook, therefore reducing the time taken for image capture. The frame size was
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Figure 3.5 - Confocal microscopy experimental set up. Single stain sections were
prepared using either Acti-Stain 488 Phalloidin or Alexa Fluor 594 nm conjugated secondary
antibodies. The gain was adjusted for the (a) 405 nm, (b) 488 nm and (c) 594 nm laser to
the maximum gain that would not saturate the images. Representative images of the first
section, omitting Acti Stain 488 nm Phalloidin, was imaged with the (d) 405 nm, (e) 488 nm
and (f) 594 nm lasers. Representative images of the second section, omitting the Alexa
Fluor 594 nm conjugated secondary antibody was imaged with the (g) 405 nm, (h) 488 nm
and (i) 594 nm lasers.
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set to the optimal setting, which was 1304x1304 pixels for 63x magnified images.
The scan speed was set to 4 (out of 10), which increased pixel dwell time to reduce
noise compared to the fastest scan speed (10) but did not cause bleaching of the
pixels compared to the slowest scan speed (1). The line average time was set to 4,
which caused the laser to scan each line 4 times and the pixel values were
averaged. The images were saved as 16-bit images, which contained higher grey
levels (bit depth) in comparison to 8-bit images. Finally, the pinhole was set to 1 Airy
unit, which allowed the optimal ratio of light to resolution.
3.3.14 Image analysis
All image analyses were conducted on Fiji ImageJ software (Schindelin et al. 2012).
Fifty glomeruli per sample were analysed unless stated otherwise. WT-1 is specific
to podocyte nuclei in the glomerular tuft (Wagner et al. 2004), therefore to assess
podocyte loss, WT-1 immunostained tissue images were acquired. For each
glomerulus, the area was measured and the number of WT-1 positive nuclei in the
tuft were assessed. This number was normalised to the tuft area. For each group, an
average of 50 glomeruli was calculated for each sample. Additionally to the number
in each glomerulus, the number of WT-1 positive nuclei in the parietal epithelium
were counted.

Figure 3.6 – Emission spectra of the wavelengths used in confocal microscopy
studies. (a) The cross talk between each laser used in image acquisition. (b) Individual
wavelengths of each track used. Track 1, red, 594 nm, synaptopodin; track 2, blue, 405 nm,
nuclei; Track 3, green, 488 nm, F-actin.
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Previous studies have identified through intravital multiphoton imaging that in
disease, podocytes will cluster together before migration away from the glomerular
tuft towards the Bowman’s capsule (Burford et al. 2014; Hackl et al. 2013). To
assess podocyte clustering, a minimum of 30 glomeruli stained for WT-1 were used
per mouse. The vascular pole of the glomeruli was designated the “lower” pole and
the tubular pole was designated the “upper” pole. The glomerulus was divided into
quarters and the number of WT-1 positive glomeruli in each quarter of the
glomerulus was counted.
To quantify renal inflammation, IHC sections were immunostained with F4/80
antiserum which visualised macrophages. Images were captured on a Leica
DM5500 B histological microscope with the 40x objective. The number of F4/80+
cells inside and out of the glomerular tuft in a constant region of interest were
counted in each glomerulus.
To assess glomerular F-actin alterations in vivo, cryosections were stained with
phalloidin and images captured on a confocal microscope. The mean grey value of
the background was subtracted from the images to remove background staining. The
circumference of the glomerulus was traced, and the mean glomerular fluorescence
was measured. The images were then thresholded to a value that caused the
software to detect the lowest fluorescence but would not oversaturate the brightest
fluorescence. The total area (µm2) and percentage area of the glomerulus covered
by the F-actin was calculated using Fiji ImageJ. This experiment was repeated on
sections immunostained to visualise synaptopodin.
To determine alterations to podocyte F-actin in vivo, cryosections were
immunostained with synaptopodin antiserum and phalloidin. A macro, that was
designed by Dr Dale Moulding of GOSHICH, was used to automate image analysis.
The circumference of the glomerulus was traced and measured, and the area
outside of the glomerular tuft was cleared. A Gaussian blur with a Sigma (radius)
value of 2.0 was applied to each channel to create a solid mask that defined the area
of each individual protein (synaptopodin or F-actin) before each channel was
thresholded. The mean fluorescence of F-actin within the synaptopodin positive area
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was measured. The total area (µm2) of F-actin in the synaptopodin positive regions
was also measured before normalising to the area of synaptopodin (percentage area
of podocytes covered of F-actin).

3.3.15 Statistical analysis
All statistical analyses were performed using GraphPad Prism 9.00 for Mac,
GraphPad Software, La Jolla California USA, www.graphpad.com. Normal
distribution was assessed by Shapiro-Wilk test. Where data was not normally
distributed, values were log10 transformed, and parametric statistical analysis was
undertaken on the transformed values. For experiments where two groups were
compared, an unpaired t-test was performed. Where 3 treatment groups were
assessed, one-way ANOVA with Tukey’s multiple comparison tests were used to
compare statistical significance between all three groups. For experiments with two
variables, two-way ANOVA with Tukey’s multiple comparison test was used to
compare statistical difference between all values. For data that analysed individual
glomeruli (at least 250 glomeruli per group), normal distribution of the data could not
be achieved through any transformation. In this case, a Kruskal-Wallis test, the nonparametric equivalent of one-way ANOVA, was performed with Dunn’s multiple
comparison test to compare statistical significance between all three groups.

Results
3.4.1 Glomerular and podocyte Tmsb4x levels in ADR injury
Firstly, the levels of Tmsb4x were examined in Dynabead extracted glomeruli from
mice injected with ADR by qPCR. There was a tendency for a reduction in
glomerular endogenous Tmsb4x mRNA after 7 days of 10 mg/kg ADR injection,
compared with saline injected mice, however, this was not statistically significant
(P=0.072). By 14 days, the level of Tmsb4x mRNA had increased compared with 7
days (P=0.104) (Figure 3.7).
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Glomerular Tmsb4x/GapDH

Effect of ADR on glomerular
Tmsb4x expression
2.0

0.104

0.072

1.5
1.0
0.5
0.0

Saline

7 days

14 days

Figure 3.7 – The effect of ADR on glomerular Tmsb4x levels. Glomeruli were extracted
by Dynabead perfusion and cDNA was synthesised from the extracted mRNA. mRNA level
examination revealed the expression of glomerular Tmsb4x was altered at 7 days in ADR
nephropathy. Gapdh was used as a housekeeping gene. Each data point represents the
average of duplicates from the same individual experiment. Data are shown as the mean
±SEM of at least 4 mice in each group. N=5 for saline group, N=5 for 7 days group and
N=4 for 14 days group.

To investigate the expression of Tmsb4x in specific glomerular cells following ADR
injury, a recently published scRNAseq dataset obtained from glomeruli isolated by
Dynabeads of healthy or ADR-injured C57BL/6J mice 14 days after ADR or vehicle
administration was analysed (Chung et al. 2020). Using unsupervised clustering
analysis, ten transcriptionally distinct cell types were found (Figure 3.8) which were
identified using established markers of differentiated kidney cell types (Karaiskos et
al. 2018) (Figure 3.9). All cell types of the glomerulus were present in control and
ADR-injured glomeruli (Figure 3.10a). This strategy detected a podocyte cluster
which expressed both Nphs1 and Nphs2, components of the podocyte SD (Figure
3.10b). As previously described (Chung et al. 2020), there was a reduction in the
proportion of podocyte cells in the ADR injured glomeruli compared with controls
(Figure 3.11a). ADR injury was associated with significant downregulation of
Tmsb4x in the glomerular tuft, assessed by grouped analysis of glomerular
endothelial, mesangial and podocyte cells (Figure 3.11b; 0.14 log fold change;
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Nphs2

P<0.05). When podocyte cells were analysed individually, a larger 0.37 log fold
reduction in Tmsb4x was observed in those obtained from ADR-injured compared
with healthy glomeruli (Figure 3.11c; P<0.05).
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−5

Nphs2
Collectively, these findings demonstrate that ADR injury is associated with reduced
Tmsb4x expression in the glomerulus and specifically in podocytes.
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Figure 3.10 – Comparison of cells in healthy glomeruli and in ADR nephropathy and
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477 AECs, n = 218 macrophages, n = 143 PECs, n = 118 SMCs, n = 34 monocytes, n = 47
TECs and n = 69 T cells were detected. In the ADR dataset n = 3,895 GECs, n = 1,239
mesangial cells, n = 378 podocytes, n = 1,207 AECs, n = 245 macrophages, n = 505 PECs,
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markers of podocytes, across the data set.
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3.4.2 AAV.2/7 upregulated TB4 in the circulation in mice with ADR nephropathy
Since the levels of glomerular Tmsb4x were decreased in the early stages of ADR
nephropathy, it was hypothesised that replenishing the supply of TB4 peptide may
alleviate some of the phenotypes of ADR injury. TB4 has a relatively short half-life
and plasma concentration returns to basal levels just 6 hours after injection of
synthetic TB4 (Mora et al. 1997). Therefore, to induce a persistent upregulation of
TB4, mice were treated with AAV.2/7 with a Tmsb4x (TB4) transgene, or LacZ (bgalactosidase) transgene as a control.
Firstly, to confirm that intravenous AAV.2/7 infected the liver of ADR injured mice,
one of the organs that AAV.2/7 displays tissue tropism for (Zincarelli et al. 2008),
liver mRNA levels of Tmsb4x were assessed by qPCR. There was a 10-fold increase
in liver Tmsb4x levels in Tmsb4x/ADR mice compared to LacZ/ADR treated mice 5
weeks after injection of AAV to healthy mice (P<0.001) (Figure 3.12a),
demonstrating efficient transduction of Tmsb4x by AAV.2/7. To determine if the
system was efficient in producing TB4 peptide, liver FFPE sections were
immunostained to visualise TB4 expression. The livers of AAV.LacZ treated mice
showed low expression of TB4 peptide (Figure 3.12c, d) compared to high
expression of TB4 peptide in AAV.Tmsb4x treated mice livers (Figure 3.12e). The
antibody was specific for TB4, as determined by the negative control omitting the
primary antibody (Figure 3.12f).
TB4 is a secreted peptide (Wise et al. 1992), therefore, it was hypothesised that the
circulating plasma concentration of TB4 would be increased in AAV.Tmsb4x treated
mice compared to LacZ treated mice. A custom ELISA protocol was designed based
on a previously used method (Mora et al. 1997) to determine the concentration of
TB4 in the plasma 14 days after ADR/vehicle injection. ADR had no effect on the
plasma concentration of TB4, with levels in LacZ/saline and LacZ/ADR treated mice
of 1.2 ± 0.3 ng/ml and 1.9 ± 0.3 ng/ml respectively. Tmsb4x/ADR treated mice had a
plasma TB4 concentration of 3.4 ± 0.5 ng/ml, which was significantly increased
compared with both LacZ/saline (P<0.01) and LacZ/ADR (P<0.05) treated mice
(Figure 3.12b).
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Figure 3.12 – AAV.2/7 upregulated TB4 in circulation of mice with ADR nephropathy.
Mice were injected with AAV.2/7 and 5 weeks later when the mice were culled, the livers
were snap frozen on dry ice. (a) mRNA was extracted from the livers and cDNA synthesised
before analysis for Tmsb4x by qPCR. Gapdh was used as a housekeeping gene. Each data
point represents the average of replicates from individual mouse livers. (b) Blood was
harvested by cardiac puncture 5 weeks after AAV injection and plasma TB4 concentration
was determined by ELISA. Each data point represents a single experiment with plasma from
individual mice. Representative images of FFPE livers immunostained to visualise TB4 from
(c) LacZ/saline, (d) LacZ/ADR and (e) Tmsb4x/ADR treated mice. (f) Negative control
omitting the primary antibody. Data are shown as the mean ±SEM of at least 5 mice. N=9 in
LacZ/saline group, N=6 in LacZ/ADR and N=5 in Tmsb4x/ADR. *P≤0.05, **P≤0.01,
***P≤0.001 between groups.
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3.4.3 ADR altered the kidney mRNA levels of some members of the b-thymosin
family
qPCR was performed to determine if ADR with or without TB4 gene therapy affected
kidney levels of TB4 and other members of the b-thymosin family transcripts. ADR
with or without TB4 gene therapy did not alter the levels of Tmsb4x (Figure 3.13a),
Tmsb15a (Figure 3.13c) or Tmsb15l (Figure 3.13e) compared with healthy mice.
ADR induced a 3.5-fold increase in kidney Tmsb10 expression compared to
LacZ/saline treated mice (P<0.001). The added TB4 suppressed the ADR-induced
increase in Tmsb10 expression (P<0.05), however, Tmsb4x/ADR mice still showed a
significant 2.27-fold increase in kidney Tmsb10 levels compared with LacZ/saline
mice (P<0.01) (Figure 3.13b).
Conversely, ADR caused a tendency for kidney expression of Tmsb15b levels to be
reduced compared to LacZ/saline mice (P=0.078, LacZ/saline vs LacZ/ADR), and
Tmsb4x/ADR mice showed a 44 ± 5% reduction of Tmsb15b compared with
LacZ/saline treated mice (P<0.05) (Figure 3.13d).
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3.4.4 TB4 was expressed in glomeruli and podocytes in all three mouse groups
To assess the expression of TB4 in healthy BALB/c mice and ADR injured BALB/c
mice with or without TB4 gene therapy, 8 µm cryosections were prepared and
immunostained with a-TB4 antibody (Table 3.1) and fluorescent secondary antibody
(Table 3.2). Co-localisation with synaptopodin was used to evaluate podocyte TB4
expression.
The expression of synaptopodin was consistent between healthy mice and mice with
ADR nephropathy with and without TB4 gene therapy. Synaptopodin covered large
proportions of the glomeruli in patterns which were consistent with podocyte cell
bodies and processes. This stable synaptopodin expression between the groups
allowed TB4 expressed to be examined in podocytes and non-podocyte areas of the
glomeruli (Figure 3.14a, b, c).
TB4 was expressed in the podocyte cell bodies (white arrows) and podocyte
processes (white arrowheads) of the glomeruli in healthy mice. TB4 was also
expressed in non-podocyte areas, which could either be mesangial cells or
glomerular capillary endothelial cells (black and white arrowheads) in healthy mice.
TB4 was also expressed in podocytes and glomeruli in ADR-injured mice with and
without TB4 gene therapy (Figure 3.14a, b, c). Antibody specificity was confirmed by
the negative controls omitting the primary antibodies (Figure 3.14d).
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Figure 3.14 - Kidney TB4 expression in ADR nephropathy with or without TB4 gene
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(c) Tmsb4x/ADR groups. (d) Negative control omitting primary antibody. Scale bar = 20 µm.
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3.4.5 Mouse body and kidney weights were reduced after ADR and TB4
treatment
Body weight is an indicator of general well-being and a decrease in body weight is
indicative of poor health (Ullman-Culleré and Foltz 1999). Healthy mice and mice
exposed to ADR with and without TB4 gene therapy were weighed on the day of
ADR/vehicle injection, 2, 7 and 14 days later. There was no statistical difference
between body weights on the day of ADR/vehicle administration (Figure 3.15b).
LacZ/saline treated mice lost 1.4 ± 0.4% of body weight after 2 days compared with
day 0 of vehicle administration. However, this steadily increased back to baseline 7
days after ADR/vehicle injection and further increased by another 2.7 ± 0.7% at 14
days. In mice with ADR nephropathy without TB4 gene therapy, the weight loss at 2
days was exacerbated, and mice lost 4.5 ± 0.3% of body weight compared to the day
of ADR administration, which was significantly lower compared with LacZ/saline mice
(P<0.001). This weight loss was sustained at 3.7 ± 0.5% and 3.2 ± 0.7% below their
weight at day 0 at both 7 days (P<0.01 vs LacZ/saline) and 14 days after ADR
injection respectively (P<0.001 vs LacZ/saline). ADR treated mice with TB4 therapy
experienced a similar pattern of weight loss to ADR-only mice, as there was no
significant difference between these two groups at any time point. The Tmsb4x/ADR
group lost 4.9 ± 0.6% of body weight 2 days after ADR injection (P<0.01 vs
LacZ/saline). The weight loss persisted, and mice weighed 2.5 ± 0.4% less and 1.8 ±
1.1% less at 7 and 14 days respectively (P<0.05 in both cases vs LacZ/saline)
compared with their weights on the day of ADR administration (Figure 3.15a).
The left kidneys were weighed and normalised to body weight 14 days after
ADR/vehicle administration. Mice treated with LacZ/saline had a kidney weight of
0.306 ±0.02g, which was 0.011 ±0.001 grams per gram of body weight.
Administration of ADR without TB4 gene therapy slightly, but not significantly
reduced these values, as their kidney weight was 0.25 ±0.01 g and 0.01 grams per
gram of body weight. ADR administration with TB4 gene therapy significantly
reduced both kidney weight (0.23 ±0.02 g) and kidney weight to body weight ratio
(0.009 ±0.001 g/g) compared with LacZ/saline treated mice (P<0.05 in both cases)
(Figure 3.15c, d).
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Figure 3.15 – Body weights of ADR-injured mice with or without TB4 gene therapy at
day 0, 2, 7 and 14 days after ADR/vehicle injection and kidney weights at 14 days after
ADR/vehicle administration. (a) Mice were weighed at day 0, 2, 7 and 14 after
ADR/vehicle administration. Statistical annotations using @ refer to comparison between
LacZ/saline and LacZ/ADR. Statistical annotations using # refer to comparison between
LacZ/saline and Tmsb4x/ADR (b) Mouse weights at day 0. (c) Left kidney weight and (d)
kidney weight to body weight ratio 14 days after ADR/vehicle administration. Each data point
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***P≤0.001 between groups.
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3.4.6 Urine excretion 2 and 14 days after administration of ADR
To determine if any changes to urine excretion were occurring following ADR
administration with or without TB4 gene therapy, the urine volumes were measured
at day 0, 2 and 14 by using metabolic cages. LacZ/saline treated mice excreted 500
± 126 µl of urine/24 hours on the day of vehicle administration. Addition of ADR
caused mice to urinate 255 ± 90 µl/24 hours without TB4 gene therapy, and 324 ± 85
µl/24 hours with TB4 gene therapy on the day of ADR administration. At day 2 of
vehicle exposure, mice treated with saline urinated 687 ± 96 µl/24 hours. Mice
treated injected with ADR without TB4 gene therapy urinated 637 ± 101 µl/24 hours
of urine 2 days after ADR exposure, which was unchanged after addition of TB4 (872
± 107 µl of urine/24 hours). At 14 days, mice injected with LacZ/saline excreted 657
± 93 µl of urine/24 hours. Addition of ADR with or without TB4 gene therapy did not
change urine excretion, as each group urinated 756 ± 87 µl/24 hours and 804 ± 105
µl/24 hours. There were no significant differences between any groups at any time
point measured (Figure 3.16).
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Figure 3.16 – Urine excretion at 2- and 14-days post-ADR injection. Urine was collected
overnight in metabolic cages at day 0, 2 and 14 after ADR/vehicle injection and values were
extrapolated to 24 hours. Each data point represents 1 mouse. Data are shown as mean
±SEM of at least 5 individual mice. N=9 in LacZ/saline group, N=6 in LacZ/ADR and N=5 in
Tmsb4x/ADR.
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3.4.7 Exogenous TB4 prevented ADR-induced albuminuria, but there were no
alterations to BUN
Albumin cannot pass through the glomerular filtration barrier in the healthy kidney.
Therefore, an increase in the amount of urinary albumin is a hallmark of damage to
the glomerular filtration barrier (Suh and Miner 2013). ELISA was undertaken to
examine albuminuria after ADR with and without TB4 gene therapy (3.3.6).
Prior to either ADR or vehicle injection, LacZ/saline mice excreted 94.7 ± 16 µg of
albumin/24 hours, LacZ/ADR mice excreted 41 ±16 µg/24 hours and Tmsb4x/ADR
treated mice 60 ± 31 µg/24 hours. There was no significant difference between the
groups. Two days following the injection of ADR or vehicle, there were no significant
differences in urinary albumin concentration between any group. LacZ/saline mice
excreted 103 µg/ml ± 20 µg/24 hours, LacZ/ADR mice 65 ± 10 µg/24 hours and
Tmsb4x/ADR treated mice 73 ± 7 µg/24 hours. Fourteen days after either ADR or
vehicle injection the LacZ/saline mice urinary albumin value was 107 ± 21 µg/24
hours. The albuminuria values of the LacZ/ADR treated mice were to 1448 ± 115
µg/24 hours, which was significantly more than LacZ/ADR treated mice (P<0.001).
TB4 gene therapy prevented the increase in urinary albumin excretion, with an
albuminuria value of 214 ± 43 µg/24 hours (P<0.01 vs LacZ/ADR), providing
evidence that TB4 prevented albumin excretion (Figure 3.17a).
The albumin to creatinine ratio (ACR) was examined 14 days after ADR or vehicle
injection to normalise albuminuria to mouse body weight. LacZ/saline treated mice
had an ACR of 153 ± 18.2 µg/mg. ADR administration without TB4 gene therapy
caused an ACR of 2473 ± 229 µg/mg, which was significantly more than LacZ/saline
treated mice (P<0.001). TB4 gene therapy prevented the ADR induced increase in
ACR, as mice had an ACR of 249 ± 37 µg/mg (P<0.001) (Figure 3.17b).
BUN is a measure of circulating plasma urea concentration and was measured by
colourimetric assay 14 days after ADR or vehicle injection. LacZ/saline treated mice
had a BUN concentration of 32.1 ± 6.8 mg/DL. Mice treated with ADR
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Figure 3.17 – TB4 prevents ADR-induced albuminuria, but there were no changes to
BUN. Urine was collected overnight in metabolic cages and urinary albumin concentration
was determined at baseline, 48 hours and 14 days post saline/ADR injection by ELISA. (a)
Quantification of urinary albumin concentration. Urine creatinine concentration was
determined by colourimetric assay and then the (b) urinary albumin (µg) to urinary creatinine
(mg) ratio was determined at 14 days. BUN was assessed by colourimetric assay of the
plasma at 14 days and (c) quantified. Each data point represents the average of replicate
values from a single mouse. Data are shown as the mean ±SEM of at least 5 mice. N=9 in
LacZ/saline group, N=6 in LacZ/ADR group and N=5 in Tmsb4x/ADR group. **P≤0.01,
***P≤0.001 between groups.
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without TB4 gene therapy had a BUN concentration of 18.8 ± 1.2 mg/DL and
addition of TB4 gene therapy did not change BUN concentration (20.9 ± 1 mg/DL).
There were no significant differences between any groups (Figure 3.17c).

3.4.8 ADR did not cause glomerular inflammation
One of the major properties of TB4 is its anti-inflammatory action (Vasilopoulou et al.
2016, 2018). Therefore, it was postulated that if inflammation was occurring in this
model of ADR injury that contributed to glomerular injury, the mechanism by which
TB4 may protect the glomerulus could be due to suppression of inflammation. To
examine this, kidney FFPE sections were stained with a-mouse F4/80 antibody.
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Representative images are presented in Figure 3.18a, b, c, with antibody specificity
confirmed by omitting the primary antibody (Figure 3.18d). ADR administration with
and without TB4 gene therapy did not induce a glomerular immune response, as
there were no significant alterations to macrophage numbers inside or outside the
glomerular tuft compared with LacZ/saline treated mice. (Figure 3.18e, f). Therefore,
it can be concluded that inflammation was unlikely to be contributing to glomerular
damage in this mouse model.

3.4.9 TB4 prevented ADR-induced podocyte loss
To count the number of podocytes per glomerulus, mouse kidney sections were
immunostained using a-WT-1 antibody, which is specifically expressed in podocyte
nuclei in the adult glomerulus (Lefebvre et al. 2015). Representative images of WT-1
immunostaining from all three treatment groups can be found in Figure 3.19a, b, c,
and antibody specificity was confirmed by omitting the primary antibody (Figure
3.19d).
Firstly, the area of each glomerular cross section was measured. The average area
of LacZ/saline treated glomerular cross sections was 2658 ± 54 µm2. Administration
of ADR lead to an increase of glomerular cross section area to 3846 ± 92 µm2, which
was significantly larger than LacZ/saline treated mice (P<0.001). Treatment with
exogenous TB4 dampened the ADR-induced increased in glomerular cross section,
as the average glomerular cross section was 3278 ± 95 µm2. This value was
significantly smaller than the LacZ/ADR treated mice (P<0.001), but significantly
larger than the LacZ/saline treated mice glomeruli (P<0.001), showing that
exogenous TB4 dampened the ADR-induced increase in glomerular cross section
(Figure 3.19j).
Next, the number of WT-1 positive cells were counted per glomerulus. Fourteen days
after injection of either ADR or vehicle, LacZ/saline treated mice had 10.9 ± 1
podocytes per glomerular cross section. There was a reduction with ADR treatment,
where each mouse showed on average 8.9 ± 1.6 podocytes per glomerular cross
section, but this reduction was not significant compared to LacZ/saline treated mice.
Tmsb4x/ADR treated mice had an average of 10.4 ± 1.4 podocytes on each
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glomerular cross section (Figure 3.19e). Since ADR with and without TB4 gene
therapy altered the glomerular cross-sectional area, the number of WT-1 positive
cells were normalised to glomerular area (podocyte density). LacZ/saline treated
mice had a podocyte density of 6.6 x10-3 ± 0.3 x10-3 podocytes/µm2. Again, the
average podocyte density of LacZ/ADR treated mice was reduced to 5.3 x10-3 ± 1
x10-3 podocytes/µm2, however not statistically significant compared to LacZ/saline
treated mice. Mice treated with Tmsb4x/ADR showed an average podocyte density
of 6.6 x10-3 ± 0.8 x10-3 podocytes/µm2 (Figure 3.19f), but this was not significantly
different to LacZ/saline or LacZ/ADR treated mice.
ADR is a rodent model of FSGS (Chen et al. 1998), which is defined as scarring to a
part of (segmental) some, but not all (focal) glomeruli in the kidney, meaning that
some glomeruli will be more damaged than others within the same individual mouse
(Jefferson and Shankland 2014). It was postulated that the healthier glomeruli may
be “masking” the more damaged glomeruli when the average of 50 glomeruli was
calculated in each mouse, therefore, individual glomeruli from each group were
examined. A separate analysis using each individual glomerulus from each group
was performed.
When glomeruli were analysed as individual values 14 days after ADR or vehicle
injection, ADR nephropathy without TB4 gene therapy reduced the average number
of WT-1 positive cells in the glomerular tuft and podocyte density count compared
with LacZ/saline treated mice (P<0.001 in both data sets). Mice treated with ADR
and TB4 gene therapy prevented the reduction in podocyte number and density
compared with ADR without TB4 gene therapy (P<0.001 in both data sets) (Figure
3.19g, h).
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Figure 3.19 – Exogenous TB4 prevents ADR-induced podocyte loss. FFPE kidneys
were incubated with a rabbit anti-mouse WT-1 primary antibody followed by donkey antirabbit conjugated to 594 nm fluorophore (ThermoFisher). Representative images of (a)
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density, (i) WT-1 positive nuclei outside the glomerular tuft and (j) glomerular cross-sectional
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158

The number of WT-1 positive cells were counted in the parietal epithelium and
analysed per individual glomerulus. There were 2.3 ± 0.1 WT-1 positive cells in the
parietal epithelium in LacZ/saline treated mice. Treatment of mice with ADR without
TB4 gene therapy did not alter parietal WT-1 count compared to LacZ/saline treated
mice, as each glomerulus had on average 2.6 ± 0.3 WT-1 positive cells outside
glomerular tuft. Treatment with ADR and TB4 gene therapy did not alter parietal WT1 count compared to LacZ/saline treated mice, as each glomerulus had on average
2.6 ± 0.2 WT-1 positive cells outside glomerular tuft (Figure 3.19i).
3.4.10 ADR or TB4 did not alter podocyte distribution
Podocyte clustering has been observed in animal models of kidney injury, where
podocytes appeared to cluster together prior to migration towards the parietal
epithelium in response to stress (Burford et al. 2014; Hackl et al. 2013). Therefore,
the WT-1 immunostained images were used to investigate if podocytes were
clustering in the ADR model of glomerular injury (3.3.14). Only images where visible
vascular and tubular poles of the glomeruli were used. It was hypothesised that
podocytes in a healthy glomerulus would be evenly distributed throughout the
glomerulus, with approximately 25% of the total podocyte number located in each
quadrant of the glomerulus and that alterations to their distribution could suggest
further podocyte injury.
Podocyte clustering was defined as more than 50% of all podocytes occupying 25%
of total glomerular space, as it was thought that this would be a sufficient threshold
to define podocyte clustering. A representative image of a glomerulus displaying
podocyte clustering is provided in Figure 3.20a. LacZ/saline treated mice had on
average 12.1 ± 3% of glomeruli displaying podocyte clustering. Treatment with ADR
without TB4 gene therapy slightly increased this value to 21.2 ± 5.1%, but this
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was not significantly different than LacZ/saline treated mice. Mice treated with ADR
with TB4 gene therapy displayed on average 17.1 ± 5.8% of glomeruli with podocyte
clustering. There were no significant differences between any group (Figure 3.20b).
Since the glomerulus is spherical, it was not possible to definitively determine which
was the “left” and “right” side of the glomerulus on a 5 µm cross section. The one
parameter that could be determined was the upper and lower hemispheres of the
glomeruli. The upper hemisphere was designated as the pole closest to the proximal
tubule and the lower hemisphere was designated the as the vascular pole.
LacZ/saline treated mice had on average 6.1 ± 0.6 podocytes in the lower
hemisphere and 7.4 ± 0.6 podocytes in the lower hemisphere of their glomeruli. Mice
treated with ADR without TB4 gene therapy had an average of 5.2 ± 0.8 podocytes
in the lower hemisphere and 6.1 ± 1 podocytes in the upper hemisphere of the
glomeruli. ADR treated mice with TB4 gene therapy had an average of 6.1 ± 0.9
podocytes in the lower hemisphere and 7.3 ± 1 podocytes in the upper hemisphere
of the glomeruli. There were no differences between any groups (Figure 3.20c).
The number of podocytes in each hemisphere of the glomeruli were then calculated
as a percentage of the total number of podocytes in the glomeruli. LacZ/saline
treated mice had an average of 44.2 ± 0.9% of podocytes in the lower hemisphere
and 55.8 ± 0.9% of podocytes in the upper hemisphere of the glomeruli. In ADR
treated mice without gene therapy, this value was unchanged. The mice had an
average of 44.9 ± 0.7% of podocytes in the lower hemisphere, and 55.1 ± 0.7% of
podocytes in the upper hemisphere. Mice treated with ADR with TB4 gene therapy
had an average of 45.5 ± 0.6% of podocytes in the lower hemisphere and 54.5 ±
0.6% of podocytes in the upper hemisphere. There were no significant differences
between the treatment groups, however, in all three groups it was found that there
was a significant difference in the number of podocytes in each hemisphere of the
glomeruli (P<0.001 in all treatment groups) (Figure 3.20d).

3.4.11 TB4 prevented ADR-induced reduction of glomerular F-actin
Next, the F-actin content of the glomeruli was examined, as F-actin alterations to the
podocytes is a feature of ADR nephropathy and has been associated with podocyte
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Figure 3.21 – TB4 prevents ADR-induced alterations to glomerular F-actin. Kidney
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foot process effacement and albuminuria (Oh, Reiser, and Mundel 2004; Suleiman et
al. 2017; Yu et al. 2013). Glomerular F-actin content was examined by phalloidin
staining of cryosections. Representative images of glomeruli from all three treatment
groups stained with phalloidin are provided in Figure 3.21a, b, c and specificity was
confirmed by omitting phalloidin Figure 3.21d. Individual glomeruli were quantified
from all three treatment groups, 14 days after ADR or vehicle administration.
In LacZ/saline treated mice, F-actin covered on average 1660 ± 33 µm2 of the
glomerular cross section, which equated to 50 ± 0.9% of the total glomerular cross
section. Administration of ADR with TB4 gene therapy caused a loss of glomerular Factin coverage to 776 ± 40 µm2 (P<0.001 vs LacZ/saline), equivalent to 31 ± 0.1% of
the total glomerular cross section (P<0.001 vs LacZ/saline). Treatment with TB4
gene therapy prevented this loss of F-actin, and Tmsb4x/ADR treated mice showed
a glomerular F-actin coverage of 1781 ± 54 µm2 (P<0.001 vs LacZ/ADR), which
equated to 49 ± 1.3% of glomerular cross-sectional area (P<0.001 vs LacZ/ADR)
(Figure 3.21e, f). ADR also caused a reduction in mean glomerular F-actin
fluorescence (P<0.001 vs LacZ/saline) which TB4 prevented (P<0.001 vs LacZ/ADR)
(Figure 3.21g). Collectively, these results suggest that TB4 protects glomerular Factin in ADR nephropathy.

3.4.12 Examination of podocyte synaptopodin content
Following analysis of glomerular F-actin content, the amount of the podocyte
cytoskeletal protein synaptopodin was quantified in individual glomeruli by
immunofluorescence 14 days after ADR or vehicle injection. Representative images
of glomeruli immunostained for synaptopodin from all three treatment groups are
provided in Figure 3.22a, b, c. The specificity of the staining was confirmed by
omitting the primary antibody (Figure 3.22d).
Synaptopodin covered 336.1 ±15.7 µm2 of LacZ/saline treated glomeruli, and
treatment with ADR without TB4 gene therapy significantly increased this amount to
514.7 ±27.6 µm2 (P<0.001 vs LacZ/saline). Treatment with TB4 gene therapy
prevented the ADR induced increase in synaptopodin, as synaptopodin covered on
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LacZ/saline, (b) LacZ/ADR and (c) Tmsb4x/ADR treated glomeruli. White dotted line refers
to the boundaries of the glomerular tuft. (d) Negative control omitting the primary antibody.
Quantification of the (e) total area covered by synaptopodin of glomeruli (µm2), (f) the
percentage area of glomeruli covered by synaptopodin and (g) mean glomerular
synaptopodin fluorescence. Scale bar = 20 µm. Each group contained at least 50 glomeruli
per mouse. Data are shown as the mean ±SEM of at least 250 glomeruli from at least 5
mice. N=450 for LacZ/saline group, N=300 for LacZ/ADR group, N=250 for Tmsb4x/ADR
group. *P≤0.05, **P≤0.01, ***P≤0.001 between groups.
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average 371.5 ±23.8 µm2 of the glomerular cross section (P<0.001 vs LacZ/ADR)
(Figure 3.22e).
The total area of synaptopodin was then normalised to glomerular cross-sectional
area. Synaptopodin covered on average 12.5 ± 0.5% of glomeruli when treated with
LacZ/saline, and an average of 12.6 ± 0.5% of glomeruli treated with ADR with TB4
gene therapy. There was no significant difference between these two groups.
Treatment with ADR with TB4 gene therapy reduced synaptopodin coverage to 10.7
± 0.5% compared with the ADR without TB4 gene therapy group (P<0.05), but this
value was not significantly different to LacZ/saline group (Figure 3.22f). The mean
fluorescence of synaptopodin in the glomeruli was also measured as an alternative
measure of synaptopodin content. LacZ/saline treated mice had an average
glomerular synaptopodin fluorescence of 12.1 ± 0.4 arbitrary units (AU). Mice treated
with ADR without TB4 gene therapy had an average glomerular synaptopodin
fluorescence of 11.8 ± 0.6 AU. ADR treated mice with TB4 gene therapy had an
average glomerular synaptopodin fluorescence of 10.1 ± 0.4, which was significantly
less than ADR treated mice without TB4 gene therapy (P<0.01) (Figure 3.22g).
3.4.13 Analysis of podocyte F-actin
It was postulated that the alterations observed to glomerular F-actin content could be
localised to the podocytes. Therefore, kidney cryosections were immunostained to
visualise F-actin and synaptopodin, as a marker for podocytes. Representative
images of glomeruli from all three treatment groups can be found in Figure 3.23a, b,
c. The staining was specific for synaptopodin and F-actin, as seen in the negative
controls omitting the primary antibody or phalloidin (Figure 3.23d).
In LacZ/saline treated mice, there was on average 356 ± 21 µm2 F-actin in
synaptopodin positive areas. Treatment with ADR reduced the area of F-actin to 280
± 19 µm2 in synaptopodin positive regions, but this was not significantly different to
LacZ/saline. Tmsb4x/ADR treated mice showed an average 318 ± 30 µm2 of F-actin
in synaptopodin positive regions, which was not significantly different to either of the
other groups (Figure 3.24a). It was shown previously in this thesis chapter that
synaptopodin
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Figure 3.23 – Visualisation of podocyte F-actin. Kidney cryosections were
immunostained with a-synaptopodin antibody to visualise synaptopodin and phalloidin to
visualise F-actin. Nuclei were immunostained with Hoechst 33332. Representative images of
(a) LacZ/saline, (b) LacZ/ADR and (c) Tmsb4x/ADR treated glomeruli. (d) Negative control
omitting primary antibody and phalloidin. White arrows indicate F-actin in synaptopodin
positive areas. Scale bar = 20 µm. Images have been altered to exclude positive phalloidin
staining outside the glomerular tuft to ensure accuracy of macro used for quantification.
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Figure 3.24 – ADR or TB4 do not alter amount of podocyte F-actin. Quantification of (a)
total area of F-actin in synaptopodin positive area (µm2), (b) the percentage of synaptopodin
positive area covered by F-actin and (c) mean F-actin fluorescence in synaptopodin positive
areas. Each group contained at least 50 glomeruli per mouse. Data are shown as the mean
±SEM of at least 250 glomeruli from at least 5 mice. N=450 for LacZ/saline group, N=300 for
LacZ/ADR group, N=250 for Tmsb4x/ADR group.
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content was altered in ADR treatment with and without TB4 gene therapy, therefore
to account for this, F-actin area was normalised to synaptopodin area. F-actin
covered 63.4 ±1.2% of the synaptopodin positive area in LacZ/saline treated mice,
which was unchanged with administration of ADR (64.4 ±1.4%) or TB4 (65.8 ±1.5%)
(Figure 3.24b). The mean fluorescence of F-actin in synaptopodin positive regions
was also examined as a surrogate for the amount of F-actin. LacZ/saline treated
mice F-actin had a mean fluorescence of 26.6 ±0.65 in synaptopodin positive
regions. Again, this result was unchanged after treatment with ADR with TB4 gene
therapy (27.5 ±0.9) or with TB4 gene therapy (27.8 ±1.1) (Figure 3.24c). Taken
together, these results suggest that there was no change to the amount of F-actin in
podocytes after ADR/TB4 treatment.

3.4.14 TB4 prevented formation of vesicles induced by ADR
Recently, a mechanism of albuminuria has been shown using a combined use of
focused-ion beam/scanning electron microscopy (FIB/SEM) in PAN nephrosis.
Vesicles (approximately 500 nm to 1 µm in diameter) form at the basal side of the
foot processes, travel through the cytoplasm and then open at the apical membrane
as a vector for albumin to travel from the bloodstream to urinary space in nephrotic
podocytes (Burford et al. 2017; Ichimura et al. 2019; Schießl et al. 2016). While
examining the F-actin and synaptopodin images used in 3.4.13, small structures in
the F-actin regions were observed that resembled the shape of vesicles identified
previously (Ichimura et al. 2019). These vesicles were F-actin positive, but not all
seemed to be encapsulated by synaptopodin, suggesting that they were formed of Factin (Figure 3.25a, b, c).
The diameter of the vesicle labelled in Figure 3.25b were between 1 and 1.3 µm,
suggesting that these structures could be the vesicles described by Ichimura et al.,
as they were described as up to approximately 1 µm in diameter (Ichimura et al.
2019). Therefore, the identity of each mouse was blinded to the observer, and the
number of vesicles were counted on each glomerulus to determine if this could be
contributing to the increase in albuminuria.
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Figure 3.25 – TB4 prevents ADR-induced podocyte suspected vesicle formation.
Kidney cryosections were immunostained with a-mouse synaptopodin and phalloidin to
visualise synaptopodin and F-actin. Nuclei were stained with Hoechst 33342.
Representative images of (a) synaptopodin, (b) F-actin and (c) the composite including
nuclei from a LacZ/ADR treated glomerulus. White arrows indicate vesicles. Quantification
of (d) the number of vesicles per glomerulus and (e) the vesicle density of each
glomerulus. Each group contained at least 50 glomeruli per mouse, with at least 250
glomeruli in each group. n=450 for LacZ/saline group, n=300 for LacZ/ADR group, n=250
for Tmsb4x/ADR group. Data are shown as the mean ±SEM of at least 250 glomeruli from
at least 5 different mice. *P≤0.05, **P≤0.01, ***P≤0.001.
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When counting the number of vesicles per glomerulus, LacZ/saline treated mice had
an average of 5.3 ± 0.3 vesicles per glomerulus. This number rose to 7.2 ± 0.3
vesicles per glomerulus after treatment with ADR without TB4 gene therapy, which
was significantly more than LacZ/saline treated mice (P<0.001). Treatment with
exogenous TB4 prevented this increase, as each glomerulus displayed an average
of 5.6 ± 0.3 vesicles per glomerulus, which was significantly lower than the
LacZ/ADR treated group (P<0.01) (Figure 3.25d). Since glomerular area was altered
in ADR nephropathy (3.4.9), the number of vesicles were normalised to glomerular
area (vesicle density). LacZ/saline glomeruli had an average vesicle density of 2.3
x10-3 ± 0.1 x10-3 vesicles per µm2. Again, this value increased to 2.7 x10-3 ± 0.1
vesicles per µm2 after ADR treatment without TB4 gene therapy, which was
significantly greater than LacZ/saline glomeruli (P<0.001). Tmsb4x/ADR treated
glomeruli had 2.2 x10-3 ± 0.1 x10-3 vesicles per µm2, which was significantly less that
LacZ/ADR treated mice (P<0.05) (Figure 3.25e). These results suggest that vesicle
formation may be contributing to ADR-induced albuminuria, which TB4 gene therapy
prevented.

Discussion
This chapter of the thesis has shown that ADR administration to mice results in a
reduction in the levels of glomerular and podocyte Tmsb4x mRNA. To restore the
levels of TB4 in ADR-induced glomerular injury, the novel strategy of AAV gene
therapy was utilised. AAV.Tmsb4x infected and transduced cells in the liver. This
transduction caused a significant increase in systemic TB4 compared to AAV.LacZ
treated mice, which persisted throughout the experiment. Systemic upregulation of
exogenous TB4 in ADR treated mice prevented albuminuria and podocyte loss
compared to mice treated with ADR without TB4 gene therapy. Collectively, this
thesis chapter has provided the first evidence that exogenous TB4 prevents ADRinduced glomerular injury via protection of podocytes.
This thesis chapter used novel analyses of published scRNAseq data (Chung et al.
2020), and also qPCR, to show that glomerular and podocyte levels of Tmsb4x were
downregulated in ADR nephropathy. The reduction in podocyte Tmsb4x levels in
ADR nephropathy provided rationale to administer mice with TB4 as a therapeutic
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agent. Global loss of endogenous Tmsb4x in C57BL/6 mice resulted in exacerbated
proteinuria, podocyte loss and inflammation in NTS nephritis (Vasilopoulou et al.
2016). Furthermore, healthy podocyte specific knockdown of Tmsb4x caused an
increase in podocyte migration and F-actin reorganisation, demonstrating that loss of
endogenous Tmsb4x has detrimental effects to podocytes (Vasilopoulou et al. 2016).
Therefore, one of the main hypotheses of this thesis chapter, after the reduction in
podocyte Tmsb4x was confirmed, was that restoring the levels of TB4 would
alleviate the phenotypes of ADR nephropathy and damage to podocytes.
Analysis of scRNAseq data is a novel method of analysis that an increasing number
of researchers are utilising to identify potential targets in pathological settings.
scRNAseq can also reveal hidden differences in gene expression. For example, in
this thesis, it was shown from the scRNAseq data that podocyte Tmsb4x was
downregulated 14 days after ADR injection. qPCR examination of mRNA from
glomerular extracts showed no difference between saline treated mice and 14-day
ADR treated mice, only at 7 days. It is possible that another cell type in the
glomerulus was masking the reduction of Tmsb4x levels in podocytes by showing
increased levels of Tmsb4x. To confirm if this was the case, the same pipeline could
be used to analyse the scRNAseq data from Chung et al., but instead of examining
the podocyte cluster, the endothelial cell cluster would be analysed. However, the
scRNAseq data analysed from Chung et al., does have limitations. Firstly, the mouse
strain used was C57BL/6, which is thought to be resistant to ADR nephropathy, due
to the presence of the mitochondrial genome protector PRKDC (Papeta et al. 2010).
The scRNAseq study attempted to circumvent this issue by administering the mice
with 20 mg/kg ADR (Chung et al. 2020), double the dose used in this thesis. While
the study did not provide albuminuria data, interrogation of the data in this thesis
showed that there was a lower proportion of podocytes in ADR treated mice
compared with the vehicle treated mice, suggesting damage to the glomeruli
occurred. This also means that the most damaged podocytes might have been lost
in the urine, and unusable for analysis. Another limitation is the sample size of the
scRNAseq data. The authors only included 2 mice in each treatment group, however
the general protocol undertaken in many scRNAseq experiments has a low sample
number (Fu et al. 2019; Lu et al. 2017; Ransick et al. 2019), due to the high cost of
scRNAseq experiments. On the other hand, the argument could be made that the
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cell numbers examined was very high, as there were at least 8296 cells in each
group of the scRNAseq data analysed in this experiment. Undoubtedly, as the
technology advances, the experiments will become cheaper, allowing a higher
number of mice to be analysed. The data does provide valuable insight of cellular
genetics at in situ single cell resolution, which is normally unattainable with
conventional qPCR.
After the downregulation of Tmsb4x in glomeruli and podocytes was confirmed, this
thesis chapter provided further evidence that AAV therapy is a suitable method of
systemically upregulating secreted proteins to deliver therapies for kidney disease.
This study to utilised AAV.Tmsb4x gene therapy in a rodent model of kidney injury,
and it was demonstrated that AAV2/7 induces a systemic upregulation of TB4. AAV
vectors have been previously used to deliver molecules to alleviate podocyte and
glomerular injury. Treatment of C57BL/6 mice with AAV to systemically upregulate
myeloid-derived growth factor (MYDGF) suppressed increased albuminuria,
podocyte foot process effacement, nephrin loss and glomerular hypertrophy in a
model of diabetic nephropathy (He et al. 2020). Glomerular transduction by AAV and
overexpression of Protein S via AAV injection into the renal vein prevented increased
albuminuria, podocyte loss and mesangial matrix expansion in the OVE26 transgenic
mouse model of type 2 diabetes (Zhong et al. 2018). Delivery of human tissue
kallikrein, a serine proteinase that converts kininogen to kinin (Yousef and
Diamandis 2001), by AAV2 reduced increased albuminuria, glomerulosclerosis and
reduced creatinine clearance in the surgical 5/6 nephrectomy model of kidney injury
in rats (Tu et al. 2008). Although glomerular targeted therapy has been
demonstrated in other models, AAV therapy has not been utilised in ADR
nephropathy until now.
AAV therapy is an attractive method of inducing long term transgene upregulation
(Zincarelli et al. 2008) and previous studies have shown high tissue tropism for the
liver using AAV2/7 (Van Der Perren et al. 2011). AAV infection of highly proliferative
cells leads to rapid diminishment of viral episomal DNA (Cunningham et al. 2008;
Halbert et al. 1997). Liver parenchymal cells are mostly senescent (Berasain and
Avila 2015; Macdonald 1961), meaning that there is a lower chance of viral episomal
DNA to degrade compared to if AAV infected an organ with a high population of
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proliferative cells. Furthermore, the liver has a rich blood supply with many blood
vessels (Mitra and Metcalf 2009). This means that TB4, or other secreted therapeutic
proteins produced by the cells after AAV transduction, has a high chance of being
introduced into the bloodstream, leading to systemic upregulation (Figure 3.26).

Liver

AAV 2/7

Renal corpuscle

Liver cell

TB4

Blood vessel

Figure 3.26 – Proposed route of TB4 delivery to glomeruli. Diagram depicting the
proposed mechanism of how exogenous TB4 reached the glomeruli. rAAV, recombinant
adeno associated virus; TB4, thymosin b4. Original diagram.

No other study has used AAV therapy to treat mice with TB4 in models of kidney
disease, but AAV.Tmsb4x has been used in other pathological settings. AAV
encoding Tmsb4x has been used previously as a therapeutic strategy in animal
models of experimental injury. Intracolonic injection of 4x104 AAV serotype 2
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particles encoding Tmsb4x to mice has been shown to transduce colonic cells,
significantly increasing TB4 expression (Zheng et al. 2017). The increased TB4
expression ameliorated some of the phenotypes of experimental colitis in these mice
compared with AAV.LacZ injected mice, by attenuating inflammation, apoptosis and
oxidative damage (Zheng et al. 2017). Tail vein injection of 5x1012 AAV serotype 2/9
particles encoding Tmsb4x to mice was shown to cause AAV transduction of cells in
the heart and peripheral muscle, improving some of the phenotypes of LPS induced
sepsis (Bongiovanni et al., 2015). AAV.Tmsb4x was shown to prevent pericyte loss,
perivascular leakage, and improved haemodynamics and survival compared to
AAV.LacZ treated mice (Bongiovanni et al., 2015). Intramuscular injection of 5x1012
AAV serotype 2/9 particles encoding Tmsb4x to the hindlimb of pigs prevented some
of the effects of ischaemia. AAV.Tmsb4x increased vessel endothelial cell density,
pericyte coverage and cardiac function compared with AAV.LacZ treated pigs
(Ziegler et al. 2018). There are similarities between this thesis chapter and these
three previous studies. Firstly, AAV.Tmsb4x in this thesis prevented glomerular
inflammation, and it was shown that AAV.Tmsb4x prevented inflammation in the
study by Zheng et al., highlighting the anti-inflammatory properties of TB4 (Sosne,
Qiu, Christopherson, et al. 2007). The anti-inflammatory effects seen by Zheng et al.,
were suppression of TNF-a, IL-1b and IL-10 protein levels, and this thesis chapter
did not present data to show that TB4 had any effect on these cytokines.
Macrophage levels were not examined in the study by Zheng et al.. LPS induced
sepsis is also an experimental model that induces a systemic inflammatory response
(Schouten et al. 2008), however, Bongiovanni et al., focussed on the haemodynamic
changes induced by LPS and AAV.Tmsb4x, and inflammation was not measured.
This thesis chapter used a lower viral dose than the studies by Bongiovanni et al.,
and Ziegler et al., however, all three studies saw a beneficial effect induced by
AAV.Tmsb4x compared with AAV.LacZ. This suggests that the therapeutic dose
range of AAV.Tmsb4x can be tailored to the experimental requirements. The main
difference between this thesis chapter and the three previous studies using
AAV.Tmsb4x was the tissue that each study was targeting. The previous studies
targeted the colon, muscle, vasculature, whereas this thesis chapter used
AAV.Tmsb4x in a model of experimental kidney injury. Therefore, this thesis chapter
has provided further evidence that AAV.Tmsb4x can be used to target pathologies in
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multiple tissues. AAV.Tmsb4x circumvents the issue of rapid metabolism of TB4
after injection of the recombinant peptide, a method which has been used to explore
the beneficial effects of TB4 in other kidney injury models. TB4 has been
administered intraperitoneally daily in the UUO model of kidney injury and a model of
type 2 diabetes in mice (Zhu et al. 2015; Zuo et al. 2013). Exogenous TB4 has been
administered intravenously in the IRI model of kidney injury (Aksu et al. 2019).
Intragastric lavage has also been used to administer rats daily with TB4 in the UUO
model of kidney injury (Yuan et al. 2017). The reason that these studies injected the
rodents with TB4 daily is because of the short half-life of TB4, as plasma levels of
TB4 return to basal levels 6 hours after injection (Mora et al. 1997). However, daily
injection can cause undue stress to rodents, as it has been shown that blood levels
of corticosterone increase after injection of saline, which could alter the outcomes of
experimental models of injury (Drude et al. 2011). While the experiments performed
with daily injections did show positive outcomes, the experiment performed in this
thesis chapter has an advantage over the studies that injected daily with TB4. Only
one injection was needed for AAV administration and one was needed for either
ADR or vehicle administration, which would have reduced the stress caused to the
mice.
Currently, renal targeted AAV transduction is a challenge. The mean diameter of
AAV particles is smaller (~22 nm) (Chen 2007) than the glomerular filtration barrier
pores (~40 nm) (Rodewald and Karnovsky 1974), therefore a large number of
circulating AAV particles will be lost in the urine. Screening of AAV serotypes 1-9 by
luciferase assay revealed that even though the viral genome could be detected in the
kidney, no luciferase protein was detected from any serotype 100 days post injection
(Zincarelli et al. 2008). Novel administration routes have had some success in
circumventing this issue. AAV8 induced transgene expression in the kidneys when
administered by retrograde ureteral and subcapsular injections, with some
recombinant protein localised to glomerular cells and tubular cells (Rubin et al.
2019). AAV9 expressing the green fluorescent protein (GFP) transgene injected into
the renal vein showed a ~12.5-fold increase in glomerular GFP mRNA expression
and 2-fold increase in glomerular GFP immunostaining compared to non-injected
kidneys (Zhong et al. 2018). While these routes of administration show promise, they
are more invasive and stressful than intravenous tail vein injection, hence systemic
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upregulation of TB4 via a single intravenous injection was chosen in this thesis
chapter.
Using AAV mediated systemic delivery of TB4, this thesis chapter has shown that
exogenous TB4 prevents ADR-induced albuminuria 14 days after ADR
administration. Since the glomerular filtration barrier becomes highly permeable to
albumin in pathological conditions (Butt et al. 2020), it is likely that exogenous TB4
prevented ADR-induced damage to the glomerular filtration barrier. The severity of
ADR-induced albuminuria (1448 µg/24h) was different compared to previous studies.
BALB/c mice injected with 10 mg/kg ADR excreted approximately 20,000 µg/24
hours after 14 days in two previous studies (Teramoto et al. 2020; Wang et al. 2000).
On the other hand, BALB/c mice injected with 10 mg/kg ADR in another study only
excreted 800 µg/24 hours after 14 days of ADR treatment (X. Liu et al. 2018), half of
what was observed in this thesis chapter. It is likely that many factors affect
observed albuminuria levels in the previous studies, as well as this thesis chapter,
including age of the mice, or the ELISA kit used to measure albuminuria, which could
explain the discrepancies between these studies and the data presented in this
thesis chapter. The mice were the same age (all between 7 and 10 weeks) in all
three previous studies, along with this thesis chapter making the age unlikely to be
the cause of difference. However, all three studies used different ways to analyse
albuminuria concentration. The study from Wang et al., Liu et al., and this thesis
chapter all used ELISA kits from different companies, but Teramoto et al., quantified
albumin concentration by SDS-PAGE and Coomassie Brilliant Blue staining, making
the method of quantification a potential source of the discrepancies.
This is the first study to focus on the effect of exogenous TB4 in a specific model of
glomerular injury. The role of endogenous TB4 has been investigated in glomerular
injury previously, where it was shown that a loss of endogenous Tmsb4x
exacerbated an increase in albuminuria in NTS nephritis compared with wild type
mice injected with NTS (Vasilopoulou et al. 2016). One of the key differences
between this thesis chapter and the previous study by Vasilopoulou et al., was the
mechanism of glomerular damage. ADR induces a cytotoxic effect to the podocytes
(Papeta et al. 2010), whereas NTS causes an autoimmune response against the
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whole glomerulus (Khan et al. 2005). Wild-type mice treated with NTS excreted
approximately 20,000 µg/24 hours of albumin after 21 days, but Tmsb4x knockout
mice injected with NTS excreted 5 to 7-fold more albumin. This was a significantly
increased amount, highlighting the importance of endogenous TB4 in slowing the
progression of glomerular injury. Loss of endogenous Tmsb4x was also shown to
exacerbate albuminuria compared to wild type mice in the angiotensin-II model of
hypertension (Kumar et al., 2018). One key difference between the injury model
employed in this study and ADR, is that hypertension affected the whole of the
kidney and the cardiovascular system, not just the kidney glomeruli, so the increase
in albuminuria could have been a secondary effect to other alterations induced by
angiotensin-II. Exogenous TB4 has been shown to prevent secondary-caused
albuminuria in other models. In a model of diabetic kidney disease in KK Cg-Ay
mice, exogenous TB4 prevented microalbuminuria compared to vehicle treated mice
(Zhu et al. 2015). Proteinuria was also prevented by exogenous TB4 in the UUO
model of kidney injury (Yuan et al. 2017). But these two models are multi-organ
pathologies, and it is possible that albuminuria occurred as a secondary pathology,
due to medullary fibrosis. ADR is an injury model that targets primarily the podocytes
and glomeruli (Lee and Harris 2011). This thesis has provided evidence that
exogenous TB4 prevents primary glomerular injury, specifically a rodent model of
primary FSGS.
This thesis has shown that TB4 gene therapy prevented ADR-induced podocyte
loss, a potential mechanism by which TB4 prevented albuminuria. Podocyte loss
would have resulted in less coverage of the GBM by podocyte foot processes,
resulting in naked areas of the GBM, allowing albumin to leak into the urine from the
blood stream. Endogenous TB4 has been shown to prevent podocyte loss in NTS
nephritis, as loss of Tmsb4x in mice resulted in a lower number of WT-1 positive
cells in the glomerular tuft compared with wild type mice treated with NTS
(Vasilopoulou et al. 2016). Both this thesis chapter and the study by Vasilopoulou et
al., is that both have shown that TB4 prevents podocyte loss, and this is a
mechanism that is very likely to have contributed to the prevention of albuminuria in
both cases. This study also used the same method of quantification as this thesis,
counting of WT-1 positive cells, making the data more likely to be comparable. There
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were differences between the Tmsb4x knockout study and this thesis chapter, such
as WT-1 loss in the glomerular tuft was accompanied by an increase in parietal WT1 positive cells. The authors suggested that this could be indicative of podocyte
migration towards the parietal epithelium in response to injury. There was a slight
increase in parietal WT-1 expression in ADR treated mice with TB4 gene therapy
compared to ADR mice without TB4 gene therapy. Parietal cells have been shown to
express podocyte-like proteins, such as WT-1 (Kaverina et al. 2017; Zhang et al.
2012), when the glomerulus becomes injured, a potential explanation for the
increase in WT-1 positive cells induced by ADR with TB4 gene therapy. Exogenous
TB4 has also been shown to prevent cell loss in other organs. In rats subjected to
traumatic brain injury, exogenous TB4 prevented hippocampal cell loss compared
with sham rats (Xiong et al. 2011). The prevention of myocyte loss following
ischaemic myocardial injury has also been attributed to exogenous TB4
administration to rats (Bao et al. 2013). In the study by Bao et al., the authors found
that exogenous TB4 increased Akt phosphorylation in ischaemic tissue compared
with non-treated ischaemic tissue. Activation of the Akt pathway has been shown to
increase cell adhesion in cancer cells (Kraus et al. 2002) and human embryonic
stem cells (Godoy-Parejo et al. 2019) which may provide an explanation for the
effect of TB4 on podocyte loss in this study. Collectively, this thesis has provided the
first evidence that exogenous TB4 prevents podocyte loss in glomerular disease.
This thesis chapter has shown that exogenous TB4 prevented the ADR-induced loss
of glomerular F-actin, a potential mechanism by which TB4 prevented ADR-induced
albuminuria. This is important, because the podocyte foot processes are enriched in
F-actin compared with the cell body (Cortes et al. 2000), and disorganisation of foot
process F-actin has been associated with foot process effacement and albuminuria
(Shirato et al., 1996; Yu et al., 2013; Suleiman et al., 2017). Although the glomerular
amount of F-actin was protected by TB4, there were no differences between ADR
with and without TB4 gene therapy when podocyte specific F-actin was examined
using synaptopodin as a marker for podocytes. The representative images of
glomeruli visualising F-actin and synaptopodin provided in this thesis chapter
showed that a large proportion of the glomerular F-actin was located in synaptopodin
negative areas. This suggests that much of the F-actin located in glomeruli was not
localised to podocytes, and that alterations to the amount of F-actin were localised to
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other glomerular cell types, such as the mesangium or endothelium. To prove this,
the analysis could be repeated with markers to identify the mesangial cells (Ng2) or
endothelial cells (endomucin). However, this does not mean that alterations to
podocyte F-actin were not occurring. Alterations could have occurred to the
organisation of podocyte F-actin in foot processes without changing the amount, as
described previously (Shirato et al., 1996). To examine this, access to super
resolution microscopes would be required, as the resolving power of the confocal
microscope that the images were taken on was not high enough to see individual Factin fibres.
Alterations to glomerular F-actin in ADR nephropathy have been previously
described using super resolution microscopy. The authors employed stochastic
optical reconstruction microscopy (STORM) and Airyscan imaging of BALB/c mice
injected with 14 mg/kg of ADR, and suggested that the actin cytoskeleton in the foot
processes of podocytes becomes disorganised leading to a mat of contractile F-actin
filaments in effaced foot processes (Suleiman et al. 2017). The study used
synaptopodin as a marker of the podocyte cytoskeleton and myosin IIa as a marker
of contractile actin fibres and found that there was a shift of myosin IIa expression
from the cell body and primary processes to the foot processes in ADR injury. The
authors confirmed synaptopodin or myosin IIa and F-actin colocalization in healthy
podocytes. A higher dose of ADR could have induced more severe F-actin
disorganisation compared with the data in this thesis chapter, which is why F-actin
disorganisation could be detected at the podocyte level. The use of myosin IIa as a
method of quantifying contractile F-actin fibres is an advantage that this study has
over the quantification performed in this thesis. Future studies could perform this
type of analysis to investigate if TB4 prevents the ADR induced reorganisation of
contractile F-actin fibres, as a mechanism of the prevention of albuminuria. Another
study used C57BL/6 mice injected with 12 mg/kg ADR, and glomerular F-actin
content was assessed by phalloidin staining to show that ADR induced an increase
in F-actin fluorescence after 4 weeks (Woychyshyn et al. 2020), which is in contrast
to the results presented in this thesis chapter. There were differences between this
study and this thesis chapter, for example the mouse strain (C57BL/6 mice are
resistant to ADR nephropathy (Papeta et al. 2010)), the dose of ADR used and the
time of exposure, which could all account for the differences in results. The authors
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speculated that the increase in F-actin intensity around the capillary loops could be
due to podocyte foot process F-actin reorganisation to a mat of unorganised actin
adjacent to the GBM. The analysis performed in this thesis has the advantage over
this study because synaptopodin was used to segment out podocytes. If
Woychyshyn et al., had used this method of quantification, they could have
determined if the increase in F-actin fluorescence around the capillary loops was
localised to podocytes, and not the endothelium or mesangium.
Although no previous studies have examined F-actin content in the kidney after
exogenous TB4 treatment, modulation of the F-actin cytoskeleton by TB4 has been
reported in other pathologies. One study induced burns on the hindlimbs of C57BL/6
mice and found that 30 mg/kg of exogenous TB4 intravenously accelerated dermal
wound healing by prevention of uncontrolled F-actin polymerisation up to 7 days
after burn induction, as shown by quantifying the F-actin to G-actin ratio (Kim and
Kwon 2017). An ex vivo experiment using embryonic chick hearts found that the
actin-binding domain on TB4 promoted vessel sprouting and angiogenesis (Philp et
al. 2003), suggesting that exogenous TB4 mediated angiogenesis after myocardial
infarction seen previously (Chiu et al. 2012; Poh et al. 2020) is actin-mediated. In
contrast to this thesis chapter, these two studies did not perform phalloidin staining
to examine the amount of F-actin, however, the analyses they performed does
provide information into the mechanism by which TB4 modulated F-actin in the
respective cell types. Analysing the F-actin to G-actin ratio in podocytes after ADR
treatment with and without TB4 gene therapy would identify if the main property of
TB4, G-actin sequestering, was a mechanism by which TB4 prevented ADR-induced
glomerular and podocyte damage.
While examining the images immunostained to visualise synaptopodin and F-actin,
structures resembling vesicles were identified, and quantification revealed that TB4
gene therapy prevented the ADR-induced formation of F-actin buds. The buds were
F-actin positive, but synaptopodin did not cover all of the buds, suggesting they were
not dependent on synaptopodin. The size (~1 µm) and location (processes, close to
the capillaries) of the F-actin is in agreement with previous studies demonstrating
vesicular transcytosis of albumin with electron microscopy (Ichimura et al. 2019).
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Vesicular transport of albumin from the basal side of the foot processes through to
the urinary space is a mechanism that has been proposed and described by a mix of
electron microscopy (Ichimura et al. 2019) and multiphoton microscopy live imaging
(Schießl et al. 2016), where fluorescently tagged albumin has been recorded passing
from the blood stream to the urinary space. It is proposed that the F-actin buds
observed in this study contained albumin, however, immunofluorescent studies to
visualise albumin and F-actin are required to confirm this hypothesis. It has been
shown that F-actin dynamics are required for vesicle formation and transport, as
HeLa cells treated with Latrunculin A and B (molecules that sequester G-actin) and
Cytochalasin D (caps F-actin) ceased vesicular formation and intracellular transport
(Boucrot et al. 2006). Furthermore, vesicles harbouring an F-actin coat have been
identified in vitro in primary alveolar type II cells from rats (Miklavc et al. 2012), and
actin coating was inhibited by the actin sequestering molecule Latrunculin B (Miklavc
et al. 2009). This suggests that vesicular actin coating formation occurs de novo from
G-actin monomers. It is possible that in this study, exogenous TB4s sequestering of
G-actin, in the same way as Latrunculin B, prevented podocyte transcytosis of
albumin via G-actin sequestering.
The podocyte SD, the space between adjacent podocyte foot processes, is the
gateway in which the ultrafiltrate can escape the blood, but also the barrier which
prevents loss of proteins, such as albumin (Jarad and Miner 2009; Pavenstädt et al.
2003). The SD is thought of as a modified adherens junction, and its structure is
regulated by a complex network of intercellular and extracellular proteins, such as
nephrin, podocin and cadherins (Patrakka and Tryggvason 2010; Tabatabaeifar et
al. 2017; Wartiovaara et al. 2004). ADR is known to cause podocyte foot process
effacement in mice as soon as 1 week after administration (Wang et al. 2000; Zhou
et al. 2011). Furthermore, ADR caused a reduction in the SD proteins nephrin and
podocin and increase in P-cadherin compared with vehicle treated rodents (Li, Yuan,
and Zhang 2003; Wu et al. 2014). These previous studies show that ADR
significantly disrupts the balance of SD proteins, which likely contributes to foot
process effacement and albuminuria. Recently, it has been shown that endogenous
TB4 stabilises adherens junctions, as in Tmsb4x knockdown embryonic mice, the
pattern of E-cadherin (a major adherens junction protein) was disrupted in basal and
suprabasal cells in the epidermis, accompanied by alterations to the actin
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cytoskeleton (Padmanabhan et al. 2020). It is possible that administration of
exogenous TB4 provided further stability of the SD in podocytes through its
adherens junction stabilising properties. To confirm this, future studies could
examine the expression of P-cadherin and other SD proteins in ADR nephropathy
with and without TB4 gene therapy to determine if TB4 protects the integrity of the
SD.

Conclusions
The results presented in this thesis chapter demonstrated that AAV.2/7 was effective
in causing transgene upregulation in liver cells and persistent secretion of TB4 into
the blood stream. Exogenous TB4 prevented ADR-induced damage to the
glomerular filtration barrier by preventing podocyte loss. Exogenous TB4 also
prevented alterations to the actin cytoskeleton, by preventing a reduction in the
amount of glomerular F-actin and inhibiting suspected vesicle formation instigated by
ADR (Figure 3.27) Collectively, it is proposed that actin modulation is a mechanism
that underlies the protective action of TB4 in the glomerular filtration barrier, which
may have implications for understanding the therapeutic benefits of TB4 in other
pathological contexts.

Figure 3.27 – Exogenous TB4 prevents ADR-induced glomerular filtration barrier
damage. Diagram illustrating the critical results presented in this chapter of the thesis.
Original diagram.
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Chapter 4: Exogenous thymosin b4 suppresses
glomerular damage in NTS nephritis
Introduction
The previous chapters of this thesis have shown that exogenous TB4 protects
podocytes from ADR injury in vitro (Chapter 2) and in vivo (Chapter 3). One of the
major beneficial properties of TB4 is its ability to suppress inflammation (Sosne et al.
2001; Sosne, Qiu, Christopherson, et al. 2007; Vasilopoulou et al. 2016), but the
model of ADR nephropathy induced in Chapter 3 did not involve an inflammatory
response. Therefore, to investigate if exogenous TB4 could protect glomeruli in
immune mediated glomerular injury, NTS nephritis was utilised in this thesis chapter.
NTS nephritis is an inducible rodent model of autoimmune mediated glomerular
injury that replicates some of the effects of human glomerulonephritis (Pippin et al.
2009). NTS is generated by injecting glomerular extracts from the experimental
species (in this case mouse) into a host organism (in this case sheep) (Hoppe and
Vielhauer 2014). The sheep generates polyclonal antibodies against the epitopes of
mouse glomerular structures, such as the GBM, endothelial cells and podocytes,
which are then extracted and purified. The mice are immunised with sheep IgG prior
to NTS injection to prime the immune system before injection of NTS (Hoppe and
Vielhauer 2014). When administered, the sheep polyclonal anti-glomerular
antibodies bind to their respective epitopes on the mouse glomeruli. The mouse then
creates an autoimmune response against the sheep polyclonal antibodies, mediated
by complement activation, neutrophil inflammation, T cell activation and macrophage
accumulation (Assmann et al. 1985; Hébert et al. 1998; Tipping and Holdsworth
2006). The T cells induce B cell activation, causing glomerular deposition of
autologous antibodies against the sheep-anti-glomerular antibodies. Large immune
complexes of IgG are then generated which exacerbate glomerular injury (Hoppe
and Vielhauer 2014). The chronic immune response occurs typically 1 week after
NTS injection and can injure glomerular cells causing albuminuria,
glomerulosclerosis, increased BUN, decreased creatinine clearance and death in
mice (Chen et al. 2002).
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Exogenous TB4 has beneficial effects in ADR nephropathy (Chapter 3), diabetic
nephropathy (Zhu et al. 2015), acute UUO injury (Yuan et al. 2017; Zuo et al. 2013)
and kidney IRI (Aksu et al. 2019). The beneficial effects of TB4 in the study by Aksu
et al., was associated with the anti-inflammatory action of TB4. A previous study
assessed the role of endogenous TB4 in NTS nephritis and found that endogenous
TB4 slowed the progression of albuminuria, prevented decreased creatinine
clearance and podocyte loss and inhibited an increase in BUN (Vasilopoulou et al.
2016). Endogenous TB4 also suppressed glomerular macrophage and T cell
accumulation, as well as collagen IV and aSMA deposition, demonstrating its antiinflammatory and anti-fibrotic properties (Vasilopoulou et al. 2016). It is not yet
known if exogenous TB4 can alleviate NTS nephritis, therefore, to explore if this is
the case, AAV.Tmsb4x was administered in this form of glomerular injury.

Aims and hypothesis
It was hypothesised that exogenous TB4 would alleviate the phenotypes of NTS
nephritis through suppression of inflammation. The first aim of this thesis chapter is
to confirm systemic TB4 upregulation following gene therapy. Secondly, this thesis
chapter will explore the beneficial potential of exogenous TB4 in NTS nephritis to
determine if exogenous TB4 prevents NTS induced albuminuria and loss of kidney
function. The final aim of this thesis chapter is to elucidate potential mechanisms of
the beneficial effect of TB4 in NTS nephritis.

Materials and methods
This laboratory work for this thesis was undertaken during the COVID-19 pandemic,
which enforced the closure of the laboratory for an extended period. Therefore, some
of the laboratory work undertaken for this thesis chapter was completed by Dr
Elisavet Vasilopoulou, who has allowed the data to be used in this thesis chapter.
The following data was collected by the author of this thesis: assessment of
podocyte number by WT-1 IHC; quantification of podocyte clustering by WT-1 IHC;
analysis of glomerular proliferation by Ki67 and synaptopodin staining and
quantification of glomerular inflammation by F4/80 IHC. All materials used in this
thesis chapter were obtained from Merck U.K., Dorset, U.K. unless stated otherwise.
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4.3.1 Experimental animals
In this experimental procedure, all animals were subjected to NTS-induced
glomerular injury and all experimental procedures were approved by the Home
Office. Male C57BL/6 mice aged between 7-10 weeks were housed in cages of
three, kept at a constant temperature (22 °C) and light cycle (12 hours light, 12 hours
dark), and provided with standard laboratory chow and tap water ad libitum. The
mice were injected with 2x1012 viral particles of AAV serotype 2/7 encoding Tmsb4x
(TB4) or LacZ (b-galactosidase) via the tail vein. Sterile PBS was used as an
additional control. There was a 4-week transcriptional activation window, before NTS
injection. The final treatment groups were treated with NTS to induce glomerular
injury and (i) PBS (PBS/NTS), (ii) AAV.LacZ (LacZ/NTS) or (iii) AAV.Tmsb4x
(Tmsb4x/NTS).
Urine was collected overnight in metabolic cages and plasma was collected via the
lateral saphenous vein, which was stored in MicroVette EDTA-coated capillary action
tubes. To prime the mouse immune system to target the sheep anti-mouse glomeruli
polyclonal antibodies, mice were then pre-immunised sub-cutaneously with 250 µg
of sheep IgG diluted in complete Freund’s adjuvant. Five days later (day 0), mice
were injected with 250 µl of NTS intravenously to induce kidney disease. Urine and
plasma were collected 7 days later. At day 21 after NTS injection, the mice were
culled by CO2 asphyxiation and death was confirmed by exsanguination after
AAV.Tmsb4x
AAV.LacZ
(2x1012 particles/mouse)
or PBS IV

Freund’s
adjuvant
s/c

Kidney
disease
induction
(Nephrotoxic
serum IV)
5
days

4 weeks

Baseline:
urine
plasma

Day 0

Day 7:
urine
plasma

Day 21:
urine
plasma
kidneys
liver

Figure 4.1 – Experimental design. Graphic displaying the experimental design for the NTS
nephritis study undertaken. Adeno associated virus, AAV; Thymosin b4, Tmsb4x; bgalactosidase, LacZ; phosphate buffered saline, PBS; Intravenous, IV; Sub cutaneously,
S/C.

185

overnight urine collection in metabolic cages. Blood was collected via cardiac
puncture and the right kidney and part of the liver were snap frozen on dry ice. The
left kidney and a separate part of the liver were placed in 4% PFA in dH2O (Figure
4.1). Blood and plasma were processed as described in 3.3.2 and tissues were
processed as described in 3.3.3.
4.3.2 qPCR
mRNA was extracted from kidneys and livers snap frozen in liquid nitrogen 21 days
after kidney disease induction and qPCR was performed on subsequently generated
cDNA as described in 3.3.10. The primers used in this chapter can be found in
(Table 4.1).
Table 4.1 – List of primers
Target gene/translated
protein (annealing temp,
°C)
Tmsb4x/TB4 (60)
Cd68/CD68 (60)

Primer sequence (5' to 3')
Fwd: ATGTCTGACAAACCCGATATGGC
Rvs: CCAGCTTGCTTCTCTTGTTCA
Fwd: GGGGCTCTTGGGAACTACAC
Rvs: GTACCGTCACAACCTCCCTG

Ccl2/Monocyte
chemoattractant protein-1
(60)

Fwd: CCCCAAGAAGGAATGGGTCC

Tnfa/Tumour necrosis factor
a (60)

Fwd: AGCCGATGGGTTGTACCTTG

Acta2/a-smooth muscle actin
(60)

Fwd: GCCATCTTTCATTGGGATGGA

Col4a1/Collagen IV (58)
Hprt/Hypoxanthine-guanine
phosphoribosyltransferase
(same as gene of interest)

Rvs: TGCTTGAGGTGGTTGTGGAA
Rvs: ATAGCAAATCGGCTGACGGT
Rvs: CCCCTGACAGGACGTTGTTA
Fwd: TTCCTTCGTGATGCACACCA
Rvs: CCGTGGCACTCGATGAATG
Fwd: AAGCTTGCTGGTGAAAAGGA
Rvs: GCAAATCAAAAGTCTGGGGA

Location on
mRNA (amplicon
size, base pairs)
Bp 76 - 200. Exon
1 – 2 (125)
Bp 481 - 647.
Exon 2 - 3 (167)
Bp 316 - 497.
Exon 2 - 3 (182)
Bp 509 - 607.
Exon 2 - 3 (99)
Bp 902 - 1017.
Exon 7 - 8 (116)
Bp 4970 - 5080.
Exon 50-51 (111)
Bp 629 - 982.
Exon 7 - 9 (354)

Table 4.1 – Primer details. Details of all primers used for NTS experiments, including
target gene and its translated protein; the nucleotide sequences; the size of the amplicons;
the location of the amplicon on the target gene and the annealing temperature used in
quantitative PCR experiments. Tmsb4x, Thymosin b4, TB4; Cd68, cluster of differentiation
68; Ccl2, chemokine ligand 2; fwd, forward; rvs, Reverse; temp, temperature. Bp, base
pairs.
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4.3.3 TB4 ELISA
To determine if TB4 was systemically upregulated, the TB4 ELISA described in 3.3.5
was performed on plasma extracted 21 days after NTS induction.

4.3.4 Kidney function
Albuminuria was measured at day 0, 7 days and 21 days after NTS injection by
ELISA as described in 3.3.6, however samples were diluted 1/100,000 as the level of
albuminuria was much greater than following ADR injury. BUN was analysed at 21
days after NTS nephritis induction by colourimetric assay as described in 3.3.8.

4.3.5 IHC and immunofluorescence
Tissues were fixed in 4% PFA in dH2O before FFPE and cryo-sections were
generated. For FFPE sections, samples were dehydrated in increasing
concentrations of ethanol, cleared in Histoclear II and embedded in wax and then
sectioned to 5 µm on a microtome as described in 3.3.3. For cryo-sections, tissues
were incubated in 30% sucrose overnight, embedded in OCT medium and sectioned
to 8 µm on a cryostat as described in 3.3.3. Immunohistochemical and
immunofluorescent experiments of NTS mice kidney sections were undertaken as
described in 3.3.11 and 3.3.12 respectively. WT-1 positive and F4/80 positive cells
were revealed by using previously referenced antibodies (Table 3.1). Proliferating
nuclei were revealed by immunostaining with anti-Ki67 primary antibody (Table 3.1)
and then incubation with donkey anti-rabbit secondary antibody conjugated to a 594
nm fluorophore (Table 3.2). Sections were co-stained with a-mouse synaptopodin
antibody (Table 3.1) and anti-guinea pig antibody conjugated to 594 nm fluorophore
(Table 3.2) to identify podocytes.

4.3.6 Image and statistical analysis
All image analysis was performed on Fiji ImageJ software (Schindelin et al. 2012).
Quantification of the number and distribution of WT-1 positive cells and F4/80
positive cells was performed as described in 3.3.14. Proliferating cells were
quantified by counting the number of Ki67 positive nuclei inside the whole glomerular
tuft and in synaptopodin positive areas. Statistical analyses were performed as
described in 3.3.15.
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Results
4.4.1 AAV 2/7 induced systemic upregulation of TB4
To induce a sustained systemic upregulation of TB4, C57BL/6 mice were treated
with AAV serotype 2/7 encoding the Tmsb4x transgene. To determine if AAV was
successfully transducing liver cells, levels of Tmsb4x mRNA in the liver were
examined by qPCR. Mice injected with AAV.Tmsb4x showed a 2.7 ± 0.3-fold
increase in Tmsb4x mRNA in the livers, which was significantly higher than PBS
(P<0.01) and AAV.LacZ (P<0.05) treated mice (Figure 4.2a).
To confirm that the increase in liver Tmsb4x levels caused systemic upregulation of
TB4, the plasma concentration of TB4, was quantified by ELISA 3 weeks after NTS
injection. The TB4 plasma concentration in PBS and AAV.LacZ treated mice was 3.4
± 2.2 µg/ml and 1 ± 0.4 µg/ml respectively. Mice injected with NTS with TB4 gene
therapy had a plasma TB4 concentration of 11.9 ± 2 µg/ml, which was significantly
more than both PBS (P<0.05) and LacZ (P<0.05) treated mice, confirming the
systemic upregulation of TB4 (Figure 4.2b). TB4 gene therapy did not change whole
kidney levels of Tmsb4x mRNA compared with PBS and AAV.LacZ injected mice
with NTS (Figure 4.2c).
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Figure 4.2 – AAV 2/7 systemically upregulated TB4. 7-10-week-old mice were injected
with PBS, AAV.LacZ or AAV.Tmsb4x 4 weeks before injection of NTS. Blood was taken by
cardiac puncture 21 days after NTS injection and assessment of circulating TB4
concentration was quantified by ELISA. qPCR was performed to assess levels of Tmsb4x in
livers and kidneys 21 days after NTS injection. (a) Tmsb4x mRNA levels in the liver. (b)
Quantification of circulating TB4 concentration in the plasma. (c) Expression of Tmsb4x in
the kidney. Hprt was used as a housekeeping gene for qPCR. Each data point represents
the mean of duplicate values from 1 individual mouse. Data are shown as the mean ±SEM
of at least 4 individual mice. N=6 for PBS/NTS, N=4 for LacZ/NTS group and N=10 for
Tmsb4x/NTS group. *P≤0.05, **P≤0.01 between treatment groups. Tmsb4x, TB4; LacZ, bgalactosidase; PBS, Phosphate buffered saline; Hprt, Hypoxanthine-guanine
phosphoribosyltransferase.
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4.4.2 NTS reduced mouse body weight
To examine the effect of NTS and TB4 on the body weight of mice, mice from all
three groups were weighed at day 0, day 7 and day 21 after NTS induction. There
was no significant difference between the body weights of the mice before NTS
injection (day 0) (Figure 4.3b).
After 7 days, NTS injured mice injected with PBS mice weighed 0.9 ± 1.3% less than
the day of NTS injection, which was not significantly different, however, the mice
weighed 6.3 ± 1.2% less 21 days after NTS injection, which was significantly lower
than the same group at day 0 (P<0.05). Mice treated with LacZ/NTS weighed 4.1 ±
1.8% less after 7 days, but this was not significant compared to day 0. At day 21 of
NTS treatment, LacZ/NTS mice weighed 5.3 ± 1.6% less than the day of NTS
injection, but once again this was not significantly lower than day 0. After 7 days of
NTS treatment, NTS treated mice with TB4 gene therapy lost 1.2 ± 2.8% of their
body weight compared to day 0, which was not significant. At day 21, the weight loss
was increased to 3.7 ± 2.5% but was not significantly lower than day 0 or day 7.
There were no significant differences between the treatment groups at any time point
(Figure 4.3a).
To examine if TB4 had any effect of the kidney weights in NTS nephritis, the right
kidneys were weighed 21 days after NTS injection, and kidney weights were also
normalised to body weight (g/g). Kidneys from mice treated with PBS and NTS
weighed on average 0.25 ± 0.01 g, which equated to a kidney weight to body weight
ratio of 8.6 x10-3 ± 0.3 x10-3 g/g. Kidneys from mice injected with AAV.LacZ and NTS
weighed on average 0.24 ± 0.01 g, which was equal to 8.2 x10-3 ±0.3 x10-3 g/g. TB4
gene therapy did not alter kidney weights after NTS injection, as kidneys weighed on
average 0.22 ± 0.01 g, which equated to 7.9 x10-3 ± 0.2 x10-3 g/g. There were no
significant differences between groups in either set of data (Figure 4.3c, d).
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Figure 4.3 - TB4 did not affect body or kidney weight. (a) Mouse body weights were
recorded at day 0, 7 and 21 after NTS induction. (b) Mice from all three groups weighed the
same on day 0. (c) There was no difference in the kidney or (d) kidney weight to body
weight to body weight ratio 21 days after NTS induction. Each data point represents 1
mouse. All data are shown as the mean ±SEM of at least 4 individual mice. N=6 for
PBS/NTS, N=4 for LacZ/NTS group and N=10 for Tmsb4x/NTS group. *P≤0.05 between
time points.
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4.4.3 NTS or TB4 did not alter urine volume
Next, to examine how much urine the mice were excreting throughout the
experiment, the urine volumes were recorded on day 0, 7 and 21 after NTS injection.
On day 0, PBS treated mice excreted 778 ± 112 µl/24 hours, which rose to 830 ±
240 µl/24 hours 7 days later. After 21 days of NTS treatment, PBS treated mice
excreted 1691 ± 296 µl/24 hours. Mice treated with AAV.LacZ urinated 612 ±
88 µl/24 hours prior to NTS injection, which rose slightly to 630 ± 293 µl over 24
hours on day 7 and 1237 ± 314 µl/24 hours on day 21 after NTS injection. Before
NTS injection, mice treated with TB4 gene therapy urinated 547 ± 161 µl/24 hours,
and 483 ± 176 µl/24 hours on day 7. After 21 days of NTS nephritis, Tmsb4x/NTS
mice urinated 1483 ± 333 µl/24 hours. There were no significant differences between
any groups at any time point or within each group (Figure 4.4).
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PBS/NTS
LacZ/NTS

3000

Tmsb4x/NTS
2000
1000
0

0
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21

Days after NTS injection
Figure 4.4 – Urine excretion in NTS experiment. Urine volumes were recorded at day 0, 7
and 21 after NTS injection, and adjusted for 24-hour volume. Each data point represents the
24-hour urine volume of 1 mouse. All data are shown as the mean ±SEM of at least 4
individual mice. N=6 for PBS/NTS, N=4 for LacZ/NTS group and N=10 for Tmsb4x/NTS
group.

4.4.4 Exogenous TB4 prevented NTS-induced early albuminuria but there were
no alterations to BUN
One of the features of NTS nephritis in C57BL/6 mice is an increase in albuminuria
(Vasilopoulou et al. 2016), therefore the amount of albumin in the urine was
assessed by ELISA. Before NTS injection (day 0), PBS treated mice excreted on
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average 13 ± 2 µg of albumin in 24 hours, AAV.LacZ treated mice 14 ± 3 µg/24
hours and mice treated with TB4 gene therapy 10 ± 2 µg/24 hours of albumin with no
significant differences between the groups. After 7 days of NTS nephritis, PBS and
AAV.LacZ treated mice urinated on average 8635 ± 3781 µg and 10956 ± 4472
µg/24 hours respectively, each significantly more than their respective day 0 values
(P<0.05 vs day 0 in both groups). Mice treated with TB4 gene therapy urinated on
average 2144 ±1193 µg/24 hours, which was significantly less than both PBS
(P<0.05) and AAV.LacZ (P<0.05) treated mice. On day 21 after NTS injection, PBS
treated mice albumin excretion was on average 33494 ± 7151 µg/24, which was
significantly more than the same group at day 7 (P<0.05). AAV.LacZ treated mice
urinated 32757 ± 9012 µg albumin per 24 hours, which was significantly more than
the same group at day 7 (P<0.05). NTS injected mice with TB4 gene therapy
excreted 33015 ± 6811 µg/24 hours, which was significantly more compared with the
same mice 7 days post NTS induction (P<0.01). There were no significant
differences between the mouse groups 21 days after NTS injection (Figure 4.5a).
NTS nephritis has been associated with an increase in BUN (Kvirkvelia et al. 2013),
therefore BUN was assessed 21 days after NTS injection. PBS and AAV.LacZ
treated mice had a BUN concentration of 50.8 ± 6.8 mg/DL and 42.3 ± 4.6 mg/DL
respectively, and there were no significant differences between these two groups.
Mice treated with TB4 gene therapy had a plasma BUN concentration on 50.7 ± 5.3
mg/DL, which was not significantly different to either group (Figure 4.5b).
Collectively, these results show that TB4 gene therapy dampened the NTS induced
increase in albuminuria at day 7 of NTS nephritis, but not at day 21. This thesis
chapter then proceeded to examine the glomeruli to investigate any potential
mechanisms of TB4 mediated protection.
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Figure 4.5 – Exogenous TB4 suppressed albuminuria but not BUN in NTS nephritis.
Urinary albumin concentration was determined at day 0, 7 days, and 21 days after NTS
injection. (a) Amount of urinary albumin excreted over 24 hours by mice on day 0, 7 and 21
after NTS injection. (b) BUN concentration 21 days after NTS injection. Each data point
represents the mean of replicate values from 1 individual mouse. All data are shown as the
mean ±SEM of at least 4 mice. N=6 for PBS/NTS, N=4 for LacZ/NTS group and N=10 for
Tmsb4x/NTS group. *P≤0.05, **P≤0.01 between groups.
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4.4.5 Exogenous TB4 increased podocyte number 21 days after NTS induction
Podocyte loss has been reported as early as day 1 in NTS nephritis (Shirato et al.,
1996; Puelles et al., 2019). Therefore, to determine if exogenous TB4 could prevent
podocyte loss in NTS nephritis, FFPE sections obtained 21 days after NTS injection
were stained with a-mouse WT-1 antiserum followed by a HRP conjugated
secondary antibody. Representative images of glomeruli from all three treatment
groups immunostained for WT-1, a nuclear marker specific to podocytes in the
glomerular tuft (Lefebvre et al. 2015) are provided in Figure 4.6a, b, c. Antibody
specificity was confirmed by omitting the primary antibody (Figure 4.6d).
Firstly, the area of individual glomerular cross sections was measured. PBS treated
mice had an average glomerular cross section of 3849 ± 194 µm2. AAV.LacZ treated
mice average glomerular cross-sectional area was 3606 ± 121 µm2. TB4 gene
therapy did not alter glomerular cross-sectional area, as the average area was 3696
± 83 µm2. There were no significant differences between the groups (Figure 4.6e).
The number of WT-1 positive cells were then counted in the glomerular tuft and
measured as an average of 50 glomeruli per mouse and as individual glomeruli.
When the average of 50 glomeruli per mouse were analysed, PBS treated mice had
an average of 14.3 ± 1.2 WT-1 positive cells per glomerulus. AAV.LacZ treated mice
had an average of 15.3 ± 1.1 WT-1 positive cells per glomerulus, and there was no
significant difference between these groups. Mice treated with NTS and TB4 gene
therapy had an average of 18.3 ± 0.7 WT-1 positive cells per glomerulus, which was
significantly more than PBS treated mice (P<0.05) (Figure 4.6f). The number of WT1 cells were then normalised to glomerular area (podocyte density). Mice treated
with PBS and NTS had an average podocyte density of 4.5 x10-3 ± 0.5 x10-3
podocytes /µm2, and mice treated with AAV.LacZ and NTS had an average podocyte
density of 4.8 x10-3 ± 0.3 x10-3 podocytes /µm2. There was no significant difference
between the groups. Treatment of NTS injected mice with TB4 gene therapy caused
no significant differences to podocyte density compared to both other groups, and
the mice had an average of 5.6 x10-3 ± 0.2 x10-3 podocytes/µm2 (P=0.067) (Figure
4.6g).
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Figure 4.6 – Exogenous TB4 increased podocyte number in NTS nephritis.
Representative images of (a) PBS/NTS, (b) LacZ/NTS and (c) Tmsb4x/NTS glomeruli
immunostained with a-WT-1 antiserum. Mayer’s haematoxylin was used to stain nuclei.
Arrowheads indicate positive WT-1 staining. (d) Negative control omitting primary antibody.
Scale bar = 20 µm. (e) Comparison of glomerular cross-sectional area, as assessed by
individual glomeruli. WT-1 positive cells were counted and analysed as the average of 50
glomeruli per mouse (f) inside the glomerular tuft and (g) normalised to the glomerular tuft
area. Each data point represents the average of 50 glomeruli from 1 mouse. Data are shown
as the mean ±SEM of at least 4 mice. N=6 for PBS/NTS, N=4 for LacZ/NTS group and N=10
for Tmsb4x/NTS group. Analysis of (h) WT-1 positive cell count, (i) podocyte density, and (j)
the number of WT-1 cells in the parietal epithelium when analysed as individual glomeruli.
Each data point represents 1 glomerulus. Data are shown as the mean ±SEM of at least 200
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When individual glomeruli were analysed, there was no significant difference in
podocyte number or density between PBS and AAV.LacZ treated mice. Mice treated
with NTS and TB4 gene therapy had significantly increased podocyte number and
density than both PBS and AAV.LacZ treated mice (P<0.001 vs both groups in both
data sets) (Figure 4.6h, i). Collectively, these results suggest that exogenous TB4
prevented podocyte loss in NTS nephritis.
NTS has been associated with an increase in the number of WT-1 positive PECs (Le
Hir et al. 2001; Vasilopoulou et al. 2016), therefore to determine if exogenous TB4
could affect parietal WT-1 expression, the number of WT-1 positive cells in the
parietal epithelium were counted. After 21 days of NTS nephritis, PBS treated mice
had an average parietal epithelial WT-1 cell count of 8.9 ± 0.3. Mice treated with
AAV.LacZ had an average of 9.5 ± 0.3 WT-1 positive cells in the parietal epithelium.
TB4 gene therapy treated mice had average of 9.1 ± 0.2 WT-1 positive cells in the
parietal epithelium, which was not significantly different to either group
(Figure 4.6j).
4.4.6 NTS did not induce podocyte clustering
WT-1 immunostained images were used to quantify if podocyte clustering was
occurring. Clustering was defined as >50% of total podocyte number occupying 25%
of the glomerular cross section. However, in this model of NTS nephritis and NTS
with exogenous TB4 treatment, podocyte clustering was not observed 21 days after
NTS injection. Mice treated with PBS and AAV.LacZ showed on average 5.3 ± 3.1%
and 6.7 ± 2.8% of glomeruli with podocyte clustering respectively. Treatment with
TB4 gene therapy did not alter this number, as mice showed an average of 4.7 ±
1.2% of glomeruli with podocyte clustering. There were no significant differences
between the groups (Figure 4.7a).
The distribution of podocytes in the upper (tubular pole) and lower (vascular pole)
hemispheres of each glomeruli was also examined 21 days after NTS injection. Mice
treated with PBS had an average of 52.2 ± 0.4% podocytes in the upper hemisphere
and 47.8 ± 0.4% of podocytes in the lower hemisphere. AAV.LacZ treated mice had
an average of 53.5 ± 0.8% podocytes in the upper hemisphere and 46.5 ± 0.8%
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podocytes in the lower hemisphere. TB4 gene therapy did not alter podocyte
distribution compared with the two other groups, as mice had an average of 53.5 ±
0.7% of podocytes in the upper hemisphere and 46.5 ± 0.7% podocytes in the lower
hemisphere. While there were no significant differences in the distribution of
podocytes between the groups, each groups upper and lower hemisphere values
were significantly different (P<0.001 within all groups) (Figure 4.7b).

5

TS
cZ
Tm /N
sb TS
4x
/N
TS

0

100

***

***

***
PBS/NTS

80

LacZ/NTS
Tmsb4x/NTS

60
40
20
0

pp
Lo er
w
er
U
pp
Lo er
w
er
U
pp
Lo er
w
er

10

La

PB

Glomerular podocyte distribution
Percentage of glomeruli in
corresponding hemisphere

15

S/
N

Percentage of glomeruli with
>50% WT-1 +ve
cells in 1 quadrant

20

b

U

Podocyte clustering

a

Hemisphere of glomerulus

Figure 4.7 – Podocyte distribution in NTS nephritis and exogenous TB4 treatment.
Quantification of (a) the number of glomeruli displaying podocyte clustering (>50% of
podocytes in 1 quadrant of the glomerulus) and (b) the number of cells in each glomerular
hemisphere as a percentage of total podocyte number. Each data point represents the mean
value of at least 30 glomeruli from 1 mouse. n = 30 for PBS/NTS group, n = 32 for LacZ/NTS
group and n = 31 for Tmsb4x/NTS group. All data are shown as the mean ±SEM of at least 4
mice. N=6 for PBS/NTS, N=4 for LacZ/NTS group and N=10 for Tmsb4x/NTS group.
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4.4.7 NTS induced glomerular proliferation
Next, it was determined if the higher number of WT-1 positive cells caused by TB4
gene therapy was because of podocyte proliferation, which has been observed in
NTS nephritis (Bruggeman et al. 2011; Henique et al. 2017). Kidney cryosections
were immunostained with a-Ki67 antiserum, a marker of nuclei undergoing
proliferation (Polley et al. 2013). Podocytes were identified by co-immunostaining
with a-synaptopodin antiserum, and the number of Ki67 positive nuclei in
synaptopodin positive regions were counted per glomerulus. Representative images
from all three groups are provided in Figure 4.8a, b, c. Antibody specificity was
confirmed by omitting the primary antibodies (Figure 4.8d, e, f). Proliferating
198

b

PBS + NTS

LacZ + NTS

Synaptopodin

f

Ki67

Composite
i

0.1
0.0

***
10

5

0
S/
N

PB

/N

***

TS
cZ
Tm /N
sb TS
4x
/N
TS

0.2

15

La

0.3

Ki67 positive glomerular cells

*

TS
cZ
Tm /N
sb TS
4x
/N
TS

La

PB

S/
N

TS
cZ
Tm /N
sb TS
4x
/N
TS

0

*

Proliferating
podocytes

Proliferating
glomerular cells

La

1

0.4

PB
S

Ki67 positive nuclei in
synaptopodin positive regions

2

j

Proliferating
podocytes

Proliferating
glomerular cells
Glomerular Ki67 positive cells

e

h

3

TB4 + NTS

5
3
1
1.00

**

*

0.75
0.50
0.25
0.00

PB
S/
N
La TS
cZ
Tm /N
sb TS
4x
/N
TS

d

g

c

Ki67 positive nuclei in
synaptopodin positive regions

a

Figure 4.8 – Glomerular proliferation. Kidney cryo-sections were incubated with rabbit
anti-mouse Ki67 primary antibody, guinea pig anti-mouse synaptopodin primary antibody,
donkey anti-rabbit secondary antibody conjugated to 594 nm fluorophore and fluorophore
conjugated secondary antibodies. Nuclei were stained with Hoechst 33342. Representative
images of (a) PBS/NTS, (b) LacZ/NTS and (c) Tmsb4x/NTS glomeruli. Arrows indicate
glomerular Ki67 positive nuclei. Arrowhead indicates Ki67 positive podocyte. Negative
control of (d) 488 nm channel, (e) 594 nm channel and (f) composite of all three channels.
Scale bar = 20 µm. Ki67 positive cells were counted (g) in the glomerular tuft and (h) in
synaptopodin positive regions. Each data point represents the average of 50 glomeruli. Data
are shown as the mean ±SEM from at least 4 mice. N=6 for PBS/NTS, N=4 for LacZ/NTS
group and N=10 for Tmsb4x/NTS group. Quantification of (i) proliferating glomerular cells
and (j) proliferating podocytes when analysed as individual glomeruli. Each data point
represents 1 glomerulus. Data are shown as the mean ±SEM from at least 200 glomeruli
from at least 4 mice. N=300 for PBS/NTS, N=200 for LacZ/NTS group and N=500 for
Tmsb4x/NTS group. *P ≤0.05, **P ≤0.01, ***P ≤0.001 between groups.
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glomerular cells were analysed as an average of 50 glomeruli per mouse and as
individual glomeruli.
Firstly, glomerular and podocyte proliferation was examined as an average of 50
glomeruli per mouse 21 days after NTS injection. Mice treated with PBS had an
average of 0.9 ± 0.1 Ki67 positive nuclei per glomerulus. AAV.LacZ treated mice had
an average of 1.5 ± 0.1 Ki67 positive nuclei per glomerulus. TB4 gene therapy
treated mice had an average of 1.5 ± 0.2 Ki67 positive nuclei per glomerulus. There
were no significant differences between the groups (Figure 4.8g). The number of
Ki67 positive nuclei in synaptopodin positive regions was then examined. Mice
treated with PBS had an average of 0.07 ± 0.02 Ki67 nuclei in synaptopodin positive
regions. AAV.LacZ treated mice had an average of 0.2 ± 0.05 Ki67 positive nuclei in
synaptopodin positive regions, which was significantly more than PBS treated mice
(P<0.05). Treatment with TB4 gene therapy caused 0.01 ± 0.02 Ki67 positive nuclei
in synaptopodin positive regions, which was significantly lower than AAV.LacZ
treated mice (P<0.05), but not significantly different to PBS treated mice (Figure
4.8h).
Next, the glomerular and podocyte Ki67 positive cells were analysed as individual
glomeruli. LacZ/NTS glomeruli showed an increased number of proliferating
glomerular cells compared with PBS treated mice (P<0.001 vs PBS/NTS).
Tmsb4x/NTS treated glomeruli showed a similar number to AAV.LacZ treated mice,
as the number of proliferating glomerular cells was significantly more than PBS
treated mice (P<0.001 v PBS/NTS) (Figure 4.8i). The number of Ki67 positive nuclei
in synaptopodin positive regions were also counted, as a measure of proliferating
podocytes. Mice treated with AAV.LacZ had significantly more proliferating
podocytes than PBS/NTS treated mice (P<0.01). Tmsb4x/NTS treated mice had
significantly fewer proliferating podocytes than LacZ/NTS treated mice (P<0.05)
(Figure 4.8j). These results suggest that podocyte proliferation was not the cause of
the increased podocyte number observed in 4.4.5, as there was only a small number
of proliferating podocytes observed.
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4.4.8 Whole kidney Inflammatory and fibrotic mRNA levels in NTS nephritis
were not altered by TB4
NTS nephritis induces glomerular inflammation, fibrosis and collagen deposition (Le
Hir et al. 2001; Vasilopoulou et al. 2016). Therefore, the levels of some fibrotic and
inflammatory mRNA transcripts in whole kidneys were examined by qPCR 21 days
after NTS injection.
Cluster of differentiation 68 (CD68) is expressed in monocytes and tissue
macrophages (Holness and Simmons 1993), therefore alterations to Cd68 mRNA in
whole kidneys could suggest changes in inflammation. Exogenous TB4 did not alter
Cd68 mRNA expression compared to PBS/NTS and LacZ/NTS treated mice (Figure
4.9a). MCP-1, also known as C-C motif chemokine 2 precursor (CCL2) is a
chemokine produced in the inflammatory response (Deshmane et al. 2009), that
recruits macrophages (Cranford et al. 2016). Macrophages, among other immune
cells, then produce and secrete TNF-a in the acute inflammatory reaction to promote
apoptosis and necrosis (Idriss and Naismith 2000).
The mRNA levels of Ccl2 and Tnf-a were examined, however, exogenous TB4 had
no effect on the levels of either mRNA transcript compared with PBS/NTS and
LacZ/NTS treated mice (Figure 4.9b, c). a-SMA and collagen IV are markers of
interstitial fibrosis and mesangial expansion and increased expression of these
proteins is associated with glomerular injury, including NTS nephritis (Boukhalfa et
al. 1996; Johnson et al. 1991; Khan et al. 2005). After 21 days of NTS nephritis,
exogenous TB4 did not alter the mRNA levels of Acta2 or Col4a1 compared with
both PBS/NTS and LacZ/NTS treated mice (Figure 4.9d, e).
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Figure 4.9 – mRNA levels of inflammatory and fibrotic markers in whole kidney
lysates. Kidneys were harvested 21 days after kidney disease induction and mRNA was
extracted. Gene expression was assessed by real time PCR. Expression of (a) Cd68 (b)
Ccl2, (c) Tnf-a, (d) ⍺SMA and (e) Col4a1 21 days after kidney disease induction. Hprt was
used as a housekeeping gene. Each data point represents the mean of replicate values from
1 mouse kidney. All data are shown as the mean ±SEM of at least 4 individual mice. N=6 for
PBS/NTS, N=4 for LacZ/NTS group and N=10 for Tmsb4x/NTS group. CD68, cluster of
differentiation 68; ⍺SMA, ⍺ smooth muscle actin; Col4a1, Collagen IV; CCL2, monocyte
chemoattractant protein 1; TNF-⍺, tumour necrosis factor ⍺.
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4.4.9 Effect of TB4 gene therapy on glomerular inflammation in NTS nephritis
The previous section of this thesis chapter suggested that exogenous TB4 did not
alter the mRNA levels of inflammation and fibrosis markers. Although screening of
whole kidney mRNA levels is informative, it does not always translate to protein
expression and does not provide information about localised changes in the
glomerulus. Glomerular inflammation and macrophage accumulation are associated
with increased albuminuria in NTS nephritis (Chalmers et al. 2015; Kaneko et al.
2018). Therefore, glomerular inflammation was assessed by IHC for F4/80, a marker
for macrophages (Austyn and Gordon 1981). Representative images of glomeruli
from all three groups are presented in Figure 4.10a, b, c. Antibody specificity was
confirmed by omitting the primary antibody (Figure 4.10d). Data was analysed as an
average of 50 glomeruli per mouse and as individual glomeruli 21 days after NTS
injection.
Firstly, the number of F4/80 positive cells were quantified inside and outside the
glomerular tuft and analysed as an average of 50 glomeruli per mouse. PBS and
NTS treated mice had an average of 0.1 ± 0.04 F4/80 positive cells in the glomerular
tuft. AAV.LacZ treated mice had an average of 0.07 ± 0.05 F4/80 positive cells inside
the glomerular tuft. Mice treated with NTS and TB4 gene therapy had an average of
0.05 ± 0.02 F4/80 positive cells inside the glomerular tuft. There were no significant
differences between any groups (Figure 4.10e). The number of F4/80 positive cells
were then counted outside the glomerular tuft. PBS treated mice had an average of
27.1 ± 2.5 F4/80 cells outside the glomerular tuft. AAV.LacZ treated mice had an
average of 13.1 ± 1.9 F4/80 positive cells outside the glomerular tuft, which was
significantly less than PBS treated mice (P<0.05). Mice treated with TB4 gene
therapy had an average of 19 ± 2.5 F4/80 positive cells outside the glomerular tuft,
and this value was not significantly different to either group (Figure 4.10f).
The number of F4/80 positive cells was then analysed as individual glomeruli.
AAV.LacZ treated mice had significantly less F4/80 positive cells inside the
glomerular tuft than PBS/NTS treated mice (P<0.05). Mice treated with TB4 gene
therapy did not have significantly altered F4/80 positive cells in the glomerular tuft
compared with either PBS/NTS or LacZ/NTS mice (Figure 4.10g). The number of
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Figure 4.10 – Effect of TB4 gene therapy on glomerular inflammation. FFPE kidneys
sections were incubated with a rat anti-mouse F4/80 primary antibody, rabbit anti-rat
secondary antibody conjugated to HRP and anti-rabbit EnVision conjugated to HRP and
then positive staining was revealed by 3,3′-Diaminobenzidine incubation. Nuclei were
stained with Mayer’s haematoxylin. Representative images of (a) PBS/NTS, (b) LacZ/NTS
and (c) Tmsb4x/NTS glomeruli. Arrow heads indicate positive F4/80 staining. (d) Negative
control omitting the primary antibody. Scale bar = 20 µm. F4/80 positive cells were counted
(e) in the glomerular tuft and (f) outside the glomerular tuft. Each data point represents the
average of 50 glomeruli. Data are shown as the mean ±SEM of at least 4 mice. N=6 for
PBS/NTS, N=4 for LacZ/NTS group and N=10 for Tmsb4x/NTS group. Quantification of the
number of F4/80 positive cells (g) inside and (h) outside the glomerular tuft. Each data point
represents 1 glomerulus. Data are shown as the mean ±SEM from at least 200 glomeruli
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F4/80 positive cells was then analysed outside the glomerular tuft. AAV.LacZ treated
mice significantly less F4/80 positive cells outside the tuft compared with PBS
treated mice (P<0.001). Treatment with exogenous TB4 caused significantly more
F4/80 positive cells outside the glomerular than AAV.LacZ treated mice (P<0.001),
but significantly less than PBS treated mice (P<0.001) (Figure 4.10h).

Discussion
This thesis chapter has provided evidence that exogenous TB4 suppresses the
onset of NTS nephritis a form of severe, autoimmune glomerular injury (Pippin et al.
2009). AAV gene therapy successfully upregulated the circulating TB4 concentration
in C57BL/6 mice. Exogenous TB4 suppressed albuminuria after 7 days of NTS
nephritis compared with PBS and AAV.LacZ treated mice, but not at 21 days after
NTS injection. Interrogation of the glomeruli through IHC and immunofluorescence at
21 days of NTS nephritis revealed that exogenous TB4 prevented podocyte loss.
This was likely to be independent of TB4s anti-inflammatory properties, as TB4 had
no effect on glomerular macrophage accumulation in this model. Collectively, the
results presented in this thesis chapter provide some evidence that exogenous TB4
has a beneficial role in the progression of NTS nephritis.
This chapter of the thesis demonstrated that AAV.2/7 successfully transduced the
liver, as shown by the increase in Tmsb4x transcript levels in the liver by qPCR.
ELISAs showed that AAV.Tmsb4x treated mice had a higher plasma concentration
of TB4 than PBS or AAV.LacZ injected mice, providing strong evidence that
AAV.Tmsb4x caused systemic upregulation of TB4. AAV.2/7 did not transduce
kidney cells, as there was no increase in kidney Tmsb4x mRNA levels. Therefore, a
single injection of AAV induced a long-term increase in plasma TB4 concentration,
as the ELISA to measure plasma TB4 concentration was undertaken on plasma
taken from the mice 7 weeks after injection. Different doses of intravenous
AAV.Tmsb4x injection than this thesis have previously been used. The previous
chapter of this thesis used 5x1012 viral particles in comparison to 2x1012 viral
particles in this chapter. Intravenous injection of 5x1012 viral particles of
AAV.Tmsb4x has also been used to treat mice with LPS induced sepsis
(Bongiovanni et al., 2015). These two higher doses may have induced a higher
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upregulation of TB4 than in this thesis chapter, providing a higher degree of
protection. Indeed, the previous chapter of this thesis reported a 10-fold upregulation
of liver Tmsb4x levels compared with AAV.LacZ treated mice. However, the plasma
circulating concentration was not as high as this thesis chapter, perhaps due to the
way the TB4 ELISAs were performed. Collectively, this thesis chapter has provided
further evidence that AAV.Tmsb4x is an effective method of treating mice with kidney
injury.
This thesis chapter showed that exogenous TB4 delays the onset of severe
albuminuria in NTS nephritis, an experimental form of severe autoimmune
glomerulonephritis (Pippin et al. 2009). An increase in albuminuria is a hallmark of
glomerular injury (Gorriz and Martinez-Castelao 2012). Therefore, the prevention of
albuminuria by exogenous TB4 provides evidence that exogenous TB4 is protective
of the glomerular filtration barrier in NTS nephritis. The levels of albuminuria
reflected the severity of glomerular injury. The urinary albumin concentration rose
1000-fold after 7 days compared to the day of NTS injection, and then a further 3.3fold 21 days after NTS injection in AAV.LacZ and PBS treated mice. It is feasible that
exogenous TB4 could not prevent the NTS-induced increase in albuminuria 21 days
after NTS injection due to the severity of the injury making it possible that exogenous
TB4 can prevent albuminuria up to a certain threshold of damage. The role of TB4 in
NTS-induced albuminuria has been investigated before. Global knockout of Tmsb4x
in C57BL/6 mice with NTS nephritis led to a ~5-fold increase in albuminuria after 21
days of NTS nephritis compared with wild type littermates injected with NTS
(Vasilopoulou et al. 2016). This study provided evidence that endogenous TB4 acts
as a brake to slow the progression of glomerular injury in NTS nephritis. This thesis
chapter provides evidence that boosting TB4 levels, at least transiently, therefore,
slowing the progression of glomerular injury. The viral titre administered to mice in
this thesis chapter was lower than administered to animals in other experimental
pathological models (Bongiovanni et al., 2015; Ziegler et al., 2018), therefore future
studies could investigate whether a higher dose of AAV may provide increased
prevention of albuminuria in NTS nephritis.
In the model of NTS nephritis employed in this thesis chapter, there was a higher
number of WT-1 positive nuclei in the TB4 gene therapy treated group compared
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with both PBS and AAV.LacZ treated mice, and it was shown that this was not due to
podocyte proliferation. Therefore, the conclusion can be drawn that exogenous TB4
prevents podocyte loss, which is likely to be a mechanism by which exogenous TB4
prevented albuminuria. Podocyte loss causes areas of the GBM denuded of
podocytes, the final component of the glomerular filtration barrier, allowing albumin
to enter the urine (Shirato et al., 1996). Podocyte loss has previously been
associated with an increase in albuminuria in glomerulonephritis. Mice injected
intraperitoneally with 5 mg/kg NTS had podocyte loss after 14 days of NTS nephritis
(Puelles et al. 2019). Interestingly, this study used 3D optical clearing techniques to
visualise the whole glomerulus, instead of a cross section. Therefore, the number of
podocytes reported in healthy glomeruli was ~80 on average, which was reduced to
~30 in NTS nephritis (Puelles et al. 2019). Another study reported progressive loss
of podocytes and podocyte density in rats after 7, 14 and 28 days of NTS nephritis,
and viable podocytes were detected in the urine at each time point, suggesting that
these podocytes had not undergone apoptosis or necrosis (Fukuda et al. 2017). The
only previous study that examined TB4 in podocyte loss found that global loss of
endogenous TB4 resulted in a lower number of WT-1 positive cells in the glomerular
tuft 21 days after injection of NTS, suggesting that endogenous TB4 also prevents
podocyte loss in NTS nephritis (Vasilopoulou et al. 2016). Overall, there is significant
evidence that TB4 prevents podocyte loss in NTS nephritis, a form of severe
glomerular injury, which is likely to be a contributing mechanism by which TB4
protects glomerular function.
This thesis chapter has shown that the protective effects of TB4 in NTS nephritis are
likely independent of inflammation. One of the key mechanisms of glomerular
damage in NTS nephritis is the inflammatory response (Khan et al. 2005;
Moschovaki Filippidou et al. 2020). Macrophages are antigen presenting cells
(Martinez-Pomares and Gordon 2007), and can be stimulated by either IFN-g, LPS
or interleukin secretion in inflamed tissues (Fairweather and Cihakova 2009).
Macrophages and neutrophils are the major infiltrating cells in autoimmune diseases,
and cause damage to inflamed tissues by phagocytosis of healthy cells, release of
proteases and oxidants to cause further damage to the tissue (Fairweather and
Cihakova 2009). Macrophage depletion in NTS nephritis has been shown to prevent
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increased proteinuria, BUN and decreased creatinine clearance (Chalmers et al.
2015; Duffield et al. 2005). This provides strong evidence that macrophages play a
key role in the pathogenesis of NTS nephritis and significantly contribute to
albuminuria. Therefore, it is a surprise that TB4 was not likely to be modulating
inflammation in this model of glomerular injury. The anti-inflammatory properties of
TB4 in other tissues, such as the eye (Sosne 2018; Sosne et al. 2002; Sosne, Qiu,
Christopherson, et al. 2007), are well established, but TB4 has also previously been
shown to prevent inflammation in experimental models of kidney injury. Firstly,
endogenous TB4 has been shown to suppress glomerular T cell infiltration and
macrophage accumulation after 21 days in NTS nephritis (Vasilopoulou et al. 2016).
Endogenous TB4 has also been shown to prevent kidney macrophage infiltration
and expression of ICAM-1 in the angiotensin-II model of systemic and kidney
hypertension (Kumar et al., 2018). In the IRI model of kidney injury, exogenous TB4
suppressed levels of the pro-inflammatory cytokines NFkB, TNF-a, IL-1b and IL-6
(Aksu et al. 2019). There are similarities and differences between this thesis chapter
and the previous studies examining TB4 in the kidney. Firstly, the studies by
Vasilopoulou et al., and Kumar et al., both investigated the role of endogenous TB4
in kidney injury, in contrast to the analysis of exogenous TB4 in this thesis chapter.
Also, the studies undertaken by Aksu et al., and Kumar et al., were in different forms
of kidney injury (IRI and angiotensin-II induced hypertension) that do not specifically
target the glomeruli. Like the study by Aksu et al., this thesis chapter did assess the
levels of some inflammatory cytokines, such as TNF-a, but in this thesis chapter, the
levels were unchanged in mice treated with TB4 gene therapy compared with PBS
and AAV.LacZ treated mice. The differences between the data are likely because
two different injury models were employed, that may induce the inflammatory
response in different ways. Also, the study by Aksu et al., examined the protein
concentration of these cytokines by Western Blot, whereas this thesis chapter
assessed mRNA levels by qPCR, which could account for differences in the data.
Taken together, there is significant data available that TB4 is effective in suppressing
inflammation in different kidney pathologies, but potentially not NTS nephritis.
One of the limitations of this thesis chapter was that there were some discrepancies
between the control groups (PBS and AAV.LacZ) in the examination of macrophage
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accumulation and in the number of proliferating podocytes and glomerular cells. To
date, there has not been any data published examining anti-inflammatory properties
of LacZ or its translated protein b-galactosidase, only that LacZ is expressed in
macrophages (Hall et al. 2016). Furthermore, there have been no studies reporting
the effects of b-galactosidase in cellular proliferation. The PBS and AAV.LacZ
treated mouse groups had a lower sample size compared with the TB4 gene therapy
treated mouse group. It is likely that the lower sample size in each group contributed
to the discrepancies seen. To circumvent this issue, the experiment could be
repeated with a higher number of mice in each group. The nephrotoxic phenotypes
of NTS are well documented, such as severe albuminuria, podocyte loss and
inflammation (Chen et al. 2002; Hoppe and Vielhauer 2014; Vasilopoulou et al.
2016). Therefore, the main aim of this thesis chapter was to determine if TB4 gene
therapy can alleviate some of the phenotypes of NTS nephritis. To make the data
easier to interpret, an additional mouse group injected with only vehicle, and no NTS,
could be included in future studies. One important aspect of this study is that the
effect of TB4 on podocyte loss and inflammation was confirmed 21 days after NTS
injection. TB4 gene therapy prevented albuminuria at 7 days, but not day 21. It is
possible that at 21 days, the damage to the glomeruli that contributed to albuminuria
was independent of both podocyte loss and inflammation. One important factor that
has not been assessed in this thesis chapter was foot process effacement. This
could be examined by electron microscopy, to determine if the interdigitating pattern
of podocyte foot processes is still present at 21 days in AAV.Tmsb4x compared with
PBS and AAV.LacZ treated mice. Alternatively, another experiment could be
undertaken which culls mice at 7 days of NTS nephritis to examine histology,
podocyte number and inflammation to see if the effects of TB4 are seen at this time
point.
The main function of TB4 is to regulate the F-actin cytoskeleton (Sanders et al.
1992), therefore the therapeutic effect at 7 days, as seen by decreased albuminuria,
could be due to preservation of the cytoskeleton. So far, there has been a limited
amount of research into modulating actin-regulating molecules in NTS nephritis.
Endogenous sirtuin 1, a NAD+-dependent deacetylase, is crucial for slowing the
progression of NTS nephritis, as Sirt1 mRNA knockout mice experienced increases
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albuminuria, BUN, glomerulosclerosis and tubular cast formation after 7 days
(Motonishi et al. 2015). The authors then examined the effect of inhibiting sirtuin 1 in
podocytes in vitro, and found that the podocytes experienced actin reorganisation,
which was induced by sirtuin 1 being unable to deacetylate cortactin, an actinbinding protein that stabilises F-actin (Motonishi et al. 2015; Weaver et al. 2001).
This study suggests that protection of the podocyte cytoskeleton by overexpressing
sirtuin 1 could prevent NTS nephritis in rodents. Another study examined the effect
of knocking out roundabout guidance receptor 2 (Robo2), a cell surface receptor that
inhibits myosin IIa activity and podocyte actin polymerisation induced by nephrin
(Fan et al. 2012, 2016). Podocyte specific Robo2 inhibition by Cre recombinase
alleviated NTS induced albuminuria, foot process effacement and preserved SDs in
mice of a C57BL/6 background (Pisarek-Horowitz et al. 2020). Furthermore, Robo2
overexpression in mouse podocytes in vitro significantly reduced podocyte F-actin
fluorescence intensity, as determined by phalloidin staining, accompanied by
podocyte detachment (Pisarek-Horowitz et al. 2020), suggesting that the podocyte
protective effects of Robo2 knockout in podocytes could be mediated by the
podocyte actin cytoskeleton. There has also been little research into how NTS
affects the glomerular cytoskeleton in vivo, however, it has been shown that
glomerular F-actin alterations occur 6 and 7 days after induction of NTS injury. This
is presented as a decrease in mean glomerular F-actin fluorescence and a shift from
regular F-actin expression along the capillary loops to irregular expression along the
GBM, with some areas showing high accumulation of F-actin, and a build-up in the
podocyte cell body in C57BL/6 mice (Besse-Eschmann et al. 2004; Kvirkvelia et al.
2013). Future studies could investigate the effect of exogenous TB4 on the
glomerular cytoskeleton at 7 and 21 days by phalloidin staining, to determine if the
effect seen on albuminuria is associated with protection of the F-actin cytoskeleton.

Conclusions
The results in this thesis chapter have provided evidence that exogenous TB4
decelerates the onset of NTS nephritis. Systemic gene therapy for TB4 suppressed
albuminuria 7 days after NTS injection, which was likely mediated by protection of
podocyte loss. Collectively, it is proposed that TB4 is an important component in the
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progression of NTS nephritis, and that modulation of TB4 alleviates the phenotypes
experienced in glomerulonephritis via podocyte protection.
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Chapter 5: General discussion
The beneficial effect of exogenous TB4 in glomerular and podocyte
pathology
This thesis utilised a combination of in vitro and in vivo experiments to investigate
the beneficial potential of exogenous TB4 in podocyte and glomerular injury. Using a
novel strategy of gene therapy to systemically upregulate TB4 in vivo, it was
demonstrated that exogenous TB4 prevented ADR-induced albuminuria by
preventing podocyte loss. In vitro assessment of the podocyte F-actin cytoskeleton
revealed that exogenous TB4 prevented ADR-induced F-actin disorganisation.
Furthermore, exogenous TB4 decelerated the early stages of NTS nephritis by
preventing podocyte loss, which was likely independent of TB4s anti-inflammatory
properties.
Glomerular injury is seen in a large proportion of patients with renal pathologies and
is a leading cause of ESKD worldwide (Bikbov et al. 2020). Podocytes are a key
component of the glomerular filtration barrier, the component responsible for the
ultrafiltration of the blood (Brinkkoetter, Ising, and Benzing 2013). Podocyte foot
process effacement and podocyte loss are hallmarks of glomerular injury (Menzel
and Moeller 2011). Podocyte actin disorganisation is a significant contributing factor
to podocyte foot process effacement and glomerular injury (Shirato et al., 1996;
Welsh and Saleem, 2012; Tian and Ishibe, 2016). There are currently therapies
available to patients that alleviate proteinuria, that have been proven to protect the
podocyte cytoskeleton in experimental models of rodent glomerular injury and
podocyte damage in culture. Cyclosporine A is used as a therapy for CKD patients
and has been shown to prevent LPS induced proteinuria in severe combined
immunodeficient (SCID) mice. This was attributed to blocking the calcineurinmediated dephosphorylation of the actin regulating protein synaptopodin as
demonstrated in cultured podocytes in vitro (Faul et al. 2008). The chemotherapeutic
drug Vincristine has been used to rescue albuminuria, foot process effacement and
glomerulosclerosis in Sprague Dawley rats injured with ADR (Yin et al. 2017). This
was associated with the F-actin cytoskeleton, as cultured podocytes exposed to ADR
and Vincristine showed stabilised podocyte cell area and loss of actin stress fibres
after phalloidin staining, in a similar method to this thesis (Yin et al. 2017).
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Fluvastatin is another molecule that modulates the podocyte F-actin cytoskeleton.
PAN injured Sprague-Dawley rats treated with Fluvastatin showed reduced
proteinuria, improved creatinine clearance, and preserved glomerular expression of
the SD proteins nephrin and podocin compared to PAN rats. Podocyte culture in vitro
showed that Fluvastatin prevented PAN-induced actin reorganisation by suppression
of RhoA upregulation (Shibata, Nagase, and Fujita 2006). These studies examining
existing therapies demonstrate that targeting the podocyte cytoskeleton is an
effective strategy to supress nephrotic syndrome. However, many glomerular
pathologies remain resistant to pharmacological intervention (Hejazian et al. 2020).
Identification of molecules, such as TB4, that decelerate and prevent the onset of
glomerular injury in rodents will facilitate the development of novel therapies that can
translate to therapeutic options for CKD patients.
It was shown in this thesis by the novel analysis of single cell RNA sequencing data
that podocyte Tmsb4x transcripts are reduced in ADR nephropathy in vivo. This was
in vitro, where Tmsb4x levels were reduced by ADR in podocytes. By restoring levels
of TB4 in ADR nephropathy in vivo, increased albuminuria was prevented, and
podocyte loss was attenuated. Furthermore, restoring podocyte TB4 levels in vitro
resulted in prevention of F-actin disorganisation from cortical F-actin fibres to
unorganised F-actin. Podocyte specific loss of Tmsb4x mRNA in NTS nephritis could
be confirmed by undertaking single cell analysis of the published data by (Chung et
al. 2020). Loss of endogenous Tmsb4x has been previously shown to exacerbate
the effects of NTS nephritis in vivo, and induce F-actin reorganisation and migration
in healthy podocytes in vitro (Vasilopoulou et al. 2016). The reduced Tmsb4x mRNA
levels caused by ADR exposure in this thesis could have contributed to albuminuria
and podocyte loss in vivo and F-actin disorganisation in vitro. Collectively, stabilising
the levels of TB4 in injured podocytes and glomeruli is critical for maintaining
glomerular function, preventing podocyte loss in vivo and preventing podocyte Factin disorganisation in vitro.
Altered levels of endogenous TB4 have recently been implicated in the progression
of CKD in human patients. The amniotic fluid concentration of TB4 was 2-fold higher
in compromised renal outcome foetal patients compared to healthy patients (Klein et
al. 2020). This study also performed IHC of foetal kidneys with congenital
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abnormalities, where it was shown that although the expression of TB4 was localised
to the tubules in both healthy and compromised renal outcome patients, the renal
parenchyma was disorganised in compromised renal outcome patients compared to
healthy patients. The study did not quantify the amount of TB4 peptide in diseased
kidneys compared to healthy kidneys, which would have provided stronger evidence
that the increased levels of amniotic fluid TB4 are linked to the compromised renal
outcome. Positive TB4 immunostaining was also absent from both the glomeruli in
healthy and compromised renal outcome patients, suggesting that the increased TB4
presence in the amniotic fluid was not derived from podocytes or the glomeruli (Klein
et al. 2020). This is a difference to the results presented in this thesis, where it was
shown that in adult healthy and ADR-injured mice, TB4 was expressed in the
glomeruli and podocytes, which is likely due to the stage of kidney development. In
another study examining adult human CKD patients, mass spectrometry identified
that patients with ESKD had a 44-fold increased urinary secretion of TB4 compared
with healthy patients (Kim et al. 2021). However, patients with primarily glomerular
damage, primarily tubular damage and unknown causes of CKD were grouped in the
analysis of urinary TB4 quantification, making it impossible to determine if glomerular
injury specifically caused increased urinary TB4 concentration. Lysis of cells from
different components of the kidney, such as tubular cells, podocytes, or immune
cells, such as macrophages that express high levels of TB4 (Vasilopoulou et al.
2016) could have contributed to the increased urinary TB4 concentration, depending
on the specific pathology. Taken together, these two studies suggest that kidney
disease is associated with increased urinary secretion of TB4. This could a result of
TB4 upregulation as a compensatory mechanism to attempt to protect the kidney
from further damage. It could also be because there may be a loss of TB4 protein by
cellular lysis in the kidney in CKD, causing increased TB4 secretion to the urine. To
explore these hypotheses, Western blot protein analysis of homogenised kidney
biopsies from CKD patients could confirm if there was an upregulation or
downregulation in the amount of TB4 peptide. However, it is a challenge to perform
quantification analyses in human tissues, due to difficulty obtaining sufficient
amounts of tissue. Therefore, studies in experimental models of rodent glomerular
injury allow deeper examination of mechanisms that can cause, or alleviate,
pathology.
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This thesis employed cytotoxic (ADR) and immune mediated (NTS) forms of
glomerular injury models in rodents to investigate the potential of TB4 to improve
glomerular disease. Until now, the effect of exogenous TB4 in glomerular injury
models was unknown, and this thesis has provided the first evidence that exogenous
TB4 is effective in slowing the progression of glomerular injury and development of
albuminuria in ADR nephropathy and NTS nephritis. Since the glomerular filtration
barrier becomes permeable to albumin in pathology (Savin et al. 1996), it is likely
that TB4 prevented glomerular filtration barrier damage in the ADR and NTS
nephritis models used in this thesis. This could be proven by electron microscopy
studies to examine the podocyte foot processes in high resolution. The preventative
effects of TB4 to slow an increase in albuminuria are in agreement with previously
published data. Loss of endogenous TB4 exacerbated an increase in albuminuria in
NTS nephritis (Vasilopoulou et al. 2016). Tmsb4x knockout has also been shown to
exacerbate albuminuria compared to wild-type littermates in the non-glomerular
specific injury model of angiotensin-II induced hypertension (Kumar et al., 2018).
Taken together, TB4 prevents an increase in albuminuria in a diverse range of
pathological conditions, providing strong evidence that TB4 is protective of the
glomerular filtration barrier.
This thesis is the first study to examine the effect of exogenous TB4 specifically on
injured podocytes in vitro and in vivo and it was shown that exogenous TB4 prevents
podocyte loss in ADR nephropathy and NTS nephritis in vivo. However, exogenous
TB4 was not able to prevent ADR-induced loss of podocyte viability in vitro.
Differences in the culture conditions in vitro and the glomerular microenvironment in
vivo could account for the variations in the data between the in vitro and in vivo
studies. One major difference between the in vivo and in vitro conditions is the
presence of blood flow in vivo, which circulating factors, such as nitric oxide that TB4
has been induce production of (Ryu, Lee, and Moon 2015), that could have
contributed synergistically with TB4 to the prevention of podocyte loss in vivo.
Furthermore, the GBM in vivo is perfectly tailored for podocyte adhesion. Differences
in the substrate stiffness between the GBM and Matrigel, the basement matrix that
was used to culture the podocytes in vitro could have also contributed to
discrepancies between the data in vivo and in vitro. The only previous study
examining TB4 in podocytes in vivo focused on endogenous TB4 and quantified the
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number of WT-1 positive cells in the glomerular tuft in NTS nephritis in Tmsb4x
knockout and wild-type mice. Loss of endogenous TB4 exacerbated podocyte loss in
NTS nephritis compared to wild-type mice with NTS nephritis (Vasilopoulou et al.
2016). One potential mechanism for the TB4 induced protection of podocyte loss in
vivo is by prevention of podocyte detachment. The F-actin cytoskeleton is linked to
the podocyte adhesion molecules integrin and dystroglycan (Lennon, Randles, and
Humphries 2014). Exogenous TB4 prevented ADR-induced podocyte F-actin
disorganisation in vitro, it is therefore possible that exogenous TB4 may also protect
the podocyte F-actin cytoskeleton in vivo, thus preventing disruption to podocyte
adhesion molecules and podocyte detachment from the GBM. Detachment from the
GBM could be proved by culturing the urine collected from the mice. If there were
viable cells in the urine, that expressed podocyte markers such as nephrin or
podocin, it could be concluded that the mechanism of podocyte loss in ADR
nephropathy was by podocyte detachment. Another possible mechanism for the
prevention of podocyte loss by exogenous TB4 in ADR and NTS glomerular injury in
vivo is by prevention of apoptosis, as ADR been shown to induce podocyte
apoptosis (Zou et al., 2010). Yuan et al. demonstrated that exogenous TB4 reduced
the number of TUNEL positive tubular cells in response to TGF-b exposure in vitro,
showing that TB4 can prevent apoptosis in kidney derived cells (Yuan et al. 2017).
Exogenous TB4 has also been shown to prevent apoptosis by suppression of
increase in the pro-apoptotic transcripts caspase-3 and Bax in cardiomyocytes (Wei
et al. 2012). TUNEL staining could be undertaken on kidney sections to prove if this
was the mechanism of podocyte loss in this thesis.
This is the first study to quantify the amount of F-actin in injuryed podocytes in vivo.
One of the major mechanisms proposed in this study is that exogenous TB4 does
not alter the amount of podocyte F-actin but prevents disorganisation of the podocyte
F-actin cytoskeleton, therefore preventing damage to the glomerular filtration barrier.
Previously, loss of endogenous Tmsb4x was shown to cause increased RhoA
activity, which was linked with increased podocyte cytoplasmic stress fibres in vitro
(Vasilopoulou et al. 2016). There are differences in the actin arrangements observed
following loss of TB4 or ADR injury, however, collectively these results demonstrate
that TB4 can maintain F-actin organisation in podocytes. Overall, the results

216

presented in this thesis, along with previous literature, re-enforce the evidence that
exogenous TB4 is protective of F-actin in pathological conditions. Future studies
could examine Rho GTPase activation levels or the F-actin to G-actin ratio to
elucidate the mechanisms that underlie the protective effects of TB4 on the podocyte
cytoskeleton.
An alternative mechanism that contributes to albuminuria is the vesicular
transcytosis of albumin in podocytes from the bloodstream to the urinary space. This
has been demonstrated in rodents as assessed by electron, confocal and intravital
microscopy in experimental models of glomerular injury (Burford et al. 2017;
Ichimura et al. 2019; Schießl et al. 2016). Increased prevalence of vesicles was
observed in ADR nephropathy, which TB4 prevented. F-actin encapsulated vesicles
were not observed in ADR-injury in vitro, likely due to the absence of a blood supple,
therefore, an absence of albumin to trigger vesicle formation. Polymerisation of Factin is critical for the formation of endocytic vesicles (Hinze and Boucrot 2018), and
since the major property of TB4 is to sequester G-actin, it is possible that G-actin
sequestering prevented vesicle formation in ADR nephropathy. TB4 has been shown
to reduce endocytic vesicle formation in vitro (Lamaze et al. 1997). TB4 has also
been recently shown to bind to the endocytic receptor low density lipoprotein
receptor related protein 1 (LRP1) (Munshaw et al. 2021). It has not yet been
investigated whether TB4 interacts with receptors that facilitate albumin endocytosis
and downstream processing in the kidney. Modulation of vesicle formation and
transcytosis of albumin by exogenous TB4 may provide a novel strategy to prevent
albuminuria in glomerular disease. Future studies could also perform
immunofluorescent staining on kidneys with NTS nephritis, to investigate if vesicle
formation was occurring in this immune mediated glomerular injury model.
This thesis used two different glomerular injury models, ADR, which did not involve
an inflammatory response, and NTS, which has a significant inflammatory
component. Suppression of inflammation is a key characteristic of TB4 (Sosne, Qiu,
and Kurpakus-Wheater 2007), and its anti-inflammatory properties have previously
been showcased in kidney injury. Tmsb4x knockout in C57BL/6 mice exacerbated
glomerular inflammation in both the NTS nephritis and angiotensin II hypertensive
kidney injury models (Vasilopoulou et al., 2016; Kumar et al., 2018). Exogenous TB4
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was also shown to suppress inflammatory cytokine levels such as NFkB, TNFa, IL1b and IL-6, in the IRI model of kidney injury compared to vehicle treated rats as
shown by Western blot of whole kidney lysates (Aksu et al. 2019). Interestingly, TB4
did not affect inflammation in the UUO model in C57BL/6 mice, as determined by
F4/80 immunostaining, however, its metabolite AcSDKP significantly reduced
glomerular macrophage accumulation compared to vehicle treated mice (Zuo et al.
2013). It is possible that any anti-inflammatory effects that occurred in the NTS
nephritis model, but not observed in this thesis such as T or B cell suppression, were
due to AcSDKP, as TB4 is metabolised within 6 hours of generation (Mora et al.
1997). To confirm if this is the case, the study could be repeated with the addition of
a POP inhibitor, to prevent AcSDKP formation from TB4.
Fibrosis is caused by prolonged injury, and the inflammatory response has been
associated with increased fibrosis in the kidney (Lee and Kalluri 2010). Prevention of
fibrosis is a major mechanism in which TB4 has been implicated as a beneficial
agent in kidney injury. In the UUO model of kidney injury, daily injection of 150 µg of
TB4 intraperitoneally prevented interstitial fibrosis as quantified by Sirius red staining
(Zuo et al. 2013). This was mediated by suppressing PAI-1 and TGF-b signalling, as
determined by Western blot experiments of whole kidney lysates (Zuo et al. 2013).
Intragastric lavage administration of 1 mg/kg/day and 5 mg/kg/day of exogenous TB4
reduced the protein levels of TGF-b, a-SMA and increased P-cadherin in the UUO
model in Sprague-Dawley rats, as determined by Western blot (Yuan et al. 2017). In
this thesis, it was shown that exogenous TB4 did not alter mRNA transcript levels of
a-SMA and collagen IV in NTS nephritis. Future studies could determine if TB4 is
alleviating fibrosis in the NTS and ADR models of glomerular injury by periodic acid
Schiff or Sirius red staining, or quantifying the protein levels of fibrotic markers, such
as TGF-b and a-SMA by Western blot.

Limitations and future perspectives
The data presented in this thesis has demonstrated that exogenous TB4 is a
beneficial molecule in the context of early glomerular injury by modulation of the
podocyte cytoskeleton and inflammation. This thesis has provided groundwork for
follow up studies examining TB4 in kidney disease. Pharmacological interventions to
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treat CKD are often prescribed when the progression of CKD is too advanced, as a
large proportion of patients are asymptomatic until kidney function is depleted (Hirst
et al. 2020). The experimental models used in this thesis pre-treated mice with AAV
encoding Tmsb4x prior to the induction of glomerular injury as a preventative
strategy. This is a limitation, because if the use of AAV.Tmsb4x was to be translated
to human glomerular injury, it would be a challenge to treat the population with
AAV.Tmsb4x in the chance that they may develop ESKD. The preventative therapy
strategy was used because the transcriptional activation window is variable when
using AAV gene therapy (Lackner and Muzyczka 2002), making it difficult to induce
systemic TB4 upregulation that coincides with the onset of glomerular injury. To
circumvent this issue, future studies could perform a time course experiment to
identify when circulating TB4 concentration peaks. Mice would be injected with
5x1012 viral particles, the highest dose used in this thesis, and plasma extracted at
day 0, 4, 7, 10, 14 and 21 after injection of AAV to determine when TB4
concentration peaks. Using this data, the ADR and NTS experiments could be
repeated to induce systemic upregulation of TB4 after the onset of glomerular injury,
to examine whether TB4 can reverse glomerular pathologies, as well as preventing
them in these experimental models.
There were some differences in the efficacy of TB4 gene therapy suppressing
increased albuminuria in ADR nephropathy and NTS nephritis in this thesis.
Exogenous TB4 completely prevented the ADR-induced increase in albuminuria at
14 days, but only suppressed the increase transiently at 7 days in NTS nephritis.
There were variable factors between the experiments which could explain these
differences, such as the severity of injury. The maximum average albuminuria value
induced by ADR was 1,448 µg/24 hours at 14 days, whereas the NTS-induced
albuminuria values reached ~10,000 µg/24 hours at 7 days and ~33,000 µg/24 hours
at 21 days. It is possible that NTS induced too severe glomerular injury at 21 days
and the systemic upregulation of TB4 was not enough to alleviate this. Another
difference was the mechanism of damage. ADR induces a cytotoxic effect to
podocytes (Papeta et al. 2010), whereas NTS nephritis induces an autoimmune
response against the whole glomerulus (Khan et al. 2005). To determine if the cause
of the variance in albuminuria was the experimental model used, the ADR
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nephropathy experiment could be repeated, but instead of a 14-day end point, a
longer exposure to ADR could be utilised. Prolonged ADR exposure would result in
more severe damage to the podocytes, causing higher albuminuria values. If TB4
was still able to fully prevent albuminuria, it could be postulated that exogenous TB4
has a higher efficacy to prevent albuminuria in an injury model that specifically
targets the podocytes. Taking this further, the experiment could also be repeated in
other kidney injury models such as diabetic nephropathy. Diabetes is a disease that
affects many other organs in the body, and glomerular filtration barrier damage is a
co-morbidity of hyperglycaemia (Dronavalli et al. 2008). Exogenous TB4 has been
shown to suppress microalbuminuria in a model of type 2 diabetic nephropathy,
however, TB4 was administered by daily intraperitoneal injection, and the effects of
exogenous TB4 on the glomeruli were not examined in great detail (Zhu et al. 2015).
TB4 gene therapy could therefore be explored in other forms of glomerular and
kidney injury to determine if the effect seen in ADR nephropathy and NTS nephritis is
translatable.
Another limitation of this thesis is the differences in the dosing of AAV between the
two injury models, which could have contributed to differences in the ability of TB4 to
prevent albuminuria. ADR treated mice were pre-treated with 5x1012 viral particles
(Chapter 3) versus a lower dose of 2x1012 viral particles in the NTS experiment
(Chapter 4). The liver mRNA levels of Tmsb4x were telling of this, as 5x1012 viral
particles caused a 10-fold increase in Tmsb4x and 2x1012 viral particles only caused
a 2.5-fold increase. Conversely, the TB4 ELISA of mouse plasmas indicated that
5x1012 viral particles caused a 3.5-fold increase in plasma TB4 concentration,
whereas 2x1012 viral particles increased plasma TB4 concentration by 10-fold. This
difference could be due to a number of factors, such as the mouse strain (BALB/c vs
C57BL/6), the quality of plasma extraction and handling of plasma, or the laboratory
conditions in which the ELISA was undertaken. Future studies utilising AAV therapy
should undertake dose response experiments, in order to identify the AAV titre that is
most effective at combating glomerular injury. For example, mice could be injected
with 2 x1012, 5 x1012, 8 x1012 and 1 x1013 viral particles alongside NTS to examine if
a higher viral load could further prevent increased albuminuria.
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Delivery of TB4 to the podocytes via AAV injection has not been proven. It was
shown that there was no upregulation of Tmsb4x mRNA in the kidneys, suggested
that viral transduction did not occur in the kidneys. The glomeruli and podocytes both
expressed TB4 at high levels in this thesis. There is an abundance of TB4 in healthy
and diseased kidneys, making it difficult to distinguish between endogenous and
exogenous TB4. In addition, due to its small molecular weight (~4kDa) (Safer et al.
1991), quantification of TB4 by Western blot is challenging. Future studies could use
Tmsb4x knockout mice (Vasilopoulou et al. 2016), administer AAV.Tmsb4x and then
perform IHC experiments on kidney sections to identify and localise viral TB4
peptide. An additional control group injecting mice with only PBS (the vehicle that the
viral particles were diluted in) could have been included in order to rule out any
effects caused by hepatic viral transduction.
The reduction in albuminuria in ADR nephropathy and NTS nephritis provides strong
evidence that TB4 gene therapy is protective of the final component of the
glomerular filtration barrier. The definitive way to prove that the glomerular filtration
barrier is protected by TB4 would be electron microscopy. Electron microscopy offers
high resolving power compared with fluorescence and light microscopy, meaning
that individual podocyte foot processes can be clearly imaged. Foot process
effacement is a defining characteristic of glomerular filtration barrier break down
(Deegens et al. 2008). Use of electron microscopy to image the podocyte foot
processes in ADR nephropathy and NTS nephritis with and without TB4 gene
therapy would conclusively prove if TB4 was protective of the final component
glomerular filtration barrier; the podocyte foot processes, as they could be clearly
visualised. Furthermore, the use of gold-conjugated antibodies with electron
microscopy allows protein expression to be identified and localised to subcellular
compartments (Peters, Bos, and Griekspoor 2006). Immunogold labelling has
previously been used to identify foot process F-actin reorganisation in NTS nephritis
(Shirato et al., 1996), therefore, future studies could quantify podocyte F-actin
disorganisation in ADR and NTS nephropathy in vivo using this method of imaging.
The glomerular filtration barrier is composed of three components; the podocytes,
GBM and capillary endothelial cells (Patrakka and Tryggvason 2010). Mesangial
cells also constitute a significant proportion of the glomerular tuft (Shoskes and
221

McMahon 2012). TB4 was identified to be a therapeutic molecule in the context of
podocyte injury in this thesis, however, as the in vivo experiments induced a
systemic upregulation of TB4, the GBM, mesangium and endothelium would have
also been exposed to exogenous TB4. Damage to the endothelium has been
associated with increased albuminuria in diabetic nephropathy (Weil et al. 2012),
ADR nephropathy (Sun et al. 2013) and NTS nephritis (Kirsch et al. 2012).
Alterations to the glomerular mesangial matrix have also been implicated in the
progression of diabetic nephropathy (Tung et al. 2018) and nephrotoxic serum
nephritis (Toda et al. 2017). The data from the ADR in vivo chapter (0) showed that
ADR injury reduced the amount of total glomerular F-actin compared to saline
treated mice. TB4 gene therapy prevented this change and preserved the amount of
glomerular F-actin following ADR injury. Further investigation showed that the
amount of F-actin in podocytes was unchanged in response to ADR injury with and
without TB4 gene therapy. It is therefore possible that alterations to the amount of
glomerular F-actin were localised to either the mesangium or capillary endothelium,
as both cell types contain F-actin (Cortes et al. 2000). Therefore, follow up studies
could quantify F-actin in those cells in vivo and culture glomerular mesangial cells or
endothelial cells in vitro, to determine if ADR or NTS induces cytoskeletal changes in
each respective cell type, and examine if TB4 prevents these potential changes.
To fully elucidate the role of endogenous TB4 in podocyte health and disease, a
mouse line with podocyte-specific knockout of TB4 could be generated. This would
involve generating a mouse line with the Cre-recombinase gene tagged to Nphs2 so
that Cre-recombinase is specifically expressed in the podocytes (Papakrivopoulou et
al., 2018). These mice would then be crossed with mice expressing TB4-LoxP
(although this mouse line has not been generated yet), which would insert two LoxP
sites into intron regions that flank one exon of the Tmsb4x gene. Cre-mediated
excision of the LoxP flanked regions would result in in vivo deletion of Tmsb4x gene,
and therefore deletion of TB4 peptide in podocytes (Friedel et al. 2011). These mice
without podocyte expression of TB4 would then be treated with ADR and NTS to
determine if the effects of each experimental model are exacerbated. To take this
further, these mice could be exposed to ADR or NTS after pre-treatment with
AAV.Tmsb4x, which could determine if exogenous TB4 in the absence of
endogenous TB4 is sufficient to prevent glomerular damage.
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The sample sizes in the NTS nephritis chapter were another limitation of this thesis.
Although the Tmsb4x/NTS group had an adequate sample size of 10, the PBS and
LacZ treated mice only had 5 and 4 mice in them respectively. This could account for
discrepancies seen within the chapter, such as the glomerular macrophage
accumulation, where PBS/NTS mice displayed more macrophages than
Tmsb4x/NTS, but LacZ/NTS treated mice showed less than Tmsb4x/NTS mice.
There were also differences between the number of proliferating glomerular cells and
podocytes between the PBS/NTS and LacZ/NTS groups, which could have been due
to low samples sizes. In order to eliminate this limitation, the experiment could be
repeated with more mice in each group, which would give each statistical calculation
more power, increasing the reliability of the results.
Long term, the data presented in this thesis and previously published research
suggest that exogenous TB4 may be a therapeutic option that could translate to
human glomerular injury. Exogenous TB4 is already used clinically to treat eye
disorders and is in clinical trials for a range of other pathologies, with little
unexpected adverse events (Sosne, 2018, 1.6.6). Further pre-clinical trials for use in
kidney disease are necessary. Models of glomerular injury with TB4 gene therapy
could be induced in greater mammals, such as non-human primates to determine if
the effects seen in mice can translate to species more closely related to humans.
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General conclusion
In conclusion, the data presented in this thesis provides strong experimental
evidence that sustained upregulation of exogenous TB4 prevents early glomerular
filtration barrier damage in two models of glomerular disease, ADR nephropathy and
NTS nephritis. The proposed mechanism of action is that TB4 protects podocyte Factin distribution and prevents podocyte loss, independent of inflammation
suppression, therefore preserving the final component of the glomerular filtration
barrier. Taken together, these results provide strong evidence that exogenous TB4
alleviates the phenotypes of glomerular injury in rodents and future studies further
investigating the underlying mechanisms of its protective effects are justified.
Identification of novel therapeutic molecules to alleviate glomerular injury are crucial
to develop therapeutic strategies to combat CKD in humans.
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